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Abstract. In this paper, a new type of chaos synchronization in
continuous-time is proposed by combining inverse matrix projec-
tive synchronization (IMPS) and generalized synchronization (GS).
This new chaos synchronization type allows us to study synchroniza-
tion between different dimensional continuous-time chaotic systems in
different dimensions. Based on stability property of integer-order
linear continuous-time dynamical systems and Lyapunov stability
theory, effective control schemes are introduced and new synchroniza-
tion criterions are derived. Numerical simulations are used to validate
the theoretical results and to verify the effectiveness of the proposed
schemes.

1 Introduction

The nature of our physical world is most commonly described by systems of nonlin-
ear equations. These nonlinear models of real-life problems generally exhibit chaotic
behaviors which is possess some special features, such as having bounded trajectories
with a positive leading positive Lyapunov exponent of the dynamics of the chaotic
system, extreme sensitivity to initial conditions and having noise-like behaviors. It
can be applied in the vast areas of in secure communications, chemical reactions,
biomedical science, social science, and many other fields. The idea of chaos synchro-
nization is to use the output of the master system to control the slave system so that
the output of the response system follows the output of the master system asymptot-
ically. Recently there has been growing interest in the investigation of various kinds
of synchronization in chaotic or hyperchaotic systems. This interest is spurred by
the possible applications of synchronous chaos particularly in secure communications
[1-7]. Recently, the topic of synchronization between different dimensional chaotic sys-
tems attract more and more attentions. Until now, a variety of control schemes have
been proposed to study the problem of synchronization between chaotic dynamical
systems with different dimensions such as modified function projective synchroniza-
tion [8], generalized matrix projective synchronization [9], generalized synchronization
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[10-12], inverse generalized synchronization [13], full state hybrid projective synchro-
nization [14], Q-S synchronization [15], increased order synchronization [16,17] and
reduced order generalized synchronization [18,19]. Among the aforementioned meth-
ods, the most effective synchronization approaches are inverse matrix projective syn-
chronization (IMPS) and generalized synchronization (GS) and have been used widely
to achieve the chaos synchronization with different dimensions [20-24]. However in
(IMPS), the slave system synchronize with the master system up to scaling constant
matrix. on the other hand in (GS) there exist a functional relationship between the
states of the master and the slave chaotic systems. However when we combine (IMPS)
and (GS), a new generalized-type of chaos synchronization, called A — ¢ generalized
synchronization, will appear. To the best of our knowledge most of theoretical results
about synchronization of chaos focus on the systems whose models are identical or
strictly different systems and systems of different order, especially the systems in bi-
ological science and social science. One example is the synchronization that occurs
between heart and lung, where one can observe that both circulatory and respiratory
systems behave in synchronous way, but their models are essentially different and
they have different order. So, the study of synchronization for strictly different dy-
namical systems and different order dynamical systems is both very important from
the perspective of control theory and very necessary from the perspective of practical
application.

In this paper, a new type of synchronization for different dimensional chaotic
dynamical system is proposed and experimented. The sufficient conditions for achiev-
ing A — ¢ generalized synchronization of two chaotic systems are derived based upon
the stability theory of linear systems and Lyapunov stability theorem. This paper pro-
vides further contribution to the topic of A — ¢ generalized synchronization. This pa-
per introduces a general control schemes with different structures that can be applied
to wide classes of chaotic and hyperchaotic systems. The proposed control method
is simple, efficient and easy to implement in practical applications. The rest of the
present paper is organized as follows. In Sect. 2 the definition of A — ¢ generalized
synchronization is introduced. In Sect. 3 different schemes for A — ¢ generalized syn-
chronization are proposed and new synchronization criterion are presented. In Sect. 4
the derived criterions and the proposed schemes are applied to some typical different
dimensional chaotic systems. Finally, the paper is concluded in Sect. 5.

2 A — ¢ generalized synchronization

Consider the following coupled chaotic systems
X(t) = F(X(t)), (1)
Y(t)=G(Y (1) +U, (2)
where X (t) € R™, Y(t) € R™ are the states of the master system (1) and the slave
system (2), respectively, F': R” — R", G: R™ — R™ and U € R™ is a controller.
Before proceeding to the definition of A — ¢ generalized synchronization for the

coupled chaotic systems (1) and (2), the definitions of inverse matrix projective syn-
chronization (IMPS) and generalized synchronization (GS) are provided.

