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Abstract The mean square exponential consensus
problem for stochastic multi-agent systems with unbou-
nded distributed delays is investigated. Two delayed
impulsive pinning control protocols are proposed that
are different from those of existing delay-free impulsive
pinning controllers. By employing the Lyapunov func-
tion method, sufficient conditions are constructed under
the presented strategies. It is shown that the system can
realize mean square exponential consensus by control-
ling a small portion of agents. Then, the simulations
indicate that the scheme is both feasible and effective.
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1 Introduction

Recently, consensus problems in multi-agent sys-
tems have aroused great interest in multidisciplinary
research areas. These dynamical systems have wide-
spread applications in several fields including power
networks, social networks and so on [1-4]. The term
consensus implies that all agents achieve agreement on
some common values by resorting to suitable control
strategies. In [5], the control protocol was designed to
ensure tracking consensus of leader-following systems
using local information.

However, in real applications, there are several
interference factors, such as noises, external distur-
bance, communication delays and model uncertainty.
Recently, research on consensus for stochastic multi-
agent systems has been fruitful, which can be referred to
Refs. [6-9]. On the other hand, owing to networks con-
gestion and limited communication bandwidth, time
delays are inevitable and may result in deterioration of
control performance or even system instability. There
are several methods for handling delayed systems, for
example, Lyapunov functions, Krasovskii functionals,
Halanay inequality, and so on. Consensus problems
for delayed multi-agent systems were investigated in
[10]. Wu et al. [11] provided a careful analysis of sam-
pling synchronization in delayed networks with Marko-
vian jumps. Applying the input delay approach, two
delay-dependent criteria were obtained whereby syn-
chronization of the master-slave systems was achieved.
It is known that signal propagation is instantaneous;
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thus, it can be modeled using distributed time delays.
Therefore, the distributed time delays should be taken
into consideration in the research. Moreover, the com-
bination of discrete time delays and distributed time
delays has been considered in [12-14]. However, in
most of the literature, the delay kernel should be one.
Otherwise, Jensen’s inequality would not apply. Sta-
bility with unbounded distributed delays was investi-
gated by an algebraic approach in [15-17], and rel-
atively weak conditions were obtained. Based on the
LMI approach, Yang et al. [16] studied synchroniza-
tion problem for dynamics networks with unbounded
distributed delays. It should be noted that research
on the consensus problem with discrete delays and
unbounded distributed delays has been scarce. Impul-
sive control is an effective control strategy for deal-
ing with consensus problems, as it has the following
advantages: (1) it uses only small control impulses
at discrete instants and can thus save the energy and
reduce control cost; (2) it provides an useful means to
solve multi-agent systems that cannot tolerate continu-
ous interference. As impulsive control involves instan-
taneous jumps at some time, transmission energy can
be reduced. In Refs. [18,19], novel impulsive control
strategies were applied to quasi-synchronization and
exponential synchronization, and certain criteria were
established. Multi-agent systems are generally consist-
ing of many agents, it may be costly or even impossible
to control every agent in a network by adding the con-
trollers. To resolve this, pinning control was proposed.
The principle of pinning control is to control the entire
network by pinning a small number of agents. There-
fore, control primarily acts on certain pinned agents and
is then transmitted to unpinned agents through com-
munication interconnection. If impulsive control and
pinning control are integrated, control energy is signif-
icantly reduced. Thus, the impulsive pinning control
strategies are proposed. Recently, in [20-22], impul-
sive pinning control was investigated. In this strat-
egy, impulsive control is applied only to a small num-
ber of pinned agents, thus further reducing data com-
munication load and greatly improving the efficiency
of the communication channel. These studies gener-
ally considered delay-free impulsive pinning control
only. As network-induced and computational delays
cannot be ignored, delayed impulsive pinning control
strategy was proposed in [23,24]. Stabilization anal-
ysis for neural networks was discussed in [23], where
delayed impulsive pinning control was proposed. How-
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ever, results regarding delayed impulses are scarce [25—
27]. Owing to the effectiveness of impulsive pinning
control and the extensive presence of time delays, it is
important to investigate the delayed cases.

To the best of the author’s knowledge, no rele-
vant research on the delayed impulsive pinning control
strategy of stochastic multi-agent systems with discrete
time delays and unbounded distributed delays has been
conducted. Based on the previous work, we try to fill
this gap. Using Lyapunov stability theory for impul-
sive control systems, an effective impulsive pinning
control algorithm is proposed for ensuring mean square
exponential consensus. The major contributions are the
following: (1) The model: a stochastic multi-agent sys-
tems model is studied. It has the discrete and unbounded
distributed delays and is thus more in line with real sys-
tems. (2) The algorithm: two delayed impulsive pin-
ning control schemes are proposed. The proposed con-
trollers are more general than those in the literature, in
which time delays in the impulsive pinning controller
are not considered. If the impulses delays are equal to
zero, the controller can reduce to a delay-free impulsive
pinning controller. (3) The technique: based on Lya-
punov stability theory, several novel mean square expo-
nential consensus criteria are constructed. It is shown
that the proposed delayed impulsive pinning controllers
are effective.

