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The idea of network splitting according to time delay and weight is introduced. Based on the cyber physical systems
(CPS), a class of multi-weighted complex transportation networks with multiple delays is modeled. The finite-time syn-
chronization of the proposed complex transportation networks model is studied systematically. On the basis of the theory
of stability, the technique of adaptive control, aperiodically intermittent control and finite-time control, the aperiodically in-
termittent adaptive finite-time synchronization controller is designed. The controller designed in this paper is beneficial for
understanding the synchronization in multi-weighted complex transportation networks with multiple delays. In addition,
the conditions for the existence of finite time synchronization have been discussed in detail. And the specific value of the
settling finite time for synchronization is obtained. Moreover, the outer coupling configuration matrices are not required to
be irreducible or symmetric. Finally, simulation results of the finite-time synchronization problem are given to illustrate the

correctness of the results obtained.

Keywords: complex transportation networks, adaptive finite-time synchronization, multiple delays and multi-

weighted, aperiodically intermittent control
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1. Introduction

Cyber physical systems (CPS), as the unity of comput-
ing process and physical process, are the next generation of
intelligent system integrating computing, communication and
control. CPS realizes the interaction with the physical pro-
cess through the man—machine interaction interface, and uses
the networked space to manipulate a physical entity in a re-
mote, reliable, real-time, safe and cooperative way.!'! Com-
pared with the Internet of things, CPS puts more emphasis on
control. CPS has been concerned by many research institu-
tions and scholars since it was first proposed in 2005.1? In re-
cent years, CPS has become a hot research direction and a lot
of achievements have been made in priority industrial field for
enterprises.>) CPS has been widely used in intelligent trans-
portation, aerospace, smart power grid, disaster early warning,
military exercise, logistics and supply chain optimization and
so on. The research and application of CPS are of great strate-
gic significance for accelerating the integration of industrial-
ization and informatization. [+~

Complex dynamical network is an important method to
describe and study the complex systems. According to differ-
ent research aspects, many complex systems can be abstracted

into a complex network of interacting individuals from the

DOI: 10.1088/1674-1056/abea92

practical background. Over the past 20 years, the complex dy-
namical networks have been the focus of attention, and have
gained more and more attention in various fields. Many sci-
entific and technical systems can be modeled as the complex
dynamical networks.!”~1°!

The emergence of CPS brings about new opportunities
for the researchers in the field of network, which gives rise
to cooperative control of multiple robots, attitude control of
multiple satellites, formation control of unmanned aerial vehi-
cle, smart grid control, intelligent transportation system, and
so on.'1:12] The outstanding characteristic of CPS is an intel-
ligent network composed of many devices with communica-
tion, computing and decision control functions. It can make
the whole system in the best state through interaction. The
operation of CPS is actually a collection of information trans-
mission, synchronization, optimization, control and other dy-
namic processes in the complex dynamic networks. 1]

There are rich dynamic behaviors in the analysis of com-
plex network. Synchronization is one of the most important
dynamic behaviors of the complex network. 'l Common phe-
nomena in life, such as the resonance phenomenon, the cricket
chorus, the flock of birds, and the rhythmic applause broke
forth the audience in the theatre are widely known as syn-
chronous phenomenon. Many practical problems are closely
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related to synchronization, such as the synchronous phenom-
ena on the communications networks, the transportation net-
works, the human connection networks and WWW. 15191 The
synchronous study of complex networks is around the relation-
ship and the network structure among the network behaviors.
The research on synchronization control of complex networks
is helpful to understand the influence of network structure
on synchronization of complex systems, which can supple-
ment the synchronization analysis of complex networks.[2%-2?1
In the study of synchronous control of complex networks,
many control methods have been introduced, such as adaptive

22,23 1.[24,25] 1.126.27]

| pinning contro intermittent contro

1.[27-31

control, !
finite-time contro I and sampled-data control.3?!

The collaborative scheduling control of the transportation
network can be taken as an example of the CPS system.!!1:33]
In the control of multiple means of transportation, different
means of transportation are required to arrive at the same place
at the same time as possible. In the complex transportation
networks, when the air transportation, rail transportation, road
transportation and water transportation are synchronized over
a period of time, the time of goods staying in the logistics cen-
ter can be reduced, the empty load rate of the transportation
tools can be reduced, the average time of inventory can be
shortened, and sometimes even the time of inventory in the
logistics warehouse center can be eliminated. Therefore, it
is necessary to conduct in-depth research on the synchroniza-
tion of complex transportation networks, which will provide
important theoretical support for the construction planning of
macro-regional logistics and the auxiliary decision-making of
transport line distribution and dispatch in the future.

