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Abstract—In this paper, the event-triggered semiglobal
consensus problem is investigated for general linear multi-
agent systems subjected to input saturation, by utiliz-
ing the algebraic Riccati equation-based low-gain feed-
back technique. Two scenarios for systems with or with-
out updating delays are considered, and fully distributed
event-triggered control schemes are proposed to guaran-
tee the semiglobal consensus of the connected systems,
in which each agent is asymptotically null controllable with
bounded controls. Strictly positive lower bounds for both
the sampling intervals and the updating delays are cap-
tured for each agent to eliminate the Zeno behaviors in these
two event-triggered processes. Finally, the effectiveness of
these event-triggered control schemes are verified by sim-
ulations.

Index Terms—Consensus, distributed algorithm, event-
triggered technique, input saturation, low-gain feedback
technique.

[. INTRODUCTION

UE to its wide applications and great potentials in trans-
D port systems, distributed power generation, distributed
wireless communication networks and so on, coordinated con-
trol for multi-agent systems has received increasing attention
recently [1]-[6]. One of the important task for multi-agent sys-
tems is consensus, which aims at guiding all the agent states to
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reach a common value through interactions of every agent with
its neighboring agents. As shown in the pioneering works [1],
[3], the second smallest eigenvalue of the graph Laplacian ma-
trix associated with multi-agent systems plays a key role in their
coordinated control. To date, consensus of systems with vari-
ous features has been widely studied, including systems with
fixed [7] or switching topologies [1], [2], [6], systems without
[7] or with time delays [4], [5], [8], systems without [1], [7] or
with leader(s) [2], [6], etc. In the above-mentioned works, each
agent needs to gather information to update its control signal
continuously. However, in reality, it is difficult and impracti-
cal to sample and transfer the information continuously due
to the unreliability of information channels, limitation of the
agents’ sensor abilities, restrictions on energy resources, etc.
Taking these into consideration, a periodic sampled-data setting
was introduced in [9]-[12], where periodic sampled-data-based
consensus of multi-agent systems on both undirected topology
[9] and directed topology [9]-[12] were discussed, respectively.
In periodic sampled-data control, all agents sample and update
information with the same fixed sampling period, which is pre-
specified in advance, ignoring the current information of each
agent in the process.

Unlike the periodic sampled-data control, event-triggered
control does not need to sample and update new information
until the prespecified performance is about to lose or a pre-
defined event has been triggered. This kind of discontinuous
communication strategy can save energy and reduce the us-
ages/damage of the devices, and has extensive applications in
industrial production and daily life, such as the event-triggered
smart home temperature control system [13]. Recently, this
strategy has been explored and gained more and more atten-
tion [14]-[20]. The event-triggered technique was first used in a
single linear system [14] and then extended to multi-agent sys-
tems [15]-[19], ranging from integrator-typed systems [15] to
general linear systems [16]-[19] and even nonlinear ones [21].
The event-triggered consensus of systems with linear dynamics
is performed on the basis of an underlying assumption that all
agents can move freely during the process towards consensus,
which is clearly impractical in many real applications.

Input saturation, in the other hand, means that the magnitude
of the control input is limited in a bounded region and cannot
be arbitrarily large. This kind of saturation nonlinearity usu-
ally induce instability or even deteriorates the performances of
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control systems [22]. For example, the explosion of the Soviet
Chernobyl Unit 4 nuclear power plant in 1986 and the crash
of warcraft YF-22 in the U.S. Air Force at Edwards Air Force
Base in 1992 were both caused by input saturation in princi-
ple. In view of such important impact of input saturation, many
efforts had been devoted to coordinated control of multi-agent
systems subject to input saturation by utilizing continuous-time
data (see [7], [23]-[27]). Besides, there is some attention on to
the event-triggered semiglobal synchronization of discrete-time
linear systems [28] and the event-triggered global stabilization
of neutrally stable linear systems [29]. However, in these in-
vestigations, all synchronous triggering instants of each agent
are dependent on the Laplacian matrix and the event-triggered
control schemes are not fully distributed. This issue inspires
us to revisit the problem of fully distributed event-triggered
semiglobal consensus of multi-agent systems with input satura-
tion, which is precisely the objective of the present paper.

In multi-agent systems, each agent samples the relative in-
formation between itself and its neighbors via its on-board
sensor, and then the acquired information is updated to its ac-
tuator. However, in real engineering, updating delay commonly
exists between the sampling of the sensor and the updating
of the actuator, especially for systems with the event-triggered
control strategy. Because the reduction of information exchange
among agents in event-triggered control systems are much more
sensitive to time delays [17]. Thus, systems with updating de-
lays are considered in this paper. For systems with updating
delays, it means that there is a time lag between the infor-
mation sampling and the information updating. For these sys-
tems, distributed event-triggered conditions are derived for both
the updating process and sampling process so as to guarantee
semiglobal consensus of such systems with input saturation and
updating delay. Moreover, rigorous theoretical analysis shows
that Zeno behaviors in both information sampling process and
information updating process can be avoided. The significance
and contributions of this paper are three-fold. First, the de-
signed event-triggered controllers are fully distributed, which
only rely on the number of agents but not on the eigenvalues
of the Laplacian matrix. Second, the designed event-triggered
controllers are asynchronous and mutually independent [18],
differing from [28] and [29], where all agents are triggered
at the same instants and all the triggered instants are deter-
mined by the states of all agents. Third, semiglobal consen-
sus of systems without or with updating delays are analyzed,
respectively.

II. MODEL DESCRIPTION AND PROBLEM STATEMENT
A. Notations

Throughout this paper, R and R" ™ are the set of real number
and the set of n x m real matrices, respectively. A” is the
transposed matrix of matrix A. For square matrix @, @ > (=)0
means that () is a positive definite (semipositive) matrix, and
A;(Q) is the ith eigenvalue of Q. I,, is an n-dimensional identity
matrix, while 0,, is an n-dimensional matrix with all entries
being 0. diag{by,b2,...,by} is a block diagonal matrix, in

which b; are its diagonal blocks and the off-diagonal matrices
are zero. ® is the Kronecker product.