The paper is organized as follows. In Sect. 2, the
necessary mathematical preliminaries are presented. In
Sect. 3, the control problem for stochastic multi-agent
systems with unbounded distributed delays is formu-
lated and certain criteria are presented. In Sect. 4, an
illustrative example is presented to be demonstrated on
the obtained conclusions. Section 5 gives the conclu-
sion.

2 Model formulation and preliminaries
Stochastic multi-agent systems with N agents and
unbounded distributed delays are considered. The

dynamics of the ith (i = 1, ..., N) agent is described
by

dx; (1) = [ — Dx;(t) + Af (x; (1))

N
+ Bf(xi(t — 11(1)) + ¢ Zl,-jxj ®
=1
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t
—00

N
+ cth,-,-/ K(t —s)f(xj(s))ds
j=1

+ ui(t)]dt + g (i (1), xi (1 — 12(2)))dw(r)
ey

where x; (1) € R" denotes the state vector; D, A and B
are system matrices which are defined on R"*"; ¢; and
¢y are coupling strengths; The discrete time-varying
delays 0 < 71(¢) < 71 and 0 < 12(¢) < 1, satisfying
max {7y, 7o} = 7,in which 7 is constant; f(x;(r)) € R”
and g(x; (1), x; (t —t2(t))) € R" are continuous nonlin-
ear vector functions; w(t) is a scalar Brownian motion
satisfying E{[dw(z)]} = 0 and E{[dw(®)]?} = dr;
u(t) =[ul @), ..., ul,(1)]" is control input of agents;
L = (lij)Nxn and H = (h;;) yxn are the undirected
coupling matrix and distributed delay inner coupling
matrices, respectively, which have the same definition,
ie.,

lij = 0, i #J,

L= N L

lii=— Y Lij i=]
J=1j#

K (1) is a nonnegative bounded scalar function defined
on [0, 400), which represents the delay kernel of
the unbounded distributed delay. The initial values
are x;(t) = ¢i(t),—t < t < 0, where ¢;(t) €
£5, (=7, 01, R™).

Remark 1 In model (1), the unbounded distributed
time delays fioo K@t — s)f(xj (s))ds were involved.
The delay variable s vary from —oo to ¢ in a distributed
way. Hence the unbounded distributed delays have a
great influence on the consensus of the entire system,
as can be seen in the conditions of Theorem. However,
the existing methods are only valid for bounded dis-
tributed delays and there is very little existing work
on stochastic multi-agent systems with unbounded dis-
tributed delays, and little work has been carried out
on stochastic multi-agent systems with unbounded dis-
tributed delays. This is primarily due to the mathemat-
ical complications involved. Nevertheless, it is of con-
siderable interesting to develop and explore methods
for the consensus problem with unbounded distributed
delays.

The leader is characterized by:

ds(t) = [=Ds(t) + Af(s(t)) + Bf (s(t — 71(¢)))1dt
+ &(s(1), s(t — ra(1)))dw () )

where s(t) € R" denotes the leader state. The ini-
tial data are s(¢) = ¥ (¢) € 2%0([—r, 0], R™). Denote
ei(t) = x;(t) — s(t). Constructing the impulsive pin-
ning controller using the current and the previous error
states for agent i.

+00
> [yikei (1)

k=1

+yokei(t — ()80 — 1), i €Ny
0, i ¢ Ny
where y1x, y2x € R are the impulsive gains.0 < 73(¢) <
73 is the impulse delay of controller. max{ty, 72, 13} =
7. The Dirac function §(-) has the following property.
[E28(0) f(t —a)dt = f(a) for & # 0. Ry denotes
the index set of pinned agents. We can reorder the error
vector states, i.e., ey (t)ll = llep, () = - >
lep, @I = Nep,, Ol = -+ = llepy (t)ll. then
Ry = {p1, p2,..., p;} and 48y = I, Iy denotes the
number of agents pinned at each impulsive instant #;.

uj () = (3)

Remark 2 As the number /i of agents pinned at differ-
ent impulsive instants is different, it is obvious that the
proposed control scheme is more general than those in
the literature, in which the number of agents pinned at
different impulsive instants was assumed equal.

Remark 3 Recently, a great deal of research on impul-
sive pinning control in multi-agent systems has been
conducted [21,22]. In these studies, time delays in
the impulsive pinning controller were not considered.
However, they should be taken into account owing to
their extensive presence. In impulsive systems, they can
be divided into two classes. One is internal time delays,
which are due to limited transmission speed. The other
is intrinsic time delays of impulsive controllers. Fail-
ure to consider these delays may lead to inaccurate
or erroneous analysis results. In addition, communi-
cation delay is inevitable. Note that the time delays
in the impulsive pinning controllers were neglected in
[21,22]. Thus, it is vital to consider delays in impulsive
pinning controllers.

Then the proposed impulsive pinning controller(3) is
N

injected into the dynamical system. Duetocy Y [;;s(r)
j=1
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N t
=0,c2 ) hjj / K(t — u)f(s(u))du = 0, the error
j=1 —00

system can be described as

dei(t) = [ — De;(t) + Af (e (1))

N
+ Bf (ei (t — 11(1))) + ¢1 21 lijej(r)
iz

N
+e2 ) hij /t K(t — s)f(ej(s))ds]dt

j=1
+g(ei (1), ei(t — ©2(1)))dw (1), 1 # 1,
ei(tr) = +ywei(t,)
+yaei(ty, —13(t, ), 1 € ¥y
ei(ty) =ei(ty ), i ¢ Ry
ei(r) = ¢i(1) — (1) = d; (1),

—7<t<0.

