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Dynamical systems play a crucial role in the mathematical
modeling of phenomena across disciplines. Understanding
issues concerning controllability, stability, and other qual-
itative aspects of such systems is important in enhancing
our understanding of the mathematical models described by
these systems. This issue compiles 18 manuscripts covering
various aspects of deterministic and stochastic dynamical
systems theory and its applications. Elements of the theory
and techniques from dynamical systems, control and optimal
control theory, stochastic analysis, and stochastic evolution
equations are used throughout these papers to establish an
impressive collection of results. The results established in all
articles in this issue have application in multiple disciplines,
and they often contain replicable numerical analysis compo-
nents that could have broader applicability.

On the more abstract end of the spectrum, two papers
explore theoretical issues arising in deterministic and
stochastic fractional differential equations. Specifically, H.
Aktuglu et al. established existence results for Caputo frac-
tional BVPs and G. Shen et al. studied the Holder regularity in
local time of the fractional Ornstein-Uhlenbeck process; both
have applications in diffusion, finance, and econophysics.
Two papers focus on abstract optimal control problems: A.
R. Safari et al. establish a maximum principle for abstract sys-
tems with integral boundary conditions arising in the math-
ematical modeling of heat conduction and plasma physics,
while S. Meherrem and R. Akbarov study the role that
exhausters and quasidifferentiability play in switching con-
trol problems arising in the mathematical study of chemi-
cal processes, automotive systems, and circuit theory. One

paper, by X. Qin, focuses on the stabilization of a class of
stochastic nonholonomic system, which involved construct-
ing a smooth state-feedback control law that ensures certain
stochastic properties of the solution. Also, Y. Li and Y.
Zhao study tracking control and synchronization of the
hyperchaotic Lorenz-Stenflo system, which contributes to the
growing literature in that direction.

Three papers study control problems for very different
systems (networks, deterministic systems, and stochastic
systems), all with time delays. B. Wang and Y. Sun investigated
control problems for a multiagent system with heterogeneous
delays in directed networks; A. E. Bashirov and M. Jneid
established partial complete controllability results for abstract
deterministic systems; and X. Zhou et al. studied the BIBO
stabilization in the mean square for discrete-time stochastic
systems. All of these results have significant applicability for
mathematical models involving the respective type of system.

Qualitative results involving the notion of periodicity
were established in two of the papers. D. de C. Braga et al.
studied the approximation of periodic orbits for dynamical
systems of the type arising in the circuit analysis and math-
ematical ecology. G. Ge and W. Wang established period-
doubling bifurcation results for feedback control systems of
damped linear oscillators.

Finally, on the more applied end of the spectrum, nearly
half of the papers in this issue study more concrete systems
arising in the mathematical models from population ecology,
mathematical biology, and mathematical finance. Two papers
focus on different aspects of the SIRS epidemic model: W. Liu
studied the SIRS model with random perturbations, while



Y. Cai et al. focused on related stochastic dynamics.
Four papers studied population models of various types.
C. Xu and Y. Wu studied the Lotka-Volterra model
with time-varying delays. H. Li et al. investigated the
(non)persistence of the food chain model with stochastic
perturbation. L. Qi and J. Cui discussed the parasite disease,
schistosomiasis, with mating structure. And, Z. Luo and
L. Luo established the existence, uniqueness, and global
attractivity of positive periodic solutions for multispecies
population model with impulses. One paper focused
on mathematical finance; specifically, Y. Zhai et al. performed
a bifurcation analysis for the Rayleigh price model with time
delay.

It is our hope that this compilation of papers will provide
our readers and researchers with new ideas to continue
similar lines of research in control, stability, and qualitative
theory of dynamical systems.

Nazim Idrisoglu Mahmudov
Mark A. McKibben
Sakthivel Rathinasamy

Yong Ren

Abstract and Applied Analysis



Hindawi Publishing Corporation
Abstract and Applied Analysis

Volume 2013, Article ID 515106, 18 pages
http://dx.doi.org/10.1155/2013/515106

Research Article

Chaotic Control and Generalized Synchronization for
a Hyperchaotic Lorenz-Stenflo System

Yin Li,"? Yulin Zhao,' and Zheng-an Yao'

! Department of Mathematics and Computational Science, Sun Yat-Sen University, Guangzhou 510275, China
2 School of Mathematics and Information Science, Shaoguan University, Shaoguan 512005, China

Correspondence should be addressed to Yin Li; liyin2009521@163.com

Received 20 July 2013; Accepted 23 September 2013

Academic Editor: Yong Ren

Copyright © 2013 Yin Li et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper is devoted to investigate the tracking control and generalized synchronization of the hyperchaotic Lorenz-Stenflo system
using the tracking model and the feedback control scheme. We suppress the chaos to unstable equilibrium via three feedback
methods, and we achieve three globally generalized synchronization controls. Novel tracking controllers with corresponding
parameter update laws are designed such that the Lorenz-Stenflo systems can be synchronized asymptotically. Moreover, numerical
simulations are presented to demonstrate the effectiveness, through the contrast between the orbits before being stabilized and the

ones after being stabilized.

1. Introduction

Study of chaotic control and generalized synchronization
has received great attention in the past several decades [1-
10]; many hyperchaotic systems have been proposed and
studied in the last decade, for example, a new hyperchaotic
Rossler system [4], the hyperchaotic L system [5], Chua’s
circuit [6], the hyperchaotic Chen system [7, 8], and so
forth. Hyperchaotic system has been proposed for secure
communication and the presence of more than one positive
Lyapunov exponent clearly improves the security of the com-
munication scheme [9-12]. Therefore, hyperchaotic system
generates more complex dynamics than the low-dimensional
chaotic system, which has much wider application than the
low-dimensional chaotic system.

Until now, a variety of approaches have been proposed
for the synchronization of low-dimensional chaotic systems,
including Q-S method [13, 14], active control [15, 16], adap-
tive control [17-24], and time-delay feedback control [25].
Recently, Stenflo [26] presented a new hyperchaotic Lorenz-
Stenflo (LS) system:

x=a(y-x)+duw,
y=x(c-2)-y,
z=yx—bz,

)

w=-X—aw.

In (1), x, ¥, z, and w are the state variables of the system
and a, b, ¢, and d are real constant parameters. System (1)
is generated from the originally three-dimensional Lorenz
chaotic system by introducing a new control parameter b and
a state variable w.

In this paper, we will consider chaos control and general-
ized synchronization related to hyperchaotic Lorenz-Stenflo
system. we found that the feedback control achieved in the
low-dimensional system like many other studies of dynamics
in low-dimensional systems. We suppress the hyperchaotic
Lorenz-Stenflo system to unstabilize equilibrium via three
control methods: linear feedback control, speed feedback
control, and doubly-periodic function feedback control. By
designing a nonlinear controller, we achieve the generalized
synchronization of two Lorenz-Stenflo systems up to a scaling
factor. Moreover, numerical simulations are applied to verify
the effectiveness of the obtained controllers.

2. The Hyperchaotic Lorenz-Stenflo System

In the following we would like to consider the hyperchaotic
cases of system (1). Whena = 1.0,b = 0.7, ¢ = 26, and
d = 1.5, system (1) exhibits hyperchaotic behavior. Simulated
results are depicted in Figures 1and 2. Figures 1(a)-1(d) depict
the projection of the chaotic attractor in different spaces;
Figures 2(a)-2(d) depict the states of system (1) before being
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F1GURE 1: Chaotic attractor in different spaces: (a) (x, y, z), (b) (x, y,w), (¢) (x,w, 2), and (d) (y, w, 2).

stabilized, respectively. The volume of the elements in the
phase space §X(t) = x0y8z8w and the divergence of flow
(1) are defined by

_0X 93X 09X oX

VX=—+—+—
ax+8y+8z+aw

=—-Qa+b+1), (2

where X = (X, y,2,w) = [a(y — x) + dw, x(c — z) — y, yx —
bz, —x — aw].

System (1) is dissipative when 2a + b + 1 > 0. Moreover,
an exponential contraction rate is given by

ax@
T— (20+b+1)X(t) (3)

It is clear that X(t) = X,e ®****V, which implies that the
solutions of system (1) are bounded as t— > +co0. It is easy to
find the three equilibria E, (0, 0,0, 0),

V(-1 a?-d)b(d+a?)

E, d+ a?

V(- 1)a? - d)b(d +a?)

2 >

a

(c-1)a*-d

>
aZ

_\/(d+a2)b(a2c—a2 -d)
(d+a?)a ’

_\/((c— 1)a? —d)b(d +a?)

3 d+ a? ’

\/((c— Da?-d)b(d+a?)

2 >

a

(-1t —d \(d+a*)b(a*c-a>-d)
2 ’ (d+a*)a

a

(4)

To determine the stability of the equilibria point E; (0,
0,0,0), evaluating the Jacobian matrix of system (1) at E,
yields

-a a 0 d
c -1 0 O

]|E1 = 0 0 _b 0 . (5)
-1 0 0 -a
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FIGURE 2: The states of system (1) before being stabilized: (a) x-t, (b) y-t, (c) z-t, and (d) w-t.

Ifa=1.0,b=0.7c=26andd = 1.5, the four eigenvalues Thus, the equilibria E; is a saddle point of the hyperchaotic
of the characteristic polynomial of Jacobian matrix (5) are system (1). The Jacobian matrix of system (1) at E, yields

A, =3.94975, A, =-59497, A, =-1, A, =-0.7.

(6)
-a a 0 d
\/((c -1)a?-d)b(d +a?)
c -1
Tlg, = d+a? .o
V(c-Da>~d)b(d+a?) \((c-1)a?-d)b(d+a?)
-b 0
a? d +a?
-1 0 0 -a
Ifa =1.0,b=0.7,¢ =26,and d = 1.5, the four eigenvalues Ay =—1.1427 + 0.5438i, A, = —1.1427 — 0.5438i.
of the characteristic polynomial of Jacobian matrix (7) are (8)

A, =4.8887, A, =-6.3032, Thus, the equilibria E, are unstable, and E; is similar.
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FIGURE 3: The states of system (9): (a) x-t, (b) y-t, (c) z-t, (d) w-t.

3. The Hyperchaotic Control for
Lorenz-Stenflo System

In this section, we control the hyperchaotic system (1)
such that all trajections converge to the equilibrium point
(0,0,0,0). The controlled hyperchaotic Lorenz-Stenflo sys-
tem is given by

x=a(y-x)+dw+u,

y=x(c-2)-y+u,
)

z=yx—bz+u,,

W=—X—aw + u,,

where u,, u,, u;, and u, are external control inputs which will
be suitably derived from the trajectory of the chaotic system
(1), specified by (x, y,z,w) to the equilibrium (0, 0, 0) of
uncontrolled system u; = 0 (i = 1,2, 3, 4).

3.1. Linear Function Feedback Control. For the modified
hyperchaotic Lorenz-Stenflo system (9), if one of the follow-
ing feedback controllers u; (i = 1,2,3,4) is chosen for the

system (9), then u;, = —k\x, u, = —kyy, u3 = —ksz,
u, = —k,w, and where k;’s are feedback coefficients. Therefore
controlled system (9) is rewritten as

x=a(y-x)+dw-kx,

y=x(c-2)-y-kyy,

(10)
z=yx—bz-k;z,
w=-x-aw - kw
whose Jacobian matrix is
—a—k, a 0 d
B c -1-k, 0 0
T=1 o 0 -b-k, 0 (1)
-1 0 0 -a-k,

The characteristic equation of J is
M+ (-B-A-D-CO)N

+(CD + AB + BD + BC — ca + AD + AC + d) \*
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FIGURE 4: The states of system (19): (a) x-t, (b) y-t, (c) z-t, and (d) w-t.

+ (~ABD — ABC — BCD+caD

+caC - ACD-dC-dB)A+E =0,
(12)

where A=-a-k,B=-1-k,,C=-b-k;,D=-a-k,,
and E = ABCD - caCD + dBC.

The abbreviated characteristic equation is

MHRA +RA +RA+E=0, (13)

where R, =-B-A-D-C,R, =CD+AB+BD+BC-ca+
AD + AC +d,and R; = —ABD — ABC — BCD + caD + caC —
ACD -dC-dB,R, =E.

According to the Routh-Hurwitz criterion, constraints
are imposed as follows:

H =R =-B-A-D-C>0,

R, R
H, = 11 Rz =RiR, - R,
=(-A-C-B)D’

5
0 5 10 15 2'0 25 30
t
(b)
3 ]
2
14
0
,1 -
—2 1
,3 -
5 10 15 20 25 30
t
G)
+((-2A-2C)B-B* - A>-C*-d - 2AC)D
+(-A-C)B* - A’C+(-24C+ca-A*-C*)B
+(—d—C2+ca)A> 0,
R, R, 0
2 2
Hy=|1 R, E|=RR,R,-ER:-R}>0,
0 R, R,
R, R, 0 0
|1 R, Ry 0O
H4‘o_RlR3o
0 1 R, R,
2p2 2
= R,R,R;R, - R’R: - RZR, > 0.
(14)

This characteristic polynomial has four roots, all with
negative real roots, under the condition of H, > 0, H, > 0,
H, > 0,and H, > 0. Therefore, the equilibria (0,0,0,0) are the
stable manifold W* and the controlled chaotic Lorenz-Stenflo
system (9) is asymptotically stable. The concrete dynamics of
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FIGURE 5: The states of system (25): (a) x-t, (b) y-t, (c) z-t, and (d) w-t.

(9) can be demonstrated by Proposition 1, while the Maple
program is demonstrated in Appendix A.

Proposition 1. If one chooses the control coefficients k; = 8,
ky, = 4, ky = 3, and k, = 2 and the parameters a = 1.0,
b =0.7, ¢ =26, and d = 1.5, the controlled chaotic Lorenz-
Stenflo system (9) is asymptotically stable at the equilibrium
(0,0,0,0).

Proof. When the parameters were selected by the above value,

we obtain the Jacobian matrix

-90 10 0 15
26 -5 0 0

=1 0 0 -37 o 15
-1 0 0 =30
The characteristic equation of ] is given by
2 1
A 420200 4 125207 429500 + 2385 = 0. (16)
10 5 4 20

According to Appendix A, we easily obtain

7
H, =2055>0,  Hy=2300>0,
o (17)
Hy,=578>0, H,=— >0,
500

which yields the eigenvalues via the compute simulation

Ay = —12.36844706, A, = —1.931149367,

(18)

A, = —2.700403573, A, = —3.70000.

Thus the zero solution of system (9) is exponentially stable,
Proposition 1 is proved. O

Numerical simulations are used to investigate the con-
trolled chaotic Lorenz-Stenflo system (1) using the fourth-
order Runge-Kutta scheme with time step 0.01. The param-
eters and the corresponding feedback coeflicients are given
by the above value. The initial values are taken as [x(0) =
L y(0) = 0.7,2(0) = 20,w(0) = 0.1]. The behaviors of
the states (x, y, z, w) of the controlled chaotic Lorenz-Stenflo
system (1) with time are displayed in Figures 3(a)-3(d).
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(c)

(d)

FIGURE 6: The solutions of the master and slave systems without active control law. (a) Signals x; (the dashed line) and x, (the solid line). (b)
Signals y, (the dashed line) and y, (the solid line). (c) Signals z, (the dashed line) and z, (the solid line). (d) Signals w, (the dashed line) and

w;, (the solid line).

3.2. Speed Function Feedback Control. Supposethatu, = u; =
0; u, and u, are of the speed forms u, = k,(-bz + xy) and
u, = —k,[a(y — x) + dw], where k, and k, are speed feedback
coefficients. Therefore the controlled chaotic system (9) is
rewritten as

x=a(y-x)+duw,

y=x(c-2z)-y+k,(-bz +xy),

(19)
z=yx-bz,
w=-x-aw-k,[a(y-x)+dw].

The Jacobian matrix is
-a a 0 d
T ) e

-l1+ka -kqa 0 -a-kd

The characteristic equation of J is
M (1-k +2a+b)A°

+(2ab-kb-kja+2a—k +b+d+a’ —ca)\’

+ (—ca2 —cab +2ab + db + a’b - k,a
+a’ — kb —kba+d) A

—ca’b-kba+a’b+db=0.
(1)

Proposition 2. If one chooses the control coefficients: k, = 9,
k, = -1 and the parametersa = 1.0, b = 0.7, ¢ = 26, and
d = 1.5, the controlled chaotic Lorenz-Stenflo system (9) is
asymptotically stable at the equilibrium (0,0, 0, 0).

Similar to Proposition 1, the proof of Proposition 2 is
straightforward and thus is omitted.

In the following, we give the eigenvalues via the compute
simulation. When the parameters were selected by the above
value, we obtain the Jacobian matrix

-1.0 1.0 0 15
26 -1 -63 0
0o 0 -07 O
-20 1.0 0 05

J= (22)
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FIGURE 7: The solutions of the drive and response systems with control law. (a) Signals x,; (the dashed line) and x, (the solid line). (b) Signals
y, (the dashed line) and y, (the solid line). (c) Signals z, (the dashed line) and z, (the solid line). (d) Signals w, (the dashed line) and w, (the

solid line).

The characteristic equation of ] changes the following:

A +22)0° -21.950° - 39.61 - 1645=0.  (23)
The eigenvalues of the above equation are
A, =-5.10412, A, =-1,
(24)
A; =-0.70000, A, =—4.60412.

Numerical simulations are used to investigate the controlled
chaotic Lorenz-Stenflo system (20) using the fourth-order
Runge-Kutta scheme with time step 0.01. The initial values
are taken as [x(0) = 1, (0) = 0.7,2(0) = 20, w(0) = 0.1]. The
behaviors of the states (x, ¥, z,w) of the controlled chaotic
Lorenz-Stenflo system (20) with time are displayed in Figures

4(a)-4(d).

3.3. The Doubly Periodic Function Feedback Control. Suppose
that u, = 0, u; = 0, and u, = 0; u, is of the doubly periodic
function u; = k;cn(x,m), where k, is speed feedback
coefficients and 0 < m < 1 is the modulus of Jacobi

elliptic function. Therefore the controlled chaotic system (9)
is rewritten as

x=a(y-x)+dw+kin(x,m),

y=x(c-2)-y,
(25)
z=yx-bz,
w=—-x—aw.
The Jacobian matrix is
-a+k, a 0 d
]=< c -10 0). (26)
-1 0 0 —-a

The characteristic equation of J is
M+(1-k +2a+b)A°
+(2ab—kib-kja+2a—k, +b

+d +a’ —ca) A
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FIGURE 8: The dynamics of synchronization errors. (a) Signal e;, (b) signal e,, (c) signal e, and (d) signal e,.

+ (—ca2 —cab +2ab+db+a’b-k,a
+a’ = kb —kyba +d) A

—ca’b - kyba+a’b+db =0.
27)

Proposition 3. If one chooses the control coefficients k, = —30,
m = 0.3 and the parametersa = 1.0, b = 0.7, ¢ = 26, and
d = 1.5, the controlled chaotic Lorenz-Stenflo system (9) is
asymptotically stable at the equilibrium (0, 0,0, 0).

The proof of Proposition 3 is the same as Proposition 1,
which is straightforward and thus is omitted.

In the following, we give the eigenvalues via the compute
simulation. When the parameters were selected by the above
value, we obtain the Jacobian matrix

-31.0 1.0 0 15
26 -1 O 0
J= 0 0 -07 0 (28)
-1.0 0 0 -1.0

9
0.5 4
0.4 -
0.3 4.
02"
0.1 -
0 4 R S RS S S SRR SRS RS SRR R SRS
10 20 30 40
t
(b)
0.1
0.08 -
0.06 .
0.04
0.02 4 -
0 4 R S PSSPy
0 10 20 30 40
t
(d)
The characteristic equation of ] changes the following:
A*+33.71° +61.601° +33.4501 +4.55=0.  (29)
The eigenvalues of the above equation are
Ay = -31.795569, A, = —0.20443,
(30)
Ay =-1, A, =—0.70000.

Thus the zero solution of system (9) is exponentially stable;
Proposition 3 is proved.

Numerical simulations are used to investigate the con-
trolled chaotic Lorenz-Stenflo system (25) using the fourth-
order Runge-Kutta scheme with time step 0.01. The initial
values are taken as [x(0) = 1, y(0) = 0.7,z(0) = 20, w(0) =
0.1]. The behaviors of the states (x, y,z, w) of the controlled
chaotic Lorenz-Stenflo system (25) with time are displayed in
Figures 5(a)-5(d).
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FIGURE 9: The projection of the synchronized attractors in different spaces: (a) (x, y, z), (b) (x, y,w), (¢) (x,w, z), and (d) (y, w, z). The solid
line denotes and the drive system; the dashed line denotes respond system synchronized.