B. Model Description

Consider a linear multi-agent system of NV agents. Every agent
moves in an n-dimensional Euclidean space and updates itself
according to the following dynamics:

Z;(t) = Ax;(t) + Bsata (u; (1)) ()

where A € R"*", Be R"™, z; € R"*! is the state of
agent 4, and u; € R™*! is its control input. sata (u;) =
[sata (1), - - ., sata (ug,, )]7 is the saturation function induced
by the physical devices of the system and forall j = 1,2,...,n,
sata (u;;) = sign(w;; ) min{|w;;|, A} with an input saturation
threshold A > 0. Moreover, system (1) satisfies the following
assumption.

Assumption 1: [22] The pair (A, B) is asymptotically null
controllable with bounded control (ANCBC) in the sense that:

1) all eigenvalues of A are in the closed left-half s-plane;

and

2) the pair (A, B) is stabilizable.

Lemma 1: [22] Under Assumption 1, forany e € (0, 1], there
exists a unique matrix P(g) > 0, which solves the following
algebraic Riccati equation (ARE):

ATP(e) + P(e)A — P(¢)BBT P(¢) +¢I,, = 0,.

Moreover, lim._g P(¢) = 0,,.

Let the triple (V,[E, &) denote the unweighted and undi-
rected graph G associating with the multi-agent system (1), in
which V.= {1,2,..., N} and E = {(4, j)| if there is an edge
between ¢ and j} are the node set and the edge set of graph
G, respectively, and G = ( 9ij ) € R™*" is the adjacency ma-
trix with g;; = g;; = 1 if (¢,j) € E, otherwise g;; = g;; = 0.
Its Laplacian matrix is L = D — G, where D is the degree
matrix with the ith diagonal element being Y-, _; gij. The
set of all neighbors of agent ¢ is called the neighboring set
denoted as N (i) = {j|(¢,7) € E}. Denote the eigenvalues of
Lby 0=2x1(L) <Xx(L) <--- <An(L). As shown in [30],
Ao(L) > 0if G is connected, and A5 (L) > 0 is called the alge-
braic connectivity of graph G. About A9 (L) properties, which
will be used in the following analyses are provided by the fol-
lowing lemmas.

Lemma 2: [31] For any given connected undirected graph G
of N nodes, the eigenvalues of its Laplacian matrix, 0 = A; <
A2 < A3 < --- < Ay, increase monotonically with the number
of added edges, that is, for any added edge e, 1;(G +¢e) >
ri(G),i=1,2,...,N.

Lemma 3: [32] For an unweighted and undirected connected
graph G with Laplacian matrix L € RV ¥ its algebraic con-
nectivity 1> (L) satisfies A (L) > zrigyy» Where diam (G)
is the diameter of the graph.

Proposition 1: For an unweighted and undirected connected
graph G with Laplacian matrix L € RV >V its algebraic con-
nectivity Ao (L) satisfies Ao (L) > ﬁ

Proof: For an unweighted and undirected connected graph
G of N nodes, there are at least N — 1 edges, and this kind
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of graph G is a chain with N nodes, C. Denote the Laplacian
matrix of C as Ly,i,. By Lemma 1, one has Ao (L) > Ao (Lmin )-
Furthermore, Lemma 3 implies that diam (C) < N — 1. Thus,

)\.Q(L) Z )\2 (Lmin) 2 ﬁ .

C. Problem Statement

This paper aims at solving the semiglobal consensus prob-
lem of multi-agent systems subject to input saturation by using
event-triggered sampled data at each sampling instant. For a
family of agents equipped with microprocessors (sensors and
actuators), in which sensors are engaged in sampling informa-
tion to update the actuators, time delay between the sampling
action and the updating action cannot be avoided in practical en-
gineering. Hereinafter, this kind of time delay is called update
delay. Additionally, systems with event-triggered communica-
tion, which is a typical discontinuous communication style, are
more sensitive to time delays. Therefore, beyond the existing lit-
erature on coordinated control of multi-agent systems, such as
[16], [18] and some references therein, the update delay is taken
into consideration in this paper. Specifically, for agent ¢, its input
control u; is computed by two monotone increasing sequences
of time instants: 1) the sampling instant sequences {t} }7° ;;
and 2) the updating instant sequences {7} }3° . The sampling
instant ti denotes the kth sampling instant of the control wu;,
while rk s1gmﬁes the kth updating instant. Let 7} =t} ., — ¢}
and D} = ri — ! be the kth sampling 1nterval and updating
delay, respectively. Then, u; holds as constants u;(t; ;) for
t € [t),, ;) and u;(t) = u(t)) for t € [}, ¢} ), butit samples
and updates information at the triggering instants of the updating
event and the sampling event, respectively.

Here, the semiglobal consensus problem of multi-agent sys-
tems with input saturation is described as follows.

Definition 1: [23] For any a priori given bounded set x €
R, the system with dynamics (1) achieves semiglobal consen-
sus, if starting from any x;(0) € x

zi(t)| =0,

To solve this problem, one has to design a fully distributed
control algorithm according to the following three steps:
Step 1: Solving the parameterized ARE

lim ||;(t) — i,j=1,2,...,N.
t—00

A" P(e) + P(e)A - =N

x P(e)BBTP(¢) +¢I, =0, (2)

with e € (0,1].
Step 2: Construct control input u; (¢) for system (1)
> 9;B"PE) [zj(técﬂ) - Ii(t;c—l)] ’
JEN (i) o
t € [th,)
ui(t)= T i i
> iy BTP(e) [x;(t]) —xi(t})]
JEN (i) o
tE€[rhthin) 3)
where P(¢) € R™"*" is the solution of ARE (2).

