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Abstract: In real financial market, the delayed market feedback and the delayed effect of government
macro-control are inevitable. And both the delay of market feedback and the delay of macro-control
effect bring about the mathematical difficulties in studying stabilization and synchronization of the
hyper-chaotic financial system. However, employing Lyapunov function method, differential mean
value theorem, suitable bounded hypotheses and pulse control technology results in the globally
asymptotical stabilization and synchronization criteria. It is the first paper to drive the stabilization
and synchronization criteria under the assumptions of the double delays. Finally, numerical examples
illuminate the effectiveness of the proposed methods.
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1. Introduction

The complexity of economic systems often leads to unpredictable dynamic behavior. The periodic
economic crisis reminds me that it is necessary to study and control the instability and chaos of
financial system. Recently, many scholars have investigated the stability and synchronization of
a class of chaotic finical system that is composed of the production sub-block, currency sub-block,
securities sub-block, and labor sub-block (see, e.g. [1-9]). In many related literature([1-9]), the following
finical system was investigated, which is composed of the production sub-block, currency sub-block,
securities sub-block, and labor sub-block,

¥=z+ (y —a)x
y=1—by— x* (1.1)
Z=—Xx—cz,

where x represents the interest rate, y represents the investment demand, z represents the price index,
a represents savings, b represents the unit investment cost, and ¢ represents the elasticity of commodity
demand.

Based on the improved financial chaos system model, the authors of [10] took the global
economic crisis caused by American subprime mortgage crisis in 2007 as the background of the
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market model, adding a state variable (average profit rate) to the system (1.1), and proposed a new
kind of hyper-chaotic financial system :

¥=z+(y—a)x+u

j=1—by — x?
Z:—xi/czx (12)
= —dxy—ku,

which is hyper-chaotic. Indeed, set a = 0.8989,b = 0.1989,c¢ = 1.499,d = 0.2001, k = 0.1699, I can
compute that there are three equilibrium points Py(0,5.0277,0,0), P;(1.6590,-8.8101, -1.1067,17.2141)
and P,(-1.6590,-8.8101, 1.1067,17.2141) for the system (1.2). And three equilibrium points all are
unstable saddle points.

On the other hand, both the market feedback delay and the delayed effect of the government’s
macroeconomic control are inevitable, but seldom papers involved in the above-mentioned multiple
delays, which inspires me to write this paper. For the first time, the stabilization and synchronization
are simultaneously considered for the hyper-chaotic financial system with the above double delays.
And the newly-obtained results will provide some theoretical guidance for the actual financial market.

The rest of this paper is arranged as follows, in the second section, some system descriptions and
preparations are presented. And the main results on stabilization and synchronization are given in the
third section. Besides, in the fourth section, two numerical examples are proposed to illuminate the
effectiveness of the new criteria. In final section, some conclusions are derived to elaborate further the
main purpose and significance of this article.

2. System descriptions and preparations

From [10], there exist three equilibrium points for the system (1.2):

k+ack 6 d0(14ac), .. .  [kb+abck
’C(kfd)/:le od — ck )WlthG— m‘i‘l (21)

1
PO(OI E/ 0/ 0)/ Pl,Z(iG

Since the delayed feedback is a common phenomenon in the real market,I get the following
delayed feedback model for the system (1.2),

¥=z+(y—a)x+u+ki(x—x(t—m7(t)))
y=1—-by—x*+k(y—y(t—a(t)))

(2.2)
z=—x—cz+ks(z—z(t—13(t)))
u=—dxy—ku-+ky(u—u(t—m1(t))).