Definition 1. The n-dimensional master system X (t) and the m-dimensional slave
system Y (t) are said to be inverse matrix projective synchronization, if there exists



Synchronization and Control: Networks and Chaotic Systems 189

a controller U = (u;);;,, and a matric A € R"*™, such that the synchronization

e(t) = AY(t) - X(t), (3)

satisfies that tlg_noo le(®)]| = 0.

Definition 2. The n-dimensional master system X (t) and the m-dimensional slave
system Y (t) are said to be A—¢ generalized synchronization, if there exists a controller
U = (4i)1<j<,m and a differentiable vector function ¢ : R" — R™, respectively, such
that the synchronization error

e(t) =Y(t) — ¢ (X(1)), (4)
satisfies that tlg_noo lle(t)|| = 0.
Remark 1. Generalized synchronization and inverse matriz projective synchronization

of chaotic dynamical systems with different dimensions, based on Lyapunov stability
theory, have been studied and carried out, for example, see Refs. [10,20)].

Definition 3. The n-dimensional master system X (t) and the m-dimensional slave
system Y (t) are said to be A—¢ generalized synchronization, if there exists a controller
U = (Ui)<icp» @ constant matriz A, d x m, and a differentiable vector function

¢ : R™ — RY, respectively, such that the synchronization error
e(t) = AY (1) — ¢ (X(1)), (5)
satisfies that . li{rn lle(®)|l = 0. Where d is called the synchronization dimension.
— 400
Remark 2. When (A, ¢(.)) = (I, X(t)), (A, ¢() = (I, -X(1)), (A, é(.) = (A, X(1))
and (A, ¢(.)) = (I,¢(X(t))) complete synchronization, anti- synchronization, inverse

matrix projective synchronization and generalized synchronization will appear, re-
spectively.

3 Different schemes for A — ¢ generalized synchronization

The aim of this section is to address two different schemes of A — ¢ generalized
synchronization. We take two kinds of cases: (I) when the synchronization dimension
d = n and (II) when the synchronization dimension d = m into consideration.
3.1Casel:d=n

In this case, we assume that the synchronization dimension d = n, where n < m.

Here, we assume that the master and the slave chaotic systems can be considered in
the following forms

X(t) = AX(t) + f1(X (1)), (6)
Y(t) = (Y () +U, (7)
where X (t) € R™, Y (t) € R™ are the states of the master system (6) and the slave

system (7), respectively, A is a n X n constant matrix, f; : R™ — R" is the nonlinear
part of the system (6), g1 : R™ — R™ and U = (u;)1<i<m IS a vector controller.
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The error system, according to the definition of A — ¢ generalized synchronization,
between the master system (6) and the slave system (7) is defined by

e(t) = AY () — ¢(X (1)), (8)
where ¢ : R — R” is a continuously differentiable function and

All Aln"' Alm
A= oo )
Anl"‘ Ann... Anm

is the constant scaling matrix. The error system (8) can be written as
é(t) = (A—Cy)e(t)+ AU + Ry, (10)
where C7 € R™*™ is a control matrix to be designed later and
Ry = (Cr = A)e(t) + Aq1(Y(?)) = DO(X (1)) x (AX () + f1(X(®)),  (11)
where D¢ (X (¢)) is the Jacobian matrix of the function ¢ : R™ — R™, given by

061 061 96
O0x1 Oxo oxy,
O0xr1 Oxo ox,,

Dg¢(X(t)) = (12)

Opn O6n  On
O0x1 Oxo ox,

Theorem 1. A — ¢ generalized synchronization between the master system (6) and
the slave system (7) will occur if the following conditions are satisfied
(i) The vector controller is constructed as

(ul,...,un)T = —AilRl, (13)
u; =0,for:i=n+1,...,m, (14)

A1 oo Ay
where A=1 is the inverse of A = : Lo
Anl e Ann

(ii) All eigenvalues of A — Cy have negative real part.
Proof. Using Eq. (14), then the error system (10) can be described as follow:

é(t) = (A—Cy)e(k) + AU + Ry, (15)
where U = (uy,...,u,)". Now, applying the control law described by Eq. (13) to
Eq. (15) yields the resulting error dynamics as follows:

é(t) = (A—Cy)e(k). (16)

According to the stability theory of the linear systems, if all eigenvalues of A — C
have negative real parts, This choice will lead to the error states Eq. (16) converge to
zero as time ¢ tends to infinity. Therefore, the systems (6) and (7) are globally A — ¢
generalized synchronized in n—D.
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32Casell: d=m