Step 3: Determine the event-triggered updating se-
quences {r{,r{,75,...} and sampling sequences
{t,t8,t5, ...} foragenti,i =1,2,... N.

[ll. EVENT-TRIGGERED CONSENSUS OF MULTI-AGENT
SYSTEMS WITHOUT UPDATING DELAYS

In this section, the consensus of multi-agent systems subject
to input saturation without updating delays is considered, that
is, in (3) rj, = .. Then, for ¢ € [t} ¢, ), each agent updates
itself according to the following equation:

+ Bsata Z 9B P(e xl(t;cfl) - xj(t;cfl)]
JEN (i)
4)
Define
x(t) = [:L‘{ (t)a $2T(t)’ ce 7'7“'1]\} (t)]T

ei(t) = zi(t) — @i(ty), € (t) = @ (t) — @;(t})

= Y BT PE) () — (1)
JEN (i)
mi) = 3 g BT PEles(t) — € (6)] = wilt) — wi(t})
JEN (i)
o, = Al s (8)]
S 4 BTPE)B [uilty) — s (1))] H
JEN (i)
4)

Theorem 1: Consider an undirected connected multi-agent
system consisting of N agents where each agent follows the
linear dynamics (4). Suppose that Assumption 1 holds. Then,
the event-triggered sampling function

i 1 _

thor = sup { PO = SOl e <0} ©)
can guarantee the semiglobal consensus for 6 < 2||Al], t) =
0,2=1,...,N. Moreover, the common state of all agents is
]1[( [)11X1V ® exp{At}] x(0) with 2(0) being the initial state of
x(t).

Proof: Define a Lyapunov function as

E § gzg mz
i=1jeN (i

=2 (t)[L® P(s)] x(t). @)

[ |

Due to the existence of the bounded set y and the facts that

x;(0) € x,i=1,...,N,and lim._,, P(¢) = 0,, for any given
constant ¢ > 0, there exists an £° € (0, 1], such that

i (O] P(e) [i(t) — (1)

c> V(0). (8)

sup
ee€(0,1],z; (0)ex,i=1,...,N
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Let Ly (¢) = {V < c}. Similarly, there exists an ¢* € (0,¢°], With the help of Proposition 1, one can obtain
such that, for all ¢ € (0, &*]

lui(t)]l < Ai=1,...,N. @ V()< Zm P(e) + P(e)A)
That is, there must exist an ¢* € (0, 1] to dominate the nonlin-
earity induced by the input saturation and sata (u;(t)) becomes B 4 P(a\BBLP() |7 Novef
u; (). Then, (4) becomes (N-1)N (€) ()| Ti() + Nye
@i(t) = Awi(t) + Bu; (1) .t € [t tir)- (10)
- . . < e Z 2w (O)Fi(t) + Nye™
Now, the derivative of V' along with (10) yields (12)
V(t)=d" (t)[L® P(e)] (t) + 27 (t) [L ® P(e)] () Since
=2 (t) [L® (AT P(e) + P(e)A)] z(t) N
N —52)»@1 7 (t) = — e (1) [A @ L, T(t)
= 2wl (1) [wi(t) — mi(1)]. =
=t = —cez () [LeL,]x(t)
The symmetry of L leads to - Vi
N 2 = Muax(P(e)) ) (13)
Z ZLU“B] one can obtain that V() < — ey V() + Nye . Let

B w= /\'-(EW’ by Comparison Lemma, one further has

= [2" () L") [La(t)] = 2" (t) (L* @ L)) 2(t).

_ N~ _ _

wt wt ot

Thus, with (6), one has V(t) <V(0)e =" + o e —e ] (14)

y T T

V(t)=a" (t)[L @ (A" P(e) + P(c)A) which implies that V'(t) — 0ast — oo. Recalling (10), one can

N get that lim; . [|z;(t) —2;(¢)|| =0,4,5 =1,2,..., N, ie,
2’ ® (P(E)BBTP(E))]JU(t) +2 Z wiT(t)mi (t) the semiglobal consensus of system (1) can be achieved. The

i—1 final state of all agents is now derived.

It follows from (12) that as t — oo, V/(t) = 0 if and only if

<a' (1) [L® (A" P(e) + P()4) 7;(t) = 0 fori = 2,3, ..., N. Therefore,

— L’ ® (P(e)BB" P(¢))] e 316)
t—o0 L1

1
t) + Zj {2 lma (8)]1* = 5 ||wi(t)||2} lim (1) = (U@ 1,) lim 2(t) = (U @ I,) 0

t—o0

<z"(t)[L® (A" P(e) + P(e)A) 0

— L* ® (P(e)BBT P(e))]x(t) + Nye . Then, one has
The precondition that G is connected implies that
there exists an orthogonal matrix U = (al Nx1 S ) S
RY*N with § € RV*V=1_ such that L = UAU” with ,
A = diag{0,A5(L), ..., Ay (L)} := diag{0, s, ..., Ay} with Ontheotherhand, one can obtain that lim; . 7 (t) = Az (t),
A(L) > 0(i=2,3,...,N).Letz(t) = (UT ®1,) x(t). Then ~Which further implies that

lim x;(t) = « lim 7 (¢),i = 1,2,..., N.
t—o0 t—00

71(0) = a[lixny ® I,] 2(0) (11) flirgo T (t) = exp{ At}7(0). (15)
and , . o )
. - . The fact that U"U = UU" =1y implies that o = —=.
V(t> <z (t) [A & (A P(E) + P(E)A) Substituting (11) to (15) yields limy o 71 (t) _ ﬁ[llxN ®
— A’ ® (P(e)BBT P(¢))]Z(t) + Nye ¥ exp{At}]z(0). Consequently
N
=Y i T(t)[A"P(e) + P(e)A) Jim () = f lim 7, (£)
i=2
1

— A P(€)BBTP(€)]§i(t) +N’Y€79t. N [11><N ®eXp{AtH ( ) =1,...,N. (16)
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Remark 1: 1t follows from (14) that

N
< V) + L |e= if0>w
L 0 —w|
V() = V(0)e if0=w
i N
<|vy+ =Ll ifo<w
L w _9_

which implies that the convergent speed is influenced by ¢
and 6. Particularly, it is determined by the smaller one of
w = m and 6.