Let X = (x1,x2,x3,x4)7, and
x]=x—10
oy — k + ack
27Ttk —ad)
0 (2.3)
X3 =z + —
c
e — do(1+ ac)
+T cd—ck '
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then the equilibrium point P; (6, C"dgf‘;‘) ,— %, disiljc’;f)

(1.2) corresponds to the zero solution of the following system

) with the positive interest rate 6 > 0 of the system

=t (n C"(;_”Z‘) —a)(x14+0) + xg + % Fh(x—x(t—7(1))
Xp =1—b(xy+ M) — (21 +0)? +ha(y —y(t — (1))

¥y == (1 +0) — el — 0) Kl — 2(t — ()

Xy =—d(x; +6)(x2+ Ck(lj_”;k)) — k(s + %) + kg (u —u(t —u(t)),

or
X1 :(Ck(;—_acdl; —a)x1 +0xp + x3 4+ x4+ x100 + kg (x — x(t — 11 (1))
Xg = —20x) — bxy — X7 + ka(y — y(t — (1))
X3 =—x1 —cx3+ka(z —z(t — 1i3(t))) (24)
Xy =— dél(c}j_a;:l)c) x1 —dOxy — kxg — dxyxp + ka(u — u(t — w(t))),
X(s) =¢(s), se[-7,0],

where X = (x1,x2, x3,x4)T. Furthermore, the system (2.4) can be rewritten as the following system in
form of vector-matrix,

X(H) =AX(t) + f(X(1) + K(X(5) = X(t = (1)), t=0, 25)
X(S) :(P(S)/ ElS [_T/O]/ ’
where
(% - u) 6 1 1 X1X2 kl 0 0 0
—20 -b 0 0 —x3 0 ko 0 O
A= ~1 0 - o] fX= o | 5T o 0 ks o
d(k-+ack) _
— C(k_“;) —-d6 0 —k dxqxy 0 0 0 kg
(2.6)
Remark 1. Obviously, f(X) is not Lipschitz continuous.
Under the delayed impulse control on the system (2.5), I can get
X(t) =AX(t) + f(X(t)) + K(X(t) = X(t —1(t))), t=0,t#t,
X(t5)—=X(t ) = DpX(t —px), k=12, (2.7)
X(s) =¢(s), se[-71,0],
or
¥=z+ Wy —a)x+u+ki(x—x(t—7(t)), t=0t#k,
y=1-by—x*+k(y—yt—-n), t=0t#t,
z=—x—cz+ks(z—z(t—1(t))), t=0,t#t,
3(z —z(t — 3(t))) # tk (28)

u=—dxy—ku+ka(u—u(t—mwl(t)), t=0t#t,
X(t7)-X(t ) = DX (b —pr), k=1,2,---
X(s) =¢(s), se[-T1,0],
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where X is defined in (2.3). That is, the zero solution of the system of (2.7) corresponds to the

equilibrium point P; (6, ck(ﬁ‘;k) - g ) digiljcr;:) ) of the hyper-chaotic financial system (2.8).

Construct the following response system for the drive system (2.7),

Y(t]—:)iy(tk ) = DkY(tk — Pk)/ k= 1,2,- c (29)
Y(s) =y(s), se[-1,0],

and the error system of pulse synchronization is given as follows,

Y(£) =AY (£) + F(Y(H) + K(Y(E) — Y(E—T(t))), t=0,t# 4,
),

é(t) =Ae(t) + fle(t)) + K(e(t) —e(t — (1)), t=0,t#t,
e(tf)—e(ty ) = Dre(ty —px), k=12, (2.10)
e(s) =p(s) —¢(s), se[-1,0]

where e = (e1,e,e3)T = (Y1 — X1, Yo — Xp, Y3 — X3)T is the error of synchronization, and

Ny —x1x2
2 2
2 X1 =W

fle)=f(Y)—f(X) = 0 (2.11)
dx1xy — dy1y2

Lemma 2.1([11, Theorem 3.2]). Under the assumptions of Theorem 3.1, the following fuzzy system
(2.17) is bounded under the meaning of L*:

WV

X(t)Zi@r(cﬁ(t))HarX(f)Jrf(X(f))—DUX(f)+(Pa(X(f)rX(t—T(f)))dW(t)/ t=0 (212)

X(s) =¢E&(s), se[-71,0]

For convenience, I employ the following notations:
e For a symmetric matrix A, I denote by ApmaxA the maximum eigenvalue of A ;

/3
e For a vector v = (v1,v2,0v3)T € R, I denote by ||v| = v? the norm of v;
i=1

e For a matrix A, I denote by ||A|| = v/Amax(ATA) the norm of A.