“4)

where ¢; (1) € C([—7, 0], R"). f(e; (1)) = f(xi (1)) —
f@s(0), glei(r),ei(t — (1)) = gxi(0), xi(t —
0(1) — gs(0), st — ). xi(67) = xi(%) and
e (t,j' = e;(tx)) imply that x;(¢) and e;(¢) are right
continuous.

In the sequel, we impose the following assumptions
on system.

(H1) The function satisfies Lipschitz condition

Ifi(x1) — fi(x2)] < pilxr — xal; ¥axp, x2 € R™

where u;(i = 1,2, ..., n) is constant.
(H) For any y > 0, one has

+00
f Y (u)du =5;
0

(H3) For any vector u(t), scalars p; > Oand p; > O,
one has

trace[g” (u(t), u(t — (1)) gu(t), u(t — v(1)))]
< pru! W) + pou” (t — T@)ut — (1)

Remark 4 Recently, researches on synchronization
problems for network systems with bounded dis-
tributed delays have been conducted [12,14]. However,
in these studies [12,14], the delay kernels were gener-
ally assumed to be one. It is obvious that the model
considered in the present studies includes the cases in
[12,14]. Moreover, the results obtained in this study
are also applicable to dynamical systems with bounded

Ol LaC N Zyl_ﬂbl

Throughout this paper, we will use these Lemmas in
the sequel.

Lemma 1 ([28]). Let a, b € R”", scalar ¢ > 0, then
one has

a’b+bTa<eaa+e'bTb. (5)
Lemma 2 ([29])

Amin(M )X Mx
<xI'Ix < Apax(M ' T)xT Mx, Vx € R". (6)
where M > 0 € R™", I € R™" is symmetric.

Lemma 3 ([30]) Let @ (¢) satisfy the following impul-
sive differential inequality:

DYw () <pw ) +ki[o O]y + k2l )]y + -
+ipla O]y, t #tk,t = 1o

w(th)  <bw@) +dw @ g, +dHw )],
+-- 4 dl[w (t )]g, . k € NT
@ (1) =¢(0),1 € 19 — T, 1p).
Suppose that

,
be+ Y di <1,

j=1
h r .
Y ki In(by + Zl d})
0+ t:lr 0 J—t ) <0.
bk+ Zldlg k+1 k
J:

Then for g > 1, A > 0, one has
@ (t) < lpll, B0, 1 > 1,

where [|¢[l; =  sup
10—T=<s=<Ip

()l , T =max{z;, 6;,i =

1,2, h, j = 1,2,...7), pyi, b, dl, ©,6; are
constants, and x; > 0,br > 0,d] > 0,7
0,0; >0, [m®)],, = sup @(s), [w(tk_)]gf

t—1; <s<t
sup @ (s), ¢(1) € C([to — 7,10], RT), and
1 —0; (1) <s <ty
w (t) is continuous at t # t, t > fo.

v

Lemma 4 ([23]) For «, 8, y € R, then one has
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@+B+y)?<U+na®+d+7"H+6)p
+ A+ Ha+ey?

forany n > 0,& > 0.

3 Main results

Applying the impulsive pinning control, sufficient con-
ditions are obtained whereby mean square exponential
consensus of system (1) and (2) is ensured.

Theorem 1 If assumption (Hy) — (H3) hold, for pos-
itive constants €1, €2, €3, &4 and a positive definite
matrix P < 01, satisfying

bie + by < 1, @)
3
gi
ot El | nbutb) ®
bix + box k41 — Mk

where bj, = (1 + &) + y)? by = 1 —
B -, b = 1 +eyi, T = —2PD +
e ' PAAT Pteyply ey PBBT P4+-2¢ i Aax (L) P+

2 2 -1 p2 Amax ([T
)‘max(H)83 PeA-0piln, P2 - )hmmEP)) q1 = }»nii(P)’
0, k
i = 2 gy = S = mai =
1,2, ..., n}, then the stochastic multi-agent system (4)

with unbounded distributed delays can realize mean
square exponential consensus.

Proof Choose the following Lyapunov function

N
V() = Ze,-T(t)Pei(f)-

i=1
According to Ito rule, we have
dV(t) = LV ()de
N
+2 ) el (1) Pglei(). it — Ta(1))dw(1),
i=1
teltr_1,tx), ke NT

where the operator £V (¢) is

ZV(t)

N
=2 Z el (1)P| — De;(t) + Af(e; (1))

N
+ Bf(ei(t — (D) +c1 Y lijej(0)
j=1

+ ¢ Zh,J/ K(z—s)f(e,(s))ds]

j=1

+ Ztrace (&7 (0, it = 20

i=1
xPg(ei(r), ei(t — 12(1)))]