In the follows, it is to prove that the event-triggered function
(6) can avoid the Zeno behavior of the sampling process for
every agent.

Theorem 2: Consider an undirected connected multi-agent
system consisting of N agents, where each agent follows the
linear dynamics (4). Suppose that Assumption 1 holds. If
6 < 2||Al|and t) = 0,7 = 1,2,..., N, then the event-triggered
instants t; (k > 1) defined by the event-triggered sampling func-
tion (6) excludes the Zeno behavior for every agent. That is,

tio,—t,>Ti withT} >0,i=1,2,...,N.
Proof: Since
1 )
Sl = 3 m(e) + wi ()| < i) + [ ()
one has
i (B)[1” < [Jws(t)])* + ve™®" (17)
|

This is a sufficient condition for the event-triggered function
(6). Therefore, the satisfaction of (17) can ensure the establish-
ment of (6). In addition, one has

Ay O

2o < P2 Dl ) = ) = o

<Al O+ || S 0B PEB [us(th) — us (1})] H
JEN (i)

< 1Al ()1 + o

Notice that |/m;(t)|| denotes the right-hand derivative of
lmi(t)|| when ¢ = ¢, . Taking into consideration that the ini-

tial value of [|m; (¢)||in [t} ¢}, ) is ||m;(t})|| = 0, one obtains
that
lmi ()] < HA|| [el416-4) —1]. (18)
It follows from (17) and (18) that
i N —0t
i)l = /s I+ 3¢
Oéi' i i
S 7k eiiAii(tk+1_tk) — 1 . 19
i | J-
From (19), it follows that
QG AN, ) Y% Tl
e > /e >0 (20)
| A] | Al

If limy .ty =t <oo, then by (20), it follows that

0< \ﬁef%ﬂkﬂ < 0. This contradiction implies that
limy_, tj, = o0. In addition, recalling (12), one has
limy oo ||2i(t],) — 2;(t})|| =0, which  further  implies
that for k > 1

al >0, klim al = 0. (21)
Multiplying both sides of (20) with el At =) yields ﬁ

2 ANt =) @ AN —t) [I\AHJ]t’: —lAlit g
e +17 %k k+17 > e 2" k+1 k. Si-
e ZV

nce f < 2| A||, one has HOXH 24N =) H H el Al —ti) >

Ve I41It}. | which further demonstrates that

1 {11 [
— Ind= 4= |1t ANt .
4] “{2*2[ Rt
(22)

Equation (21) shows that the right side of (22) is signiﬁcant and
iy 1 11 A H _
T} = ——1In{ = 14471 1Al 0.
‘ ||A||“{2+2i+ L Ve -

It also shows that the smaller the o/, the larger the 77.

Remark 2: Differing from [28] and [29], which focused on
semiglobal coordinated control of discrete-time multi-agent sys-
tems with input saturation, this paper studies continuous-time
systems. Though all the analyses are on the basis of event-
triggered control schemes, there exist remarkable differences
between [28], [29] and Theorems 1 and 2 in this paper. In [28]
and[29], all agents were required to sample information of itself
and its neighbors at the same instant, while in Theorem 1, each
agent samples information according to its own clock, which is
irrelative with the sampling instant sequences of the others. Be-
sides, the heterogeneous minimum sampling interval is derived
here for each agent to reduce the number of the event-triggering
checking and information sampling.

ther — 1 2Ty,

IV. EVENT-TRIGGERED CONSENSUS OF MULTI-AGENT
SYSTEMS WITH UPDATING DELAYS

In this section, consensus of multi-agent systems with input
saturation and updating delays is addressed by designing low-
gain controllers.

First, define

Ei(t) = x;(t) — :Ci(tic—l)in‘(t) =z (t) — x;(t,_y)
Mi(t)= Y gi;B"P(e)[Ei(t) — Ej(t)]
JEN (i)
= w;(t) — wi(t}_,)

B = 1A [|wi (ti-0) |

> 9B P(e

JEN (i)

Blui (tey) —uj (tp_y)]

Theorem 3: Consider a connected undirected multi-agent
system consisting of N agents, where each agent follows the
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linear dynamics (1) with input control (3). Suppose that As-
sumption 1 holds. Then, the event-triggered updating function

i 1 -
v}, = sup {t\ 2O - 5] e <) }

(23)
and event-triggered sampling function

fls = sup {t\ 2 I = (O ~ e < 0] }
(24)

together can guarantee the achievement of semiglobal consen-
sus for 0 < ||A]| and t), = rj) = 0,4 =1,2,..., N). Moreover,
limy oo (1) = 4 [Lixy ® exp{At}]2(0),i =1,2,...,N,
with 2(0) being the initial state of z(t).

Proof: Define a Lyapunov function

vV =al (1) [L® P(e)) a(t).

|

Being similar to the analysis in Theorem 1, for any ¢ > 0

andz € Ly (¢) = {V(z) < ¢}, there exists an * € (0, 1], such

that, for ¢ € (0,¢%], ||ui(¢)|l < A,i=1,..., N. That is, the

input saturation does not occur and sata (u; (t)) is linear in u; (¢).
Thus, system (1) with control input (3) becomes

Az (t) + Bu; () ,t € [ty 1)
(25)

oi(t) =

Axl(t) + Bu; (ti) te [Tivtﬁﬁtl)'

Fort € [t} ,r}), similarly to the analysis in Theorem 1, under
(23), one has

V(t) < 2" (t)[L ® (AT P(e) + P(e) A)

— L?*® (P(e)BBT P(¢))]x(t) + Nye

< —¢ Z A :c
Similarly, for t € [rk,t}C +1) under event-triggered sampling
function (24), one has

—€ZAx

Similarly to the proof of Theorem 1, it follows that
limy oo (1) = % [Lixnv ® exp{At}]z(0),i =1,2,...,N.