On the other hand, in the complex transportation net-
works, delay is inevitable due to the limited speed of trans-
mission and traffic congestion. After considerable develop-
ment, many complex network models that can reflect the ac-
tual characteristics have been established. In actual transporta-
tion network, sometimes the physical distance among nodes is
far. The speed of vehicles, carrying capacity of transportation
routes, transit and storage effect of logistics are limited. Ref-
erences [34,35] introduce the idea of network splitting, and
establish a multi-delay complex network model. This network
can be well applied to complex transportation networks with
multiple delays. However, the weights of different nodes in
each subnetwork are not reflected. Wang ef al.*®! have made
some attempts at splitting the weights. Wang put forward a
complex network model based on weight by using the idea of
network splitting and introducing the concept of weight. The
model is analyzed synchronously and the pinning controller is
designed. But the delays of different nodes in each subnetwork
are not considered. In Ref. [37], the model of complex net-

works with multi-delay and multi-weight is preliminarily es-

tablished. A simple linear feedback controller is designed us-
ing the technique of linear matrix inequalities. There is some
conservatism in the controller design. Therefore, how to build
a complex network model that can comprehensively reflect the
delay and weight should be further studied.

The occurrence of delay often affects the performance
of the system, resulting in the vibration and even instabil-
ity of the complex transportation network. There have been
many research results on synchronization in delays complex
networks. 383 Especially, how to solve the finite-time syn-
chronization problem of the complex transportation networks
with multiple delays and multi-weighted is still challenging.

Based on the results of the above discussion and the idea
of CPS, we proposed the model of multi-weighted complex
transportation networks with multiple delays. On the basis
of the theory of Lyapunov stability, the technique of adap-
tive control, aperiodically intermittent strategy and finite-time
control, the adaptive aperiodically intermittent finite-time syn-
chronization controllers have been designed. The external
coupled configuration matrices do not require to be irreducibil-
ity and symmetry. Finally, the correctness and effectiveness of
the proposed controllers are verified by the numerical simula-
tions.

The remainder of this paper is organized as follows. In
Section 2, based on the ideas of CPS and network splitting, the
multi-weighted complex transportation network model with
multiple coupling delays is established, and some necessary
assumptions and lemmas are given. In Section 3, the adaptive
aperiodically intermittent finite-time synchronization of the
multi-weighted complex transportation networks with multi-
ple delays is researched via the theory of Lyapunov stability,
the technique of adaptive control and finite-time. The adap-
tive aperiodically intermittent finite-time synchronization con-
trollers are designed. The numerical simulation results are
given to illustrate the theorems in Section 4. Finally, the con-
clusion is drawn in Section 5.

2. Model description and preliminaries

Transportation systems can be well described by com-
plex network models. Each region involved in transport can
be used as a node in the complex transport network system.
And each mode of transportation (such as air, rail, road, water,
and pipeline) connecting any two regions can be abstracted
to represent each side of a complex network.*’! In order to
make the model better reflect the structural properties of the
actual system, it is considered that the same network can be
split many times, that is, the subnetwork obtained by the first
split is regarded as a complete network, and then the subnet-
work is split to a more detailed split result. We fully con-
sider delay and weight in modeling and further improve the
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model in this paper. First of all, different types of transporta-
tion models have different transport velocity. As the trans-
portation velocity of the highway network, railway network,
navigation network and aviation network are different, under
the premise of simultaneous departure, the velocity of aviation
network is the fastest, and the railway network, highway net-
work and navigation network have a time lag of arrival time
for the aviation network, respectively. Therefore, the idea of
network splitting can describe the multi-delay complex trans-
portation network system. Second, for the same traffic mode,
each subnetwork is divided again according to the weight at-
tribute of the path and station in the road network. And the
weight division is to divide nodes and edges according to their
weights in the network. The practical significance of its divi-
sion is to divide the stations and lines in the traffic network ac-
cording to their busy degree in the network. Therefore, based
on the idea of network splitting and CPS, the N coupling non-
linear and diffusion of the multi-weighted complex transporta-
tion networks with multiple delays model, with each node as
an n-dimensional nonlinear system is described as follows:

Mo N
X,‘(t) = f(xi(t)at)"' Z Cry Za(ro)ijl_f)xj(t)

