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ABSTRACT. In this paper, the coexistence of anti—-phase and complete synchro-
nization in a three-dimensional chaotic finance system is investigated. Linear
feedback control method and the adaptive feedback control method are pre-
sented. In both cases, sufficient conditions for the synchronization are obtained
analytically. Numerical simulations show the validity and feasibility of the an-

alytical results.
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1. INTRODUCTION

Chaos describes a kind of behaviour in which any uncertainty in the initial state
is amplified exponentially with time, so that the system behaves is as unpredictable.
Such behaviour is found in many areas of physics, in the presence of nonlinearity
and feedback. Financial markets also show nonlinearity and feedback, and the often

wild fluctuations of share prices could be due to a kind of chaotic dynamics. Both
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academic and applied researchers studying financial markets and other economic
series have become interested in the topic of chaotic dynamics. The possibility of
chaos in financial markets opens important questions for both economic theorists
as well as financial market participants [3].

It has now been almost ten years since economists began searching for chaotic
dynamics in economic time series. This search has yielded deeper understandings
of the dynamics of many different series, and has led to the development of several
useful tests for nonlinear structure. However, the direct evidence for deterministic
chaos in many economic series remains weak. The possibilities of chaos in economic
systems brought an enormous amount of initial interest. The concepts of limited
forecastability and complex dynamical properties has very strong intuitive appeal
for economics. From forecasting movements in foreign exchange and stock markets,
to understanding international business cycles, chaos in economics had a broad
range of potential applications. This led to an explosion of empirical work searching
for possible chaos in all types of economic and financial time series [2, 4, 16].

Chaos synchronization has been studied since the pioneering work of Pecora
and Carroll [12] was published. It has attracted great attention due to it superior
potential applications, for examples, in communication, laser physics and optics,
mechanics, and chemistry. Many methods have been developed for synchronizing
of chaos such as, linear control [17, 14], LMI-based approach [10, 9], backstepping
design [5], sliding control [13], adaptive control [1], active control [11], and passivity—
based control [8].

However, most of the existing works focus on investigating the same kind syn-
chronization in a given system, i.e., all the states of the response system have the
same kind synchronization to the corresponding states of the drive system. For
example, when we say that two systems are complete synchronized (or lag synchro-
nized, or something else) with each other, it means that each pair of the states
between the interactive systems is complete synchronous (or lag synchronous, or
something else). More recently, Zhang et al. [18] discussed a class of new synchro-
nization phenomenon, two kinds of synchronization coexist in the same system, i.e.,
one part states of the interactive systems is anti-phase synchronous, and the other

part is complete synchronous under certain parameter region.
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In this paper, we consider a three-dimensional chaotic finance system and we
investigate the coexistence of anti—phase and complete synchronization of two iden-
tical finance system. This paper is organized as follows. In Section 2, the dynamical
system is introduced. In section 3, linear feedback control method is presented. In
section 4, the adaptive feedback control method is designed. Numerical simulations

are given in section 5. We conclude the paper in section 6.

2. SYSTEM DESCRIPTION

Chaos in economics brought deep impact into western mainstream economics,
because the chaos in economics—system means the inherent instability in macroe-
conomics. In this section, we consider the following three—dimensional continuous

autonomous finance system:

i-El = I3 + ($2 — a)xh
(1) iy =1—bry — 22,

i’g = —X1 — CT3

where x7 denotes the interest rate, x5 denotes the investment demand and z3 de-
notes the price index. The parameter a > 0 denotes the saving amount, b > 0

denotes the investment cost and ¢ > 0 denotes the commodities demand elasticity.

e Interest rate is a rate which is charged or paid for the use of money. An
interest rate is often expressed as an annual percentage of the principal. It
is calculated by dividing the amount of interest by the amount of principal.

e Investment demand refers to the demand by businesses for physical capital
goods and services used to maintain or expand its operations. Think of
it as the office or factory space, machinery, computers, desks, etc, used to
operate a business.

e Price index is Percentage number that shows the extent to which a price
(or a "basket’ of prices) has changed over a period (month, quarter, year) as
compared with the price(s) in a certain year (base year) taken as a standard.

e Saving is the simple process of putting aside a part of your earnings, usually
in the from of cash in hand or a savings account, or in the from of some

highly liquid (and safe) instruments such as govermant issued treasury bills.
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e Investment costs are those program costs required beyond the development
phase to introduce into operational use a new capability; to procure initial,
additional, or replacement equipment for operational forces; or to provide
for major modifications of an existing capability. They exclude research,
development, test and evaluation, military personnel, and operation and
maintenance appropriation costs.

e Demand elasticity, also known as price elasticity of demand, is a concept
economists use to measure price sensitivity. In principle, demand elasticity
is an economic term defined as the percentage change in quantity demanded,

divided by the percentage change in price.