N N
—2> el (1)PDei(t) +2) el (1) PAf(ei(t))

i=1 i=1

N
+ 23 el ()PBf(ei(t — T1(1)))

i=1

N N
+ 2c; ZZlijeiT(t)Pej(t)

i=1 j=1

N N P
+ 2 ZZhijeiT(t)Pf K(t — s)f(e;(s))ds

i=1 j=1

N
+ Ztrace [gT(e;(t), ei(t — 1a(1)))

i=1
xPg(ei(r), ei(t — 12(1)))] 9)

Based on assumption (H|) — (H3), one obtains
2el (1) P Af (e; (1))
<erlel (VPAAT Pei(1) + e1f7 (ei (1))f (e: (1))
<ertel (1) PAAT Pei(t) + e1pel (t)e; (1) (10)
2el (1) PBf(e; (1 — 11(1)))
< ey lel ()PBBT Pe;(1)
+eof T (e (t — T1())E(ei (t — 71 (1))
<ey'el ()PBBT Pe;i(1)
+eae] (t — T1(1))ei(t — 11 (1)) (11)
where yu = max{,ul.z,i =1,2,...,n}

N N
2cq ZZlijel-T(t)Pej(t)

i=1 j—l

=2¢ Z le, Zelk(t)Pejk(t)

ll]l k=1

= 2¢ Z ZZI,,e,k(t)Pe,k(t)

@ Springer
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=2¢1 ) _(F1)" PL( (1)
k=1
N

< 2cmax(L) ) _ e/ (1) Pei(t) (12)

i=1

Using assumption (H3), we obtain

N N ¢
203 Zh,—jeiT(t)P/ K(t — 5)f(ej(s))ds
i=1 j=1 -
N '

< 20k () Yl OF [ K= )ferts)ds

i=1 -

N
< Ghax (H)E5' Y el (1) Pe; (1)
i=1

N ; T
+e3y ( f K(t — s)f(e; (s))ds)
i=1 WX

t
X (/ K@t — s)f(e; (s))ds)

N
< Ghha (HDes' Y el (1) PPei(t)

i=1
N ot
vak ) [ K=t @)
i=1Y"®
N
< S (H)e3' Y el () Pei(n)
i=1

N
+ &3k Z / K(t —s)el (s)ei(s)ds (13)
i=1Y7"%

Note that the assumption P < 61,

N
Z trace [gT(e,- (1), ei (t — 12(2)))

i=1
x Pgei(n), et = 12(1))]
N
< 29<p1e,-T (ei ()
i=1

+ pael (t — ra())ei (t — Ta(1)) (14)

Substituting (10)—(14) into (9), one has

ZLV(t)
N

<> ( —2¢] (1)PDe;(t) + &1 pe] (e (1)
i=1

+erlel 1 PAAT Pei(t) + &5 el (1) PBBT Pe; (1)
+eppel (t — T (D)ei(t — 7y (r)))
N
+2ciAmax(L) Y ef (1) Pe; (1)
i=1

N
+ Grma ey 1Y el (1) PPei (1)

i=1

N o
+ e3kp Z/ K@t — s)eiT (s)e; (s)ds
i=177
N
+ Zé’<p1e,-T (ei (1) + pae] (t — T2(0))e; (1 — fz(t)))
i=1

N
< ZeiT(t)( —2PD + e ' PAAT P 4 &yl
i=1
+&5 ' PBBT P + 2¢1 Amax (L) P
+ 3k (Hes ' P2+ 6p) In>el~ )

N
+eau ) el (= T)eit — 11 (1)

i=1

N
+0p2 Y el (1 —ra0)ei(t — rz(t»)

i=1

Nt
+ e3kp Z/ K(t— s)eiT (5)e; (s)ds (15)
i=1"7%

Let [T = —2PD+e; ' PAAT Pt eyl +e, PBBT
P+ 200 hmax (L) P + 32 (H)e3 ' P2+ 6p1 1, p =
2

Amax (IT) — &2 n _ 02 _ 83% I
Tnin(P)* 4= Toin (P12 92 = T (P)> 93 = Tpincpy- then

LV =pVO) +qV(i—1() + V(I —2)

N
+83§M2f K(r —s)el (s)ei(s)ds  (16)
i=1Y7"%

Taking mathematical expectations of Eq. (16), it yields

www.manaraa.



Impulsive pinning control algorithm of stochastic 1459
D+IE{V(t)} = E{ZLV (1)} Substituting (19) and (20) into (18), then we have
=< pE{V(O} + qi[E{V () }]r, + @2(E{V()}]x,
=2 +
42 BBV O] Vo = Ze (I Peitt)
= pE{V®)} + ¢i[E{V ()} + @2(E{V (D}, N — I o _
+ — S (t, ) Pei(t
+ E(V (O oo, 1 € o1, 10). (17) N ;e Pt
by el (4 — ) Pei(ty — T3(t;)
where [E{V (¢)}]—co = maxs<; E{V(¢)}. ieN(ty)
When ¢ = #, according to (4), = b V(tg) + bok[V ()] (1)

V(Y )_ZeT(Z )Pei(t;)

= Y e uHrahH+ Y el P
ieX(ty) PER (1)

T
= Z ((1 +yieit, ) + varei (t, — T3(tk_)))
ieX(ty)