=1 j=1
M] N

+ X en Y agiixge— )+
r1=1 j=1

My, N
+ X G Y ATy (0 — ) Fuit), (1)
=1 j=1
where i = 1,2,...,N. x;(t) = (xi1(¢),x2(t),-..,xin(t))T € R"
shows the state vector of node i at time f. The continuous
differentiable nonlinear function f(x;(¢),t) : R" Xx R — R" is
the dynamic system of node i. 71, 1,... T, are bounded arbi-
trary time delay. ¢, means the external coupling strength of
the rth subnet in the /th sub-subnet, A, = (a(,,);) € RVN
(v=0,1,...,m) is the external coupling matrix. A,  means
the topology of transportation networks at time ¢ and satisfies
the zero-sum row condition. @, );; can be 0 or 1 for i # j,

the means of aq is as follows: if there is not a connection

Vk)ij

from node i to node j, a( = 0, otherwise a(,,);; = 1 for

i,j=1,2,...,N. Positive (;il;gonal matrix I, € R"*" is the
individual couplings matrix between nodes i and j at time 7.
u;(t) €eR" (i=1,2,...,N) is the control variables of node i.
Remark 1 The model (1) is very useful for understand-
ing the multi-weighted complex transportation networkmodel
with multiple coupling delays. In the real world, many prac-
tical systems can be abstracted by the model (1), such as bi-
ological networks, and communication networks. The model
(1) is a synthesis and generalization of many other models.
For example, when My = M| = --- = M, = 1, the model (1) is
degenerated to the complex network model with multiple de-
lays in Refs. [34,35]. When 7 = 7 = --- = 1, = 0, the model

(1) is degenerated to the multi-weighted complex networks in
Ref. [36]. Moreover, the following results do not have to sat-
isfy the conditions in the past of outer coupling configuration
matrices to be symmetric or irreducible.

When the states x| () — - — xy(t) — s(¢), as t = T*,
the multi-weighted complex transportation networks model
with multiple delays (1) realizes finite-time synchronization.
Where s(r) € R" is the solution of an isolated node, i.e.,

$(1) = f(s(1),1). @

Let 7 = max{1,...,Tn}, C([—7,0],R") be the Banach
space of continuous functions mapping the interval [—7,0] into

R" with the norm ||@|| = sup [|9(6)||, where ||-|| is the Eu-
—7<0<0

clidean norm. The rigorous mathematical definition of finite-
time synchronization for the multi-weighted complex trans-
portation networks with multiple delays (1) is given below.

Definition 1 Let x;(¢;t0;¢), i = 1,2,...,N be a solution
of the multi-weighted complex transportation networks with
multiple delays, where ¢ = (¢1,01,...00)T, ¢ = ¢;(0) €
C([-r,0],R") are initial conditions. If for an appropriate de-
signed the finite-time controller u;(¢), there exists a positive
constant 7* and a nonempty subset A C R", such that ¢; take
values in A and x;(¢;29;9) € R" for all t > £y and

lim ||x;(t;00;0) — s(t;00350)|| =0, i=1,2,....N, (3)
t—T*

where s(t;19;50) is a solution of the system (2) with sp €
R", then the multi-weighted complex transportation networks
model with multiple delays (1) is said to realize finite-time
synchronization, and A X A X --- X A is called the region of
finite-time synchrony of the multi-weighted complex trans-
portation networks model with multiple delays (1).

In order to reach the following conclusions, we give the
following necessary assumptions and lemmas.

Assumption 1 There exists positive constant L; (i =
1,2,...,N). f : R" Xx R — R" is a nonlinear vector-valued con-
tinuous function, which satisfies the Lipschiz condition

I1f (Geie),1) = f (@), < Li |lxi(e) = s(0)]] @)
Lemma 1271 Suppose that function V(¢) is continuous
and non-negative when ¢ € [—7,4-0) and satisfies the follow-
ing conditions:
V(1) < —av(e),
V() <BV(1),
where [ =0,1,2,..., a,f >0, 0 <y < 1. If there exists a
constant ¥ € (0, 1), where v is defined as follows:

n<t<s,
Sl§t§t1+]a

&)

. fi+1— 81
Y = lim sup +7,
[—o0 liy1—14

then the following inequality holds:

-y
Vi < (s V) e (Buii -

—7<s<0
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—a(l— 0<t<T. (6)

v)(1-7),

where the constant 7 is the settling time.