System (1) is a chaotic finance system based on production, currency, securities
and labour force. The authors of Ref. [15] applied adaptive control to study the
synchronization of the system (1). The authors of Ref. [6] and Ref. [7] show us
the bifurcation topological structure and the global complicated character of the
system (1).

The system (1) has the only fixed point P = (0,1/b,0), if ¢ — b — abc < 0 and it
has three fixed points Q* = (++/(c — b — abe)/c, (1 +ac)/c, F1/cy/(c — b — abe)/c)
and P = (0,1/b,0), if c — b — abc > 0. When b € [0, 3] varies, the corresponding
Lyapunov exponent spectrum of system (1) are shown in Figure 1. The bifurcation
diagram with respect to b € [0, 3] is given in Figure 2. It can be observed that the
bifurcation diagram well coincides with the spectrum of Lyapunov exponents. For
the parameter vector (a,b,c¢) = (0.9,0.2,1.2), the Lyapunov exponents are A\; =
0.0938 > 0, Ay = —0.0024 and A3 = —0.7045. We can observe that there is a
positive Lyapunov exponent, which implies that this system is chaotic. Figure 3
shows the corresponding chaotic attractor.

Throughout the paper, the drive system is chosen as the finance system (1) and

the response system is
th=ys+ (Y2 — a)yr +u,
(2) g2 =1—bys — yi + uo,
Us = —Y1 —cys +us

where u1, us and ug are controllers to be designed to achieve the coexistence of

anti-phase and complete synchronization between systems (1) and (2), i.e., the first
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and the third pairs of state variables between the interactive systems are anti—phase
synchronous, while the second pair of state variable is complete synchronous. To

this end, we define the error variable as

e= (61,62763)T = (z14+y1, 22 — Yo, 3 + ys)T-

Then the error system is given by

él = e3 +T1€2 +T2e1 — €162 —aey + Uy,
(3) éQ = 76624’6? *21’161 — U9,

ég = —e; — ce3z + us.

Next, we will show that the control laws uq, us and ug can be chosen such that
the zero solution of the error system (3) is globally exponentially stabilized. Thus,

systems (1) and (2) are globally exponentially synchronized.

3. LINEAR FEEDBACK CONTROL METHOD

Many methods and techniques have been developed to synchronize the chaotic
systems, but the linear feedback control method is one of the most popular methods

because it is simple for the theoretical analysis and implementation. In this section,
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FIGURE 3. The phase portrait of the system (1) with parameters
a=0.9b=0.2and c=1.2.

we consider the linear feedback method to study the coexistence of anti—-phase and
complete synchronization of two identical finance system. We take three linear

feedback control laws as follows:
(4) up = —kie1, ug = —kaes, uz= —kzes

where k1, ko, k3 are the feedback gain coefficients to be specified in the following

theorem.

Theorem 1. The anti—phase synchronization and complete synchronization coez-
istent in the system (1) and system (2) if the controllers are selected as (4) and the
following conditions holds:

(1) k1 > N —a,

(2) ks > —c,

(3) (a+k —N)(b—ky) > 2
where |x1] < M and |z2| < N such that M and N are upper bounds of the absolute

variables T1 and xs, respectively.
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Proof. Choose a positive definite Lyapunov function V for the system (3) as follows
(5) V:%(e%—keg—i—eg).
The time derivative of V' along solutions of system (3) gives
V = €161+ eaés + €363
= eXxg—a—ky) +es(—b+ky) +ei(—c—k3) —xieien
< €3N —a—ky)+es(—b+ ko) + ei(—c — ks) + Mley||ea]
= —(lex] [e2] les]) P(lex le2] les])”
where
a+k —N -4 0
P = -4 b—ky 0
0 0 c+ ks
Obviously, P is positive definite under the conditions of the theorem 1, which implies
that V is negative definite. Consequently, according to the Lyapunov stability