3. Stabilization by impulse control

At first, I may assume in this section that X (¢, ) = X(t) for all k € Z*.
Secondly, from Lemma 2.1, I can similarly derive the boundedness of the system (2.7) and (2.8)
under mild conditions. So in this paper, I may give the following boundedness assumptions:
(H1) Suppose that time delays 7;(t) € [0, 7], i = 1,2,3. Assume that there are two positive scalars
M, M such that
0< M <X <My, Vse€[-T,+0). (3.1)

If the upper limit of delays 7 is appropriately small, the following continuity hypothesis is natural
due to the boundedness.
(H2) For any given T > 0, there exists the corresponding positive number c; > 0 such that

IXIZ = IX (= T(1) || <. (32)
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In this section, I assume that time delays () € [—7,0], and px € [—p,0] forall k € ZT. In order
to obtain the stability of the system, a certain pulse frequency is required, so I assume a smaller pulse
interval as follows,

sup (tx — tr—1) < co, (3.3)
kezZ+
where ¢ is a positive number.
Mainly inspired by some methods and ideas of my another [20], I present the following Theorem.

Theorem 3.1. Suppose that the conditions (H1),(H2) and (3.3) hold. And if

M )
||Dk+z||+pk||Dk||‘(||A||+\/M2<1+d2>+znr<||FVMj)}M<d0<1, vkeZt,  (34)

where d) is a positive scalar,

1 1
€L = Amax {A + AT 2K+ I + —Ma(1+ d*)I + K + — (1 + ;) 1}, (3.5)
1 2 1

and I represents the identity matrix, py < t; — t;_1, for all k € ZT, then the zero solution of the system
(2.7) is globally asymptotically stable, and the equilibrium solution P; with the positive interest rate ¢
of the system (2.8) is globally asymptotically stable.

Proof. Consider the following Lyapunov function
V() = [IX]*. (36)

It follows from (H1) that
IF(X))> < Ma(1+a2) | X% (3.7)
Next, (H1) and (H2) yield
DTV(t, X) = 2XT[AX(t) + f(X(t)) + K(X(t) — X(t — 7(t)))]

1 1
SXT[A+ AT 42K n L =MoL+ @)X+ 12 XITKEX] + (X (= ()] X (= ()]
1

(3.8)
CAmax |A+ AT 42K+ 111 + %Mz(l +d*) I+ K> + %(1 + %) 1} V(t,X), t€ (b1, k], ke ZT.
1 2 1
Then I get
IX(OI < X5 [Peat1), e (g, b, (3.9)

According to the impulsive condition, I have
X(t7) =X(t; ) + DX (tx — px) = X(tx) + DX (t — px)
So I can conclude that there exists 17 (i = 1,2,3) with i; € (¢ — pg, tx) such that

IX (O = (D + DX (t) — pxDeX (1)
<IDi+ - 1XCE + oill Dil - [ AX (i) + f(X (i) ) + K (X (i) — X (i = (7)) |

<UD + I 11X (#) | + okl Dl KIIAH +yM(1 +d2)) X i) |+ K- 12X Ce) = X Cne = i) |

2/ M; A%
< [0+ 11+ Dl - (DAl + a0 )+ RIZYEER ) |6 )1,
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which together with (3.4) implies that {||X(t,)[|}?>, is a convergent sequence with its limit being
zero, where X (1) = (x1(1fx1), %2(1k2), X3 (11x3)) T For any given t € (t, ty11], I get by (3.9)