Theorem 4: Under Assumption 1, consider a connected
undirected multi-agent system consisting of N agents, in which
each agent follows the linear dynamics (1) with input control (3).
For 0 < ||A|| and t) =r} =0,i=1,2,..., N, the updating
sequences {r{,7%,...} and samphng sequences {t th,...}
steered by event-triggered functions (23) and (24), respectively,
satisfy tj, < rj <ti_ . Furthermore, the Zeno behaviors in the
updating process and the sampling process both can be excluded.
That is, there exist DZ > Oand ¢} > 0,suchthatr] —t; > Dz
and £}, — 1} > @}

Proof: Since tj =15 =0,9=1,2,..., N, one can deter-
mine ¢! at first. For ¢ € [rg,t}), it follows from the proof of

) + Nvye . (26)

+N'76

Theorem 2 that - [|m; (¢)|| < [|A||||lm;(¢)|| + o), which further

implies that [[m; (t)|| < fgy [e — 1], with

af = [|Allllwi (to)| + || D 9, B"P()B [ui(ty) —

jEN (i)

u; (to)]| -

(27)

[ |

(D)1 < JJw; (8] + ve " is a sufficient
condition for (24) in Theorem 3, which further implies that

; 2
) e o't i
) < )P e < (2 [ < 1] )
Then, one has
aj

At} —f
et 1:| > ﬁe 7t
1A [

Multiplying both sides of (24) with el4l’i yields [e
eAt] — @ﬁe(‘m”‘%m > 0. Thus, one can get that tj —
0

ty > T with
L1
22

Hereinafter, results in Theorem 4 with £ > 1 will be proved
in detail. As stated in the proof of Theorem 2, one has

(28)

2At"

o 1

A
wo 1y 41

[1+4iﬁ]2} > 0. (29)
Qp

d : i i
2 IMi@l < Nl @1 < [ANM: @l + Bi T € [t i)
(30)

with initial value ||M;(¢})|| = |Jw; (t},) — w;(t;_,)]|- Thus, for
t € [ti,r}), aspecial solutlon of (30) is obtained as
IV < )b+ B e ).
3D

On the other hand, || M;()||> < |lw; (£, _)||> +ve " is a suf-
ficient condition for (23) to guarantee the semiglobal consensus
of system (1) with control input (3). Thus, one has

IMED N < wi @) + e (32)
and
M (P |7 = (s (8[| + e 75 33)
Consequently, it follows from (31) and (33) that
Vil )P +7e
< HMi(fi)H ellAllri=ti) 4 |&” [eHAH(ri_—t;) _ 1} . (34)

Furthermore, if 7| < ¢, then it follows from (34) that
Jwi(t,_)|I* < [|a:(#5)])*, which lines up with (32). Thus,
T, —t, >

In the following, it is to prove that the Zeno behavior in
the updating process can be avoided. For (34), if ||M; (r})| =
|w; (ri.) — w;(¢,)]| = 0, then one can get

B [euAH(r; ~t})
Al

> e (35)
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Since o < || A||, multiplying both sides of (35) with el 41074 ~7i)
24101 =10) — A=) > eIl

larly to the analysis in Section III, one can get 7, — ti > Di
with

.1 1
D). = AT ln{2+
(36)

Apparently, the result i — i > Di with Di in (36) con-
tradicts the presupposition of ||M; ()| = 0. Consequently,
[|M;(t;.)]| > 0forall k > 1.

The result of 7, — i > 0 yields el417i =) — 1 > 0, which
further leads to

. B ..
yields HTkH Simi-

> 0.

%
1 {1 N We—lfllt};]
2 ﬁk

LB {euAnw ) _ 1}

M, (t0)]| el —)

1
2

> Z{HM (th) || el —ff>ﬁk| [ AN, =) — 1}}

implying that

. o 5
2{||Mi(t2)|| Al —t;) |/8k|| [ A —ti) _ 1”

> s ()| + e

(37)
altogether can establish (34). Furthermore, (37) leads to
Bi [elatrith T o g
k| ol Al —t, _1} > 0ri-lAlri—t) - (38)
A Al M; ()|

On the basis of 6 < || A]|, multiplying both sides of (38) with
2140 ~1)

gives
i __gi i gi AH . i
20 Al —t)) { Al —6) 1} o0 NAL e
e e > ; e
A[M; ()1 By
N (39)
The fact that e2141("i =%i) > 1 implies that
ity 15> 0 Ml a4

—AIM )N B

which is a sufficient condition for (39). In addition, the facts
that ||M;(¢)|| > 0 together with 3, > 0 and limy . 8 =0
highlight the significance of (40). Moreover, (40) shows that
T — tl > DZ with

21 v AL —jagy
Di = {1+ ——— 41
S { 1M () B3

The result of , — . > Di with D, in (41) once again repro-
duces ||M; (t},)] > Ofork > 1.

Step 2: For t € [r},t} ), similarly to the settlement in
Theorem 1, one can get that under the precondition (24)

V<752)Lx

} >0. (@)

+N’ye

Fig. 1. Topology of the multi-agent system.