4. Globally Exponential Hyperchaotic
Projective Synchronization Control

Consider two chaotic systems given by
xm = f (‘xm’ t) >
s =g (ot) + u (X yo 1),

(31)
(32)

where Xm = (xlm’ Xoms «++ Xpm T’ Vs = (yls’ Yasre -+ yns)T’
f,g € C'[R, x R",R"], u € C'[R, x R" x R",R"], and
r > 1. R, comprises the set of non negative real numbers.
Assume that (31) is the master system, (32) is the slave system,
and u(x,,, y,,t) is the control vector. Let the error state be

e =le,(t),e,(t)....e, (0]

= [X1m = (@101 + @12) V1o 5 Xom (33)
- (anlyns + anZ) yls] :
Then the error dynamics of e(t) are defined by
e(t) = f (xm’t) -9 (ys’ t) —u (xm’ ys’t) . (34)

The slave and master systems are said to be exponential,
hyperchaotic, projective and synchronized if, for all x,,(t,),
yi(ty) € R',andi € R", |x,, — (ay, +ap)yl — 0as
t — oo.

Lemma 4 (see [27, 28]). The zero solution of the error
dynamical system (34) is globally and exponentially stable; the
master-slave systems (31) and (32) are globally and exponen-
tially projective, synchronized, if there exists a positive definite
quadratic polynomial V = (e,,e,,...e,)Ple;,e,,...e,)" such
that dV/dt = (e,,e,,...e,)Qle;,e,,...e,) . Moreover, the
following negative Lyapunov exponent estimation for the error
dynamical system (34) holds:

- 2 Amax (P) - 2 /\max(Q)
2ei (=3 2 O [‘Amm ) (”]’ (35)

where P = PT € R™ and Q = Q" € R™™" are both positive
definite matrices, A, (P) and A ;,, (P) stand for the minimum
and maximum eigenvalues of the matrix P, respectively, and
A min (Q) denotes the minimum eigenvalue of the matrix Q.

In the following, we consider the hyperchaotic system (1)
as a master system:

xm =a (ym - xm) + dwm’
ym =Xm (C _Zm) ~Ym>
2m = YmXm — me,

w,, = —X,, —aw

m m
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V= ()5 + a) ¥,
2, — (3,2, + a3,) Z,

T
W, — (agw + ag,) wy].
(38)

Then the derivative of e(t) along the trajectories of (36) and
(37), we obtain the error system:

¢, = a(y,, —x,,) +dw,, - 2a,,x,
x [a(ys — x;) + bw, + uy]
—[a(y — x;) + bw, + uy] ay,,
&= (€= 2) X = Ym = 2021 Y
X [(c—z,) x; = ys + uy
—[(c=z¢) % = ys + 1, ayy,
éy; =—bz, + X,V — 205, 2,
X (—dz, + x,y + us3)

- (—dz, + x,y; + u3) as,,

¢, = — X, — aw,, — 2a,w, (-x, — aw, + u,)

= (—x, — aw, + uy) ay,.
(39)

To demonstrate the synchronization control between systems
(36) and (37), we have the following cases based on [29-44].

Case 1 (modified projective synchronization control).

Theorem I. When [a,,,a,,, Gy1, Gyy, G315 O3, Agq> Agp] = (0,1,
0,m,0,m,0,m], a > 0 and b > 0. For the hyperchaotic system
(1), if one of the following families of feedback controllers u; (i =
1,2,3,4) is given for the slave system (36):

_(d-b)ymw, - v,
1~ m >
(A -mymxyz, - v,

2 >
m

(40)
_ (mx,y, —bz, +dz, - x,9,) m— v,
Uy = - ,
—X; +mMx, — v,
u4 = >
m
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FIGURE 12: The dynamics of synchronization errors. (a) Signal e,, (b) signal e,, (c) signal e;, and (d) signal e,.

there exist many possible choices for vy, v,, v5, and v,. Then the
zero solution of the error dynamical system (39) is globally and
exponentially stable, and thus globally exponential modified
projective synchronization can be achieved.

The concrete proof of Theorem I can be demonstrated by
Appendix B. In the following, tracking numerical simulations
are used to solve differential equations (36), (37), and (42)
with Runge-Kutta integration method. The initial values of
the drive system and response system are x, (0) = 0.1, y,(0) =
0.1, z,(0) = 20, and w, (0) = 0.1 and x,(0) = 0.2, ,(0) = 0.2,
z,(0) = 21, and w,(0) = 0.2 respectively. The parameters are
chosentobem = -2,a = 1.0,b = 0.7,d = 1.5,and ¢ =
26 so that the Lorenz-Stenflo hyperchaotic system exhibits
a chaotic behavior if no control is applied. The numerical
simulation of the master and the slave systems without active
synchronization control law is shown in Figures 6(a)-6(d).
The diagram of the solutions of the master and the slave
systems with feedback control law is presented in Figures
7(a)-7(d). The synchronization errors are shown in Figures
8(a)-8(d). Figures 9(a)-9(d) depicts the projection of the

synchronized attractors. Figures 10(a)-10(f) depicts the phase
portraits of the synchronized attractors.

Case 2 (generalized projective synchronization control).

Theorem II. When [a,;, a1, ay;, Gyys G315 G35, Ayp> Agp) = [0,
my, 0,m,,0,m5, 0,m,], m;s are different, a > 0 and b > 0.
For the hyperchaotic system (1), if one of the following families
of feedback controllers u; (i = 1,2,3,4) is given for the slave
system (36):

u = (m, —my) ay, + (dm, - mb)w, - v,
1~ >
my

(my, —m,) cx, + (my — myms) cx, — v,

u2 = >
U
(41)
(d = b)myz, + (mym, —ms3) cx, — vy
Uy = >
3 m,

Uy

=X, T mMyx, —V,

>

my
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FIGURE 13: The function projection of the synchronized attractors in different spaces: (a) (x, ¥, z), (b) (x, y, w), (c) (x, w, 2), and (d) (¥, w, 2).
The solid line denotes the drive system; the dashed line denotes respond system synchronized.

there exist many possible choices for v, v,, vs, and v,. Then the
zero solution of the error dynamical system (39) is globally and
exponentially stable, and thus globally exponential generalized
projective synchronization.

The concrete proof of Theorem II can be demonstrated by
Appendix B. In the following, tracking numerical simulations
are used to solve differential equations (36), (37), and (39)
with Runge-Kutta integration method. The parameters are
chosen to be m; = 2, m, = 3, my = 3, and m, = 5. The
initial values and others parameters are the same as the above
cases so that the Lorenz-Stenflo hyperchaotic system exhibits
a chaotic behavior if no control is applied. The diagram
of the solutions of the master and the slave systems with
feedback control law is presented in Figures 11(a)-11(d). The
synchronization errors are shown in Figures 12(a)-12(d).

Case 3 (function synchronization control [45-58]).

Theorem III. When f| = a;x, + ay [, = Gy ), + ayys
f3 = a312, + as,, f = agw, +dy, a;#0,a > 0,b > 0.
For the hyperchaotic system (1), if one of the following families
of feedback controllers u; (i = 1,2,3,4) is given for the slave
system (36):

(fo = fi) ay, + (df, - fib)w, — ke,
h

(fi = fi)ex, + (fo = fifs) ex, — kye,
12 ’

_d-b) fiz, + (fifa = f5) ex; — kses
u3 - f b
3
Xyt faxy — ke
u, = —f ,
4
wherek, > 0,k, > 0, k5 > 0, and k, > 0, then the zero solution
of the error dynamical system (39) is globally stable, and thus

global function, projective synchronization occurs between the
master systems (36) and (37).

u, =

>

U, =

(42)

The concrete Proof of Theorem III can be demonstrated
by Appendix B. In the following, tracking numerical simula-
tions are used to solve differential equations (36), (37), and
(39) with Runge-Kutta integration method. The initial values
and the parameters are the same as the above cases so that
the Lorenz-Stenflo hyperchaotic system exhibits a chaotic
behavior if no control is applied. The diagram of the solutions
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FIGURE 14: The dynamics of synchronization errors. (a) Signal e, (b) signal e,, (c) signal e; and (d) signal e,.

of the master and the slave systems with active control law is
presented in Figures 13(a)-13(d). The synchronization errors
are shown in Figures 14(a)-14(d).

5. Summary and Conclusions

In this paper, we have introduced the tracking control
and generalized synchronization of the hyperchaotic sys-
tem which is different from the Lorenz-Stenflo attractor.
We suppress the chaos to unstabilize equilibrium via three
feedback methods, and we achieve three globally generalized
synchronization controls of two Lorenz-Stenflo systems. As
a result, some powerful controllers are obtained. Then, we
investigate the hyperchaotic system applying the complex
system calculus technique. Moreover, numerical simulations
are used to verify the effectiveness of our results, through the
contrast between the orbits before being stabilized and the
ones after being stabilized.

Appendices
A. The Maple Program

>restart: with(student): with(PDEtools): with(linalg):
with (LinearAlgebra):

> ] == matrix(4,4,[[A,a,0,d], [c, B,0,0], [0,0,C,0],
[_1: 03 03 D]]);

> U := charmat(], A);

> polyl := collect(det(U), A);
> al := coeff(polyl, A, 3);

> a2 := coeff(polyl, A, 2);

> a3 := coeff(polyl, A, 1);

> a4 := coeff(polyl, A,0);

> H := matrix(4,4,[al,a3,0,0,1,a2,a4,0,0,al,
a3,0,0,1,a2,a4]);

> H11 := submatrix(H, 1..1,1..1);
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> H22 := submatrix(H, 1..2,1..2);
> H33 := submatrix(H, 1..3,1..3);
> H44 := submatrix(H, 1..4,1..4);
> H1 := det(H11);
> H2 := det(H22);
> H3 := det(H33);
> H4 := det(H44).

B. The Proof of Theorem

Proof of Theorem 1. Consider the controller (40) and choose
the following v;:

v, = —ae, — dey,

v, = —ce; + eje;3 + e;mz, + mx,e;,

(B.1)
V3 = —e,e; — e,1X, — my,e,
vy=(a-1)e,.
Then the system (39) is reduced into
é, = —aey,
€, = —e,,
(B.2)
é; = —bes,
é, = —ey.

Let us consider the Lyapunov function for the system (B.2) as
follows:

V (e, ey e5e4) = % (ef e rel+ ei). (B.3)

In addition, the derivative of V has the form

av () _

T (B.4)

2 2 2 2
—(ae1 + e, + bej +e4),

which is negatively defined. So (B.2) is asymptotically stable.
This implies that the two Lorenz-Stenflo hyperchaotic sys-
tems are projective and synchronized.

Proof of Theorem II. Consider the controller (41) and choose
v; as follows:

v, = —ae, — de,,
v, = —ce; + eje; + €Mz, + M xye;5,
(B.5)
V3 = =66 — M Xy — 1M, ),€,

vy=(a-1)e,.

Then the following steps are the same (B.2), (B.3), and (B.4).
So we know that the two Lorenz-Stenflo hyperchaotic systems
are modified, projective, and synchronized. O

Abstract and Applied Analysis

Proof of Theorem III. Consider the controller (42) and
choose the following positive definite, quadratic form of
Lyapunov function:

1
V()= > [ef +e e+ ei] . (B.6)

We differentiate V' (¢) and substitute the trajectory of system
(39) which yields

dav (t)
dt

=e€; +e,6, +e36;
(18)

= —k,e] —k,e; —ksel —kye; (B7)

=—[e; ey eses] Plepeyresne]’s
[e1,e2.€5.€4] Pleysey.e3.04

where P = diag(k,, k,, k3, k,), which implies that the con-
clusion of Theorem III is true. So (39) is asymptotically
stable. This implies that the two Lorenz-Stenflo hyperchaotic
systems are projective synchronized functions. O
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This paper investigates the adaptive stabilization problem for a class of stochastic nonholonomic systems with strong drifts. By using
input-state-scaling technique, backstepping recursive approach, and a parameter separation technique, we design an adaptive state
feedback controller. Based on the switching strategy to eliminate the phenomenon of uncontrollability, the proposed controller can
guarantee that the states of closed-loop system are global bounded in probability.

1. Introduction

The nonholonomic systems cannot be stabilized by stationary
continuous state feedback, although it is controllable, due
to Brockett’s theorem [1]. So the well-developed smooth
nonlinear control theory and the method cannot be directly
used in these systems. Many researchers have studied the
control and stabilization of nonholonomic systems in the
nonlinear control field and obtained some success [2-
6]. It should be mentioned that many literatures consider
the asymptotic stabilization of nonholonomic systems; the
exponential convergence is also an important topic theme,
which is demanded in many practical applications. How-
ever, the exponential regulation problem, particularly the
systems with parameterization, has received less attention.
Recently, [3] firstly introduced a class of nonholonomic
systems with strong nonlinear uncertainties and obtained
global exponential regulation. References [4, 5] studied a
class of nonholonomic systems with output feedback control.
Reference [6] combined the idea of combined input-state-
scaling and backstepping technology, achieving the asymp-
totic stabilization for nonholonomic systems with nonlinear
parameterization.

It is well known that when the backstepping designs were
firstly introduced, the stochastic nonlinear control had ob-
tained a breakthrough [7]. Based on quartic Lyapunov

functions, the asymptotical stabilization control in the large
of the open-loop system was discussed in [8]. Further
research was developed by the recent work [9-16]. [17-19]
studied a class of nonholonomic systems with stochastic
unknown covariance disturbance. Since stochastic signals
are very prevalent in practical engineering, the study of
nonholonomic systems with stochastic disturbances is very
significant. So, there exists a natural problem that is how
to design an adaptive exponential stabilization for a class
of nonholonomic systems with stochastic drift and diffusion
terms. Inspired by these papers, we will study the exponential
regulation problem with nonlinear parameterization for a
class of stochastic nonholonomic systems. We use the input-
state-scaling, the backstepping technique, and the switching
scheme to design a dynamic state-feedback controller with
YTY #1I; the closed-loop system is globally exponentially
regulated to zero in probability.

This paper is organized as follows. In Section 2, we give
the mathematical preliminaries. In Section 3, we construct
the new controller and offer the main result. In the last
section, we present the conclusions.

2. Problem Statement and Preliminaries

In this paper, we consider a class of stochastic nonholonomic
systems as follows:



dxy = dy (t) updt + f, (t, x,) dt
dx; = d; (t) x; . udt + f; (t, x0, X;) dt + ¢, (x;) Z (t) dw,
i=1,...,n-1,

dx, =d,{t)u,dt + f, (t, xy, x) dt + ¢, (X) Z (t) dw,
ey

where x, € Rand x = [x,,...,x,]” € R" are the system states
and 4, € R and u; € R are the control inputs, respectively.
X = [xp%p..ox5]"0 € R, (i = 1,2,...,n),and X, = x;
w € R is an r-dimensional standard Wiener process defined
on the complete probability space (Q, F, P) with Q being
a sample space, F being a filtration, and P being measure.
The drift and diffusion terms f;(-), ¢;(-) are assumed to be
smooth, vanishing at the origin (x;, x,, ..., x;) = (0,0,...,0);
Y (t): R, — R” istheBorel bounded measurable functions
and is nonnegative definite for each ¢ > 0. d,(t) are disturbed
virtual control coefficients, wherei = 0,1...n.

Next we introduce several technical lemmas which will
play an important role in our later control design.

Consider the following stochastic nonlinear system:

dx = f(x,t)dt+ g(x,t)dw, x(0)=x,€R", (2)
where x € R” is the state of system (2), the Borel measurable
functions: f: R™"' — R"and g : R""' — R™" are assumed
to be C' in their arguments, and w € R” is an r-dimensional
standard Wiener process defined on the complete probablity
space (Q, F, P).

Definition 1 (see [8]). Given any V(x,t) € C"?, for stochastic
nonlinear system (2), the differential operator L is defined as
follows:

oV oV 1 o’V
LV(x,t)=E+$f+£tr(gng), (3)

where C"*(R"” x R,;R,) denotes all nonnegative functions
V(x,t) on R” x R, which are C'in t and C? in x, and for
simplicity, the smooth function f(-) is denoted by f.

Lemma 2 (see [8]). Let x and y be real variables. Then, for any

positive integers m, n, and any real number ¢ > 0, the following
inequality holds:

a()x"y" < elx|

n m+n\ ™"
min < )
m+n\ m

(4)

% (x(')(m+n)/n8—m/nly|m+ﬂ.

Lemma 3 (see [7]). Considering the stochastic nonlinear
system (2), if there exist a C"* function V(x,t), K, class
functions « and &, constant ¢, and a nonnegative functions
Wi(x,t) such that

a|(x)] <V (x) <al(x)], LV (x) < -W (x,t) +¢, (5)
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then for each x, € R". (1) For (2), there exists an almost surely
unique solution on [0,00]. (2) When¢ = 0, f(0,t) = 0,
g(0,t) = 0, and W(x, t) = W(x) is continuous, the equilibrium
x = 0 is globally stable in probability, and the solution x(t)
satisfies P{lim, _, ( W (x(t) = 0} = 1. (3) For any given ¢ > 0,
there exist a class KL function 3,(-,-) and K function y(-) such
that P{|(x(t))] < B.(Ixol,t) + y(c)} = 1 — e foranyt > 0,
x, € R"\ {0}

Lemma 4 (see [20]). For any real-valued continuous function
f(x,y), x € R", y € R", there exist smooth scalar-value
funcions a(x) > 0,b(y) = 0,c(x) > 1, and d(y) > 1, such
that | f(x, )| < a(x) + b(y), and | f (x, y)| < c(x)d(y).

3. Controller Design and Analysis

The purpose of this paper is to construct a smooth state-
feedback control law such that the solution process of system
(1) is bounded in probability. For clarity, the case that
X, (to) # 01is firstly considered. Then, the case where the initial
xo(ty) = 0 is dealt with later. The triangular structure of
system (1) suggests that we should design the control inputs
u, and 1, in two separate stages.

To design the controller for system (1), the following
assumptions are needed.

Assumption 5. For 0 < i < n, there are some positive
constants A;; and A;, that satisfy the inequality A;; < d,(t) <
A«IZ-

Assumption 6. For fy(t,x,), there exists a nonnegative
smooth function y, (¢, x,), such that | f, (¢, xo)| < |x,1y,(t, Xo)-

For each f;(t,xy,X;), ¢;(X;), there exist nonnegative
smooth functions y(f,x,%;) and p(X;), such that
|filt, %0 )] < (T Dyt %0, %), u(®)] < (Bjey )
pi(X;)-

3.1. Designing u, for x,-Subsystem. For x,-subsystem, the
control ©;, can be chosen as

MO = _ono, (6)

where A = (ky+Y,)/A,; and k is a positive design parameter.
Consider the Lyapunov function candidate V, = x/2.
From (6) and Assumptions 5 and 6, we have

LV, = xo (dotty + fo (. x,))

2 2 _
< dgugxg + x5y < —koxg = =2k V.

7)

So, we obtain the first result of this paper.

Theorem 7. The x,-subsystem, under the control law (6)
with an appropriate choice of the parameters ky, Ay, Agy is
globally exponentially stable.

Proof. Clearly, from (7), LV, < 0, which implies that |x,(t)| <
|xo(to)le U™ Therefore, x, is globally exponentially con-
vergent. Consequently, x, can be zero only at t = t,, when
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x(ty) =
forallt € (¢,

O ort = 00. Itis concluded that x,, does not cross zero
00) provided that x(t,) # 0. O

Remark 8. If x(t,) #0, u, exists and does not cross zero for
allt € (t,, 00) independent of the x-subsystem from (6).

3.2. Backstepping Design for u;. From the above analysis, the
X,-state in (1) can be globally exponentially regulated to zero
ast — 00, obviously. In this subsection, we consider the
control law u, for the x-subsystem by using backstepping
technique. To design a state-feedback controller, one first
introduces the following discontinuous input-state-scaling
transformation:

Loi=1.,n u=e"u,. (8)

Under the new x-coordinates, x-subsystems is transformed
into

T
dny = digdt + fdt + ¢ Y (dw, i=1,...,n-1,

T
dn, = dudt + f,dt +¢1 Y () da,

)
where
ot — N\
7 = o+ ‘ lfl —M%(douo+fo)
! uy™ u, O
(10)
eott(Pl
¢1 - ug_,’ .

In order to obtain the estimations for the nonlinear
functions f; and ¢;, the following Lemma can be derived by
Assumption 6.