0 < [X(B)[| < [IX(5_ e =11 < T X(1 )| = 0, k— oo,
which completes the proof. [

Remark 2. The condition py < ft; — t;_1 implies that every macro-control measure (pulse) of the
government should be effective enough to see the pulse effect within each pulse interval. Besides,

the condition sup (t; — t;_1) < cg guarantees pulse (Macro-control) of a certain frequency if ¢y > 0 is
keZ+
appropriate small. No matter how complex and chaos the financial system is, high-frequency active

macro-control is conducive to the global asymptotical stability of the economic system.
To derive the synchronization criterion, I may consider the following boundedness assumptions:
(H3) There are two positive scalars Nj, N, such that

0< Ny < le(s)||* < Na, Vs €[, +o0).

(H4) For any given T > 0, there exists the corresponding positive number d. > 0 such that

e(DII* = lle(t — (1))

Theorem 3.2. Assume that X, Y satisfy the boundedness conditions (H1) and (H2), and the error
variable e satisfies the boundedness assumptions (H3)-(H4). If, in addition, the following condition

holds,
[|Dk+1|| + el Dl - (||A|| i@ )+ K2 )] <do<1,  (3.10)

i

then the system (2.9) can be globally exponentially synchronized onto the system (2.7), where

d) = Amax [A + AT 42K+ 11 + riNz(z +d*)I +rK* 4+ — ! (1 - i;) 1} : (3.11)
1 1
Proof. Consider the following Lyapunov function
V(t) = |le|* (3.12)

Similarly, I can conclude from the assumptions of Theorem 3.2 that

17 ()1 <21+ @)X + Y P lell® + 2011 X112 + Y1) le]®

(3.13)
<4(1+ d*) Mp|le||* + 4M|le||* = 4(2 + d*)Ma le||?,
and

DYV (te) = 2¢T (t)[Ae(t) + f(e(t)) + K(e(t) — e(t — T(t)))]

T T 4 2 2, 1 dr

e |:A+A +2K+711+r1N2(2+d)1+72K +T’ <1+N1 Ile (314)

<Amax {A + AT 42K+ 11+ riz\b(z +d®) + 1K+ — ! (1 + %)1] V(te), t € (ty_1, k], k€ ZT.
1 1

Then I get

d
le()) 12 < fleCt ) IPeter) = X)) < X () lle? hr), b e (o, b, (3.15)
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According to the impulsive condition, I have
e(t{) =e(ty) + Dre(ty — px) = e(tx) + Dre(ty — px)
So I deduce that there exists 74 (i = 1,2,3) with 1;; € (¢ — px, tx) such that
le(EO < 1D+ I1| - lle(to) |l + ol Dill - | Ae(re) + £ (e(ie)) + K(e(e) — e(me — (i) |
<D+ 11 etw) ]+ pulIDell| (BN + /30224 42) Y e+ K1 - et — e = )1
<|IDg + 1| - lle(t: )||ed7A(t7tH) + px I Dl (||A|| +\/4Mp (2 + d?) + ||K||2\/V2) lle(t] )He%(t*t“)
= k—1 \/ﬁl k-1

2v/Np drc
<[ 11D+ 11 + oD - (||A\|+\/4M2(2+d2)+|\1<|| FVM)} et )1l

which together with (3.10) implies that {||e(t,") ||}, is a convergent sequence with its limit being
zero, where e(1;) = (x1(17x1), x2(17x2), x3(17x3) ) T For any given t € (t, t41], I get by (3.15)

d d
0 < le(t)ll < lle(tf ) e Ht) < e¥e(t )| =0, k— oo,
which completes the proof. O

Remark 3. It is the first paper to derive the synchronization criterion for the systems (2.9) and (2.7)
under the assumptions of the double delays.