Remark 2 Lemma 1 plays an important role in the in-
termittent finite-time synchronization analysis and control of
complex networks via periodically intermittent control. In the
Lemma 1, #;11 —#; is the length of the /th aperiodical control
period. #;.1 — s; and s; — #; represent the non-control time and
control time in the /-th control period respectively.

Lemma 249 For any n dimensional column vectors x, y,
positive definite n x n dimensional matrix Q, the following ma-

trix inequality holds:
2Ty <xTox+yT0 7'y

If not specified, inequality Q > 0 (Q <0, Q > 0, Q < 0) means
Q is a positive (or negative, or semi-positive, or semi-negative)
definite matrix.

Lemma 341 Let &,&, ...
0 <y < U, then

,&, are positive numbers and

1

Especially, if let gy = 1 and y; = ”TV (0 <v<1),then

the following inequality holds:

E+Et+E)

3. Aperiodically intermittent strategy for adap-
tive finite-time synchronization control of the
multi-weighted complex transportation net-
works with multiple delays

For the convenience of proof, we define the error vector
as follows:

ei(t) =x;(t)—s(t), i=1,2,...,N. @)

Then the error system corresponding to model (1) is can
be described by

éit) = f(xi(t),t) — 1)+ Z Cry Za (roijLoe; (1)
ro=1 j=
JFZCHZ“HZ/FEJ )
n=1j=
+ -+ Z Crp Za l][;ne] Tm)
rm=1
+ui(t), (i= 1,2,...,N). ®)

When the error dynamical system (8) achieves finite-time
stabilization, the multi-weighted complex transportation net-
works with multiple delays (1) realize finite-time synchroniza-
tion.

In order to enable the multi-weighted complex transporta-
tion networks with multiple delays (1) finite-time synchroniza-
tion, we design the following aperiodically intermittent adap-
tive finite-time controllers:

—ki(t)ei(t) — GSQH(()H&ONG]+
m My 2% et n<t<s,
wi) =1 -6 % T (CollqelGata) T 0 nErs ©
Sl =t llei (1)l
0, sp <t <trei.
and updating laws
T _ 0.« . _L* X _L* o
i(t) = { el (t)ei(t) — Gisign(ki(t) — k) |ki(t) — k7 |°, 1 <t<s, (10)
0, 5;<t<tiy].
\
where [ =0,1,2,...,kf >0(i=1,2,...,N). as follows, such that the following inequality holds:
Using the theory of stability theory, the technique of adap- 1-o
tive control, aperiodically intermittent control and finite-time eloy ( sup OV(S)> <26(1—vy). (11)
—7<s<

control theory, the synchronization controller of the multi-
weighted complex transportation networks with multiple de-
lays (1) under the aperiodically intermittent adaptive finite-
time synchronization controllers (9) and (10) can be got as
following.

Theorem 1 If the Assumption 1 holds, there exist posi-

tive constants y € (0, 1) and positive definite matrix ¢ defined

Then the error system of multi-weighted complex trans-
portation networks with multiple delays (8) will stabilize
at zero with the aperiodically intermittent adaptive finite-
time controllers and updating laws (9) and (10), i.e., the
multi-weighted complex transportation networks with multi-
ple delays (1) realize finite-time synchronization. The set-

tling time 7™ can be given by T* = m for the condi-
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I—TG m
tion el¢py/< sup V(s)) =20(1— ), and T* =T} for + Z Z cr (A ) @Iy
—7<s<0 =1 re= 1
1-o
the condition eA gy ( sup V(s)) <26(1 —y), respec- Proof Select the following form of a Lyapunov-
—1<5<0 i ion:
tively. Where Ag is the biggest eigenvalue of ¢@.7}*is smaller Krasovskii function:
solution of the equation as follows: N o2
V() = Y [ef (t)ei(r) + (ki(r) —k7)

l-o i=1

N l1-o _ l-o m M "
(‘ESEELOV(S)) exp{ﬂwbll/(z )t}—29(1—llf)(2 )t. +Z Z e, . eiT(s)FkTer,-(s)ds o 12)

k=lr=1 ~T

where k7 > 0 is to be determined.