Lemma 9. Fori = 1,2...n, there exist nonnegative smooth
Sfunctions y,(+), p,(-), such that

|71' < <Z |’1k|)?i (%0, X:), (11)
k=1

6] < (i |'7k|)/3i =). @

k=1

Proof. We only prove (11). The proof of (12) is similar to that
of (11). In view of (6), (8), (10) and Assumption 6, one obtains

+e"‘tfl (n- z)q,auo(d )

i n—i
ug u,

Slam|+(kzl 0' - |>

+(n—1) (AgAoy + o) l77i|

<l (3 b
k=1
+(n—1) (Aghoy + %) l’7i|

< (Z |’7k|> (|(x| + W)_k' 'Xf)_k| ¥i+ (n—1) (AgAg, + Vo))
k=1

(3l )

k=1
(13)

where y,;(xy, X;) > || + I/V klx ly; + (n — ) (AgAos + Vo)
To design a state- feedback controller one introduces the
coordinate transformation

21 =1

Z—Y], 1(11)

, &, are smooth virtual control laws and will be

(14)
i=1,2...,n,

where «,, . ..
= 0. 0 denotes the estimate of 8, where

designed later and «,
"
0 = sup <|max <| IZ () Z ()
£20
T
‘Z OYO|tr-

Then using (9), (10), (14) and It 0 differentiation rule, one has
dz; =d(n; - o;)

4/3

>

. T
= (dﬁiﬂ +F; (25, %0) = %é> dt + G/ () Z (t) dw

-1
_% g; azkaz # (zk)Z“)ZU) b (Z,,) At

i=12...n
(16)
where 1,1 = u, Fi(Z;, %0) = f; + X3y (005/92) (i +fk
and G,(Z;, X)) = ¢; + Y, (00;/0z )y, where i = 1,2.
Using Lemmas 2, 4, and 9 and (14), we easily obtain the
following lemma. O

Lemma 10. For 1 < i < n, there exist nonnegative smooth
functions y;, (2, xo), P (2;), and p,(z;), such that

|Fi| < <Z |Zk|> Vi (26 %0) »
k=1
|Gi| < <Z |Zk|>le =), (17)

k=1

) < <Z |zk|)ﬁ,~ (=)



The proof of Lemma 10 is similar to that of Lemma 9, so
we omitted it.

We now give the design process of the controller.
Step 1. Consider the first Lyapunov function V(z,, 6) =
(1/4)z} + (1/2)(0 - 6)*. By (14), (15), and (16), we have

LV, = 2} (dym, + F,) + z1 Tr< TZ(t)Z(t)G)
(18)

+(6-0)6.
Using Lemma 10 and Lemma 4, we have

|ZfF1| < Zf)’n (215 %)

_zl Tr< TZ(t)Z(t)G >

(19)
< zzllpfl (21, %) 0.

T
Y)Y ®

Substituting (19) into (18) and using (14), we have

< Z?P%l (21, %)

Lv, < dlzf (1, — ) + dlzfocz + Z?Pi (21,%9) 0

+ 21y (21, %) + (é— 0)5
3 3 4.2 (20)
<d\zjzy +d zi0y + 2, iy (21, %) 0
+ 20y (21, %) + (5— 0) 9,

where o, = =z, 3, = -z, ((¢; +y;; + pflé)/)xu). Substituting
«, into (20), we have

LV, < d,zjz, -z, + (0 - 0) (@ - Tl) , (21

_ 42
where 7, = z] py;.

Step i. (2 < i < n). Assume that at step i — 1
there exists a smooth state-feedback virtual control o; =

21 Bi1 (71, 6) = —zi,l((c,-,1+§\/l + (Wi ¥ Vi) b+
Vi1 +¥;_14)/A; 1), such that

&\
] (22)
i—-1 .
+<§—0— zi%)(@ Tl,l),
k= 00
where Vi, = Y2,(1/4)z) + (1/2)0 - 0%, 7, = 7, +

i-1 _4 R
k=2 zk‘(Wi—lz + Y_13), and & = Zk:l(skl + & + &g + )
where j=1,...,n.
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Then, define the ith Lyapunov candidate function
V(z,,@) Vi, + (1/4)z From (16) and (22), it follows that

[

i
4
LV, < - (cj—sj—ej)zj—
j=1

4 3
G1Ziy + 47 %

oo ~
+ Zi3 (di”li+1 +F; (z; x0) - aige
-3 Z az az o (zk)Z(t)Z(t)¢m m)>
+2z Tr< )Z(t)Z(t)G(z )
- i-1 ox By
0-0-YzZ—=)(6-1,).
( e 9)( o)

Using Lemmas 9 and 4, there are always known nonnegative

smooth functions y;,(z;), ¥;,(z;), ¥;5(2;), yiu(2;) and con-

stant&; > 0, &; > 0,where i = 1,...,nand j =1,2,3,4.
Con31der

i-1
ZF; < 'Z?' ( |Zk|> Vi (25 %0)

k=1

(23)

i—-1

1/3_4/3 4
< yuzi + Z (Sklzk +~(4e) Yll/ z; ) (24)
k=1

i-1
4 4
< Zsklzk + ¥z
k=1
T (3/4)(4gy) Py,

1 i—1 aZ T
S  ACHIHCLH
k,m= m
<z|zj|)pk )

x (;l ,|>pm Z) Z(t)Z(t)

<2 (34)a@)

i1

4 = 4

<z, (z)0 + Zskzzk’
k=1

> Yo (3/4)(4e) P (P, ).

—z Tr( TZ(t)Z(t)G)
LSl

where y;; >y, +

i-1

1
SEZ? Z

k,m=1

az az

3

(25)

where v,

T

YO @
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T
Y®Y o
~1 2
= (3ira) =to
14€k3 2

-1 i
3 4.2 = 1 4

< 5%iPi (z:) 0 + Zek3zk + Z

k=1 k=

3 i
<2 @) (32
k=1

i-1
4 4
= Zsk3zk + Y532, 0,
k=1

(26)
where y;; > (3/2)ip3 + Y1 (1/4g,5)((3/2)ip3)>.
i1z 12 < A 'Z?—lzi|
<eizig + i(gem)%zﬂ?z (27)

4 4
<e_1zi, + bz,

where b, > (1/4)((4/3)e;_;)” 3A§2,
Vighand 7, =7, + (v, + ‘l/z3)Zz .

42 i-1 4
1= 2Pt ey 2 (Wi +
3 0Q;

«;

(Ti—l + Z? (i + 1//1'3))
oq; 2
< Z?\jl + <Z;3 30 > (i + via)
a“ i—1
_‘ (len + Zzzf (w12 + I/’k3)>
00 k=2
3 —1/3<
4(4)
4/3

3. o 2
< g,7) + 1(4) 1/3\]1 + <a—§’szfl> &,z

i-1

4

+ Z€k4zk
k=2

3
t+z;

9%

4/3 /
3 2 “1/3 4
20 Z1P11) &y %

4/3
74/

_ Jo _
+ Z (4) 1/3\/1 + (—Zk (Vo + 1/’k3)> skiBZ?
i=? 00

i-1

4 4
< Zsk4zk + Yz
k=1
(28)

4/3

(3/4)de) 1+ (@008 )P +

where v, >

. — 4/3
L (3/4) () 1+ (9,00 )22 (Wi + o))

Xiv1 (Zi’é) =-z;B (Ei»§)>

oA GHVatyuth 1+(‘/’i2+‘//i3)2é
Fi(=:9) - P ’

(29)

where ¢; > 0 is a design parameter to be chosen.
With the aid of (24)-(29) and (14), (23) can be simplified as

i(c_s_e) 2!
+dizz,+1+(6 0- Za"‘k 3)( 7).

Finally, when i = n, z,,; = u is the actual control. By
choosing the actual control law and the adaptive law,

(30)

u (zwé) = _Znﬂn (zn’ é) ’
0 =Z,p}, + Zzi (W2 + Vi)
k=2
— = Cn+bn+1/In +1//n+vl+(v/n +1//Vl)2§
B (zn,e) = ! 4A 2 & ,

nl

—at
u =e u

(31)

where ¢, > 0 is a design parameter to be chosen and v,,;,i =
1,...4 are smooth functions; we get

n
2 (G-¢-¢)z (32)
j=1

where V,(z,0) = Y (1/0)z) + (1/2)@ - 0>, z =
(215 .2,). We have finished the controller design procedure
for x,(t,) # 0 and the parameter identification. Without loss
of generality, we can assume that t, #0.

3.3. Switching Control and Main Result. In the preceding
subsection, we have given controller design for x, # 0. Now,
we discuss how to choose the control laws u, and u; when
xy = 0. We choose ug as uy = —Agxg+u,, Uy > 0.And choose
the Lyapunov function V, = (1/2)x(. Its time derivative is
given by LV, = —1,x; + u;, which leads to the bounds of
xy. During the time period [0,t,), using uy, = —A¢X, + Uy,
new control law u can be obtained by the control procedure
described above to the original x-subsystem in (1). Then, we
can conclude that the x-state of (1) cannot be blown up during
the time period [0, ¢t,). Since at x(t,) # 0, we can switch the
control inputs u, and u to (6) and (31), respectively.
Now, we state the main results as follows.

Theorem 11. Under Assumption 5, if the proposed adaptive
controller (31) together with the above switching control strat-

egy is used in (1), then for any initial contidion (x, X, 5) € R,



the closed-loop system has an almost surely unique solution
on [0, 00), the solution process is bounded in probability, and

P{limt_)OOOA(t) exists and is finite} = 1.

Proof. According to the above analysis, it suffices to prove in
the case x,(0) # 0. Since we have already proven that x, can
be globally exponentially convergent to zero in probability
in Section 3.1, we only need prove that x(t) is convergent to
zero in probability also. In this case, we choose the Lyapunov
functionV =V,,and ¢; > ¢; + ¢;; from (32) and Lemma 3, we
know that the closed-loop system has an almost surely unique
solution on [0, 00), and the solution process is bounded in
probability. O

4. Conclusions

This paper investigates the globally exponential stabilization
problem for a class of stochastic nonholonomic systems in
chained form. To deal with the nonlinear parametrization
problem, a parameter separation technique is introduced.
With the help of backstepping technique, a smooth adaptive
controller is constructed which ensures that the closed-loop
system is globally asymptotically stable in probability. A
further work is how to design the output-feedback tracking
control for more high-order stochastic nonholonomic sys-
tems.
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We apply the linear matrix inequality method to consensus and H, consensus problems of the single integrator multiagent system
with heterogeneous delays in directed networks. To overcome the difficulty caused by heterogeneous time-varying delays, we rewrite
the multiagent system into a partially reduced-order system and an integral system. As a result, a particular Lyapunov function is
constructed to derive sufficient conditions for consensus of multiagent systems with fixed (switched) topologies. We also apply this
method to the H, consensus of multiagent systems with disturbances and heterogeneous delays. Numerical examples are given to

illustrate the theoretical results.

1. Introduction

In recent years, decentralized coordination of multiagent
systems has received many researchers’ attention in the areas
of system control theory, biology, communication, applied
mathematics, computer science, and so forth. In cooperative
control of multiagent systems, a critical problem is to design
appropriate protocols such that multiple agents in a group can
reach consensus. So far, by using the matrix theory, the graph
theory, the frequency-domain analysis method, the Lyapunov
direct method, and so forth, consensus problems for various
kinds of multiagent systems have been studied extensively [1-
3].

In the field of systems and control theory, the pioneering
work was done by Borkar and Varaiya [4] and Tsitsiklis and
Athans [5], where the asynchronous consensus problem with
an application in distributed decision-making systems was
considered. Later, Vicsek et al. [6] proposed a simple but
interesting discrete-time model of multiple agents which can
be viewed as a special case of a computer model mimicking
animal aggregation. Jadbabaie et al. [7] provided a theo-
retical explanation of the consensus property of the Vicsek
model.

For the case of single integrator multiagent systems,
Olfati-Saber and Murray [8] discussed the consensus prob-

lem for networks of dynamic agents by defining a dis-
agreement function. Ren and Beard [9] established some
more relaxable consensus conditions under dynamically
changing interaction topologies. Hui and Haddad [10], Liu
et al. [11], and Bauso et al. [12] investigated the consensus
problem for nonlinear multiagent systems. Tan and Liu [13]
studied consensus of networked multiagent systems via the
networked predictive control. Li and Zhang [14] gave the
necessary and sufficient condition of mean square average-
consensus for multiagent systems with noises. Zheng and
Wang [15] studied finite-time consensus of heterogenous
multiagent systems with and without velocity measurements.
The constrained consensus problem for multiagent systems
in unbalanced networks was investigated in Lin and Ren
[16, 17]. Liu et al. [18] considered the consensus problem
for multiagent systems with inherent nonlinear dynamics
under directed topologies. A distributed shortest-distance
consensus problem under dynamically changing network
topologies was studied by Lin and Ren [19]. Li et al. [20]
studied the distributed consensus problem of multiagent
systems with general continuous-time dynamics for both the
case without and with a leader.

When considering communication delays in the feed-
back, three types of consensus protocols have been analyzed:
(i) both the state of the agent and its neighbors are affected by



identical delays [21-27]; (ii) communication delays only affect
the state received from neighbors of the agent [28-32]; (iii)
the state of the agent and its neighbors are affected by hetero-
geneous delays. Note that (i) and (ii) are special cases of (iii).
Compared to the cases of (i) and (ii), consensus for the case of
(iii) receives less attention. Under the restricted assumptions
that the graph is undirected and the communication delays
are constants, Miinz et al. [32, 33] investigated the robustness
of the third kind of consensus protocols in both identical and
nonidentical agent dynamics.

We are here concerned with the third type of consensus
protocols, where the heterogeneous delays are time varying,
and the involved graph is directed. It seems to us that
the frequency-domain analysis method in [32, 33] becomes
invalid in this case, and it is difficult to employ the Lyapunov
method directly. In this paper, we will apply the linear matrix
inequality method to this problem. In [21-25], the linear
matrix inequality method has been used successfully in the
case of (i). When applying this method to the case of (iii), we
have to overcome some difficulties caused by heterogeneous
time-varying delays. For this sake, we first skillfully rewrite
the multiagent system by virtue of a partially-reduced-order
system and an integral system. Then, by defining a particular
Lyapunov function based on the above partially-reduced-
order system and the integral system, sufficient conditions
to consensus are derived in both cases of fixed topology and
switching topologies by using the linear matrix inequality
method.

We also consider the H_, consensus problem for the
single integrator multiagent system with heterogeneous time-
varying delays. So far, there are few H,, consensus results
for continuous time multiagent systems. Lin et al. [34]
studied distributed robust H,, consensus problem in directed
networks of agents with identical delays. Ugrinovskii [35]
considered a problem of design of distributed robust filters
with H_, consensus by using the recent vector dissipativity
theory. Sun and Wang [36] investigated the H_, consensus
for the double integrator multiagent system with asymmetric
delays.

To the best of our knowledge, little has been known
about the H_, consensus problem for the single integrator
multiagent systems with heterogeneous time-varying delays
and directed network topologies. Therefore, another purpose
of this paper is to establish H. consensus criteria in the
cases of heterogeneous delays and directed fixed topology (or
switching topologies) by using the linear matrix inequality
technique.

This paper is structured as follows. The problem state-
ment and the transformation of the multiagent system are
summarized in Section 2. In Section 3, sufficient conditions
in terms of linear matrix inequalities are established for
consensus and H,, consensus of the single integrator mul-
tiagent system with heterogeneous delays. These results are
also extended to the case of switching topologies. Numerical
examples and simulation results are given in Section 4. The
paper is concluded in Section 5.

The notation used throughout this paper is fairly stan-
dard. AT means the transpose of the matrix A. I, is an
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m x m-dimensional identity matrix. a,, = (a,a,...,a)"
is an m-dimensional column vector with a € R. We say
X > Y if X-Y is positive definite, where X and Y are
symmetric matrices of the same dimensions. We use an
asterisk * to represent a term that is induced by symmetry
and diag{---} stands for a block-diagonal matrix. L,[0, co)
denotes the space of square-integrable vector functions
over [0, 00).

2. Preliminaries

Throughout this paper, we denote a weighted digraph by & =
(V,E, A), where V = {v,,v,,...,v,} is the set of nodes with
n > 2 and node v; represents the ith agent; E € V x V is the
set of edges, an edge of & is denoted by an order pair (i, j),
and (i, j) € E if and only if a; > 0; A = [aij] isan n x n-
dimensional weighted adjacency matrix with a; = 0. If (3, /)
isan edge of &, nodeiis called the parent of node j. A directed
tree is a directed graph, where every node, except one special
node without any parent, which is called the root, has exactly
one parent, and the root can be connected to any other nodes
through paths. The Laplacian matrix L = [/;;] of digraph &
is defined by I; = =}, a;;and I;; = a;; fori# j,i,j € N/ =
{1,2,...,n}

Consider the following multiagent system with heteroge-
neous delays:

X (1) =Y ay(x;(t—dy (1) - x, (- dy (1)), i€,
j=1
@

where t > 0,4a; > 0,4,j € J, are entries of the weighted
adjacency matrix A, d,(t) and d,(t) are different piecewise
continuous communication delays satisfying 0 < d,(¢) < h,
and 0 < d,(t) < h, fort > 0, and h; and h, are positive
constants.

Denote x = (x,%5...5d,x,)" and y = (1, ¥po...
v, ) . If weset y; = x;,, — x, fori = 1,2,...,n - 1, by the
straightforward computation, we get

y = Ex, x =x,1,+ Fy, (2)
where the (n—1) x n-dimensional matrix E and then x (n —
1)-dimensional matrix F are defined as follows:

E=(-1,,1,,), F=< "—1>. 3)

n-1

Next, we make use of transformation (2) to derive two
descriptor systems of the system (1). Rewrite (1) as follows:

x; (t) = Zaij (xj ) - x; (t)) + Zaij (xj (t—d, () - X; (t))
s =1

b Yy (6 () i (- dy (1), i€ A
=

(4)
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Therefore, by the Newton-Leibniz formula, we get a matrix
form of (4):

t

t_d1(t)
fc(t)=Lx(t)+AJ a'c(s)ds+AJ. x(s)ds, (5)

t=d, (t)

where A = A - L.

Denote z(t) = x(t). By transformation (2) and the
property of the Laplacian matrix L that L1, = 0,,, we get from
(5) the following two descriptor systems:

t—d, () t

y(t) = ELFy(t)+ EA J z(s)ds,

t
t-d (1)

z(s)ds + EA J
t=d,(t)
t

z (t) =LFy(t)+AJ

t

z(s)ds+ A J
t=d,(t)

z (s)ds.

When the system involves disturbance input, we consider
the following multiagent system of the form

% (1) = Y ay (x; (= dy (1) = x, (= dy () + wy; (1)),
=1
' ied,

7)

where @ d,(t), and d,(t) are defined as above and wij(t) is
the disturbance input satisfying w;;(¢) € L,[0, 00).

Denote the ith row of the matrix A by «;, £ =
diag{a,, oy, ..o}, wi(t) = (wy(t),wy@),...,w, 1),
and w(t) = (W!@),wl®),...,w ¢)]". Similar to the
above procedure, we can get the following matrix form
of (7):

t—d, (t)
y(t) = ELFy (t) + EA J z(s)ds
t
t
+EAJ z(s)ds+ EZw (t),
t=d,(t)
(8)
t=d, (t)
20 -LEyO+A|  z(@ds
t

t
+AJ z(s)ds+Zw(t).
t=dy(t)

In this paper, say that system (1) achieves consensus
asymptotically if

Jlim [x,()-x;()] =0, Vi#j ijes.  (9)

Say that system (7) solves H, consensus if system (1) achieves
consensus asymptotically, and there exists a constant y > 0
such that

LOO y ) ymdt<y Loo w' (Hw(t)dt (10)

for all nonzero w € L,[0, co) under zero initial condition.

3. Main Results

The following two lemmas can be concluded from [21, 22].

Lemma 1. The digraph & = {V, E, A} has a spanning tree if
and only if the matrix ELF is Hurwitz.

Lemma 2. For any continuous vector u(t) € R"™ on [t — hy, t]
fork = 1,2 andt > 0 and any m x m-dimensional matrix
W > 0, the following inequality holds:

t—d,(t) T ctdy ()
(J u(oc)doc) WJ u(a) da
t t

<h Lih u’ (o) Wu () dex,
1 (1)

t T t
(J u(oc)doc) WJ u(a) da
t—d,(t) —d,(t)

t
<h, J u’ (o) Wu () dax.
t-h,

Based on Lemmas 1 and 2 and the preliminaries given in
Section 2, we have the following consensus result for system

D).

Theorem 3. If the digraph & has a spanning tree, system (1)
achieves consensus asymptotically for appropriate constants
hy, > 0 and h, > 0 which satisfy the following matrix
inequality:

PL+I'P PA PA WI'Q, WL Q,

* -Q 0 hlATQl thTQz

* + -Q mATQ ma'Q, |[<0 (12)
* * * -Q 0

* % % % —Q2

where L = ELF, A = EA, A = EA, L = LF, and P, Q,, and Q,
are positive-definite matrices of appropriate dimensions.