X P((l + et ) + vagei (. — T3(lk_))>
+ > e @HPeir)
PEN(1)
< Y A+ yie] @) Peiy)
ieXR(ty)
+vael (4
+ 21+ i vake] () Pei(ty
+ > e @HPei)
PN (1)
<U+ep+y? Y. el () Pei(ty)
1eR(ty)
+A+ey g Y el a - ) Peiy — 1)
1eR(ty)
+ Y e @ Pei) (18)
PN (1)

— B Pei T — ()
—n())]

In view of pinning control, we have

N—l &
3 el Peid) < S el () Per(r)

ig¢N(1) i=1

(19)

N
S el Peiy) < N"Z el (1) Pei(ty)  (20)

Ol LaCN Zyl_ﬂbl

where b, = (1+e2)(1+y10)% b = 1= % (1-1/)),

b = (1 + 25y
Then it yields

E{V () < biBV (1) + b ELV (1)1, (22)

In view of Lemma 3, if the condition (7) and (8) hold,
we can deduce from (17) and (20) that

E{(V(t)} < xe ™, t > 0. (23)

N —_
where x = Amax(PYME Y sup_,,-o{ll6; ()]},

i=1
n > 0, M > 1. The systems (1) and (2) can be reached
mean square exponential consensus with the impulsive
pinning control. The proof is completed. O

Remark 5 The result is not related to discrete time
delay, which is in agreement with the general result.
It should be noted that Theorem 1 is related to k, which
implies that distributed delays play an important role.
As most existing results concern the delay-free impul-
sive control problem or the bounded distributed delay
problem. The results in this study are new and more
general.

Remark 6 In order to minimize the term by, + by,
we define the function as hi(eq) = 1 — lﬁ"(l —(1+
ea) (1 4+ yi0)d) + (1 + s_l)yzzk Then let A) (g4) = 0,

1224
|1+y1k|

minfhi(eq)} = 1— & + [\/% 1+ y1al + lyal 2. As ke
represents the number of agents controlled at impulsive
instant t = fy. IN" is called pinning ratio and the pro-
portion of impulsive controlled agents at = f. The
pinning ratio varies with impulse time. In addition, it
is related to impulsive gain.

we obtain g4 = . Hence, min{b; + by} =

@ Springer
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If y1x = 0, then the impulsive pinning control proto-
col can be written asmin{b;+by} = 1 +2\/%| Vo |+

ly2x|> > 1. Hence, condition (7) in Theorem 1 is not
satisfied; thus, Theorem 1 cannot be used to analyze this
case according to this estimation method. In the next
section, the estimation method will be changed, and the
following delayed impulsive pinning controller will be
discussed.

“+00
ui(t) = kgl yei(t —w3())8(t — 1), i€y 24)

0, i ¢ Ny

Then, the error system is described as

de; (1) = [ — De;(t) + Af(ei (1))
N
+ Bf(ej(t — 11(1))) + ¢ '21 lije;(1)
iz

N
+c2 ) hij fioo K(t — s)f(ej(s))ds]dt
j=1

+g(ei (1), ei(t — 2 (1)))dw (1), 1 # 1,
ei(ty) = ei(t ) + ykei(ty —13(t;)), i € Ry
ei(t) = ei(t ), i ¢ Ny
ei(t) = ¢i(t) — ¥ (1) = ¢; (1),

—7<t<0.

(25)

Theorem 2 [f the assumption (Hy) — (H3) hold, for
positive constants €1, €2, €3, €4 and positive definite
matrix P < 01, satisfying

5
Z bjk <1, (26)
j=1
3 5
Sa (Y by
pr =l L= 27)
5 Tr+1 — Ik
> bk
j=1
where
; Amax(P)

((1 +en(l + yk)zl—

= omin(P) N

+ A4+ sl)E>,

Amax (P _ _
boy = j"‘((P))<1+sl Ha+&)a,

Amax (P _ _
by = ?((P))(l +erH(+8) 5,

A P _
bax = Amﬁ‘"((P))(l +e7 )+ &) 55,

_ )hmax(P) | —1\_ 4 2lk

bsy = }»min(P)(1+81 Y1 +& )v's N’

8 =213 + £2)(1 + £3) Amax (D?)
+ 27213 (1 +e2) (1 + &5 ) (1 + E3)pthmax (A?),
+ 202N Ler (1 + &5 ) (1 + &) nl_la}x{lf,}

Ix
29213~ s
+2y w3 N,Ol
&1 =2p23(1+ &) (1 + &3 + & D pthma (B,
Ik
By = 2ytt3—pa,
2 Vi T3N;02
_ _ 12
83 =212 ti Nlker(1 + &5, (1 + & Dk urrilz}x{h%j},
I =—2PD+e ' PAATP + & 1ul, + &5 ' PBBT P
+ 2¢1 hmax (L) P+ 3220 (H)ey ' P2+ 6p1 1,
p= Amax (IT) g1 = & g = 002
)\min(P) ’ )\min(P)’ )\min(P)’
-2
ek

0 cu=max{ul,i=12...,n}

B Amin(P)
then the system (25) with unbounded distributed delays
can reach mean square exponential consensus.
Proof Construct the similar Lyapunov function