m My .. .
When #; <t < s, the d t f V(t) al th th
¢—2L1n1v+22€r0 . ®F0+ZZ% F())®IN en t; < 7.SI e'erlvlalveo (¢) along wi e
ol o | synchronous evolution s(¢) is satisfied
|
. N
V(l‘) = Z |:2€T( ) ( )—|—2(k( + Z Z Crk 1—;( Lie; ( )—E;F(l‘—’fk)l—;(Tl—/lei(l‘—Tk))]
i=1 lrk 1
N - m My N
= Z |:2€i (t) (f(xi(t) ) + Z Cry Za (ro) z;R)eJ Z Z Z (%) 1]1—1261 I_Tk)
i=1 ro=1 Jj= k=1r,=1 j=1
: c LNl "1 HTG ei<t)
—ki(t)ei(t) — 6;sign(e;(r)) |ei(t)|° — 6; Z Z (C,k/ e; (s)e,-(s)ds) 2)
k=1r=1 =T [lei(2) ]
+2(ki(r) — k) (e (t)ei(r) — O;sign(ki(r) —k7) [ki(r) — k7|°)
m My
+ Z Y e (e (O Tei(t) — €] (t — w) I Tei(t — 7)) |- (13)
er 1
\
By Lemma 2, the subsequent inequation holds: In order to guarantee V() < 0, k* can be selected as
m My .
—Ao. 1
22 Zcrk Zark 1117ce ej(t_rk) k >22/q) (16)
=1r=1 j
- Because0 < ¢ < 1,based on Lemma 3, it is easy to obtain the
< Z Z crel A T ) A eit) following inequality:

Bl 3 . !
+Z ch (t =)} Liei(t — ). (14) <Ze|k k*"“) (Zek *> , (A7)

lrk 1
Combining with the Assumption 1, and substituting inequal- N . N 1
ity (14) into Eq. (13), we can get <Z 0 le: c+1> <Z le; ) 7 (18)
. m
V() < ) [2LLN + Z Z cr (A ) QI and we have
=lr=1 otl otl
My ' - *12 ’ S 2\
2% et o0 Vo < 20| (L -KP)  +(Llat)
ro*l i=1 i=1
m N m M ¢ - HTG
Y Y e () @1y - 21y K| et) XYY (6 dweatas) |
=1r=1 i=1k=1r=1 1= Tk
N N ) N 5
~ Y20, [ki(e) — k| 229 lei(1)|! < —29{ Y Iki() =k 17 4| ) fei()]
i=1 i=1 i=1

_ ilze erzl( / e?(s)e,(s)ds)lgc. (15) +i y % (c,k /ltrke?(s)ei(s)dsﬂ N
k 090507-5 |
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4o

< =20V 77 (1). 19)

Similarly, when s; < ¢ < #;4;, using the similar method
above,we can get

Z (1) +2(ki(e) — ki ki (1)
i=1
m My
+Z Z Crk 17< I—I‘cez( )
lrk 1
m My
—Z Z cr e t—rk " er,(t—rk)]
lrk 1
m My
1) 2LLy + Z Y e (T L) © I

lrk 1

My
+2 Z C"OA(F()) ® I
r():l

m My

+L Y enld] ®1] 0
=1r=1

< AoV (1) (20)

So we can derive the following result:

_l+o

v (s ve) e {aew - %)

—1<5<0

—26(1—1//)(1—126)t7

0<t<TH, (21)

V() < ( sup V(S))IZGXP{MW(I_ )}

—1<5<0

200-w(57)r
0<r<T" 22)

Next, we give the value of finite-time 7*. Apparently, T* sat-
isfies the following equation:
I—To'
< sup V(s)> exp{}@l]/(lc)t}
—7<s<0

l1-0

=20(1-v) (2)t. (23)

Take the derivative of both sides of the Eq. (23) with respect
to t, and properly arrange it to obtain

2 20(1— )

= ln 24
Aoy (1 —0) L 24
rov (s Vo))
—1<s<0
Substituting Eq. (24) back into Eq. (23), we can get

1-o

=
20(1—vy) —el(pl//< sup V(s)) . (25)

—7<s<0

Then we apply condition (25) to discuss the value of finite-
time T*. ]
If eApy( sup V( )) 2 >26(1— ), Eq. (23) has no

—1< S
solution. There is no guarantee that 7% exists, so that when

t — T*,V(t) <0 holds.
l-o
Ifedpy( sup V(s)) 2

—1<s5<0
solution to Eq. (23) that is T* = m.
V(t) — 0 is established. When ¢t > T*, T* € [t;,s;] or T* €
[s;,t;11]. When T* € [f,s/], t € [T*,s;] or (s;,4/4+1). When
t € [T*,sy], it can be obtained from Eq. (19) that V(z) de-
creases monotonically. So V(¢) < V(T*) =0 is true. When

=20(1— ), there is a unique

When ¢t — T,

t € (s;,t141), using the inequality (20), we can get V(1) <
V(s;)exp{Aap(t —s;} = 0. When T* € [s;,1;41], for all ¢ €
(T,t;41) using the same method as above, we can get V (r) <0.