Proof. First, we see that (12) is equivalent to

Q+RO'Qd+H O Q,d <0, (13)
where
N PL+L"P PA PA
®=(LAA), Q= £ -Q 0 |. (14
% * —Q2

On the other hand, we show that (13) is feasible if the
digraph & has a spanning tree. By Lemma 1, we see that there
exists a positive-definite matrix P such that PL + L'P <
0. Once the positive-definite matrix P is determined, it is
not difficult to see that Q < 0 for certain positive-definite
matrices Q; and Q,. Once the matrices P > 0, Q; > 0,
and Q, > 0 are determined, (13) is valid for sufficiently
small 4, > 0 and h, > 0. Therefore, (13) always holds
for appropriate matrices P > 0, Q, > 0, and Q, >
0 and constants h;, > 0, h, > 0 if &€ has a spanning
tree.

Next, by the definition of vector y, it is sufficient to
show that lim, , _y(t) = 0 if (13) holds. We construct the
Lyapunov function as follows:

V(£) =y () Py ()

+h, L_h (s—t+h)z" (5)Q,z(s)ds (15)

t
+h, J;h (s—t+h,)z" (s)Q,z (s)ds,

where positive constants h; and h, and positive-definite
matrices P, Q;, and Q, satisfy (13). We now consider the

PL+IL"P+al,, PA PA

* -Q 0
% % —Q2
* * *
* * *
* * *

whereE = EX, A, A, L, and L are defined as above, then system
(7) solves H, consensus with y = f3/a.

Proof. Choose the Lyapunov function defined by (15). First,
(19) implies that (12) holds. By Theorem 3, system (1) achieves
consensus asymptotically. Next, we show that (10) holds with
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derivative of V(t) along the trajectory of system (6). For the
sake of convenience, set

t—d, (t) t

z (s)ds, z(s)ds. (16)

m () = J

t=d, (t)

m () = J

t

A straightforward computation yields that

V(t)=2y" (&) P[Ly () + An, () + Ay, (1]

+ 12" (1) Qz(t) - hy Lt_h 2" () Quz (s)ds

(17)

t

+ 12" (1) Quz (1) — hy J 2" (s) Quz (s) ds.
t—h,
By Lemma 1, (6), and (17), we have that
V(t)<2y" ()P [Ly(®) + Ay, (1) + An, (1))
+hz" (1) Quz (t) — 1y (H)Qumy (1)

(18)

+ 1z () Quz () — 1) (£) Qunp, (1)
=& () (Q+ B OTQ O + K Q@) (),

where &(t) = (yT(t), r]IT(t),nzT(t))T and @ and ) are defined
by (14). From (13) and (18), we have that V(¢) < 0 for t > 0.
Therefore, we eventually conclude that lim, _, ., y(¢) = 0. This
completes the proof of Theorem 3. O

The method used in Theorem 3 can also be applied to the
H_, consensus problem of system (7).

Theorem 4. For given constants h; > 0 and h, > 0, if there
exist positive-definite matrices P, Q, and Q, of appropriate

dimensions and positive constants o« > 0 and 3 > 0 such that
the following linear matrix inequality holds:

-T -T
hlL Ql hZL QZ
0 mATQ, hATQ,

0  hATQ, hATQ, |<o, (19)
Bl mZ'Q mI'Q,

* -Q 0

* * —Q2

y = /e for all nonzero w € L,[0,00) under zero initial
condition. In fact, similar to the computation in Theorem 3,
we have

V() <2y" () P[Ly (t) + Any (t) + By, (1) + Sw (1))

+RZT () Quz (1) — it () Qyy (t)
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+hz" (1) Quz (t) — 1 (1) Quy (B),

(20)
which implies that
V©) +ay" (1) y (1) - pw’ (Hw ()
< (Q+mP'QP+md Q0)E,
(21)
where & = (yT(t),an(t),ﬂzT(t), w'@®)",
®=(LAAZ),
PL+L"P+al,, PA PA PS
* -Q 0 0
Q =
* % —Q2 0
* * *  —fL,_4
(22)
By (19), (21), and (22), we have that
Vi) +ray ) y()-pw OwE) <0, t=0. (23)

Integrating (23) from 0 to co under zero initial condition, we
get

B ro v Ow®)dt. (24)

@ Jo

L y () y(t)dt <

This completes the proof of Theorem 4. O

Remark 5. Similar to the analysis in the proof of Theorem 3,
we see that a necessary condition to Theorem 3 is that the
digraph & has a spanning tree. That is, the linear matrix
inequality (19) implies that & has a spanning tree.

Remark 6. Unlike most of consensus analysis for multiagent
systems, it does not require that a;; > 0 for all i # j in the
proofs of Theorems 3 and 4. Therefore, even when a; < 0
for some i # j, system (7) can also solve H, consensus under

appropriate conditions.

The method used in this paper can also be extended to the
case of switching topology. Consider the following multiagent
system with switched topologies and heterogeneous delays:

X% (t) = ) a] (x;(t-d, () -x; (t-dy (1)), i€,
j=1
(25)

wheret > 0,0(t) : [0,00) — ' ={1,2,..., p} is a switching
signal that determines which subsystem is active at time ¢,
and afj > 0,i,j € N,k € T, are entries of the weighted

adjacency matrix A;. When o(t) = k € T, we denote the
involved digraph by &, = (V, A, Ep).

Under the reduced-order transformation (2), system (25)
can be described by the following two systems:

t-d, (1)
y(t) = EL,Fy(t)+ EA, J z(s)ds
t
t
+EA, J z (s)ds,
t=d,(t)
(26)
t—d, ()
z(t) = L, Fy (t)+AUJ z(s)ds
t

t
+A, J z (s)ds,
t=d,(t)

where y and z are defined as above and L, A;, and A,
(k € T) relative to the digraph &, are defined as L, A,
and A, respectively. Let the Lyapunov function defined by
(15) be the common Lyapunov function for the switched
system (26). Then, similar to the proof of Theorem 3, we
have the following consensus result in the case of switching

topology.

Theorem 7. For given constants h, > 0 and h, >
0, system (25) solves consensus under arbitrary switching,
if there exist positive-definite matrices P, Q,, and Q, of
appropriate dimensions such that the following linear matrix
inequality

~ ~ —~ ~ = =
PL,+LiP PA, PA, WL, Q, hL,Q,

* -Q 0 hlAle thin

* + —Q MAQ mAQ, <o
x % -Q 0

* % x -Q,

(27)
holds for k € T, where L, = EL\F, A, = EAj, A, = EAy, and
zk = LkF

Similarly, for the following switched multiagent system
with disturbance input and heterogeneous delays

%) = Yal(x;(t-d, () - x; (t—dy () +w; (1)),
j=1
! ied,
(28)

we have the following H_, consensus result.

Theorem 8. For given constants h; > 0 and h, > 0, if there
exist positive-definite matrices P, Q,, and Q, of appropriate
dimensions and positive constants o« > 0 and 3 > 0 such that
the following linear matrix inequality
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(d)

FiGure 1: Four digraphs: (a) €, (b) €,, (c) €., and (d) &,.

PL +LiP+al,_, PA, PA,

* -Q, 0
* *  —Q,
* * *
* * *
* * *

holds for k € T, where Ly, Ay, Ay, 24, 24 and L, relative to the
digraph G, are defined as L, A, A, £, %, and L in Theorem 4,
then system (28) solves H, consensus with y = P/« under
arbitrary switching.

4. Numerical Examples

Consider the following four digraphs with six nodes shown
in Figure 1, where the weights relative to the edges shown by
solid lines and dashed lines are 1 and —0.5, respectively.
When & = ¢, we have that (12) is feasible for
given h; < 0.38 and h, < 0.24. By Theorem 3, system

~ _T -T
P hlLk Q thk Q,

0 mAIQ, hAIQ,

0 mALQ hAQ,

, , <0 (29)

_ﬁln—l hlszl hzszz

* -Q 0

* * —Q2

(1) achieves consensus asymptotically. The state trajectory
under the stochastic initial condition is shown in Figure 2.
In Remark 6, we show that Theorem 3 can also be applied
to the extreme case when part of weights a;; is negative.
For example, if & = &, we have that (12) is still feasible
for given h; < 0.26 and h, < 0.22. Therefore, system
(1) also solves consensus asymptotically even when there
exist negative weights a;; = as;; = -0.5. The state
trajectory under the stochastic initial condition is shown
in Figure 3.

For the case of disturbance input, assume that & = &,
and w;;(t) = w;(t) fori, j € A Therefore, X = A. For given
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Time delays = 0.24, 0.38
0.9 T T T

0.8 R

0.6 1

0.5

04 | 1
03} 1
0.2 (% -

0.1

State

0 L L L L L
10 15 20 25 30

Time (s)

(=)
w

FIGURE 2: State trajectory of system (1) with & = & .

Time delays = 0.22, 0.26
0.8 T T T

0.7
0.6
0.5

0.4

State

0.3

0.2

0.1

10 15 20 25 30
Time (s)

(=}
v

FIGURE 3: State trajectory of system (1) with & = &,,.

hy = 0.2 and h, = 0.1, we get from (19) that y = 43.0731.
By Theorem 4, we have that system (7) solves H,, consensus
with y = 43.0731. If we let

(0.1sint)1, 0<t <30,
t) = 30
w) {0.0, otherwise, (30)

the trajectory of system (7) under a stochastic initial condi-
tion is shown in Figure 4.

For the case of switching topologies {&., & ;}, we have
that (27) is feasible for given h; < 0.24 and h, < 0.18.
By Theorem 7, system (25) solves consensus under arbitrary
switching.

5. Conclusions

In this paper, we first apply the linear matrix inequality
method to consensus of the single integrator multiagent

Time delays = 0.1, 0.2

0.9
0.8
0.7

\ / \ / \
\ / \ /
05 [ / \ \// \ 4 —

0.4

State
yd

0.3
0.2

0.1

O 1 1 1 1 1
0 5 10 15 20 25 30

Time (s)

FIGURE 4: State trajectory of system (7) with € = €. and given
disturbance.

system with heterogeneous time-varying delays in directed
networks. Unlike the case of identical delays, the multia-
gent system with heterogeneous delays usually cannot be
transformed to a reduced-order system. To overcome such
difficulty, we introduce a partially-reduced-order system and
an integral system. As a result, the linear matrix inequality
method becomes useful in the analysis of consensus and H,
consensus by constructing a particular Lyapunov function.
The main results are also extended to the case of switch-
ing topologies. Finally, numerical examples and simulation
results are given to illustrate the theoretical results.
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We analyze a three species predator-prey chain model with stochastic perturbation. First, we show that this system has a unique
positive solution and its pth moment is bounded. Then, we deduce conditions that the system is persistent in time average. After
that, conditions for the system going to be extinction in probability are established. At last, numerical simulations are carried out

to support our results.

1. Introduction

Recently, the dynamical relationship between predator-prey
has been one of the dominant themes in both ecology
and mathematical ecology due to its universal importance.
Especially, the predator-prey chain model is the typical
representative. Thereby it significantly changed the biology,
the understanding of the existence, and development of the
basic law and has made the model become a research hot spot.
One of the most famous models for population dynamics is
the Lotka-Volterra predator-prey system which has received
plenty of attention and has been studied extensively; see [1-
4]. Specially persistence and extinction of this model are
interesting topics.

The three species predator-prey chain model is described
as follows:

% (1) = x; (t) (@) = by, x, (1) = byyx, (1))
%, (1) = %, (1) (=ay + by X (8) = byyx, (£) = byzxs (1), (1)
X5 (t) = x5 () (_as + by, x, (t) — byzx, (t)) >

where x;(t) (i = 1,2,3) denotes the population densities of
the species at time t. The parameters a,, a,,as, b;(i = 1,2,3)
are positive constants that stand for intrinsic growth rate,
predator death rate of the second species, predator death

rate of the third species, coeflicient of internal competition,
respectively. by, by, represent saturated rate of the second and
the third predator and b, ,, b,; represent the decrement rate of
predator to prey.

System (1) describes a three species predator-prey chain
model in which the latter preys on the former. From a
biological viewpoint, we not only require the positive solution
of the system but also require its unexploded property in any
finite time and stability.

We know that the global asymptotic stability of a positive
equilibrium x* = (x;,x;,x;) holds and is global stability if
the following condition holds:

by, bbby +b12b21a

a -7 4 3
by, by bs,

>0, (2)
which could refer to [5]. However, population dynamics
in the real world is inevitably affected by environmental
noise (see, e.g., [6, 7]). Parameters involved in the system
are not absolute constants, they always fluctuate around
some average values. The deterministic models assume that
parameters in the systems are deterministic irrespective of
environmental fluctuations which impose some limitations in
mathematical modeling of ecological systems. So we cannot
omit the influence of the noise on the system. Recently many
authors have discussed population systems subject to white



noise (see, e.g., [8-15]). May (see, e.g., [16]) pointed out that
due to continuous fluctuation in the environment, the birth
rates, death rates, saturated rate, competition coefficients, and
all other parameters involved in the model exhibit random
fluctuation to some extent, and as a result the equilibrium
population distribution never attains a steady value but
fluctuates randomly around some average value. Sometimes,
large amplitude fluctuation in population will lead to the
extinction of certain species, which does not happen in
deterministic models.

Therefore, Lotka-Volterra predator-prey chain models in
random environments are becoming more and more popular.
Ji et al. [14, 15] investigated the asymptotic behavior of the
stochastic predator-prey system with perturbation. Liu and
Chen introduced periodic constant impulsive immigration
of predator into predator-prey system and gave conditions
for the system to be extinct and permanence. Polansky [17]
and Barra et al. [18] have given some special systems of
their invariant distribution. After that, Gard [5] analysed that
under some conditions the stochastic food chain model exists
an invariant distribution. However, seldom people study the
persistent and nonpersistent of the food chain model with
stochastic perturbation.

In this paper, we introduce the white noise into the
intrinsic growth rate of system (1), and suppose ; — g; +
0;B,(t) (i = 1,2,3); then we obtain the following stochastic
system:

%, (1) = x, () (a; = byyx; (t) = byyx, (1) + 0%, (£) B (8),
X, () = x5 (£) (—ay + by x; () = byyx, (1) — by3x5 (1))
- 0,%, (1) B, (1),

%5 (1) = x5 (t) (=as + byyx, () — byzx; (1)) — 035 (£) By (t),
(3)

where B;(t)(i = 1,2,3) are independent white noises with
B;(0) = 0, 01.2 > 0(i = 1,2,3) representing the intensities of
the noise.

The aim of this paper is to discuss the long time behavior
of system (3). We have mentioned that x* = (x],x;,x3) is
the positive equilibrium of system (1). But, when it suffers
stochastic perturbations, there is no positive equilibrium.
Hence, it is impossible that the solution of system (3) will
tend to a fixed point. In this paper, we show that system
(3) is persistent in time average. Furthermore, under certain
conditions, we prove that the population of system (3) will
die out in probability which will not happen in deterministic
system and could reveal that large white noise may lead to
extinction.

The rest of this paper is organized as follows. In Section 2,
we show that there is a unique nonnegative solution of
system (3), and its pth moment is bounded. In Section 3, we
show that system (3) is persistent in time average. While in
Section 4, we consider three situations when the population
of the system will be extinction. In Section 5, numerical
simulations are carried out to support our results.
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Throughout this paper, unless otherwise specified, let
(Q, {F}1>0> P) be a complete probability space with a filtra-
tion {#,},5, satisfying the usual conditions (i.e., it is right
continuous and &, contains all P-null sets). Let R} denote the
positive cone of R*; namely, Ri ={xeR:x>0,1<i<3},

R={xeR:x201<i<3}

2. Existence and Uniqueness of the
Nonnegative Solution

To investigate the dynamical behavior, the first concern thing
is whether the solution is global existence. Moreover, for a
population model, whether the solution is nonnegative is
also considered. Hence, in this section, we show that the
solution of system (3) is global and nonnegative. As we have
known, in order for a stochastic differential equation to have
a unique global (i.e., no explosion at a finite time) solution
with any given initial value, the coefficients of the equation are
generally required to satisty the linear growth condition and
local Lipschitz condition (see, e.g., [19]). It is easy to see that
the coefficients of system (3) are locally Lipschitz continuous,
so system (3) has a local solution. By Lyapunov analysis
method, we show the global existence of this solution.

Theorem 1. For any given initial value x(0) = x, € R, system
(3) has a unique global positive solution x(t) = (x,(t), x,(t),
x5(t)) for all t > 0 with probability one.

Proof. Tt is clear that the coefficients of system (3) are locally
Lipschitz continuous for the given initial value x(0) = x, €
Ri. So there is a unique local solution x(¢) on t € [0,1,),
where 7, is the explosion time (see, e.g., [19]). To show that
this solution is global, we need to show that 7, = co a.s. Let
my, > 1 be sufficiently large so that each component of x, all
lies within the interval [1/m,, m,]. For each integer m > my,
define the stopping time:

7,, = inf {t € [0,7,) : min{x; (t),x, (), x; )} < i

or max {x, (£),x, (t),x; (1)} = m} .
(4)

Throughout this paper, we set inf @ = co (as usual @ denotes
the empty set). Clearly, 7,, is increasingasm — ©00. Set 7, =
lim,, _, 7, then 7., < 7, a.s. If we can show that 7., = 0o
a.s., then 7, = oo and (x,(t), x,(f), x5(t)) € Ri a.s. for all
t > 0. In other words, to complete the proof all we need to
show is that 7., = oo a.s. For if this statement is false, then
there is a pair of constants T' > 0 and € € (0, 1) such that

Plr,<T}>e (5)
Hence there is an integer m, > m, such that

Plr,<T} > Vm=>m,. (6)
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Define a C*-function V: R> — R, by
V (x1, x5, X3)
= by, [by (%, — 1 -logx;) + by, (x, — 1 -logx,)]  (7)
+bysby; (x5 = 1 - logx3);

the nonnegativity of this function can be seen from u — 1 -
(1/2)logu > 0, for all u > 0. Using It6’s formula, we get

dV := LVdt + by,b, 0, (x; — 1)dB, (t)
+by,b1,0, (x, — 1) dB, (t) (8)
+ by3by03 (x5 — 1) dBs (1)
where

LV = by,by, (xl - 1) (al —byyx, - bl2x2)
+byyby, (x5 = 1) (=ay + by x) = byyx, — bysxs)

+bysby, (x5 = 1) (=a3 + byyx, — byzx;)

af 2 o
+bsyby 5

o
+ bazbu?z + b23b12?1
a? o2
=byby | —a; + — |+ byby, | ay + 2
2 2 )

2
o
+ bysby, (a3 + é’)

+ (bspba1ay + byyby by = byybiybyy) X,

+ (Bsyba by + byybiabyy = bysbiybsy = bygbyyay) x,
+ (b32b12bys + bysbiybs; — bysbyyas) x5

- b32b21b11xf - b32b12b22x§ - b23b12b33x§ <M,

where M is a constant. Therefore

T AT
|7 avea
0
AT T AT
< J Mt + J byyby,o, (x, — 1) dB, (1)
0 0 (10)
T AT
+ L byyby,0, (x, — 1) dB, (1)
T AT
+ Jo bysbiy0s (x5 = 1)dBs (1),
which implies that
E[V (x(1,AT))] <V (x,) + MT. (11)

Set Q,, = {r,,, < T} for m > m,. By (6), we know P(Q,,,) > €.
Notice that for every w € Q,,, there is at least one of x;(7,,, w)
equals either m or 1/m; then

V(x(z,)) = (m-1-logm)A (m_1 -1+ logm). (12)

It then follows from (11) that
V (x,) + MT
> E[lg )V (x(z,))] (13)
>e(m-1 —logm)/\(m_1 -1 +logm),

where 1, () is the indicator function of Q,,,. Letting m —

00 leads to the contradiction that co > V(x;,) + MT = 0. So
we must have 7., = 0o a.s. O

Theorem 2. Let x(t) = (x,(t),x,(t), and let x5(t)) be the
solution of system (3) with any given initial value x(0) = x,, €
R, then there exists a positive constant K(p) such that

E [(b32b21x1 (t) + byybyyx, (8) + bysbyyxs (t))P] <K(p)

Vt € (0,00), p>1.

(14)
Proof. Let y(t) = by,byx, () + by,byp x5 (1) + by3b1,x5(8); then
dy(t) = ((1119211932961 —a,b,b5x, — azb,,by5x5
- bubzlbszxi - b12b22b32x§ - b12b23b33x§) dt
+ 0,by by, x,dBy (t) + 0,b,b5,x,dB, (t)

+ 03byabyxsdB, (£,

(15)
and so
dy? = P)’p_l (a1b21b32x1 — aybyybyx, — azbyybyzxs
- b11b21b32xf - b12b22b32x§
- b12b23b33x§) dt
+ py?™! (0,by b3, x,dB, (t) + 0,by,bsy x,dB, (t)
+03b1,b,3%3dB5 (1))
+p(p-1)
X (Uszzlbgzx% +03bb5, X, + nglzzbzzaxg) dt.
(16)
Note that
bi by by X] + bybyyby x5 + byybysbasxs
min {b,}, by,, by}
 byby, + by, + bysby,
17)

X (byybyy X1 + byybyy X, + bysbyyxs)

_ min {bH’ by, 1733} 2
bybyy +byyby, +bysby,




Then

_ min {bll’ by, b33} 2
dy? = py? l(ay— y* | dt
! by,by) + byyby, + bysby,

+ %p (p- l)ypf2 max {af,ag,ag}yzdt

+ PJ’pi1 (0,by1bsyx,dB, (t) + 0,by,bs,x,dB, (t)

+03b1,b,3%3dB5 (1))
(18)

< [p(al + gmax {af,aﬁ,ai})yp

pmin {by;, by, by} p+l ]

- y dt
by,byy + byyby, + bysbyy

+ P;VP_I (0,by,b3yx,dB, (t) + 0,by,b3,x,dB, (t)
+03by,by3x3dB;5 (1)) .