Define the master and the slave systems as follows

X(t) = fa(X(1)), (17)

and

Y(t) = BY (t) + g2(Y (t)) + U, (18)

where X (t) € R, Y(t) € R™ are the state of the master system (17) and the slave
system (18), fo : R* — R", B € R™*™ gy : R™ — R™ is a nonlinear function and
U € R™ is the control law. In this case, the error system, is given by

e(t) = AY (t) — ¢(X(t)), (19)

where A € R™*™ is the scaling matrix and ¢ : R™ — R™ is a continuously differen-
tiable function. The error system (19) can be written as

é(t) = (B — Cq)e(t) + AU + R, (20)
where
Ry = (Ca — B)e(t) + ABY (1) + Aga(Y (1)) — Do(X (1)) x fo(X(8)),  (21)
and Cy is an, m X m, unknown control matrix to be determined.

Theorem 2. A — ¢ generalized synchronization between the master system (17) and
the slave system (18) will occur if the following conditions are satisfied

(I) U = —A"'Ry, where A~1 is the inverse of the matriz A.

(II) (B — C2)T + (B — Cy) is a negative definite matriz.

Proof. By using condition (I), the error system (20) can be described as
é(t) = (B — Cy)e(t). (22)
Construct the candidate Lyapunov function in the form: V (e(t)) = e (t)e(t), then

we obtain )
V(e(t) = €' (t)e(t) + e (t)e(t)

T (t)(B — Co)e(t) + €T (t)(B — Ca)e(t)
e (t) [(B = C)T + (B — Co)] e(t),

and by using condition (IT), we get V (e(t)) < 0. Thus, from the Lyapunov stability
theory, it is immediate that tlim ei(t) = 0, 1 <4 < m. Therefore, the systems (17)
— 00

and (18) are globally A — ¢ generalized synchronized in m—D.
4 Numerical examples

In this section, we will consider two examples to illustrate the effectiveness of the
synchronization results which proposed in the previous section.
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4.1 Example 1: A — ¢ generalized synchronization of Lorenz system and
hyperchaotic Cai system in 3-D

Assume that Lorenz system drives the hyperchaotic Cai system. Therefore, we define
the master system as follows

il = Oé(l‘2 — .’El), (23)
To = YT1 — Ty — T1Z3,
i3 = —fx3 + 172,

where x1, 22 and x3 are state variables and «,~ and ( are positive parameters. Bi-
furcation studies show that with the parameters a = 10,y = 28, system (23) exhibits
chaotic behavior when 3 = % [25]. The controlled Hyperchaotic Cai system can be
described as

U1 = a(ys —y1) +u1, (24)
Y2 = by1 + cy2 — y1y3 + uz,

g3 = Y3 — dya + us,

Ys = —hy1 + ua,

where y1,y2,y3 and y4 are state variables, a, b, c,d and h are positive parameters and
(ul,ug,ug,u4)T is the vector controller. Hyperchaotic Cai system (i.e., the system
(24) with u; = ug = uz = ugq = 0) exhibits hyperchaotic behavior when a = 27.5,b =
3,c=19.3,d = 2.9 and h = 3.3 [26]. The linear part A and the nonlinear part f; of
the Lorenz system (23) are given by

—-10 10 O 0
A=128 -1 0|, fi(*,22,23)=|—2123
0 0 —% T1X9

In this case, the scaling matrix A = (Aj;),,, and the function ¢ : R* — R? are
selected as

2
Ty

1 0 0 1
A=[0 2 0 1|, ¢z, 20,23)=| 2?+a}
0 0 3 2 x? + 23 + 22

Hence, the error system between the master system (23) and the slave system (24) is
defined by

e1 =y1+Yys— x%a (25)

es = 2ys + ys — T3 — 73,

63:3y3+2y47:cf7x37x§.

According to our approach presented in Sect. 3.1, if we choose the control matrix
Ci as
0 10 0
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Fig. 1. A — ¢ generalized synchronization errors, e, e2, e3, of the slave system (24) and the
drive system (23) with time ¢.

then the controllers u;, i = 1,2,3,4 can be constructed as follow:

uy = 10ey + (a + h) y1 — ayz + 2021 (2 — 1), (26)

1 1
Uy = 562+ ih_b Y1 —cy2 — y1ys + azi(z2 — 1) + 22 (Yr1 — 22 — 123) ,

8 2 2 2, 2 2
ug = ges — ys +dys + ghyl - 50“% - gzv% - gﬂﬂfg T3 (@ +7) 2122,
Uy = 0.