In addition, solving

d . , .
Zlms 1 < i@ < [Alma (Ol + @, ¢ € [ris )

(42)
with initial value ||m; () || = ||w: (],) — w; (¢})||.
I [ 4410w [ttt ).
(43)

Like the analysis in Step 1, one has thi
rk > <pk with

11 [E1] r
m{=+-[1+420 A1 VS0 k=0
T { [l

LI {1 0 AN ey } k> 1
[ [l (ri) | o -

(44)
Remark 3: For agent i, the parameters o, and 3 refer to
w;(tt) and w; (¢} ), respectively, which are related to the in-
formation of the second-order neighbors. The event-triggered
conditions given in both Theorems 1 and 4 are fully distributed,
which indeed only for each agent to use the local information of
its neighbors and itself. The introduction of o}, and 3}, is merely

for explaining the avoidance of the Zeno behaviors.

—rp >0andt] , —

V. SIMULATION EXAMPLES

The results of this paper can be applied to engineering prac-
tice, such as the measurement of the indoor temperature by a
multisensor system, the cooperative operations in industry by
multirobot systems, and exploration by multiple intelligent de-
tectors. In this section, two engineering examples, the lead-acid
battery model presented in [33] and the identical harmonic os-
cillators, are introduced to verify the effectiveness of the event-
triggered consensus algorithms provided in Sections III and IV,
respectively. A connected system of N = 8 agents, with the in-
teraction topology shown in Fig. 1, is considered. By Lemma 1,
one has A2 (L) > 7;. By ARE (2) with ﬁ = -, one can
get the low-gain matrix P(e). In all the following simulations,
the saturation level is chosen as A = 2 and ¢ = 5.

Example 1: In alead-acid battery, let I}, be the current flow-
ing in one of the resistors Rj, (the actual k& depends on the
particular model considered), and (). and 0 be the extracted
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C, 5
I, R, p R, g ;;_:
— +— i
0 10 20 30 40 50
1, R t
E, = ?
1, (Vey) :0>¢&:
I 0 10 20 30 40 50
N t
Fig. 2. Equivalent electric network used for the third-order battery :“F;
model [33]. .

charge and the electrolyte temperature, respectively. As shown
in [33], the equivalent electric network of the lead-acid battery
model is described by Fig. 2 and the other symbols in Fig. 2 are
defined in [33]. In electrolysis industry, multiple intelligent de-
tectors are introduced to test the corresponding indicators so as
to control the total industry process, which can be described by
a “multi-agent system.” In this multi-agent system, the ¢th agent
represents the ¢th detector and its three detector states are de-
noted by x; = [1‘“,337;2,331‘3]11, (Z =1,2,..., N) withx; = 1[4,
Tio = Qe, Tj3 = 0, and x = [1,29,...,2x]". Then, the dy-
namics of the ith detector is described as

2;(t) = Ax;(t) + Bsata (u;)

where
1
“EC 0 0 1
R,Cy
A= o 0 0 , B= 1 (45)
1 1
0 0 —
R;Cy

and Cj is the battery thermal capacitance, I?; is thermal resis-
tance between the battery and its environment. It is straight-
forward to verify that the system satisfies Assumption 1. Here,
select R, Cy = 5, RjC; = 2. The initial states of each detec-
tor is randomly selected from a bounded region x = [—3, 3] X
[—3,3] x [-3,3]. Choose v =5, § = 0.25. For ¢ = 5 defined
in (8), one has ¢ = 0.0018.

Fig. 3 shows some simulations to verify the theoretical results.
Fig. 3(a) and (b) shows the state convergence and control input
of the multi-agent system with topology in Fig. | under protocol
(4). What is more, the state marked by “*”” in red is the common
state 1~ [11, v ® exp{At}] z(0). Fig. 3(c) shows the variations
of tj , —t} for i =>5,6 on [0,10]. The four subfigures illus-
trate the effectiveness of Theorems 1 and 2. Furthermore, the
simulations on the verification of the event-triggered semiglobal
consensus of the multi-agent system with updating delay on in-
teraction topology (1) are given in Fig. 4. Similarly, one can get
e* =0.0022 = e. And Fig. 4(a)—(d) illustrates the effectiveness
of Theorems 3 and 4.

Example 2: Consider a multi-agent system with communi-
cation topology described by Fig. I, where all agents are an
identical harmonic oscillators with system matrices as

()= ()

(46)

Fig. 3. Event-triggered semiglobal consensus of the multi-agent sys-
tem with topology shown in Fig. 1 for Example 1. (a) State convergence

under (4). (b) Control input in (4). (¢) ¢}, ; —t} (i = 5,6).

Ti1

X2

X3

L 1500 L 1500
L 1000 "_ 1000
& 5001 T r:y‘:t 500/ T
: I A I A A G O O
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
k k
(©) (d
Fig. 4. Event-triggered semiglobal consensus of the multi-agent sys-

tem with topology shown in Fig. 1 for Example 1. (a) State conver-
gence under (25). (b) Control input in (25). (c) r;.  ; — 7} (i = 1,2). (d)

tho —ti(i=1,2).
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Fig. 5. Event-triggered semiglobal consensus of the multi-agent sys-
tem with topology shown in Fig. 1 for Example 2. (a) State convergence
under (4). (b) Control input in (4). (¢) ¢}, — ¢}, (i = 5,6).

-1
2|
s -5
0 -2
0 10 20 30 40 50 » 0 10 20 30 40 50
t t
(a) (b)
e = 600
LADD LdOU
A LA
~ i esinininaine
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 2
k k
i W
‘ 1000) | 1000
T aw T
: TTTTMT? (11,001 TTTTMT? [11a01]
2 4 6 8 10 12 14 8B 18 2 2 4 6 8 0 122 14 16 18 2
k k
() (d)
Fig. 6. Event-triggered semiglobal consensus of the multi-agent sys-

tem with topology shown in Fig. 1 for Example 2. (a) State conver-
gence under (25). (b) Control input in (25). (c) 7}, — 7}, (i = 1,2). (d)

iy~ 1= 1.2)

where £ > 0. Obviously, this system satisfies Assumption 1.
Choose ¢ = 1 together with v = 5 and 6 = 1| A|| = 0.5.