Hence

dE [y? ()]
dt

2 2 2
<p (al s pr O] {012’02’03} ) E[y" ()]

min {b;;, by, bys}
byybyy +byyby, +bysby,

max {07, 03,03} > E[y? ()

E[y™ (t)] (19)

SP(“l*’P 5

—p min {by,, byy, bys}
byyby; + byyby, + bysbyy

[ p(t)] p+1

Therefore, by comparison theorem, we get
lim supE [y? (t)]
t— oo

P
(al + p max {05,05,03}) (b32by) + bsybyy + bysbyy)

min {bu’ by, b33}

(20)

Besides, note that E[yf(t)] is continuous; then there is a
positive constant K(p) such that

E[y* ] <K(p), Vte[0,00). (21)
L]

3. Persistent in Time Average

There is no equilibrium of system (3). Hence we cannot show
the permanence of the system by proving the stability of
the positive equilibrium as the deterministic system. In this
section we first show that this system is persistent in mean.
Before we give the result, we should do some prepared work.
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L. S. Chen and J. Chen in [20] proposed the definition of
persistence in mean for the deterministic system. Here, we
also use this definition for the stochastic system.

Definition 3. System (3) is said to be persistent in mean, if

1 t
liminf - J x5 (s)ds > 0, as. (22)
0

t— 00

Lemma 4 (see [21, Lemma 17]). Let f € C([0,+00) x
Q, (0,+00)) and F € C([0, +00) X Q, R). If there exist positive
constants Ay, A, such that

log f (t) = At - A, th(s)ds +F(t), t=0as, (23)
0
and lim, _, . (F(t)/t) = Oa.s., then

hm 1nf J f(s)ds > /\i a.s. (24)
0

From Lemma 4, it is easy to see that we could get Lemmas
5 and 6 with the same method.

Lemma 5. Let f € C([0, +00) x Q,(0,+00)) and F € C([0,
+00) x Q, R). If there exist positive constants A, A, such that

log f (t) < At - J-tf(s) ds+F(t), t>0as, (25
and lim, _, . (F(t)/t) = 0 a.s., then

lim sup— J f(s)ds< % a.s. (26)

t — 0o 0

Lemma 6. Let f € C([0, +00) x Q,(0,+00)) and F € C(]0,
+00) X Q, R). If there exist positive constants A, A, such that

log f (t) = At — th (s)ds+F (), t=0as., (27)

and lim, _, . (F(t)/t) = 0 a.s., then

lim — J'f(s)als—/\i a.s. (28)

t—oot 0

From the stochastic comparison theorem [11], it is easy to
get the following result.

Lemma 7. Let x(t) € Ri be a solution of system (3) with
x(0) = (x1(0), x,(0), x5(0)). Then one has

x(t) <O(); (29)
that is,
x () <@ (t), i=1,2,3, (30)
where

D () = (D, (1), D, (1), D5 (1)), 31)
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@, (t) is solutions of the following stochastic differential equa-
tions:

do, (t) = @, (t) (a, — b, D, (t)) dt

+0,®0, (1)dB, (1), @, (0) = x, (0),

do, (t) = @, (t) (-a, + by, @, (t) - b, @, (t)) dt

(32)

- 0,0, (t) de (t), D, (0) = X (0),

dd, () = @5 (t) (—a; + by, @, () — by @4 (t)) dt
— 03D, (1) dB;s (1), D, (0) = x5 (0).
Assumption 8. Consider
by, by by, + byyby,
- == - - e Ca A 0,
T by,
(33)
2 2

_ 1 _ 9 .
r=a —-—=>0, ri=a;+— i=2,3.
2 2
Lemma 9. If Assumption 8 is satisfied, the solution ®(t) of
system (32) with any initial value ®(0) € R® has the following
property:
log @, (¢ 1 (!
lim log ®: (t) =0, lim — J D, (s)ds = M;, as.,

t—oot

t— 00 t 0
(34)
where
M, = l:_l’ M, = rleIb_ szu’
11 11
(35)
M, = r1by1bsy — 1yby1 b, — r3b11b22.

bl 1 b22b33

Proof. From the result in [14] and Assumption 8 being satis-
fied, we know
log @, (1)

lim —=———= =0,
t— 00 t

, (36)
t ~o%)2
liminfl J- D, (s)ds = M = r—l,
t=oo t Jo by, by,

Besides, according to Itd’s formula, the second population of
system (32) is changed into

dlog @, (t) = (-1, + by, ©, (t) — by, ®, (t)) dt — 0,dB, (t).
(37)

It then follows
log @, (t) = log @, (0) — r,t

t t
by, L ®, (s)ds - by, jo ®, (s)ds — 0,8, (1),
(38)

5
With Lemma 6 and Assumption 8, we could get
1 t
lim — J D, (s)ds
t—oot Jo
(39)

_h +by, (/b)) _ by — by
by, by, by,

Let (38) divide t, and t — 00, together with (36) and (39),
consequently

> 0.

lim 08%2®) _ (40)

t— 00 t

Similarly, according to Itd’s formula, the third population of
system (25) is changed into

dlog @ (t) = (—13 + by, @, (t) — by; @5 (1)) dt — 03dB; (1)

(41)
it then follows
t
log @5 (t) = log®5 (0) — 15t + by, J D, (s)ds
0
t
-b; Jo @, (s)ds — 03B (1),
1 t
lim — J. @, (s)ds (42)
t—oot Jo
_" + by, ((r1by, = 13by,) [b11bs,) 50
by
lim —log ©, (1) =0.
t— oo t
O

From this, together with Lemmas 7 and 9, the following
result is obviously true.

Theorem 10. If Assumption 8 is satisfied, the solution x(t) of
system (3) with any initial value x(0) € Ri has the following
property:

log x; (t) <0

lim sup , 1=1,2,3. (43)

t— 00

Above all, we could get.

Theorem 11. If Assumption 8 is satisfied, the the solution x(t)
of system (3) with any initial value x(0) € R’ has the following
property:

t

1 *
liminf - J x5 (s)ds > X3, as.,
t—oo f Jo

(44)

where X* = (X{, X, X;) is the only nonnegative solution of the
following equation:
r —byx; —byx, =0,
—13 + by X = byy Xy = by3x3 = 0, (45)

—13 + byyx, —byyx, = 0.



Proof. From system (3), such that
d(c logx, (t) + ¢, log x, (t) + c; log x5 (t))
= [(re =16 —1365) + (biye + b316) %,
+ (=biac; = by + byycs) x, (46)
= (by3ey + by365) x5 dt
+¢0,dB, (t) — ¢,0,dB, (t) — ;0,dB; ().

Letc, = by, ¢, = by, and ¢ = (b, by, + by,b,,)/bs,, together
with Assumption 8, we know

716, — 1,6 — 1365 > 05 (47)
hence
(¢ (log x, (t) ~log x, (0)) + ¢, (log x, (t) — log x, (0))
+¢; (log x5 (t) — log x5 (0))) x (£) ™"

= ("1C1 — G - ”353)

1 t
— (abys + G3bs3) 7 L x5 (s)ds

. €,01B, (t) — ,0,B, (t) — c;03B5 ()

t
(48)
According to Theorem 10, where
log x; (t
limsup 285D o o103, (49)
t— 00 t

and lim, _, . (B;(t)/t) =0,i=1,2,3,

1 (¢ 71C; — 15C, — 13C N
lim inf - j Xy (s)ds> 1A "D2TG _ g (s
t—oo t Jy sz23+c3b33

where X* = (X[, X,,X;) is the only nonnegative solution of
the following equation when Assumption 8 is satisfied:

ry—byx; —byx, =0,
—15 + by x; = byyxy —byyxy =0, (51)

—15 + by, x, — by3x; = 0.

4. Nonpersistence

In this section, we show the situation when the population of
system (3) will be extinction in three cases.

Case 1 (r; < 0). According to Itd’s formula, the first
population of system (25) is changed into

dlog®, (t) < (r; - by, @, (t)) dt — 0,dB, (¢). (52)
If r; <0, we could get

log @, (t

t— 00 11

<0 as. (53)
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From the stochastic comparison theorem, we have

1 t
lim supM < br—l <0 as., (54)

t— 00 11
hence

tli)ngoxl (t) =0, a.s. (55)

From the second population of system (25), we have

log @, (t
t— 00

(56)

1 t

< -a, + by lim sup; I D, (s)ds < —a, as;
t — 00 0
similarly
log @, (t
lim supog—3() < —aj as,

O (57)

limx; (1) =0 as.i=2,3.
t— 00

Case 2 (r; > 0,7, — (b;1/by;)r, < 0). Itis clear that from the
proof section of Case 1, we get

log @, (t) — log @, (0)

t
1(f dB, (t) 8
< -1+ by - J D, (s)ds - e A U4 a.s.,
t Jo t
hence
log @, (¢
lim supogfz()
<-r,+ by M, =-1, + bﬂr—1 <0 as.
by
Similarly
log @, (¢
Jim sup 28 22 ()
t— 00 t
1 t
< —13 + by,lim sup— J D, (s)ds (60)
t—oo I Jo
< -a;<0as;
thus,
tlingoxi t)=0 as., i=2,3. (61)

Above all, and from the conclusion in [22], we could easily
know that the distribution of x,(t) converges weekly to the
probability measure with density:

Q)= COCZrl/Gf—le-ZhuC/af, (62)

where C, = (21911/Uf)zrl/gf/r(zrl/"f) and

lim ! th (s)ds = "1 a.s (63)
t—oof Jo ! _bll) -
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Case 3 (r; — (by1/by;)ry = (b1 b5y + b1ybyy) [y bsy)r5 < 0). Tt is
clear that
d (¢ logx, (t) + ¢, log x, () + ¢; log x5 (t))
= [(riq — 16 —136) + (b6 + by16) x;
+ (=b1a6, — by, + byycs) x,y (64)
= (bys36; + byacs) x3] dt
+¢,0,dB; (t) — ¢,0,dB, (t) — ¢;0,dB; (t) .
Since ¢; = by, ¢, = byys &3 = (by by + byyby) )/ by, We get
¢ logx, (t) + ¢, logx, (t) + ¢; log x5 (t)
< (e =16 —130)t
(65)
+ ¢ log x, (0) + ¢, log x, (0) + ¢; log x5 (0)
+60,B, (t) = 0,B, () - ;;03B5 (£),
Moreover,

log xil () x? ) x? 3}
t

< (na =16 —136)

LG log x, (0) + ¢, log x, (0) + ¢; log x5 (0) (66)

t

B, (t) B, (t)
" — G0, : —GO3

B, (t).

+ GO
1¥1 ¢

And lim, _, . (B;(t)/t) = 0,i = 1,2, 3, implies

log xT (£) xZ () x5 (t)
u

lim sup <116 — 16 — 1363 < 05
t— 00 t
(67)
then
tli}rroloxil (t) x2 (t) x5 (1) = 0 as. (68)

Therefore, by the above arguments, we get the following
conclusion.

Theorem 12. Let x(t) be the solution of system (3) with any
initial value x(0) € Ri. Then
(D ifr, <O, then
tlirgoxi t) =0 as,i=1,2,3, (69)
(2)ifr, > 0,1, = (b, /by)r, <0, then

limx; () =0 as, i=2,3, (70)
t— 00

and the distribution of x,(t) converges weekly to the probability
measure with density:

Q= COCZrl/fff—le-Zbu(/af) 71)

7
where Cy = (2by,/0%)?"% [T(2r, [0?) and
lim ! th (s)ds = "1 a.s; (72)
t—oof 0 ! - bll’ ”

(3) if ry = (b /by))ry = (b1 byy + byyby1) [0y, bsy) 15 < O, then
tlirgoxil (t) x2 (t) x? (t) =0, as., (73)
where ¢, = by, ¢, = by, and ¢; = (b by, + b1,by1) /s,

5. Numerical Simulation

In this section, we give out the numerical experiment to
support our results. Consider

%, (8) = x; (t) (@) = by x, (£) = byyx, (1))
+o,x, (t) By (),
%, (t) = x5 (t) (—ay + by x, (t) = byyx, () = bysx; (1))
‘ (74)
—0,%, () B, (1),
%5 (£) = x5 (t) (=a5 + byyx, () — byzx; (2))
—03%; () B; (t).

By the Milstein method in [23], we have the difference
equation:

Xkl = X1k T X1k

X [ (a, - by Xy — b12x2,k) At

2
o
+0y€6,, VAL + 71 (ef At — At)] ,
Xokt1 = Xok T Xk

x [ (= + by xy g = by Xy i — bysxs ) At 75)

2
o
— 0,6, VAL + ?2 (e3¢ — At)] ,
X3kl = X3k T X3k

X [ (-as + by Xy ) — b33x3,k) At

2
o2
— 0363, VAL + ?3 (e3¢ — At)] ,

where € , €, 1, and €3, i = 1,2, 3, are the Gaussian random
variables N(0, 1), 7, = a,~07/2 > 0,and r; = a;+07/2,i = 2, 3.
Choosing (x,(0), x,(0), x5(0)) € Ri, and suitable parameters,
by Matlab, we get Figures 1, 2, and 3.
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FIGURE 1: The solution of system (1) and system (3) with
(x,(0), x,(0), x5,(0)) = (1,0.8,0.5),a;, = 0.3,a, = 04, a, = 0.1,
by = 0.1,b, = 0.1, by, = 0.6,by, = 0.6,b, = 0.6, b, = 0.8, and
by; = 0.6. The red lines represent the solution of system (1), while
the blue lines represent the solution of system (3) with o; = 0.02,
0, = 0.01,and g, = 0.01.
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FIGURE 2: Two of the species will die out in probability. The red lines
represent the solution of system (1), while the blue lines represent
the solution of system (3) with (x,(0), x,(0), x;(0)) = (1,0.8,0.5),
a, = 04,a, = 04,a, = 0.1, b, = 0.1, b, = 0.1, by, = 0.6, by, = 0.6,
by; = 0.6,b;, = 0.8,and b;; = 0.6. The red lines represent the solution
of system (1), while the blue lines represent the solution of system (3)
with o, = 0.02, 0, = 3,and 03 = 0.01.

In Figure 1, when the noise is small, choosing parameters
satisfying the condition of Theorem 10, the solution of system
(3) will persist in time average.

In Figure 2, we observe case (3) in Theorem 12 and choose
parameters r; > 0, r; — (b;/by,)r, < 0. As Theorem 12
indicated that two predators will die out in probability. The
prey solution of system (3) will persist in time average.
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1 1 1
09} {09 1 oot
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FIGURE 3: One of the species or both species will die out in
probability. The red lines represent the solution of system (1),
while the blue lines represent the solution of system (3) with
(x,(0), x,(0), x;(0)) = (1,0.8,0.5), a, = =0.1,a, = 04,4, = 0.1,
by = 0.1,b, = 0.1, by, = 0.6, by, = 0.6,b, = 0.6, b, = 0.8, and
by; = 0.6. The red lines represent the solution of system (1), while
the blue lines represent the solution of system (3) with o, = 0.02,
0, =3,and 0; = 0.01.

In Figure 3, we observe case (1) in Theorem 12 and choose
parameters r; < 0. As Theorem 12 indicated that not only
predators but also prey will die out in probability when the
noise of the prey is large, and it does not happen in the
deterministic system.
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We investigate the complex dynamics of a SIRS epidemic model incorporating media coverage with random perturbation. We first
deal with the boundedness and the stability of the disease—free and endemic equilibria of the deterministic model. And for the
corresponding stochastic epidemic model, we prove that the endemic equilibrium of the stochastic model is asymptotically stable
in the large. Furthermore, we perform some numerical examples to validate the analytical finding, and find that if the conditions
of stochastic stability are not satisfied, the solution for the stochastic model will oscillate strongly around the endemic equilibrium.

1. Introduction

Epidemiology is the study of the spread of diseases with
the objective of tracing factors that are responsible for or
contribute to their occurrence. Mathematical modeling has
become an important tool in analyzing the epidemiological
characteristics of infectious diseases and can provide useful
control measures. Various models have been used to study
different aspects of diseases spreading [1-11].

Let S(t) be the number of susceptible individuals, I(t)
the number of infective individuals, and R(t) the number of
removed individuals at time ¢, respectively. A general SIRS
epidemic model can be formulated as

ds
2 —b-dS-g(I)S+yR,
ar g)S+y
%zg(I)S—(d+y+6)1, )
dR
o ul-(d+vy)R,
L H (d+y)

where b is the recruitment rate of the population, d is
the natural death rate of the population, y is the natural
recovery rate of the infective individuals, y is the rate at
which recovered individuals lose immunity and return to
the susceptible class, and § is the disease-induced death

rate. The transmission of the infection is governed by the
incidence rate g(I)S, and g(I) is called the infection force.

In modelling of communicable diseases, the incidence
rate g(I)S has been considered to play a key role in ensuring
that the models indeed give reasonable qualitative description
of the transmission dynamics of the diseases. Some factors,
such as media coverage, density of population, and life style,
may affect the incidence rate directly or indirectly [12-18].
It is worthy to note that, during the spreading of severe
acute respiratory syndrome (SARS) from 2002 to 2004 and
the outbreak of influenza A (HINI) in 2009, media coverage
plays an important role in helping both the government
authority make interventions to contain the disease and
people response to the disease [12, 18]. And a number of
mathematical models have been formulated to describe the
impact of media coverage on the transmission dynamics of
infectious diseases. Especially, Liu and Cui [15], Tchuenche
etal. [17], and Sun et al. [16] incorporated a nonlinear
function of the number of infective (2) in their transmission
term to investigate the effects of media coverage on the
transmission dynamics:

ﬁZI (2)

m+1’

g) =B, -

where f3, is the contact rate before media alert; the terms
B,I/(m + I) measure the effect of reduction of the contact
rate when infectious individuals are reported in the media.



Because the coverage report cannot prevent disease from
spreading completely we have 3, > f3,. The half-saturation
constant m > O reflects the impact of media coverage
on the contact transmission. The function I/(m + I) is
a continuous bounded function which takes into account
disease saturation or psychological effects. Then model (1)
becomes

ds B,I
ar P <ﬁ1_M+I>SI+YR’
dI (/31 P )SI (d+u+d)I, 3)
dR
. =ul-(d+y)R,

where all the parameters are nonnegative and have the same
definitions as before.
For model (3), the basic reproduction number

Ry = ——PL )
O d(d+u+9d)

is the threshold of the system for an epidemic to occur. Model

(3) has a the disease-free equilibrium P, = (b/d,0,0) which

exists for all parameter values. And the endemlc equilibrium

E* = (§*,I",R") of model (3) satisfies

b—dS—(/.%l—rfiII>SI+yR=0,
(ﬁl Pl )SI—(d+y+6)I=O, ®)
-(d+y)R=
which yields
g o drpry)(m+l’)
By (m+1*)—B,I*
R*zd‘uiy’ (6)

H I + HyI* + Hy = 0,

where
H, =~ -B) (y@d+8)+d(d+u+9)),
d
H, = - ﬁ‘”"“-ﬁl (d+6) - b,82+bﬁ1(1——>, @
0

Hy=dm(d+u+96)(R,—1).

When R, > 1, we know that H; < 0, H; > 0; hence, model (3)
has a unique endemic equilibrium E* = (S*,I%,R"). These
results of model (3) were studied in [15].

On the other hand, if the environment is randomly
varying, the population is subject to a continuous spectrum
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of disturbances [19, 20]. That is to say, population systems
are often subject to environmental noise; that is, due to
environmental fluctuations, parameters involved in epidemic
models are not absolute constants, and they may fluctuate
around some average values. Therefore, many stochastic
models for the populations have been developed and studied
[21-40]. But, to our knowledge, the research on the dynamics
of SIRS epidemic model incorporating media coverage with
random perturbation seems rare.