N
V(i)=Y el t)Pei(t).
i=1

When ¢t € [ti_1, 1),k € NT, one can obtain the

same estimation of inequality. Let IT = —2PD +
er ' PAAT Pdeipuly+es ' PBBT P+2¢) hmax (L) P+
S (H)e3 | P2 +0p1 1, p = 55505 g1 = 72005,

-2
_ _Opk _ eku
92 = % B = Tuin(P)

LV =pVO) +qV(i—1() + gV — )

N
+eskp ) f K(t —s)el (s)e;(s)ds  (28)
i=177%

It yields

DTE{V ()} = E{LV (1)}
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< PE{V®O} + qi[E{V (D}, + @2[E{V (D},

g3k
oy BV Ol

= pE{(V(®O)} + q1[E{V (O}l + @[E{V ()},
+ @GE{V (O 0o, t € (tx—1, 1], (29)

_|_

When ¢t = t, both sides of the first term of (25) take
integral, then we have

ei(t,) —ei(ty — (1))

e
= / ‘ |: — De;(v) + Af(e; (v))
e —3(t)

N
+Bfei(v —Ti(w)) +c1 Y lijej(v)

j=1

N t
+e Zh,-j/ K(v—s)f(ej(s))ds]dv

j=1

—
+ / ' g(ei(v), ei(v — 12 (v)))dw(v)
t

B

Sk
+ ) weit, — 1) (30)

m=1

where ¢ represents the amount of impulses inject-
ing into agent i during the period (t, — 73(¢; ), #; ).
Because some impulses may be injected into other
agents according to the pinning scheme, then ¢; < ¢,
8 = ty — tx—1. ¢ denotes the number of impulses that
the networks subject to on time span (7, —73(f; ), ; ),
for k € N*, which is described as

|y if mod(d, 8) # 0,
7|1 =1 if modd. ) =o.

Fori € W, t =1, according to (30), we have

ei(tr) = ei(t; ) + yrei(t)

-~
— Yk f ' [ — De; (v) + Af(e; (v))
1 —aty)

N
+Bf(ei(v — () +e1 Y lije(v)

N t
+e Zhij/ K@ —s)f(ej(s))ds]dv

j=1
i
~ / C @), e — n)dw)
e =)
Sk
—ve Y e, — 13(t) 31)
m=1

Let

Yit = (1 + y)ei(t,)

o
Yin = —ka |:— De;(v)
te =)

N
+ Af (i V) +Bf (e; v=T1(v) + c1 Y lije;(v)
j=1

t
—00

N
+ cZZhi,-/ K —s)f(ej(s))ds]dv
j=1

i
_— f L @) e (v — ) dw(v)
T3

k

Sk
Yiz = —y} Z ei(ty_,, —13(1))

m=1

Then applying Lemma 4, we have

YoodwhH =Y (Yu+Yo+Ya

ieR(t) ieR (1)

<(l4e) ) Y

ieR(t)

+A+eH+8) Y V3
1eR(ty)

+A+erha+eh D0 Y3 (32)
1eR(ty)

Then calculating item by item and applying Lemma 4
and Schwarz’s inequality, it yields

(+e) Y Y3

ieR(ty)
=+e)+n)? Y )
ieN(ty)
1o
= ((1+81)(1+Vk) N))»min(P)V(t) (33)
@ Springer
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On account of (a 4 b)? < 2a® + 2b?, we obtain that x Z e2(v)
Z 2 eX(ty)
Yiy . 5 .
ieN (i) (14 &5 ) (1 + &) Amax (A ),-g(;)f (e; (1))
r k
1
<2 ) { / ' [— De; (v) + Af (e; (1)) +(1+ 63 )0 + & Hamax (B
ieny) ¢ T ,
N x Y e - n(v)))}
+Bf(ei (v —11(v))) +c1 Zlijej(l)) ieN (1)
j=1

+Nei(l+&5 (U +8) Y Zl?le;(v)

N ¢ 2
+c22hi,-/ K(v—s)f(ej(s))ds]dv} iR =1
j=1 = +Ner(1+ 6, (1 + & Dk

x Y [th K(v—s)e?(s)ds]dv

0w 2
+2y¢ Z {f_k 3(t_)g(ei(v),ei(v—1'2(1))))dw(1))}
w3y

1eX(ty) 1eX(ty)
<2t Yy f [—Dei(v) + Af (e; (1) +2r8 Y / (o1lle; )]
ieR() Y ) ieN() Y T W)
N
+o2llei (v — () [P)dv
+BE(ei (v — Ti(W)) + c1 Y lije;(v)

N
j=1
< 21273 (1 + £2)(1 + £3) Amax (D?) Z e2(v)

2
+c hij / K@ —s)f(e;j (s))ds] i=1
ZZ : : 2y (L +e) (1 +e3)

1
= N
w22 Y f [g(ei (1), & (v — T2 (1)) ]2dv (14 &) phmax (A2 D €} (1)

ien@y) Vi B0 izl
21231+ &) (1 +e3")
n N

<2 / . (I+e) ) < (14 & Hurmax (B Y €] (v — 11 (v)

e —m ) 1N (1) izl

2
x [— De;(v) + Af(e; (v)) + Bf (e; (v — t1(V)))] 129202 Nker(1+ 63 )(1+ &) max{l }Zez(v)