theorem, the error system (3) can converge to the origin asymptotically. This

implies the result of the theorem. O

4. ADAPTIVE FEEDBACK CONTROL METHOD

Although the linear feedback method is easy in the form, it is not precise because
the upper bounds M and N in the finance system are not easy to determine and
it is very difficult to determine the upper bound of the gains k;, i = 1,2, 3. People
usually take the gain big enough to ensure synchronization and this leads to a waste
in practice. In the following, we take the adaptive feedback technique in which we
need not to know the upper bound of the finance system. To this end, we take the

controllers as

(6) up = —ki(t)er, wa(t) = —ko(t)ea wus = —ks(t)es

where k;(t), i = 1,2, 3 are a function of ¢t and satisfy the following equations

(7) ki(t) =€, ha(t) =e3, ks(t) = e3.

Theorem 2. The anti—phase synchronization and complete synchronization coex-

istent in the system (1) and system (2) if the controllers are selected as (6) and the
conditions (7) holds.
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Proof. Choose a positive definite Lyapunov function V for the system (3) as follows

1
(8) V=gt ei el + (k —kD)? — (k2 — k3)° + (ks — K5))

where k;, i = 1,2, 3 are constants satisfying
ki > N —a,

(9) k§ > —¢
M2

such that M and N are upper bounds of the absolute variables x; and x, respec-
tively. The time derivative of V along solutions of system (3) gives
V = e1€61 + egéy + e3é3 + iﬂl(k’l — kr) — ];12(]62 — k‘;) + k(kg — k;)
= ef(xo—a—k})+es(—b+ ki) +ei(—c—k;) —xieien
< el(N —a—k])+e3(=b+k3) + e5(—c— k3) + Mley]les

= —(le| lea| les)P(lex] lea [es])”
= —el'Pe
< 0
where
a+ki-N -4 0
P= —% b— k3 0

0 0  c+k;

Obviously, from the conditions (9), P is positive definite, so V < 0. Since V
is positive definite, and V is negative semi-definite in the neighbourhood of zero

solution of system (3), then we have e;, k;(t) € Lo, i = 1,2,3. Since V < —e” Pe,

t
/eTPedt
0
t .
< - / Vit
0

V(0) = V(1)

we obtain

IN

t
| unPel?
0

IN

V(0),
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where Apin(P) is the smallest eigenvalue of the positive matrix P. Thus, we can
easily know that e; € Ly, ¢ = 1,2, 3 and by Barbalat’s lemma, we have lim;_ . [|e]| =
0. This implies the result of the theorem. O

5. NUMERICAL SIMULATION

Numerical simulations are conducted in this section to confirm the effectiveness
of the designed controllers. The parameters of the chaotic finance system are se-
lected as a = 0.9, b = 0.2 and ¢ = 1.2 , so the system exhibit chaotic behavior. The
initial conditions of the drive and response system are (3,—0.5,3) and (—2,2,0.4),
respectively. In linear feedback control, we take k1 = 30, ks = —2 and k3 = 2. In
adaptive feedback control, the initial conditions of feedback gains are k;(t) = 10,
ko(t) = =5 and k3(t) = 4. Figures 4(a)-(c) and 5(a)-(c) display state trajectories
of drive system (1) and the response system (2) via linear feedback control and
adaptive linear feedback control, respectively. Figures 4(d) and 5(d) show the con-
vergence of the synchronization errors. From Figure 6, we can see that the variable

feedback strength k;(t), i = 1,2, 3 is automatically adapted to a suitable strength.
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(©) (d)

FIGURE 4. The time response of states for drive system (1) and the
response system (2) via linear feedback control: (a) signals z; and
y1; (b) signals 25 and ys; (¢) signals x3 and y3. (d) The convergence

dynamics of the error system (3).