If edpy( sup V(s)) =S >26(1—v), Eq. (23) has two

—1<s<0
solutions, letting them be 77" and T,

Tf <TS. LetT*
case (b), we can derive whent — T*,
V() =0.

By analyzing, only the condition of (b) and (c) can the

Might as well set
= T}, similar to the discussion of 7*in the
V(t) - 0. Whent > T,

multi-weighted complex transportation networks with multi-
ple delays (1) be fifinite-time synchronization. So the settling
time 7* can be given by T* = m for the condition (b)
and T* = T;* for the condition (c), respectively.

The proof is completed.

Remark 3 If i1 —t =T and 4 — 51 = o) (l =
0,1,2,...), where T and § are positive constants, the aperiodi-
cally adaptive intermittent finite-time control strategy becomes
the adaptive periodic intermittent finite-time control strategy.
Therefore, the control strategy we designed is more general
and more flexible to use. And we also give the condition for
finite-time synchronization and the specific time 7* of finite-
time synchronization.

Remark 4 In the complex networks (1), when My =
M ==
tion networks with multiple delays (1) is degenerated to the

'm = 1, the multi-weighted complex transporta-

following form:

N
(1) = f(xi(t),1)+co Y ag)iTox;(t)

Jj=1

N
+ci Z Cl(])l’jHXj(l
j:

+cmZa

(;:1,2,...,1\]). (26)

_Tl)+...

Xj(t—Tn) +ui(t),

Equation (26) is the complex networks with multiple de-

lays of Ref. [34] We take the same aperiodically intermittent

090507-6



Chin. Phys. B Vol. 30, No. 9 (2021) 090507

adaptive finite-time controllers (9) and updating laws (10) to
get the following corollary.

Corollary 1 If the Assumption 1 holds, there exist posi-
tive constants ¥ € (0, 1) and positive definite matrix 2 defined
as follows, such that the following inequality holds:

1-o

ezgy/( sup V(s)>2§26(1—y/). 27

—1<5<0

Then the complex networks with multiple delays (26) will re-
alize finite-time synchronization with the aperiodically inter-
mittent adaptive finite-time controllers and updating laws 9)-

(10). The settling time 7™ can be given by T* for

. lglll(l o)
the condition eAoy/( sup V(s))T =20(1—vy),and T* =

—1<5<0

l-o
Ty for the condition eAqy( sup V(s)) 2 <26(1—y),re-

—1<s<0
spectively. Aq is the biggest eigenvalue of Q.77'is smaller so-

lution of the equation as follows:

l-o

(s,v0) " ew{rav(57)f
— 26(1 —w)(lzo)t.

m
Q = 2LLy+ 2C()A<0) ®Io+ Z cx(
k=1

+];1 Ck(A;Fk)A(k)) ®1,.

Remark 5 In the complex networks (1), when 7 = 7, =

I Tin) @Iy

-+ = 1, = 0, the multi-weighted complex transportation net-
works with multiple delays (1) is degenerated to the following
form:

N
t)+c Z aijlix;(t)
=1

() = f(xi0),

N

+e2 ) apylax(t) +

j=1
+cmZa () +ui(t),
(;:1,2,...,N). (28)

Equation (28) is the complex networks with multi-weighted of
Ref. [36].
tent adaptive finite-time controllers as follows:

ui(?)
_ { —ki(t)e;(t) — ;sign(e;(t)) e ()|, t <t < s,

Accordingly,we design the aperiodically intermit-

0, s <t <ty 29

and the updating laws

ef (1)eir)
—Gisign(k,-(t) —kl*) |kl(l) —kﬂc, 4 <t<s;, (30
07 NI §t§t1+1,

ki(l) =

where [ =0,1,2,..,kf >0 (i=1,2,...,N).
Then we select the following Lyapunov—Krasovskii func-

tion:

[ef (1)ei(t) + (ki(r) — &} )], 31

=

Il
_

V() =
where k! > 0 is to be determined. We can get the following
corollary.