4. Numerical examples

Example 4.1. Consider the system (2.7) or (2.8) with the following data:
4
M;=1,M; =8,T=05,cc =03,p, =0.01,D; = —gl,rl =rn=r=rn=1, (4.1)

005 0 0 0

0 0 0 0.033

Below I may consider two different data for comparisons:
Case 1.

a=03,0=02,c=05d=011,k =0.81,¢y = 0.15, (4.3a)

then direct computation yields that 6 = kcb(;fl;{")k +1=10.6839,

23614  0.6839  1.0000  1.0000

Ao —1.3678 —0.2000 0 0
| =1.0000 0 —0.5000 0
—0.2928 —0.0752 0 —0.8100

Further computation derives that || A|| = 3.2952, ||K|| = 0.07, ¢, = 18.0898. Let dy = 0.99 and direct
computation results in

M cyC
IDg+ 1]+ pr | Dx - (||A|| +/Ma(1+ ) +2)K| rszﬂeH 08021 <09 —do <1, VkeZt,
1
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which implies that the condition (3.4) is satisfied, and the equilibrium solution P; with the positive
interest rate § = 68.39% of the system (2.8) is globally asymptotically stable due to Theorem 3.1.
Case 2.

a=09,b=02,c=05d=0.11k=0.81,¢ =0.17, (4.3b)

then direct computation yields that 0 = , / % +1=0.5735,

24557 05735  1.0000  1.0000

A —1.1469 —0.2000 0 0
| —=1.0000 0 —0.5000 0
—0.3691 —0.0631 0 —0.8100

Further computation derives that ||A|| = 3.2922, ||K|| = 0.07, ¢, = 18.2325. Let dy = 0.99 and direct
computation results in

M Y
IDc+ 11 +oclDel - (Al +/Ma(1 + )+ 20K 2 ) [ —09729 <09 =ty <1, vk,
1

which implies that the condition (3.4) is satisfied, and the equilibrium solution P; with the positive
interest rate § = 57.35% of the system (2.8) is globally asymptotically stable due to Theorem 3.1.

Table 1.Comparisons of positive interest rate and pulse interval

interest rate 6 | pulse interval cg
Case 1 68.39% 0.15
Case 2 57.35% 0.17

Remark 4. Table 1 illuminates that when the system reach stable, the higher the interest rate, the
smaller the pulse interval. This shows, in order to reach a balance of higher interest rates in the
financial market, the government should speed up the pace of macro-control of the economy:.

Example 4.2.Consider the following data for the systems (2.7),(2.9) and (2.10):

4
N1 = 0.1, N2 = 0.5,M1 = 1,M2 = 8,T = 0.5,CT = 0.3,pk = 0.001,Dk = —51,1’1 =Ty) =13 =74 = 1,

a=09,0=02,c=05d=0.11,k=0.81,¢9 = 0.01,

0.05 0 0 0
K — 0 0.07 0 0
0 0 0.03 0
0 0 0 0.033
and then
2.3614 0.6839 1.0000 1.0000
A —1.3678 —0.2000 0 0
—1.0000 0 —0.5000 0
—0.2928 —0.0752 0 —0.8100

Further computations derive

2 N dyc
IDg + I|| + pi|| Di| - <||A|| +\/4My (2 4+ d2) + | K| FVNF)]eAzO =0.9055 < 0.99 = dg < 1,

which implies that the condition (3.10) holds. And hence, Theorem 3.2 tells me that the system (2.9)
can be globally exponentially synchronized onto the system (2.7).
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Remark 5. Example 4.2 shows the feasibility of Theorem 3.2.

5. Conclusions

Interest rates are always positive at most of countries in the world when the economies are
in balance. So my Theorem 3.1 and Theorem 3.2 illustrate theoretical guidance significance for the
actual financial market. In particular, Theorem 3.1 shows that positive and correct macroeconomic
control measures with a certain frequency are conducive to market balance and high positive interest
rates. Finally, two numerical examples shows the effectiveness and feasibility of stabilization and
synchronization criteria.
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