N 2
+a(l+e )1 +8&) Y (Zlijej(w) 222N Iker (1 + 65 (1 + & Hikp

1eX(ty)

N t
DY _5)e?
el +ey 1 +8 ) ) 2 | xo -

N
x Y [Zh’f / K(v—s)f(e,(s))ds] +2y,3r3%<p12nei<v>u2

ieN(ty) i
N
v Y / (o1l )12 023 lerw = I
iex(y) Vi ) i=1
+o2lle; (v — T2 (v)) [F)dv < BV + BV
i ; _Amin(P)( (k)+ 1l (k)]fl
k
<2)n (14 £2){ (1 + £3) Amax(D?) +E[VE 1, + E3[V(tk_]—°°) (34)
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where
- _ 2.2 2
g =202 (1 4 2)(1 + £3)Amax (D)
+ 212221+ &) (1 + 31 + &) ithmax (A2)

+ 2T Nler (1 3 ) (1 + &) max(17)

I
+ 2y —
Vi 3N,01

2213 (1 + e2) (1 + 65 )1+ &) ttAmax (B)

o
=31

L
‘E’ QE—
Vk 3N/02

_ 132
s = 20 Nlea (1 -+ 65 )+ & DR pmax(hiy)

03]

2

&3]

and

Sk 2
PRI (Ze,-a,:_m—ra(t,:)))
iER(1) ieR(@ty) Sm=l1

Sk
<vis D D e, — )

ieR(f) m=1

N
L _ _
Wy Z > e, — 1)

m=1i=1

(35)

= )\mm(P) k§ _[V(tk JIES

Substituting (33)—(35) into (32), we have

Ze(tk)

ieXR(ty)

ple 1
N Amnin(P)

1 ~
)kmin(P) (“ V(t)

+ E1VE )]y + EAV @ T, + Ea[V(tk_]oo)

= +e)d+w Vi)

+ 1+ +ED)

+A+erhHa+e™h (ykg L, )],3)

(36)

1
Amin (P)

N
Ve =Y e aHPeh)

TN

= Y e uhHpreaH+ Y el HPerh)

ieN(t) PgR(1g)

dmax(P) Y el (5)ei ()
1eX(ty)
+ ) e aHPa))
PR (1x)
_ Jmax(P)
- )“min(P)

l
{((1 +en(d + mzﬁ"

+ A 4erha+ 51)E>V(t,;)

DA+ EDEIV ()]
Y1 +EDEAV )]0

DA +ENEIV ()] o

+ (1 +ep
+ (14

+ 1 +e
!
+(+e7Ha+ éfl)yzfgzﬁ[V(f{)]a}

+ > el @) Pety)
PR (1)
< bl V) + bV )Ty + b3 [V(E)]e,

+ bar [V (1 )] —00 + bsk[V ()],

)
Svan

=bu V() + bl V(g )] + b3V (5 )]e,

+ bar[V (5 )] —c0 + bsk[V (1 )]s (37)
where
/ )“max(P) zlk
= 1 1 —
by o (P) (I +eDd+ ) N
+<1+81‘><1+51>E>
[
bl =1- Nk + b}
)\-max(P) —1
by = 1 1 o)
2% )»min(P)( +e ) +EDE
Amax (P) -1
b3 = 1+¢ 1+ =
3k )»min(P)( DA +EDE
@Springer
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)\-max(P) —1 The graph topology

by = A+erH1+6)E 3 : , :

T Kin(Py ! s

Amax (P) -1 —1\. .4 zlk

bsi = (I+e HA+8) -~
Amin (P) ! Sl Yies N

Then

E{V ()}

< buEV (@) + bk E[V ()], + baELV (5],

+ b4k E[V (1 )]-0 + bsk E[V (1, )], (38)

By Lemma 3 , it follows from (29) to (38) hold, we
have

E{V(®#)) < xe ™, t>0. 39)

N f—

where x = Amax(PYME Y sup_, <o {16; () [*}.n >
i=1

0, M > 1. Thus this completes the proof. O

Remark 7 If the delay of impulsive controller 73(¢) =
0, the controller will reduce to the following impulsive
pinning controller.

+oo
ui(t) = kgl)/kei(l)a(t—tk ), i €Ny 40)

0, i & Ny

If [ = N, all the agents will be controlled at each
impulsive instant, then the delayed impulsive pinning
controller reduces to general delayed impulsive con-
troller

+00
wi(t) =Y ykei(t — ()8t — 1), (41)

k=1

Furthermore, for both /[; = N and 73(¢f) = 0, we can
get the standard linear impulsive controller

+00

wi(t) =y weis(t — 1), (42)

k=1

Thus it is noted that our proposed delayed impulsive

ol Lalu Zyl_ﬂbl

0 5 10 15 20 25 30

Fig. 2 The topology of corresponding coupling matrix H

4 Simulation results

Consider the fixed undirected interaction topologies
shown in Figs. 1 and 2, which are consisting of 10
agents.