Corollary 2 If the Assumption 1 holds, there exist posi-
tive constants y € (0, 1) and positive definite matrix A defined
as follows, such that the following inequality holds:

eAa V2 (0) <20(1 - ), (32)

Then the complex networks with multiple delays (28) will
realize finite-time synchronization with the aperiodically in-
termittent adaptive finite-time controllers and updating laws
(29)—(30). The settling time 7*can be given by 7* = m
for the condition ey y/VFTG (0)=26(1—wy), and T* =T
for the condition eAs l//Vl_TG(O) < 20(1 — y), respectively.
Where A, is the biggest eigenvalue of A. T}'is smaller solution
of the equation as follows:

_G>t} =20(1—vy) (];G)n

—c 1
() eXP{MV’(
m
where A =2LLy +2 ¥ Ay @I
k=1

4. Numerical simulation

To verify the validity of the proposed theorem in the sec-
tion III, we give the numerical example.

Example 1 In this example, we choose 10 cities as the
nodes of the complex transportation networks. Air transporta-
tion, railway transportation and highway transportation are
three modes of transportation in complex transportation net-
work. According to the level of the city and the busy degree
of a certain vehicle, the weight is divided into three orders of
magnitude. We abstract it as the complex transportation net-
works with 3-weighted and 2 coupling delays, which can be
described as follows:

3 3
0) = Sta(010)+ 1 en B T3
2 3
+ Z Cry Za(rl)z]rlxj(t_fl)
ri=1 Jj=1
2 3
+ Y e Y ()i T3xj (0 = 72) + i),
r=1 Jj=1
(i=1,2,...,10), (33)

090507-7



Chin. Phys. B Vol. 30, No. 9 (2021) 090507

where Iy = I =I5 = diag{1,1,1}, 71 = 0.5, &» = l.c;, =

C]1 = 0.5, CQO = 021 = 0.2, C30 = C12 = 622 = 0.3,
21000000 1 0
1 5100 1 0 1 0 1
1 1 -70 1 1 1110
01 0-300T1200 1
00 1 1-40011 0
Ay =A2= 1 | 9 0 15100 1|
001 0001020 0
01 1 1 1 1 1 -81 1
0001000 0-21
1 001000 1 0-3
Ay, = Ay, = Ay,
411000 1010
0-21 00000 0 1
11 -9 1 1 1 1 1 11
01 1-5001 10 1
oo 10300110
=1 101 16100 1]
1 01000 -3010
000 101 0-41 1
0001000 0—10
1 00 100 1 1 0 -4
110000000 0
0-20 0000 1 0 1
1 1 -400 10100
00 1-30001 0 1
101 1 -70 1 1 1 1
A =AL= 1 | 90 0 0310 0 0
11 1 1 1 -91 1 1
0000000 -211
01 01 01 0 1 —51
1 01 10101 1-6

Ay, = (agij) € R0 represents the coupling matrices with
zero-sum rows when the coupling strength is ¢,,.

Chen
equationf(-) is described as follows:

system as the single node of dynamical

Xi1 = alxp —xin),
Xip = bxj1 — xi1xi3 — cxio, (34
X3 = xi1xip — dxi3.

When the parameters a = 35, b = —7, c =28d = —3, the
Chen system has a chaotic attractor. Similar to Ref. [25], there
exists L = 5.5619 that makes Assumption 1 hold.

In this simulation, the initial values of states x;(0)(i =
1,2,...,5) are given at random.s(0) = (1,1,1)T, k;(0) = 1
and 6, =5 (i=1,2,...,10), c = 1/4, 6 = 6. The aperiod-
ically intermittent control period is randomly assigned to the
interval.['?] The control time is randomly assigned to [0.5,
1.5]. Then ¥ = 1/4.

It can be obtained by verification that all the conditions
of Theorem 1 are satisfied. Applying Theorem 1, the multi-

weighted complex transportation networks with multiple de-

lays (33) can be synchronized by applying the following ape-
riodically intermittent adaptive finite-time controllers (9) and
the update laws (10) with a finite time 7" = 2.88.

5
al

3

2

g1 /

50?%*@*'

-1

—2

-3
1 2 3 4 s

t (s)

Fig. 1. Synchronization errors ¢;; (1) of network (33) under the aperiod-
ically intermittent adaptive finite-time controllers (9)—(10).

2
S 4
Ll
OTT=yT
2{
S s R R R

t (s)

Fig. 2. Synchronization errors e (1) of network (33) under the aperiod-
ically intermittent adaptive finite-time controllers (9)—(10).