In this paper, our basic approach is analogous to that of
Beretta et al. [24]. They assumed that stochastic perturbations
were of white noise type, which were directly proportional
to distances S(¢), I(t), and R(¢) from values of S*, I, and
R*, influenced the S(t), I(t), and R(t), respectively. By this
method, we formulate our stochastic differential equation
corresponding to model (3) as follows:

dS:b—dS—</31 Pl

dl_<ﬁ1 P )SI

dR=MI—(d+y)R+a3(R—R*)dB3(t),

)SI+yR+al (S—S")dB, (),

~(d+pu+8)I+0,(I-I")dB, (1),

(8)

where 0, 0,, and o5 are real constants and known as the
intensity of environmental fluctuations; B,(t), B,(t), and
B, (t) are independent standard Brownian motions.

The aim of this paper is to consider the stochastic
dynamics of model (8). The paper is organized as follows.
In Section 2, we carry out the analysis of the dynamical
properties of stochastic model (8). And in Section 3, we give
some numerical examples and make a comparative analysis
of the stability of the model with deterministic and stochastic
environments and have some discussions.

2. Mathematical Properties of
the Deterministic Model (3)

The following result shows that the solutions for model (3) are
bounded and, hence, lie in a compact set and are continuable
for all positive time.

Lemmal. The plane S+ 1+ R < b/d is an invariant manifold
of model (3), which is attracting in the first octant.

Proof. Summing up the three equations in (3) and denoting
N(t) = S(t) + I(t) + R(t), we have
i—zjzb—dN—(SISb—dN. )

Hence, by integration, we check

N(t) < Z + (N(O) - g) e, (10)
Hence,
lim sup N (¢) < 9, (11)
t—oo d
which implies the conclusion. O
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Therefore, from biological consideration, we study model
(3) in the closed set

r:{(S,I,R)eRi;0<S+1+Rs§}. (12)

Proposition 2 is proved in [15] and is here just recalled.

Proposition 2. (i) The disease-free equilibrium E; = (b/d, 0,
0) is globally asymptotically stable if R, < 1 and unstable if
R, > linthesetT.

(ii) The endemic equilibrium E* = (S*, 1", R*) of model (3)
is locally asymptotically stable if R, > 1 in the set I'.

Next, we present the following theorem which gives
condition for the global asymptotical stability of the endemic
equilibrium E* of model (3).

Theorem 3. If R, > 1, the endemic equilibrium E* = (S*,I%,
R*) of model (3) is globally asymptotically stable in the set T.

Proof. By summing all the equations of model (3), we find
that the total population size verify the following equation:

AN aN el 13)
dr

where N =S+1+R.
It is convenient to choose the variable (N, I, R) instead of
(S, I, R). That is, consider the following model:

dN
Y _p_dN -l
dt
ar (., /321> -
dt_</31 SN -I-RI-(d+p+ )L, (14)
dR
2 _uI-(d+y)R,
plals (d+y)

changing the variables such thatx = N-N*, y = - I", and
z=R-R",where N* = §" +I" + R*, so model (14) becomes
as follows:

dx
— = —dx -8y,
dt xmoy
dy /32[* ) *
Z - (B - I
dt <ﬁ1 m+ I*
g 5 (15)
(oo (i e ),y
I* (B, = B,) + pym
% =py—(d+y)z
Consider the function
V(x,y,2) = % (k1x2 +y° kzzz), (16)

where k; and k, are positive constants which will be chosen
later. Then the derivative of V along the solution for model
(15) is given by

av

I = kyxx, + yy, + kyzz,

o\
=k1x(—dx—5y)+</>’1—nfil*>l y

(e (o R

+kyz(uy - (d +y)z)
I*
= —dk,x* - <ﬁ1 - nfi T ) (17)

mp, (d +u+90)
X(”I* (/ﬁ’l—ﬁz)+ﬁ1m)

xI'y* —k, (d+y)Z°
+ ((I* (Bi-By) + Bim) I” B

m+I*

kl(‘i) xy

+ (kzﬂ— (I" (B = Bo) + pim) I )yz.

m+I*

Let us choose k,; and k, such that

(I" (B = Bo) + pim) I B

m+I*

(I" (By = Bo) + pim) I —0:

m+I* ’

k6 =0,
(18)
kop —

then k, = (I" (B, - B,) + Bym)I* [8(m+I") and k, = (I" (B, -
By) + Bym)I* [u(m + I™). Thus, we have

av
Tk x*~( i

BI"
m+I*>
><<1+ mpB, (d +p+9)
I* (B, = B,) + pym

> I*y*—k, (d+y) 2> < 0.
(19)

By applying the Lyapunov-LaSalle asymptotic stability the-
orem [41, 42], the endemic equilibrium E* of model (3) is
globally asymptotically stable. This completes the proof. [J

Example 4. We now use the parameter values

b=5, d =0.02, B =0.002, B, =0.0018,

m = 30, 6 =0.1, p = 0.05, y =0.01

(20)
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FIGURE 1: The global stability of the endemic equilibrium E* =
(8%, I",R") for model (21) with initial values S(0) = 85, I(0) = 15,
and R(0) = 0. The parameters are taken as (20).

and show the stability of the endemic equilibrium E* of
model (3). Model (3) becomes

é =5-0.025 - <0.002 — 0.00181
dt 30+ 1

) SI +0.01R,

dI 0.00181
I = <0.002 - i ) SI-(0.02+0.05+0.1)I, (21)

% = 0.05I - (0.02 + 0.01) R.

Note that

R:Lzz%bl (22)
O d(d+u+d) ‘

From Theorem 3, one can therefore conclude that, for any

initial values (S(0), 1(0), R(0)), the endemic equilibrium E* =

(124.564, 16.361,27.269) of model (21) is globally stable (see

Figure 1).

3. Stochastic Stability of the Endemic
Equilibrium of Model (8)

Throughout this paper, let (Q, #, %) be a complete prob-
ability space with a filtration {& },cg, satistying the usual
conditions (i.e., it is right continuous and increasing while %,
contains all &-null sets).

Considering the general n-dimensional stochastic differ-
ential equation

dx(t)=f(x(@),t)dt+@(x(t),t)dB(t) (23)
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ont > 0 with initial value x(0) = x;, the solution is denoted
by x(t, x,). Assume that f(0,f) = 0 and ¢(0,t) = 0 for all
t > 0, so (23) has the solution x(t) = 0. This solution is called
the trivial solution.

Definition 5 ( see [43]). The trivial solution x(t) = 0 of (23) is
said to be as follows:

(i) stable in probability if for all € > 0,

lim & (sup |x (. x,)| > e) = 0; (24)
Xg—

t>0

(ii) asymptotically stable if it is stable in probability and,
moreover,

xlolgog (tll)ngox (£,x0) = 0> =b (25)

(iii) asymptotically stable in the large if it is stable in
probability and, moreover, for all x, € R”

@( lim x (¢, x,) =0> =1 (26)

t— 0o

Define the differential operator L associated to (23) by

0 < 0 1< r 0’
L= (o, 8) =— + = )@ (x,1)] :
at+,-;f’(x )axi+2i);[¢ (1) e (x )]Uaxiaxj
(27)

If L acts on a function V(x, t) € Cz’l(Rd x (0,00); R, ), then

LV (x,t) = V, (x,t) + V (%, 1) f (x,1)

. (28)
+ Etrace [goT (1) Vi, (x1) @ (x, t)] ,

where T means transposition. For more definitions of stability
we refer to [43].

In the following, we will give the result of the asymptotical
stability in the large of the endemic equilibrium E* of model
(8).

If R, > 1, stochastic model (8) can center at its endemic
equilibrium E*. By the change of variables

w=R-R",  (29)
we obtain the following system:
dz (t) = fi (z(0))dt + f, (2 (1)) dB(1), (30)

where
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z() = @), v(t),w®),

_ _ﬁz_f*> ) _< _ﬁz”“_s*f*)
(d+<ﬁ1 T om I'F'u-({d+u+d 0y v+ yw

fiz(®) =

ou(t)

fHz@®) = ( 0
0

It is easy to see that the stability of the endemic equilibrium E*
of model (8) is equivalent to the stability of the trivial solution
for model (30).

Before proving the stochastic stability of the trivial solu-
tion for model (30), we put forward a Lemma in [44].

Lemma 6 (see [44]). Suppose that there exists a function
V(z,t) € C*(Q) satisfying the following inequalities:

K, lz|” <V (z,t) < K;|z|%,
(32)
LV (z,t) < -K;|z|*,

where w > 0 and K; (i = 1,2,3) is positive constant. Then
the trivial solution for model (30) is exponentially w-stable
for all time t > 0. When w = 2, it is usually said to be
exponentially stable in mean square and the trivial solution
x = 0 is asymptotically stable in the large.

From the above Lemma, we obtain the following theorem.

Theorem 7. Assume that Ry = bp,/d(d + p + &) > 1. If the
following conditions are satisfied:

ol <2d, o <2(d+y),
2 2+ 2 9*1*
—(y H)2<d+/4+8+—’gzms 7>
2(d+y)-o? (I* +m)
os'1*  2(y'+ 4’
a§<i d+y+8+ﬁ2ms o (y #)2 ;
1+0 (I* +m)> 2(d+y)-o3
(33)
where
2d o) (I*
o (2drurd) (" +m) o0

- (Bi=B) I +[31m)1*’

then the trivial solution of model (30) is asymptotically stable
in the large. And the endemic point E* of model (8) is
asymptotically stable in the large.

<ﬁ1— Ba! )I*u_ﬁzmSI v
I"+m
w-(d+y)w

(I* +m)?

0 0
ov(t) 0 ) .

0 ouw(t)
(3D

Proof. We define the Lyapunov function V (1, v, w) as follows:

1 1 1
V(z(t) = Ecl(u + v)2 + Ec‘zvz + 5c3w2 35)

=Vi(z®)+V, (2 (1) + V5 (2 (1),
where ¢; > 0,¢, > 0and ¢; > 0 are real positive constants
to be chosen later. It is easy to check that inequalities (32) are

true.
Furthermore, by the It6 formula, we have

LV,=¢ w+v)(~du-(d+u+08)v+yw)
1 1
+ ECIO'fMZ + 5C10§V2

= -q (d—%af)uz—cl (2d +p+ &) uv

1
-q <d+‘u+6 - 5(7%) VvV o yuw + ¢ yvw,

BI” * BmS"I"
LVZ:CZV<<ﬁ1_I*+m Tu= (I* +m)*

1 2 2
+ EQO'ZV

I* *I*
Ba >I*uv—c2 ( BomS

I"+m (I* +m)?

1
— 50’2) Vz,

= ‘é(ﬁl_
LV; = qw(puv - (d +y)w) + %%ang
_ < 1 2) 2

= GUYW — G d+y—za3 w’.
(36)

Then we have

LV = LV, + LV, + LV,

1
= —q <d— zaf)uz



o BmS* I*

(cl(d+y+8)+ @ +m)

1
_5‘75 (a +Cz)>"2

—cl<d+y—%0§>w2

1" "
(c1 2d+p+6)- cz</31 I€+m>l )uv
+ O YUW + GUYW + ¢ YVw.
(37)
Choose ¢; = ¢; and
c1(2d+‘u+8)—cz<ﬁ1 Ilfz+m) I"=0; (38)

then

Cqd+pu+d)(I" +m)
(BB T+ pm) I*

= ¢,0. (39)

Moreover, using Cauchy inequality to yuw, yvw, and pvw, we
can obtain

Yl 1< 12) 2
S S S o Z ,
yuw = d+y- (1/2)a3 TR\ ATYTR%)w
yv l( 1 ) 2
— _+-(d = . (40
pvw = d+y- (1/2)03 g\ Iy (40)
YV 1< 12) 2
— i (d+y-- .
S Ty e e\t YT %)Y

Substituting (39) and (40) into (37), yields

1, ay 2
W= -(d--¢*-—1
< 27 d+y—<1/z>a§)”

- 1—1} (3¢, —2¢)) (d +y- %0?) w’
I
(cl (d+p+96)+ —@I[izmS 7 %‘75 (q+c) @D

B ay’ + o’ 2
d+y-(1/2)02

= - (Au2 + BV + sz) ,
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where
1, ay’
A=d--0, - ————,
2 dry-(1/2)
*I*
=q <d+‘u+5+/32m€—82_10§(1+0)
(I* +m) 2
(42)
R e
d+y-(1/2)02
1 1
C= é_lcl <d+)/—50'§>
Let us choose ¢, such that
1 1 1
0<C1<y <d—zof><d+y—50§>. (43)

On the other hand, the conditions in (33) are satisfied, so
A, B, and C are positive constants. Let A = min{A, B, C}; then
A > 0. From (41), one sees that

LV (z (1)) < =Mz (0)*. (44)

According to Lemma 6, we therefore conclude that the trivial
solution of model (30) is asymptotically stable in the large. We
therefore have the assertion. O

Next, for further studying the effects of noise on the
dynamics of model (8), we give some numerical examples to
illustrate the dynamical behavior of stochastic model (8) by
using the Milstein method mentioned in Higham [45]. In this
way, model (8) can be rewritten as the following discretization
equations:

ﬁ

Sie1 = S+ (b —dS - (ﬁl I, ) Sily + YRk>

S*) VatE,,

x At + 0, (S —

Ly, =Ik+<</31 Py ka>S"I"_(d+”+5)I")

X At + 0, (I, = 1*) VAtn,

(d+7)Ry)

R*) VAL,

Ripy = Ry + (uly -

X At + 03 (Ry, —
(45)

where &, (i, and 1, k = 1,2,...,n, are the Gaussian random

variables N (0, 1).
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FiGURE 2: The asymptotic behavior of the solutions to the stochastic model (47) around the endemic equilibrium E* with initial values

S(0) = 85, I(0) = 15, and R(0) = 0. The parameters are taken as (20).

The parameters of model (8) are fixed as (20). Then model
(8) has the endemic point E* = (124.564, 16.361,27.269).
And model (8) becomes

.0018I
dSzS—0.0ZS—(0.00Z— 0.0018 )SI
30+1

+0.01R + 0, (S — 124.564) dB, (1),

0.00181
30+1

+0, (I -16.361)dB, (),

dl = (0.002 - ) SI-(0.02+005+0.)1 (46

dR = 0.05I - (0.02 + 0.01) R
+05 (R—27.269)dB, (t).
Choosing (ay, 0,,05) = (0.025,0.1, 0.05) and noting that

b,

Ry= ——t
O d(d+u+9)

=2941>1,

07 =0.025" < 2d = 0.04,

02 =0.05" <2(d +y) = 0.06,

s 1 2(y' +4
0§=0.12<i d+y+8+/32m > - ()/ H)z
1+6 (I* +m)* 2(d+7y)-o3
.0011
=0.12739 - 00011 = 0.108.
0.06 — 0.052

(47)

It is easy to see that all the conditions of Theorem 7 are
satisfied, and we can therefore conclude that the endemic

point E* of model (47) is asymptotically stable in the large.
The numerical examples shown in Figure 2(b) clearly support
these results. To further illustrate the effect of the noise
intensity on model (47), we keep all the parameters in (20)
unchanged but increase (0,,0,,03) to (0.18,0.18,0.22). In
this case,

07 =0.0324 <004, o) =0.0484 < 0.06

0.0011 (48)

— =0.033;
0.06 — 0.222

o) = 0.0324 < 0.12739 —

we can therefore conclude, by Theorem 7, that for any initial
value (5(0), I(0), R(0)), the endemic point E* of model (47) is
asymptotically stable in the large (see Figure 2(b)).

In the above case, if we adopt d = 0.01 and keep the
other parameters unchanged, in this case, model (47) has the
endemic point E* = (138.935, 26.746, 66.864). And it is easy
to compute

RO=L=6.25>1,
d(d+u+9)

4
07 =0.0324 > 2d = 0.02, (49)

02 =0.0484 > 2 (d +y) = 0.04.

Therefore, the conditions of Theorem 7 are not satisfied, and
the solution of model (47) will oscillate strongly around the
endemic point E* = (138.935,26.746, 66.864), which is not
asymptotically stable in the large (see Figure 3).
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FiGURE 3: The global stability of the endemic equilibrium E* =
(S*,I",R") for model (47) with initial values S(0) = 85, I(0) = 15,
and R(0) = 0. The parameters are taken as b = 5, d = 0.01,
B, = 0.002, B, = 0.0018, m = 30,8 = 0.1, u = 0.05,y = 0.01,
0, =0.18,0, = 0.18, and 0, = 0.22.

4. Conclusions and Discussions

In this paper, by using the theory of stochastic differential
equation, we investigate the dynamics of a SIRS epidemic
model incorporating media coverage with random pertur-
bation. The value of this study lies in two aspects. First, it
presents some relevant properties of the deterministic model
(3), including boundedness and the stability of the disease-
free and endemic points. Second, it verifies the stochastic
stability in the large of the endemic equilibrium for the
stochastic model (8).

From the theoretical and numerical results, we can know
that, when the noise density is not large, the stochastic model
(8) preserves the property of the stability of the deterministic
model (3). To a great extent, we can ignore the noise and
use the deterministic model (3) to describe the population
dynamics. However, when the noise is sufficiently large, it
can force the population to become largely fluctuating. In
this case, we can not use deterministic model (3) but instead
stochastic model (8) to describe the population dynamics.
Needless to say, both deterministic and stochastic epidemic
models have their important roles.
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We examine the relationships between lower exhausters, quasidifferentiability (in the Demyanov and Rubinov sense), and optimal
control for switching systems. Firstly, we get necessary optimality condition for the optimal control problem for switching system
in terms of lower exhausters. Then, by using relationships between lower exhausters and quasidifferentiability, we obtain necessary
optimality condition in the case that the minimization functional satisfies quasidifferentiability condition.

1. Introduction

A switched system is a particular kind of hybrid system that
consists of several subsystems and a switching law specifying
the active subsystem at each time instant. There are some
articles which are dedicated to switching system [1-8]. Exam-
ples of switched systems can be found in chemical processes,
automotive systems, and electrical circuit systems, and so

forth.
Regarding the necessary optimality conditions for switch-

ing system in the smooth cost functional, it can be found in
(1, 4, 6]. The more information connection between quasidif-
ferential, exhausters and Hadamard differential are in [8-10].
Concerning the necessary optimality conditions for discrete
switching system is in [5], and switching system with
Frechet subdifferentiable cost functional is in [3]. This paper
addresses the role exhausters and quasi-differentiability in the
switching control problem. This paper is also extension of the
results in the paper [5] (additional conditions are switch-
ing points unknown, and minimization functional is nons-
mooth) in the case of first optimality condition. The rest of
this paper is organized as follows. Section 2 contains some
preliminaries, definitions, and theorems. Section 3 contains
problem formulations and necessary optimality conditions
for switching optimal control problem in the terms of
exhausters. Then, the main theorem in Section 3 is extended
to the case in which minimizing function is quasidifferen-
tiable.

2. Some Preliminaries of Non-Smooth Analysis

Let us begin with basic constructions of the directional
derivative (or its generalization) used in the sequel. Let f :
X — R, X c R"bean open set. The function f is called Had-
amard upper (lower) derivative of the function f at the point
x € X in the direction g € X if there exist limit such that

. 1
lim sup — [f (x +ag) - f (x)],
[o,g] — [+0,9] &

fir =
@

(fhe= Jiminf L1r(xrag)- s co1),

[a,g] = [+0.9] ¢

where [«, g] — [+0, g] meansthata — +0andg — g.
Note that limits in (1) always exist, but there are not nec-
essary finite. This derivative is positively homogeneous func-
tions of direction. The Gateaux upper (lower) subdifferential
of the function f ata point x, € X can be defined as follows:

3 (50) = fre im sup? (a10)- /(3
(2)

<(v9), VgeR”}.



The set
fx)

0" f(x,) = {v € R" | lim sup

X=X

_f(xo)_ <v,x—x0> <
EEE ”}

©)

is called, respectively, the upper (lower) Frechet subdifferen-
tial of the function f at the point x,,.

Asobservedin [9,10],if f isa quasidifferentiable function
then its directional derivative at a point x is represented as

! .
Xx,g)= max (v,g)+ min (w,g),
f(x9) V@(X)( 9) weaﬂx)( 9) (4)

where 0 f(x),df(x) C R" are convex compact sets. From the
last relation, we can easily reduce that

(v, 9).
(5)

(v,g) = max max

F(g)= min  max ;
veof(x) wev+0 f(x)

weéf(x) vew+0 f(x)

This means that for the function h(g) = f'(x,g) the upper
and lower exhausters can be described in the following way:

E” :{C:w+Qf(x)|weéf(x)},
(6)
E,={C=v+0f(x)|vedf (x)}.