For z;(0) chosen randomly from y = [—3, 3] x [—3, 3] to-
gether with A = 2 and ¢ = 5, to establish (8) and (9), one can
sete* = 0.0004 and here choose € = ¢* = 0.0004. Fig. 5(a) and
(b) displays the state convergence and the control input of each
agent, respectively, for the multi-agent system with input satu-
ration under protocol (4). It shows that all agents can approach
a common state and the magnitudes of the control inputs of
all agents converge to zero. Fig. 5(c) shows the variations of

la1 — by fori = 5,6 on [0, 10]. All figures in Fig. 5 verify both
Theorems 1 and 2.

Next, some simulations are given to verify Theorems 3
and 4. Similarly, one can get £* = 0.0015 and here choose
e =¢e" =0.0015. Fig. 6(a)—(d) shows the effectiveness of both
Theorems 3 and 4.

VI. CONCLUSION

In this paper, a fully distributed protocol for the semiglobal
consensus of multi-agent systems had been presented by using
event-triggered sampling information and low-gain feedback
techniques. Two scenarios for such systems with or without
updating delays, respectively, have been discussed. It has been
shown that if each agent samples and updates information by fol-
lowing the established event-triggered conditions, a connected
system with each agent being ANCBCs can achieve semiglobal
consensus exponentially when the parameter ¢ of the parame-
terized feedback law is selected small enough so as to avoid the
saturation nonlinearity. Future work will focus on the fully dis-
tributed coordinated control of multi-agent systems with virtual
leaders.

REFERENCES

[1] W. Ren and R. W. Beard, “Consensus seeking in multi-agent systems
under dynamically changing interaction topologies,” IEEE Trans. Autom.
Control, vol. 50, no. 5, pp. 655-661, May 2005.

[2] J. Qin, C. Yu, and H. Gao, “Coordination for linear multi-agent systems
with dynamic interaction topology in the leader-following framework,”
IEEE Trans. Ind. Electron., vol. 61, no. 5, pp. 2412-2422, May 2014.

[3] X.F. Wang and H. Su, “Pinning control of complex networked systems: A
decade after and beyond,” Annu. Rev. Control, vol. 38, no. 1, pp. 103-111,
Mar. 2014.

[4] W. Yu, G. Chen, M. Cao, and W. Ren, “Delay-induced consensus and
quasi-consensus in multi-agent dynamical systems,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 60, no. 10, pp. 2679-2687, Oct. 2013.

[5] X. L. Wang, H. Su, X. F. Wang, and B. Liu, “Second-order consensus of
multi-agent systems via periodically intermittent pinning control,” Circuits
Syst. Signal Process, vol. 35, no. 7, pp. 2413-2431, Jul. 2016.

[6] H. Su, G. Chen, X. Wang, and Z. Lin, “Adaptive second-order consen-
sus of networked mobile agents with nonlinear dynamics,” Automatica,
vol. 47, pp. 368-375, Feb. 2011.

[7]1 X.L. Wang and X. F. Wang, “Semi-global consensus of multi-agent sys-
tems with intermittent communications and low-gain feedback,” IET Con-
trol Theory Appl., vol. 9, no. 5, pp. 766774, Mar. 2015.

[8] Y. Shi, J. Huang, and B. Yu, “Robust tracking control of networked con-
trol systems: Application to a networked dc motor,” IEEE Trans. Ind.
Electron., vol. 60, no. 12, pp. 5864-5874, Dec. 2013.

[9] Y. Cao and W. Ren, “Multi-vehicle coordination for double-integrator
dynamics under fixed undirected/directed interaction in a sample-data
setting,” Int. J. Robust Nonlinear Control, vol. 20, pp. 981-1000, Jun.
2010.

[10] Y. Gao and L. Wang, “Sampled-data based consensus of continuous-time
multi-agent systems with time-varying topology,” IEEE Trans. Autom.
Control, vol. 56, no. 5, pp. 1226-1231, May 2011.



5064

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 6, JUNE 2017

[11] W. Yu, L. Zhou, X. Yu, J. Li, and R. Lu, “Consensus in multi-agent
systems with second-order dynamics and sampled data,” JEEE Trans. Ind.
Informat, vol. 9, no. 4, pp. 2137-2146, Nov. 2013.

[12] N. Huang, Z. Duan, and G. Chen, “Some necessary and sufficient con-
ditions for consensus of second-order multi-agent systems with sampled
position data,” Automatica, vol. 63, pp. 148-155, Jan. 2016.

[13] F. Li, B. Zheng, and H. Teng, “Design of smart home temperature control
system based on event-triggered mechanism,” Modern Electron. Tech.,
vol. 38, no. 2, pp. 158-162, Jan. 2015.

[14] W.P. M.H. Heemels, J. H. Sandee, and P. P. J. Van Den Bosch, “Analysis
of event-driven controllers for linear systems,” Int. J. Control, vol. 81,
no. 4, pp. 571-590, Apr. 2008.

[15] D. V. Dimarogonas, E. Frazzoli, and K. H. Johansson, “Distributed event-
triggered control for multi-agent systems,” IEEE Trans. Autom. Control,
vol. 57, no. 5, pp. 1291-1297, May 2012.

[16] W. Zhu, Z. Jiang, and F. Gang, “Event-based consensus of multi-agent
systems with general linear models,” Automatica, vol. 50, no. 2, pp. 552—
558, Feb. 2014.

[17] W. Zhu and Z.-P. Jiang, “Event-based leader-following consensus of
multi-agent systems with input time delay,” IEEE Trans. Autom. Control,
vol. 60, no. 5, pp. 1362-1367, May 2015.

[18] W. Hu, L. Liu, and G. Feng, “Consensus of linear multi-agent systems by
distributed event-triggered strategy,” IEEE Trans. Cybern., vol. 46, no. 1,
pp. 148-157, Jan. 2016.