0 1 2 3 4 5
t(s)

Fig. 3. Synchronization errors ¢;3() of network (33) under the aperiod-
ically intermittent adaptive finite-time controllers (9)—(10).

Figures 1-3 show the synchronization errors of e;; (),
en(t), es(t) with aperiodically intermittent adaptive finite-
time controllers (9)-(10). It is obvious that the synchronous
errors of network (33) with adaptive feedback controller (9)
under the updating laws (10) converge to zero after a short pe-

riod of time. Because this paper uses intermittent control, the

090507-8
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error system is not immediately asymptotically stable. During
the period of time that is not controlled, the system response
curve may oscillate slightly and gradually stabilize, as shown
in Figs. 1-3, from 1 second to 1.5 seconds, the error increases
and then converges to zero. When the air transportation, rail-
way transportation and road transportation reach the synchro-
nization after a period of time, it can reduce the time of goods
staying in the logistics center, reduce the empty rate of trans-

port vehicles, and shorten the average inventory time.

Example 2 In the actual complex dynamic network sys-
tem, the coupling strength and structure are often disturbed
and change with time. However, the aperiodically intermittent
adaptive finite-time controller designed by us still has strong
robustness when the coupling strength or structure changes.
For validating the result, we introduce the quality of the syn-

n
chronization process Q(t) = \/}1 Y [lxi(t) —s(@)||* . We still
i=1

take Eq. (33) as an example. We assume that coupling matrix

Ay, is included mismatched disturbance. Let

-2 1 0.1sint 0 0 0.2arctant 0O 0 1 0
1 -5 1 —0.2arctant 0 1 0 1+0.3cos’t 0 1
1 1 —7 0 1 1 1 1 1 0
—0.1larccotr 1 0 -3 0 0 1 0 0 1
A = 0 0 1 1 —4  0.dsin’t 0 1 1 0
o = 1 1 0 0 1 -5 1 0 0 1|
0 0 1 0.1sint 0 0 -1 0 0 0
0 1 1 1 1 1 1 -8 1 1
0 0 0 1 0 0 0 0 —2+40.2cost 1
1 0 0 1 0.2arccott 0 0 1 0 -3
|
All other parameters are the same as Eq. (33). We plot the
synchronization quality Q(¢) in the Fig. 4.
16 ‘ T T T T T
|1 ——-no control |
; —— aperiodically intermittent adaptive =
12F! finite-time control =
[\
i —
— ]
+ ,[
Il
I
1
4
2 3
r t (s)
00 1 ‘2 3 Fig. 6. Synchronization errors ej(¢) of network (33) with the distur-

t(s)

Fig. 4. The qualities Q(¢) with the disturbance signal under the aperi-
odically intermittent adaptive finite-time controllers.

t (s)
Fig. 5. Synchronization errors e;; (¢) of network (33) with the distur-
bance signal under the aperiodically intermittent adaptive finite-time
controllers (9)—(10).

bance signal under the aperiodically intermittent adaptive finite-time
controllers (9)—(10).

t(s)
Fig. 7. Synchronization errors e;3(¢) of network (33) with the distur-
bance signal under the aperiodically intermittent adaptive finite-time
controllers (9)—(10).

Obviously, the synchronization quality Q(f) can not
achieve synchronization without controller. The state of the
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error system diverges rapidly without controller, while the ape-
riodically intermittent adaptive finite-time controllers (9)—(10)
can still guarantee the synchronization of the controlled net-
work (33). It is shown that the aperiodically intermittent adap-
tive finite-time controllers have strong robustness against un-
certainties.

5. Conclusion

In this paper, we have researched the adaptive finite-time
synchronization of the multi-weighted complex transportation
networks with multiple delays via aperiodically intermittent
strategy based on the CPS. Using the technique of adaptive
control, finite-time control, aperiodically intermittent control
and the theory of Lyapunov stability, we design the adap-
tive aperiodically intermittent finite-time synchronization con-
trollers. The controllers we designed are very useful for under-
standing the finite-time synchronization in the multi-weighted
complex transportation networks with multiple delays. When
the coupling strength or structure changes, the aperiodically
intermittent adaptive finite-time controller designed still has
strong robustness. Moreover, there is no requirement for the
outer coupling configuration matrices to be irreducible or sym-
metric. Finally, the effectiveness of the adaptive aperiodically
intermittent finite-time synchronization controllers is verified
by numerical example. It shows that the controllers designed
in this paper have correctness and effectiveness.
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