It is easy to know that all eigenvalues of A — C; have negative real part. Then the
conditions of Theorem 1 are satisfied. Therefore, the systems (23) and (24) are globally
A — ¢ generalized synchronized in 3-D and the error system can be described as follow:

é1 = —1061, (27)
€y = —eg,

.8

€3 — 7563.

The evolution of A — ¢ generalized synchronization errors is shown in Fig. 1.

4.2 Example 2: A — ¢ generalized synchronization of Rossler system and
hyperchaotic Liu system in 4D

Now, we consider Rossler system as the master system and hyperchaotic Liu system
as the slave system. The Rossler system can be described as
i‘l = —T2 — I3, (28)
To = 1 + Qxo,
i3 =7+ x3(z1 — B),
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here x1, x5 and x3 are state variables and «,~ and (§ are positive parameters. Bifur-
cation studies show that with the parameters a = 0.2,y = 0.2, system (28) exhibits
chaotic behavior when 8 = 5.7 [28]. The controlled hyperchaotic Liu system can be
described as

U1 = a(y2 —y1) +u, (29)

Y2 = byr + y1ys — ya + uz,

Us = —cys — y1y2 + ya + us,

Ya = dy1 + Y2 + ua,
where y1,y2,y3 and y4 are state variables, a, b, c,d and h are positive parameters and
(u1,u2,us3,uq)T is the vector controller. Hyperchaotic Liu system (i.e., the system
(29) with u; = us = ug = ugy = 0) exhibits hyperchaotic behavior when a = 10,b =
35,¢c = 1.4 and d = 5 [27]. Here, the linear part B and the nonlinear part go of the
hyperchaotic Liu system are given by

—-10 10 0 0

0
35 0 0 -1
Y1Ys3
B = 5 P 5 3 =
0 0 —14 0 92 sy2,y3,9a) = | 20
0

5 1 0 0

In this case, the scaling matrix A = (A;;)4x4 and the function ¢ : R®* — R* are
chosen as

1 0 0 O x1

0 2 00 T1+ T2+ x3
A= =

00 1 0 ) ¢(£L‘171‘2,1‘3) To + T3

0 0 0 3 T

Then, the error system between the master system (28) and the slave system (29) is
defined by

e1 =1y — 1, (30)
e = 2ys — T1 — Ta — T3,

€3 = Y3 — L2 — T3,

eqs = 3Ys — T1.

According to the control scheme proposed in Sect. 3.2, if we select the control matrix

Cy as

0 10 0 O
35 -1 0 -1
C =
*“lo o o of
5 1 0 -1
then the controllers u;, i = 1,2, 3,4, can be designed as follow:
u; = —10e; — a (y2 — y1) — T2 — T3, (31)
1 1 1 1 1 1
uz = —5€ — byr — y1ys + ya + 5Tt g (@ —=1)z2 — 5%t 53’?3(1‘1 - B) + 57
uz = —l.dez + cyz + y1y2 — ya + 1 + axy + x3(21 — ) + 7,
1 1
ug = —ges —dy1 — Y2 — 5Tz — ;T3

3 3 3
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5 10 15 20 25 30 35 40 45 50

Fig. 2. A — ¢ generalized synchronization errors, e, ez, e3 and e4, of the slave system (29)
and the master system (28) with time ¢.

It is easy to show that (B — C3)T + (B — C3) is a negative definite matrix, and
the conditions of Theorem 2 are satisfied. Therefore, the systems (28) and (29) are
globally A — ¢ generalized synchronized in 4-D and the error system can be written
as follow:

é1 = —10ey, (32)
€y = —eg,

é3 = —1.4es,

ey = —eq.

The evolution A — ¢ generalized synchronization errors is shown in Fig. 2.

5 Conclusion

This paper has illustrated a new generalized type of synchronization, called A —¢ gen-
eralized synchronization, between a master system of dimension n and a slave system
of dimension m. Some new synchronization criterions were derived and proved theo-
retically using the stability of linear system and Lyapunov stability theory. Firstly, to
observe A — ¢ generalized synchronization behavior with respect to dimension n, the
synchronization scheme was proposed based on the control of the linear part of the
master system. Secondly, to achieve A — ¢ generalized synchronization with respect
to dimension m, the synchronization criterion was obtained via controlling the linear
part of the slave system. Finally, numerical examples and simulations results were
used to verify the effectiveness of the proposed schemes.
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