The parameters of multi-agent systems (1) and (2)
are

01 0 03 —0.3
Dz[o 0.1]’“4:[0.4 0.5]’

—14 0.1
o [0.3 —0.9]’

www.manaraa.
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Table 1 The relationship of the number of pinned agents and the upper bound of impulsive interval
Ik 1 2 3 4 5 6 7 8 9 10
A(ty) 0.0058 0.0145 0.0244 0.0355 0.0482 0.0632 0.0813 0.1042 0.1347 0.1765
The coupling matrices L and H are 5 B
-y
)
r—-7 1 0 2 0o -1 2 0 2 1 7 el
0 -5 0 1 0 -1 2 1 0 1 s 0
~ )
-2 1 -6 0 1 2 0 2 0 2 H 1)
1 1 0 -4 1 0 -2 0 3 0 ) o
~ )
L= 0 1 —1 0 -3 0 1 0 1 1 A )
“lo 1 2 1 0 -5 0 -1 0 2 > S
2 0 1 2 0 2 -8 0 0 1 N iy
0 -2 3 0 2 0 1 -4 0 0 o
1 0 3 0 -1 1 0 0o -4 0 ey )
(1)
Lo 1 0o 2 -1 0 1 3 1 =7 o
r-4 0 1 0 2 0 -2 1 1 1 T it
0 =5 0 1 0 2 1 0 0 1 T S T T R S
-0 =3 0 0 2 0 ! 0 t (k=0,1,2,..,2000)
0 0 1 -3 0 0 1 -1 1 1 k
H= 2 0 2 o -7 0 0 2 0 1
11 0 0 1 1 -6 0 0 2 1 Fig. 3 The trajectories of impulsive pinning controllers
0 1 0 1 0 1 -4 0 1 0
1 0 0 3 1 0o -1 -4 0 0
1 1 0 0 1 2 0 0o -5 0 .
Lo 1 o 1 -2 0 o 2 1 -3] It can be seen that as the number of pinned agents

ci = 02,0 = 05,61 = 6 =63 = g4 = 0.1,
yik = —0.8, yor =0.05,0 = 0.6, K(1) = ¢ . The
time delays are chosen as

e’ (1 + cos(t))e!
1) = s = ————
n) =g 2o [
1 + 0.2sin(¢)
)= —-—-,
() 05+
and

f(xi (1)) = 0.5(tanh(x;1 (1)), tanh (xi2 (1))
g(xi (1), xi(t — 12(2)), 1) = 0.3|x; (1) | 2.

p1=p2=0.09, =025 P=05I.
Set the initial value as

xi(0) = [3+40.5i,2 —1i]”,
s(0)=1[3.5,051",i=1,2,...,10.

By a simple computation, the number of pinned
agents /3 and an upper bound for the impulsive interval
A(ty) = max{ty4+| — #;} can be obtained, which are

increases, the length of the impulsive interval increases
as well, which is in consistent with our common sense.
Thus, if the pinning ratio is set to lﬁ" = 0.5, the
impulsive interval should satisfy that f;41 — 1 <
0.0482. Setting the impulsive interval to x4 — t =
0.04, then we have Apmax(L) = —-0.0587,u =
0.25, 01 = 0.0440, b1 = 0.5220, by = 0.0275,
7= | 57500 Shnan | 1) = 6020, =
1, p = 12.0405, g1 = 0.0500, g2 = 0.1080, g3 =

0.0500. Then the conditions of Theorem 1 are satisfied

b + box = 0.5495 < 1, (43)
3
> qi
i=1 In(byx + boy)
+ — + = —2.5496 < 0 (44)
P b1k + bok Tt — Ik

To choose the agents which agents should be pinned,
we can use this effective way. At each impulsive time
instant f;, rearrange the error states of agents such
that fle;1(to)ll = llex@)ll = -+ = llea@)ll =
lleii+1E) = -+ = llein (@) |- Choose the first Ix
nodes as controlled agents. Figure 3 describes the tra-
jectories of impulsive pinning controllers.

Figures 4 and 5 show the trajectories of systems
without and with controllers, respectively. It can be

@ Springer
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60 -

(1)-5(t) i=1,2,...,10

i

=X

€,(0)

-50 F

60 L L L L L L L L L L )

0 1 2 3 4 5 6 7 8 9 10
t, (k=0,1,2,...,2000)

Fig. 4 The error states trajectories of the multi-agent systems
without controller

15

—
=

W

(€ )-5(t) i=1,2,...,10

=X,
i

ei0 (tk)

0 1 2 3 4 5 6 7 8 9 10
t, (k=0,1,2,...,2000)

Fig. 5 The error states trajectories of the multi-agent systems
with impulsive pinning controller

seen that the proposed strategy is effective for stochas-
tic multi-agent systems.

5 Conclusions

In this technical note, the mean square exponential
consensus problem was analyzed. Two novel delayed
impulsive pinning control strategies were proposed that
are different from general delay-free impulsive pinning
control algorithms. In terms of Halanay inequality tech-
nique, two criteria were established. In addition, the
trade-off between the number of pinned agents and the
upper bound of impulsive interval was discussed. In
future work, impulsive control should be further inves-
tigated in other circumstances. There are several pos-

@ Springer

sible extensions to be worthy of further exploring. For
examples, the Hy, filtering problem for semi-Markov
jump systems [31] and finite-time synchronization [32]
have attracted a great deal of attention. The extension
of the proposed results to these problems appears to be
a challenging problem.
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