6. CONCLUSION

In this paper, we investigate a class of synchronization phenomenon in a three—

dimensional chaotic finance system —two kinds of synchronization coexist in the
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(a) (b)

(©) (d)

FIGURE 5. The time response of states for drive system (1) and
the response system (2) via adaptive linear feedback control: (a)
signals 1 and yq; (b) signals o and y9; (¢) signals 3 and ys3. (d)

The convergence dynamics of the error system (3).

same system, i.e., one part states of the interactive systems is anti-phase synchro-
nized, and the other part is complete synchronized under certain parameter region,
which is quite different from conventional synchronization. All the theoretical re-
sults are verified by numerical simulations to demonstrate the effectiveness of the

proposed synchronization schemes.
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FIGURE 6. Feedback gains k;(t), i = 1,2, 3.

REFERENCES

M.M. Al-Sawalha, M.S.M. Noorani, Anti-synchronization of chaotic systems with uncertain
parameters via adaptive control, Phys. Lett., A doi: 10.1016/ j.physleta. 2009.06.008.

W. A. Brock, D. Hsieh, B. LeBaron, Nonlinear Dynamics, Chaos, and Instability: Statistical
Theory and Economic Evidence, MIT Press, Cambridge, MA, 1991.

P. De Grauwe, H. Dewachter, M. Embrechts, Exchange Rate Theory: Chaotic Models of
Foreign Exchange Markets. Blackwell, Oxford, 1993.

M.Z. Frank, T. Stengos, Some evidence concerning macroeconomic chaos, Journal of Monetary
Economics, 22 (1988) 423-438.

Z.-M. Ge, C. Lee, Anticontrol and synchronization of chaos for an autonomous rotational
machine system with a hexagonal centrifugal governor, J. Sound Vib., 282 (2005) 635-648.
M. Jun-hai, Yu-shu Chen, Study for the Bifurcation Topological Structure and the Global
Complicated Character of a Kind of Non-Linear Finance System (I), Applied Mathematics
and Mechanics, 22(11) (2001) 1119-1128.

M. Jun—-hai, C. Yu—shu, Study for the Bifurcation Topological Structure and the Global Com-
plicated Character of a Kind of Non-Linear Finance System (II), Applied Mathematics and
Mechanics , 22(11) (2001) 1236-1241.

K. Kemih, Control of nuclear spin generator system based on passive control, Chaos Solitons
Fract., 41 (2009) 1897-1901.

S. Kuntanapreeda, Chaos synchronization of unified chaotic systems via LMI, Phys. Lett., A
373 (2009) 2837—2840.

[10] J. Lu, D.J. Hill, Global asymptotical synchronization of chaotic Lur’e systems using sampled

data: A linear matrix inequality approach, IEEE Trans. Circuits Syst.-II: Express Briefs, 55
(2008) 586-590.



COEXISTENCE OF ANTI-PHASE ... — JDSGT VOL. 10, NUMBER 1 (2012) 45

[11] A.N. Njah, U.E. Vincent, Synchronization and anti-synchronization of chaos in an extended
Bonhoffer—van der Pol oscillator using active control, J. Sound Vib., 319 (2009) 41-49.

[12] L.M. Pecora, T.L. Carroll, Synchronization of chaotic systems, Phys. Rev. Lett., 64 (1990)
821-824.

[13] H. Salarieh, A. Alasty, Chaos synchronization of nonlinear gyros in presence of stochastic
excitation via sliding mode control, J. Sound Vib., 313 (2008) 760-771.

[14] H. Salarieh, M. Shahrokhi, Multi-synchronization of chaos via linear output feedback strategy,
J. Comput. Appl. Math., 223 (2009) 842-852.

[15] M. Sun, Li-X in. Tian, Adaptive synchronization of non-linear chaotic finance system, Journal
of Jiangsu University (Natural Science Edition), 26(6) (2005) 488—491.

[16] H. Tong, Non-linear Time Series: A Dynamical Systems Approach, Oxford University Press,
Oxford, UK, 1990.

[17] H. Wang, Z.Z. Han, W. Zhang, Q. Xie, Chaos control and synchronization of unified chaotic
systems via linear control, J. Sound Vib., 320 (2009) 365-372.

[18] Q. Zhang, J. Lii, S. Chen, Coexistence of anti-phase and complete synchronization in the
generalized Lorenz system, Commun Nonlinear Sci Numer Simulat., 15 (2010) 3067-3072.