It is clear that the Frechet upper subdifferential can be
expressed with the Hadamard upper derivative in the follow-
ing way; see [9, Lemma 3.2]:

O f (xo) = a;fITI (%0, 0,) - )
Theorem 1. Let E, be lower exhausters of the positively homo-
geneous function h : R" — R. Then, (\ocp. C = 9"h(0,),

where 0" h is the Frechet upper subdifferential of the h at 0,,, and
for the positively homogeneous function h : R — R the Fre-
chet superdifferential at the point zero follows

0'h(0,)={veR"|h(x)-(»x)<0,x eR"}. (8)

Proof. Take any v, € (o, C. Then by using definition an
lower exhausters we can write

Vo (x) 2 h(x), VxeR'= ﬂCC5+h(OH). ©)

CCE,
Consider now any v, € 0"h(0,) =
vy (x) = h(x). (10)

Let us consider vy ¢ [ccp, C. Then, there exists C, € E*
where v, ¢ C,. Then, by separation theorem, there exists x,, €
R" such that

(0, vo) < max (x5, v) < 1 (). (1)
It is conducts (3) and v, € C for every C € E* and due to
arbitrary. This means that v, € ()ocz C. The proof of the
theorem is complete. O
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Lemma 2. The Frechet upper and Gateaux lower subdifferen-
tials of a positively homogeneous function at zero coincide.

Proof. Leth : R" — R be a positively homogenous function.
It is not difficult to observe that every g € R" and every ¢ > 0:

h(0, +tg) ~h(0,) _ th(g)
t t

=h(g). (12)

Hence, the Gateaux lower subdifferential of / at 0,, takes the
forms

oh(0,)={veR"|h(g)<(v,g),YgeR"} (13)

which coincides with the representation of the Frechet upper
subdifferential of the positively homogenous function (see
(11, Proposition 1.9]). [

3. Problem Formulation and Necessary
Optimality Condition

Let investigating object be described by the differential equa-
tion

te[tente]s

K=12,...,N

i (1) = fe (e (), ug (0),1),
(14)

with initial condition

x1 (to) = Xo, (15)
and the phase constraints at the end of the interval

Fi (xy(ty) ty) =0, K=12,...,N (16)
and switching conditions on switching points (the conditions
which determine that at the switching points the phase trajec-
tories must be connected to each other by some relations):

X1 (F) = Mg (xg (tx) ), K=1,2,...,N-1. (17)

The goal of this paper is to minimize the following functional:

N
Sy sttty sty) = Zq)K(xK(tK))

K=1

JAY
+ZJ L(xK(t)suK(t),t)dt
K=1 “tk-1

(18)

with the conditions (14)-(16). Namely, it is required to find the
controls u;,u,, ..., uy, switching points ¢,,t,,...,ty_;, and
the end point ¢y (heret,,t,,. .., ty are not fixed) with the cor-
responding state x;, x,, . .. , X satisfying (14)-(16) so that the
functional J(uy,...,up,ty,...,ty) in (18) is minimized. We
will derive necessary conditions for the nonsmooth version
of these problems (by using the Frechet superdifferential and
exhausters, quasidifferentiable in the Demyanov and Rubinov
sense).
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Here fx : R x R" x R" — R", Mg and Fy are con-
tinuous, at least continuously partially differentiable vector-
valued functions with respect to their variables, L : R” x R" x
R — R are continuous and have continuous partial deriva-
tive with respect to their variables, ¢, (-) has Frechet upper
subdifferentiable (superdifferentiable) at a point X () and
positively homogeneous functional, and wuy(t) R —
Ux < R are controls. The sets Uy are assumed to be
nonempty and open. Here (16) is switching conditions. If we
denote this as follows: 0 = (t,,t,,...,t5), x(£) = (x,(t),
X (1), xn(1), u(t) = (u(t), uy(t), ..., upn(t)), then it is
convenient to say that the aim of this paper is to find the triple
(x(t), u(t), 0) which solves problem (14)-(18). This triple will
be called optimal control for the problem (14)-(18). At first we
assume that ¢, () is the Hadamar upper differentiable at the
point Xy (tg) in the direction of zero. Then, @ (-) is upper sem-
icontinuous, and it has an exhaustive family of lower concave
approximations of ¢y ().

Theorem 3 (Necessary optimality condition in terms of lower

exhauster). Let (EK(-),EK(-),é) be an optimal solution to the
control problem (14)-(18). Then, for every element xy from
intersection of the subsets Cy of the lower exhauster E, y of

the functional gy (X (t)), that is, xx € (¢ ez, Cio K = 1,

s> N, there exist vector functions py(t), K = 1,..., N for
which the following necessary optimality condition holds:
(i) State equation:
- OH (Xi (1), ug (1), pr () 5t -
% () = k (% k t), Pk )) € [Fxr e
opx
(19)
(ii) Costate equation:
~ OHy (X (), ug (), pr () >t -
B (t) = k (% aK Pk )’ fe [T iels
XK
(20)
(iii) At the switching points, t|,t,,...,En_1s
ey = OM (e (B E)
- tx)— t =0,
X = P (tx) = Preas () Ixx 21
K=12...,N-1
(iv) Minimality condition:
Hy (Xg () g (8) , U (8) + Suge (1) 5 1)
2 Hy (X (1), Py (), i () £), (22)

for all admissible Suy, t € [tx_;,tx]s

(v) At the end point ty,

o . Y OF (% (En) .1
pN(tN):xN-'-Z/\K 4 I;x(NN) N)’

K=1

3
&, OF (Ry (By), tN))
A é
(KZI K dty LN
1 (NS OM (g (Ex) S Ex)
_N<ZPK+1 (tx) —= (—I;tKK = (1-6,n) =0,
K=1
(23)
here
1, L=N,
= L=12,...,N 24
Oy {o, L#N, (24)

is a Kronecker symbol, Hy(xg, Uk, px>t) = Lx(xg»
U, prot) + pr - fr(xi i, prot), is a Hamilton-
Pontryagin function, E, - is lower exhauster of the
functional @i (xk(tg)), Ax, K = 1,..., N are the vec-
tors, and p(-) is defined by the conditions (ii) and (iii)
in the process of the proof of the theorem, later.

Proof. Firstly, we will try to reduce optimal control problem
(14)-(18) with nonsmooth cost functional to the optimal con-
trol problem with smooth minimization functional. In this
way, we will use some useful theorems in [12, 13]. Let us note
that smooth variational descriptions of Frechet normals the-
orem in [12, Theorem 1.30] and its subdifferential counterpart
[12, Theorem 1.88] provide important variational descriptions
of Frechet subgradients of nonsmooth functions in terms of
smooth supports. To prove the theorem, take any elements
from intersection of the subset of the exhauster, x € [ Cx,
where Cy € E, g, K = 1,2,..., N. Then by using Theorem 1,
we can write that x € 0" @i (X (tx)). Then, apply the vari-
ational description in [12, Theorem 1.88] to the subgradients
—x} € 0" (—px (X (tx))). In this way, we find functions s :
X — RforK =1,2,..., N satistying the relations

s (% (1)) = o (x5 (1))
(25)

sk (Xk (tx)) = ¢ (¥ () »

in some neighborhood of Xy (tx), and such that each sg(-)
is continuously differentiable at X (tx) with Vs (X (stx)) =
X, K = 1,2,...,N. It is easy to check that Xxy(-) is a local
solution to the following optimization problem of type (14)-
(18) but with cost continuously differentiable around x(-).
This means that we deduce the optimal control problem (14)-
(18) with the nonsmooth cost functional to the smooth cost
functional data:

minS (g, ..., un, by - e Ey)
= ZsK (s (tx)) + Z L (x (£), ug (£) ,t) dt,
K-1
(26)
taking into account that
Vsg (%g (fx)) = xx» K =1,2,...,N. (27)



We use multipliers to adjoint to constraints Xg(f) —

fK(xK(t)>uK(t)at) = O>t € [tk—l’tk]’K = 1,2,...,N and
Fe(xn(tn)in) = 0,K = 1,2,..., N to :
N N
J = ZSK (xx (tx)) + Z/\kFK (xn (tn) s tN)
K=1 K=1
S [ r (28)
# [7 (Lle@me@.0)+ pE
K=1 "tk

x (fi (e (0, ug (1) 1) = % () )

by introducing the Lagrange multipliers p,(t), p,(t),...,
pn(t). In the following, we will find it convenient to
use the function Hy, called the Hamiltonian, defined
as Hp(xg@), p(®), ug(),t) = Li(xg(t),ug(t),t) +
Pr(®) fr(xg, ug, t) for t € [tx_,,tx]. Using this notation, we
can write the Lagrange functional as

J = Z s (xx (tx)) + Z, AFy (x (ty) s )

+zj

tr-1

(Hy (x (£, pic (B) s ugc () £)— pyeit (D)) dt.

(29)

Assume {X,, 1;, 0} is optimal control. To determine the vari-
ation 8J', we introduce the variation 8xy, Su, Spg, and 8t .
From the calculus of variations, we can obtain that the first
variation of J' as

o = IZ\I: Osy (X (ZK))(SxK (tK)

= Oxg

N F. (% ry ’_
N ZAKa K(ng (tn)>tn) o (Ey)
XN

N OF (xy (ty) .1
+ZAK K(xN(N) K)&N

oty

+
Mz

OHy (X (t) T (t), Dy (1) 5t
J’tKl K (% (), 1 (), Py (1) )8xK(t)

Oxg

=
L

Suy

J'tK OHy (X (1), tig (), Py (£) 5 )

Oug

+
M=z

=
L

K-1

Jf OH (Xk (1), g (), Py (t) »1)
31 apK

+
Mz

Opk

=
X

Nty
ZJ (pK (t) 8x (t) + Xy () Spy (1)) dit

K=1Jtk-

+ high order terms.
(30)
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If we follow the steps in [3, pages 5-7] then, the first variation
of the functional takes the following form:

0s (Xy (tn))

5]I — Nz_:lwsxK (tK) + i Oxp (tN)

= Oxg

& 3 OF (X (tn)tx)

+ Sxy (ty)
Z K Oxn NN
OF (xy (ty),t
Y A K (ngt( N) N)&N
N

Jt’( OHy (g, X, Pyot)
t auK

7%
J OHy (tig (8), X (1), P (1), 1)
tg1 FK

+

+
EMz ™Mz Tz

dpk

Z

(tx) Oxx (tx) = Py (tn) Oxn ()

|
Nk
|
=

B

OMy (3 (tx) - txc)

P (Ex) Oxg Sx (tx)

v

z
L
I
S
=
—
=
=~
—
~
=~
~
~
=
~—

— D t ot
KZIPKH (tx) dtx K
N
= ) Px (8) Oy (t¢)
k=1
_ & oo (Xi (t)) — -
-3 (Bl 5 g
_ _ OMy (%x (Ex) t _
= P (k) %) dxy (tx)

T OF (Xy (tn) - tn)
Oxy =3 oxy

+<B‘PN (X (tn)) + <

~Pn(ty) ) Sxy (ty)

[ v, 9Fk(*y(tn)tn)
+ Z [(ZAK aZN >6L,N

RS aMK (xK (tK) )
(S 0 )

K=1

x(1-68.) ] 8ty

< [« aHK (EK (t) >§K (t) rﬁK (t) > t) -
+ ZIJ ( o ~ e (t)) S

N (& OHy (g (t), Py (t) , ug (£) 1)

)

' KZ:I J;K—1 auK uK

Nt OHy (X (£), Py () Uk (£) 1) - >

— Xk () | Opk.

' KZ=1 J‘tKZl < apK xK( ) Pk

(31
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The latter sum is known because

OHy (Xk (1), 4 (1), P (1) 1) _
opx
and it is easy to check that

Xk (1), (32)

S OF (% (Ey),Ex)
ZAK—

ot
Oty N

= oMy (Xx (tx) -t
_Z +1(K) K(gt(K) K)(StK
K

_ i [( i 3, O (i () ) ) - 5

1 ( S b, () 2 e ) ,EK>>

= Ot

x(1-0; ) ] 8t

If the state equations (14) are satisfied, py is selected so that
coeflicient of §x;, and &ty is identically zero. Thus, we have

(SSI _ A’il J‘tK aHK (EK (t) ’FK (t) ,ﬁK (f) N t) 6uK
K=1 Ytk auK (34)
+ high order terms.
The integrand is the first-order approximation to the change
in Hy caused by

T
Suy (t)

OH (X (1), Py (1), g (1) 5 1)
[ dux Suyg

_ _ _ (35)
= Hy (X (1), Py (), Uik (1) + Suye (1) ,1)

— Hy (X (t), py (0) g (£) ,1) .

Therefore,
N-1 tx
65'= Y L [Hy (Fx (1) B () T (8) + Suge (1) 1)
K=1 “*Kk-1

—Hy (% (t), Py (8) T (£) 1) ] S (1)

+ high order terms.
(36)

If g + Oug is in a sufficiently small neighborhood of iy
then the high-order terms are small and the integral in last
equation dominates the expression of 8S'. Thus, for 7 to be
a minimizing control it is necessary that

N-1

5% o
Z J [Hy (Xk» Pi> i + Oug,t)
K=1 “tk-1 (37)

~Hy (X P> oo t) ] Suge 2 0

for all admissible duy. We assert that in order for the last
inequality to be satisfied for all admissible §uy in the specified
neighborhood, it is necessary that Hy (X, py» U + Oug, t) >
Hy(Xg, Py ig»t) for all admissible duy and for all t €
[tx_1> tx]. To show this, consider the control

_juk @), te
Aty = {aK(t)+8uK(t), te

[tr-1otx]

38
[tr-1otx] s 8

where t € [tg_;, k] is an arbitrarily small, but nonzero time
interval and duy are admissible control variations. After this,
if we consider proof description of the maximum principle in
[4], we can come to the last inequality.

According to the fundamental theorem of the calculus
of the variation, at the extremal point the first variation of
the functional must be zero, that is, 8]’ = 0. Setting to
zero, the coefficients of the independent increments 8x (£ ),
Ox g (tg)dx, Suyg and 8py, and taking into account that

Vsk (% (tx)) = xx» K=1,2,...,N, (39)
yield the necessary optimality conditions (i)-(v) in Theo-
rem 3.

This completes the proof of the theorem. O

Theorem 4 (Necessary optimality conditions for switching
optimal control system in terms of Quasidiffereniability). Let
the minimization functional @i (-) be positively homogenous,
quasidifferentiable at a point X (-), and let (EK(-),EK(-),E) be
an optimal solution to the control problem (14)-(18). Then,
there exist vector functions pi(t), K = 1,..., N, and there exist
convex compact and bounded set M(@k(-)), in which for any
elements xy, € M(@g(-)), the necessary optimality conditions
(i)-(v) in Theorem 3 are satisfied.

Proof. Let minimization functional ¢@g(-) be positively
homogenous and quasidifferentiable at a point X (tx). Then,
there exist totally bounded lower exhausters E,,  for the g (+)
[9, Theorem 4]. Let us make the substitution M(¢pg(:)) =

E, ; take any element xp € M(¢@k(-)), then xi € E,  also,
and if we follow the proof description and result in Theorem 3
in the current paper, we can prove Theorem 4. If we use the
relationship between the Gateaux upper subdifferential and
Dini upper derivative [9, Lemma 3.6], substitute hg(g) =
¢x.(Xk(tg), ), then we can write the following corollary
(here gy (X (tx), g is the Hadamard upper derivative of the
minimizing functional @y (-) in the direction g). O

Corollary 5. Let the minimization functional @g(-) be posi-
tively homogenous, and let the Dini upper differentiable at a
point xy(tx) and (ug(-), Xk (-),0) be an optimal solution to
the control problem (14)-(18). Then for any elements xy €
0ghk(0,,), there exist vector functions py(t), K = 1,...,N in
which the necessary optimality conditions (i)-(v) in the Theo-
rem 3 hold.

Proof. Let us take any element xy € d-hg(0,). Then by using
the lemma in [9, Lemma 3.8] we can write x; € 0phg(0,).
Next, if we use the lemma in [9, Lemma 3.2], then we can put



Xp € Op@r (X (tx)). Atleast, if we follow Theorem 1 (relation-
ship between upper Frechet subdifferential and exhausters)
and Theorem 3 (necessary optimality condition in terms of
exhausters) in the current paper, we can prove the result of
Corollary 5. O
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We investigate a neutral multispecies logarithmic population model with feedback control and impulse. By applying the contraction
mapping principle and some inequality techniques, a set of easily applicable criteria for the existence, uniqueness, and global
attractivity of positive periodic solution are established. The conditions we obtained are weaker than the previously known ones
and can be easily reduced to several special cases. We also give an example to illustrate the applicability of our results.

1. Introduction

Asisknown to all, ecosystem in the real world is continuously
distributed by unpredictable forces which can result in
changes in the biological parameters such as survival rates.
Of practical interest in ecology is the question of whether
or not an ecosystem can withstand those unpredictable dis-
turbances which persist for a finite period of time. In recent
years, the qualitative behaviors of the population dynamics
with feedback control has attracted the attention of many
mathematicians and biologists [1-5]. On the other hand,
there are some other perturbations in the real world such
as fires and floods, which are not suitable to be considered
continually. These perturbations bring sudden changes to the
system. Systems with such sudden perturbations involving
impulsive differential equations have attracted the interest
of many researchers in the past twenty years [6-10], since
they provide a natural description of several real processes
subject to certain perturbations whose duration is negligible
in comparison with the duration of the process. Such pro-
cesses are often investigated in various fields of science and
technology such as physics, population dynamics, ecology,
biological systems, and optimal control; for details, see [11-
13]. However, to the best of the author’s knowledge, to this day,
no scholar considered the neutral multispecies logarithmic
population model with feedback control and impulse.

The aim of this paper is to investigate the existence,
uniqueness, and global attractivity of the positive periodic
solution for the following neutral multispecies logarithmic
population system with feedback control and impulse:

dN; (1)
dt

= N (t) | ; () = Y a; () In N; (1)
j=1

- Zbij ()InN; (¢ - 7 )

=1
n t
- ZC;']' (1) J Kij(t=s)InN;(s)ds
= ~oo

n dInN; (t -5, ()
- j;dij (t) ar

—e; ()u; (1) — f; (O u; (t -0, (1)) ],

t#t,



du; (t)

T % ) u; (t) + B; () In N; (1)

+9;,(®)InN; (t —y; (1),

N; (t;) = N (tx)

t>0,

i=1,2,...,n k=1,2,...,

)

where u;(t) denote indirect feedback control variables. For
the ecological justification of (1) and the similar types, refer
to [14-20].

For the sake of generality and convenience, we always
make the following fundamental assumptions:

(Hy) r(t), a;(t), b;(1), ¢;(t), dyj(1), &), fi(£), 7;(8),
,-j(t) € CZ(R R) ol(t) y;(t), (x,(t) [3,(t) and #;(t) are
continuous nonnegative w-periodic functions with
[r® > 0 a0 > 008, < 1Lt =
MaX;¢[g,4,] {Tij(t)’8ij(t)’ o;(t),y,(t)}, and f;o Kij(s)ds =

1, L:OO sKij(s)ds < +00, 1, j = 1,2,...,m

(Hy) 0 <t; <t, < -+ <t < -
2 1 2 k
points with lim _, . t; = +00;

are fixed impulsive

(H;) 1{0;}isarealsequence,8;,+1 > 0,and H0<t «(1+0;)
is an w-periodic function.

In the following section, some definitions and some use-
ful lemmas are listed. In the third section, by applying the
contraction mapping principle, some sufficient conditions
which ensure the existence and uniqueness of positive peri-
odic solution of system (1) are established, and then we get a
few sufficient conditions ensuring the global attractivity of
the positive periodic solution by employing some inequality
techniques. Finally, we give an example to show our results.

2. Preliminaries

In order to obtain the existence and uniqueness of a periodic
solution for system (1), we first give some definitions and lem-
mas.

Definition 1. A function N; : R — (0,00) (i = 1,2,...,n) is
said to be a positive solution of (1), if the following conditions
are satisfied:

(a) N;(t) is absolutely continuous on each (f;, t;,,);

(b) foreach k € Z_, N(t) and N;(t;) exist, and N;(t;) =
Ni(t)s;
(c) N;(t) satisfies the first equation of (1) for almost

everywhere (for shorta.e.) in [0, o] \ {t;} and satisfies
N;(t;) = (1+6,)N;(ty) fort =ty ke Z, ={1,2,...}.

Definition 2. System (1) is said to be globally attractive, if
there exists a positive solution (N;(t),u;(t)) of (1) such that
lim, _, o IN;(#) = N/ ()] = 0, lim, _, , o |14;(t) — 1] ()] = 0, for
any other positive solution (N (t), u; (t)) of the system (1).

We can easily get the following lemma.

Abstract and Applied Analysis
Lemma 3. Ri” = {(N;(t), u;(t)) = N;(0) > 0,14;(0) > 0,i =
1,2,...,n} is the positive invariable region of the system (1).