[19] D. Yang, W. Ren, X. Liu, and W. Chen, “Decentralized event-triggered
consensus for linear multi-agent systems under general directed graphs,”
Automatica, vol. 69, pp. 242-249, Jul. 2016.

[20] C. Li, X. Yu, W. Yu, T. Huang, and Z. Liu, “Distributed event-triggered
scheme for economic dispatch in smart grids,” IEEE Trans. Ind. Informat,
vol. 12, no. 5, pp. 1775-1785, Oct. 2016.

[21] P. Tallapragada and N. Chopra, ‘“Decentralized event-triggering for con-
trol of nonlinear systems,” IEEE Trans. Autom. Control, vol. 59, no. 12,
pp- 3312-3324, Dec. 2014.

[22] Z.Lin, Low Gain Feedback. Berlin, Germany: Springer, 1999.

[23] H. Su, M. Z. Q. Chen, J. Lam, and Z. Lin, “Semi-global leader-following
consensus of linear multi-agent systems with input saturation via low
gain feedback,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 60, no. 7,
pp. 1881-1889, Jul. 2013.

[24] H. Su, M. Z. Q. Chen, X. Wang, and J. Lam, “Semi-global observer-

based leader-following consensus with input saturation,” I[EEE Trans. Ind.

Electron., vol. 61, no. 6, pp. 2842-2850, Jun. 2014.

H. Su, X. Chen, M. Z. Q. Chen, and L. Wang, “Distributed estimation

and control for mobile sensor networks with coupling delay,” ISA Trans.,

vol. 64, pp. 141-150, Sep. 2016.

[26] H. Su, M. Z. Q. Chen, and W. X. Fan, “Global coordinated tracking of
multi-agent systems with disturbance uncertainties via bounded control
inputs,” Nonlinear Dyn., vol. 82, no. 4, pp. 2059-2068, Dec. 2015.

[27] X. L. Wang, H. Su, X. F. Wang, and G. Chen, “Nonnegative edge quasi-
consensus of networked dynamical systems,” /[EEE Trans. Circuits Syst.
11, Exp. Briefs, to be published, doi: 10.1109/TCSII.2016.2559529.

[28] M. Z. Chen, L. Zhang, H. Su, and C. Li, “Event-based synchronisation
of linear discrete-time dynamical networks,” IET Control Theory Appl.,
vol. 9, no. 5, pp. 755-765, Mar. 2015.

[29] L. Zhang and M. Z. Chen, “Event-based global stabilization of linear
systems via a saturated linear controller,” Int. J. Robust Nonlinear Control,
vol. 26, no. 5, pp. 1073-1091, Mar. 2016.

[30] C.D. Godsil, G. Royle, and C. Godsil, Algebraic Graph Theory, vol. 207.

New York, NY, USA: Springer, 2001.

G. Chen and Z. Duan, “Network synchronizability analysis: A graph-

theoretic approach,” Chaos, vol. 18, no. 3, 2008, Art. no. 037102.

[32] C. W. Wu and L. O. Chua, “Application of graph theory to the synchro-
nization in an array of coupled nonlinear oscillators,” IEEE Trans. Circuits
Syst. I, Fundam. Theory Appl., vol. 42, no. 8, pp. 494-497, Aug. 1995.

[33] M. Ceraolo, “New dynamical models of lead-acid batteries,” IEEE Trans.
Power Syst., vol. 15, no. 4, pp. 1184-1190, Nov. 2000.

[25]

[31]

Xiaoling Wang is working toward the Ph.D.
degree in control theory and control engineer-
ing at Shanghai Jiao Tong University, Shanghai,
China.

During 2015-2016, she was a Research As-
sistant with the City University of Hong Kong,
Hong Kong, and the University of Hong Kong,
Hong Kong. Her research interests include multi-
agent systems and complex networks.

Housheng Su received the Ph.D. degree in con-
trol theory and control engineering from Shang-
hai Jiao Tong University, Shanghai, China, in
2008.

From December 2008 to January 2010, he
was a Postdoctoral Research Fellow in the De-
partment of Electronic Engineering, City Univer-
sity of Hong Kong, Hong Kong. Since November
2014, he has been a Full Professor in the School
of Automation, Huazhong University of Science
and Technology, Wuhan, China. His research in-
terests include the area of multi-agent coordination control theory and
its applications to autonomous robotics and mobile sensor networks.

Xiaofan Wang (M’01-SM’05) received the Ph.D.
degree from Southeast University, Nanjing,
China, in 1996.

He has been a Professor in the Department
of Automation, Shanghai Jiao Tong University
(SJTU), Shanghai, China, since 2002 and a Dis-
tinguished Professor at SJTU since 2008. His
research interests include analysis and control
of complex dynamical networks.

Prof. Wang received the 2002 National Sci-
ence Foundation for Distinguished Young Schol-
ars of China Award, the 2005 Guillemin-Cauer Best Transactions Paper
Award from the IEEE Circuits and Systems Society, the 2008 Distin-
guished Professor of the Chang Jiang Scholars Program distinction,
Ministry of Education of China, and the 2010 Peony Prize for Natu-
ral Science Researchers in Shanghai. He is the current Chair of the
IFAC Technical Committee on Large-Scale Complex Systems. He has
(co)authored four books and more than 70 papers.

Guanrong Chen (M’89-SM'92—F’97) received
the Ph.D. degree in applied mathematics from
Texas A&M University, College Station, TX,
USA, in 1987.

He is currently a Chair Professor at the City
University of Hong Kong, Hong Kong.

Prof. Chen is a highly cited researcher in
engineering as well as in mathematics accord-
ing to Thomson Reuters, and was awarded the
2011 Euler Gold Medal, Russia, and conferred
an Honorary Doctorate by the Saint Petersburg
State University, Russia, in 2011, and by the University of Le Havre,
France, in 2014. He is a member of the Academy of Europe and a Fel-
low of the World Academy of Sciences.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