Proof. In view of biological population, we obtain N;(0) > 0,
©;(0) > 0. By the system (1), we have

N; (1) = N; (0)
xexp “ [ () - z ()N, (1)
Z (M InN; (n-1;(n))
Z (q)J K;; (n-s)InN; (s)ds
n dInN, (-3,
—Zdij (1) o) (Zt ! (’7))
—e; (n)u; ()
~fi(w; (n-o; (n))} d
elo,], i=1,2,...,n
N; (t) = N; ()
X exp “: [ri (n)
~ 2oy, 0
Z (M InN; (n-1;(n))
- icij (n) J-_too K;; (n-s)InN; (s)ds
1 dInN; 1)
_ Zd"j (,1 NJ (Zt ( ))
—e (n)u; ()
~fi(w; (n-o; (11))] dn},
te(tte] i=12,...,n
N; (tf) = " PN, (t,) >0, keN, i=12,...,n

t+w
w®= [ GBI
+9;(s)In N; (s -
=(¢InN;) (),

¥ ()] ds

2)
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where
exp{ |, o (£) dt}
exp “; a; (&) df} -1

Then the solution of the system (1) is positive.
Under the above hypotheses (H,)-(H;), we consider the
neutral nonimpulsive system:

Gi (t, S) = (3)

dy, "
P =50 [r,- )= Ay Iy @)
j=1
- Y B, (O)Iny;(t-7; (1))
j=1
n t
-y Cy J K, (t—s)Iny; (s)ds
j=1 oo
(4)
n dlny; (t-0;(t))
- ZDij (t) B T —
j=1
—e; (t)u; () — f; () u; (t — 0, (t)):l ,
d H *
”;lt(t) = o, (O () + B () In v, (1)
+9, (O Iny; (-5 1),
where
A (t) = a;; (1) H (1+06),
0<ty<t
By (t) = b; (1) H (1+04),
0<tk<t—ri/-(t)
Cy® =c;®) J] (1+64),
0<ty<t
(5)

D;; (t) = d;; (1) H

0<ty <t=5;;(t)

B =B [ (1+6),

0<tp<t

5 m=60 ]

0<ti<t—y;(t)

(1+6y),

(1+0;).

By a solution (y;(t),u;(t)) of (4), it means an absolutely
continuous function (y;(t),u;(t)) defined on [-7,0] that

satisfies (4) a.e., for t > 0, and y(&) = (&), y'(§) = ¢'(§)
on [-1,0]. O

The following lemma will be used in the proofs of our
results, and the proof of the lemma is similar to that of Theo-
rem 1in [6].

Lemma 4. Suppose that (H,)-(H,) hold. Then

(1) if (y; (1), u;(t)) is a solution of (4) on [-T,+00), then

(N; (@), u (1) = (H0<tk<te(l+e"k)y,»(t), u,(t)) is a solution
of (1) on [-7, +00),

(ii) if (N;(£), u;(t)) is a solution of (1) on [-T,+00), then
Gi0,u(8) = ([Toer, <€) Ni(), 15(0)) is a
solution of (4) on [—T,+00).

Proof. (i) It is easy to see that (N;(t), u;(t)) = (Hoqkqe(”e"k)

y;(t),u;(t)) is absolutely continuous on every interval (¢,
tk+1]’t¢tk, k = 1,2,...,

N/ (t) - N; ()

x |:ri () - Y a; ) InN; (1) - Y'b; () In N; (t - 7 (1))
j=1 j=1

- J_too K;; (t —s)InN; (s)ds

j=1
n dInN; (t -5, (1))
- j;dij (1) 7

—e; () u; (t) — f; () u; (t — 0, (t))]

— 1_[ e(1+9ik)yi’ (t) - H e(1+9ik)yi (t)

0<t, <t 0<t, <t

X [r,. ®) - Ya;® [ (1+6,)Iny; @)
j=1

0<ty <t

- Zbij (1) H
st

0<t)<t—7;;(t)

(1+6;)Iny; (t- 7, )

n t
- (t)J Ki(t—s) [ @+6)Iny;(s)ds
j=1 -0

o<t <t

. dy, (t - 8., (1)
=Yd;) [] (1+6y) %
=1

0<ty<t=0;;(t)
—e; (t)u; (1) - f; () u; (t — 0, (t))]

_ 1_[ e(1+9k)
0<tp<t
x {y’ ORES0)

X |:r,- ()= Y Ay ()Iny;(t)
j=1

- ZlB,-j ®)Iny; (t-7; 1))
=



=Y Cy () x j K (t—s)In y; (s)ds
j=1 —oo

n dlny; (t-5;(1))

- ZDij (1) ar

—e; () u; (t) = f; (O u; (t - (t)):| ]’ =0,

u; (t) + o () u; (t) = B; () InN; (£) = 9; (1) In N; (¢ - y; (1))
=u; (t) + o () w; (1) = B () In y; (t)

-9 (OIny (t-y (@) =0.

(6)
On the other hand, forany ¢t = t;, k= 1,2,...,
N; (t;) = lim H e(He"k)yi t)
E= b ot <t
0.
= 1_[ o ,k)yi (t,), -
0<t;<ty
0.
N; (t) = H MWy (1)
0<t;<ty
Thus
N(@) =" N (), k=1.2,.... (8)

It follows from (6)-(8) that (N;(¢), u;(t)) is a solution of (1).

(ii) Since N;(t) = H0<tk<te(“e"")yi(t) is absolutely contin-
uous on every interval (t,t;,,], t#t, k = 1,2,..., and in
view of (8), it follows that for any k = 1,2,.. .,

[T ()N (80)

0<t;<t)

TT (%) "N (t) = i (1),

0<t;<ty

[T (") "N (5)

0<t <t

=TT (™) "N (5) = 7 (1)

0<tht1:

y; (t)

)
i (t) =

which implies that y,;(t) is continuous on [-7,+00). It is
easy to prove that y,(t) is absolutely continuous on [-7,
+00). Similar to the proof of (i), we can check that (y;(t),
1) = ([T, (%) N;(#), 14;(t)) are solutions of (4) on
[—-7, +00). The proof of Lemma 4 is completed. O
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Lemma 5. (y;(t),u;(t)) is a w-periodic solution of (4) if and
only if y,(t) is a w-periodic solution of the following system:

dy; (t)
dt

=y, (1) {ri () - Y Ay (O)Iny; ()

Jj=1

- Y B;(O)Iny;(t-7;(1)

j=1

—ic,.j (t)jt K;(t-s)lny;(s)ds (10)
j=1 oo

n dlny;(t-5;(1))

- ZDij (1) it

—e; (t) (¢ Iny;) (1)

—fi ) (¢;In y;) (1) (t — o (t))] >

where

(¢;1Iny;) (t)
t+w
= Jt G; (,9)[B! (s)Iny; (s)+9] (s)In y; (s—y; (s))]ds,
(11)
and Gi(t, s) is defined by (3).

Proof. The proof of Lemma 5 is similar to that of Lemma 2.2
in [2], and we omit the details here. O

Obviously, the existence, uniqueness, and global attractiv-
ity of positive periodic solution of system (1) is equivalent to

the existence, uniqueness, and global attractivity of periodic
solution of system (10).

Lemma 6. Assume that u(t), t(t) are all continuously dif-

ferentiable w-periodic functions and a(t) is a nonnegative
. . . . w
continuous w-periodic function such that Jo a(t)dt > 0; then

Jt e [ Oy () (s — 1 (s))ds
=c(t)u(t-1(t))

- Jt e [ a®d [a (s)c(s)+¢c (s)] u(s—1(s))ds,
- (12)

where c(t) = b(t)/(1 - T'(t)).
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Proof. As

Jt e X a®dby () u' (s — 7 (s)) ds

= jt e i OB () du (s — 7 (s))

_ e—J':a(E)dEC Su(s—1(s)) t

- [00 u(s—7(s))d (ei [} ate)de (s))

e [ OB (S u(s—1(s)) t

B J RIGet) [a(s)c(9)+¢ (9] e b g
h (13)

Denote m = e~ [y sttt ; then from a(t) > 0, j a(t)dt > 0, it
follows that m < 1. Also, when t > s without loss of generality,

we may assume that s + nw <t < s+ (n + 1)w; thus

e i O (Y (s - 1(s))

t
- d
< e 1O e

n-1 s+(j+)w
- a®)d )d. (14)
= 7 T o O O

= e b “O% e

<m"|cllflull .
Therefore,

lim e -l @& ($u(s—1(s)) =0, 15)
5= —00

and so from (13)-(15) it follows that
Jt e [ 4y sy (s — 7 (s))ds
=ct)u(t—-1(t))

The proof Lemma 6 is complete. O

o [oa@a [a()c(s)+c" (5)]u(s—7(s)ds.
(16)

3. Main Theorem

In this section, by using contraction principle and some
inequality techniques, several conditions on the existence,
uniqueness, and global attractivity of periodic solution for
system (1) are presented.

Let y,(t) = €"™"); the system (10) can be reduced to

dx; 4w
= mty A (£) x; (1)

j=Lj#i

—Ay () x; () -

—h' Y hiB (1) x; (-1, (1)

Jj=1

Z i t)j K,-j(t—s)xj(s)ds

- 1Zh1 5 () (1-8; (1)) xj (=8, 1)

—o; () +h ' (1),
(17)

—e; (t) (x;) (1) = fi (1) (dyx;) (¢

where h; > 0 (i = 1,2,...,n) are n positive real numbers.

Obviously, the existence, uniqueness, and global attractiv-
ity of positive periodic solution of system (10) is equivalent to
the existence, uniqueness, and global attractivity of periodic
solution of system (17).

For the rest of this paper, we will devote ourselves to study
the existence, uniqueness, and global attractivity of periodic
solution of (17). We denote

L®=a0@)®, o= 041 -00),

A () =Hh' Z hiA; ()

j=Lj#i

+h 'Y i [By (8) + Cy (1)
j=1

+ (A4 () Dy (1) + |Dy; 1)])]

+TO+T2 (), i=1,2...,n

(18)

Our first result on the global existence of a periodic solution
of system (1) is stated in the following theorem.

Theorem 7. In addition to (H,)-(H;), assume further that
there exist positive constants h; (i = 1,2,...,n) and a positive
constant M < 1 such that

(Hy) SUPyc (g o) maXie1 o {27 (h;/h)Dsi(£) + j_tooexp{—j:A .
(&)dE}A (s)ds} < M.

Then, system (1) has a unique w-periodic solution with strictly
positive components, where A (t) is defined by (18).

Proof. From the above analysis, to finish the proof of
Theorem 7, it is enough to prove under the conditions of
Theorem 7 that system (17) has a unique w-periodic solution.
Let

={ut)|lue C(R,R),ut+w)=u(t); (19)



under the norm [lul| = max,,max;[,{lw;@)} Q is a

Banach space. For any u(t) = (u,(t),..., un(t))T € O, wecon-
sider the periodic solution x,,(t) of periodic differential equa-
tion

dx; 1w
=AW x O -k Y RA ), (b)
dt j=Lj#i

— hi_lzlthij (¥) U; (t T (t))
j=

t

YRG0 [ K e-9w©ds
=1 ®

—h; 'Y Dy (1) (1-83;(1) ) (¢ - 8, (1))
j=1

—e; (t) (¢is;) (1) = £; () () (1) (t — 0; (1))
+hilr(t), i=12,...,n

Since A;;(t) > 0, we know that the linear system of system
(20)

Di %0,

i=1,2,...,n (21
dt

admits exponential dichotomies on R, and so system (20) has
a unique periodic solution x,,(t), which can be expressed as

x, (1) = (%1, ) 50, Xy (t))T
t t
_ (j exp{_j A”(E)di}Flu ©dsecrs ()

[00 P {‘ J A @) } Eui ) ds>T,

N

where
Fy (8)= b Y hA; () x; (1)
j=Lj #i

—h' Y hiB (1) x; (-7 (1))
j=1
1 S !
— Y hiCy (1) J K (t—s)x; (s)ds (23)
=1 o0

—h' Y D (t) (1- 8{]. ) x; (t- 8 )
j=1

—e; (t) (¢ix;) (1) = £ () (d;x;) (1) (t = 0; (1))
+hlr (1)

its proofis similar to that of Theorem 1 in [18]; here we omit it.

Abstract and Applied Analysis

Now, by using Lemma 6, x;,,(t) can also be expressed as
nh.
X, () = —Z;#Dij () u; (t -0 (f))
Jj= 1

+ J_too exp {— Lt A; (§)dg } G, (s)ds, (24)

i=1,2,...,n,

where

Gy (1) ==I" Y WA, (O)u;(t)
s

j=Lj#i

n

—h 'Y hiBy () u; (t -1, (1))
j=1

_ hi_lihj x C;; (t) Jt Kij(t=s)u;(s)ds
= o

+ ;'Y hi (A (5) Dy (1) + Dy () w; (¢ - 8 (1))
j=1

+e; (1) (du;) (1) = f; (8) (d;) (1) (t — 0 (1))

+h ().
(25)

Now we define mapping T' : Q — Q, Tu(t) = x,(t).
Following this we will prove that T is a contraction mapping;
that is, there exists a constant 8 € (0, 1), such that |Tu —
Tvl < Bllu — v, for all u,v € Q. In fact, for any u(t) =

(u, @), ..., u, ()" and v(t) = (v, (t), ..., v,(t))", we have

|G () = Gy, )]

<h' Z h;Aj; (t) '”j ) —v; (t)'
j=Lj#i

+ h:lzh] [Bij (t) |uj (t - Tjj (t)) Vi (t — T (t))l
j=1
G0 | Ky =9y )=, )]ds
X |uj (t - 81~j (t)) —V; (t - 6ij (ﬂ)|j|
+e; (1) (¢;1) lu = vl + f; (8) (¢,2) (t = 0; (1)) 1 = v

< {hil Y hiA; )

Lt
+ h;lihj [B (1) +C;; (1)
i
+ (A4 () Dy (1) + Dy 1)])]
+T () + T} (t)} lu—vil=A; @) llu—v.

(26)
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Hence,

|Tu—Tv|

= sup max Z Dlj(t)
te[0,w]

111

lile-,0) (-5, 0)]

+ [OO exp {— Lt Ay (€) df}

x |Gy, (s) = Gy, (9)| ds, ...,

2h—1D (t)
o (e, ®) vy (1, <t>>J\

+ jm exp {— j A ®) df}

X |Gnu (S) - Gnv (5)| ds}

fh"D (t)
—D,.(t
=

+ [OO exp {— LtAH €3) df]» A (s) ds]

Xlu="|,...,

< sup max
te[0,w]

n h]
—D,; (t)
25,
+ Jt exp {— Jt A, &) dE} A, (s) dsjl
X lu— v||]> .
(27)

It follows from (H,) that |[Tu — Tv| < lu—v| for all u, v € Q.
That is, T is a contraction mapping. Hence, there exists a
unique fixed point x*(¢) = (x;‘(t),...,xZ(t))T € Q; that is,
Tx*(t) = x"(t). Therefore, x*(t) is the unique periodic
solution of system (17). It follows from (1), (4), (10), and (17)
that (N* (), u*(t))T = (N; (1), ...,N;(t),u;‘(t),...,u;(t))T is
the unique positive periodic solution of system (1). The proof
of Theorem 7 is completed. O

Our next theorem is concerned with the global stability
of periodic solution for system (1).

Theorem 8. In addition to (H,)-(H,), suppose further that the
following condition holds:

(Hs) exp{- _[(:Aii(f)df} — 0,ast > +00,i=1,2,...,n

Then system (1) has a unique periodic solution which is globally
attractive.

Proof. Let N*(t) = (Ny (t), Ny (t),..., N, )T be the unique
positive periodic solution of system (1), whose existence and
uniqueness are guaranteed by Theorem 7, and let N(t) =
(N; (1), N,(1),..., Nn(t))T be any other solution of system
(1). Let N/(t) = exp{]‘[oqkqhi(l + pp)x B}, N;t) =
exp{[—[0<tk<t x h;(1 + p;)x;(t)}; then, similar to (17), we have
dx;

—— = -A; (1) x; (1)

: 0 3 hag s

j=Lj#i

- h{lithij )} (¢

=

- T (f))
I\ !

—h; Zhjcij (t) J K (t = 5)xj (s)ds
=i o0

_ h;IZhJDU (1 Si’j ) x;* (t-5,1)
J=

—e; (1) (¢ix) (1) = f; (&) (%)) (t = 0; (1))

+h (),

~h! Z hiA; () x; (t)

J=Lj#i

d_tl =-A; () x;(t)

~ b Y By 0 x; (-7 ()
j=1

‘hflihfcff (t)r K, (¢ - 5) x; (s) ds
p= o0

_h;‘ZhJD,] ) (1-8,0)) (1 -8, 1)
J=

—0, (1) + k().
(28)

—e; (1) (¢ix;) (1) = f; (1) (i) (¢

Let x; (t) — x,;(t) = w;(t); then

D p 6wy () - lihA(t

1777
dt j=Lj#i

—h Y hiB (Hw; (£-1; (1)
j=1

n t 29
_ hi‘lzhjC,-j (1) J K (t —s)w; (s)ds (29)
= o0

— ! Zh]D,] (1
J=

—e; (1) (pw;) (t) -

5,.’j (t)) w} (t ~ 8y (t))

fi @) (w;) (t = 0; (1)) -



8

Multiply both sides of (29) with exp{ [, A;;(¢)dE}, and then
integrate from 0 to f to obtain

J: [wi (u) exp {J-OMA,'i ®) deld”
B _Lt [hi_l. i Ay (W) w; )

JeLj#i

+ Y By () w; (-5 (w))

i1

+ hi—lzn:hjCij () J_t Kij(u—s)w;(s)ds

=

+ 1Y Dy () (1= 8], (w) w) (u— 85 (u))
j=1

+e; (u) (dw;) (u) + f; () ($w;) (u -~ 0; (t))]

X €xp {JuAii (f)df]’ du, i=12,...,m
0
(30)

then

w; (t) = w; (0) exp {_ It A; (§) dE}

0

t n
_ L [h;l' Y Ay @ w; W)

j=Lj#i

N <.

+ hi_IZth,-j (u) w; (u - T (u))

j=1

+h 'Y hCy ()
j=1

t
X J Kij (u=s)w; (s) ds
+ 1Y Dy () (1- 87 (w)
=1
X w; (u - 51']‘ (u))

+e; (u) (dw;) (u)

+f; (W) (pw;) (u - o; (t)):|

XeXP{—JtAii(f)df}du, i=l,2,...,n.
‘ (31)

Abstract and Applied Analysis
Let Dy;(t) = Dy;(£)(1 ~ 8,~'j(t)); we see that

Lt Dy;j () w} (u -9 (u)) exp {— J: A; (&) df} du

) r Dy;j (w) w', (u - 8; ) (1 - 8}; ()
- 0 1—8;‘]' (u)

X exp {— Lt A; (8 d&} du

- Lt

Dy;j (u) exp {— Lj A; (©) df}
1-6; ()

x [w] (u =8 ) (1 -8 () | du

| Dojj (t)
i [ o (%)
Dy;; (0) ¢
g0 (P O)ew [ 4 de}]

- Lt (Ays (w) Dy (u) + D )
X exp {— J: Ay (®) di} w; (u—8; () du
_ [Dij (t)w; (t-6;(t))
0, 0w, (-8,0)esp |- [ 4, @]
- E (A () Dy ) + D)y ()
< exp {— [ A, d&} w; (1= 8 (w)) du.
(32)

Substituting (32) into (31), we get
w; (t)

= [wi 0) + hi_lzthij (0) w; (_Sij (0))]
=
¢
X exp {— J, 40 ® dE}

t n
" L {h;IZhj [ (A, ) D, ()

=1
+ Dl{j (u)) w; (u - 8,-]» (u))

- B (u) w; (u - T (u))

t
_C,'j (u) J_ Kij (u—s) w; (s) d5:|
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—h Z hiA,; (1) w; (u)

Jj
J=Lj#i

() (¢w;) (W) — f; (W) (pw;) (u - o; (t))]’
xexp - [ Ay € dg] du

+h; IZh] y Ow; (£=08;(1));
(33)
therefore, we have

l[wll

< |w; (0)+h;IZhJDU ©0)w; (-8, (0))

X exp {— jo A, ®) d&}
+ Jt hi‘lihj [(As ) D (u) + |D]; (w)])
0 =1
X 'Bij (u)l + 'Cij (H)H
+h;1 i hj 'Aij (u)l + 'r,l (u)l + 'r,z (H)'}
j=Li#i

X exp {— r A; (&) df} du
+h' Y Dy <t)|} lwl
=1

w, (0) +h; IZh] i (0)w; (=8, (0))

j=1

X exp {— j A, d&}
H|Siee

¢ exp{—j Ay (E)dE}A,-(u)du] luol
0 u
(34)
where A;(t) is defined by (18). From (H,), we have
wll
|w (O)+h; 1 3 h,Dy; (0)w; (-8 (0) |exp{ [} A (E)df}
=R YR Dy 0] Ai(wexp{—J Ay (€ dE} du

Dy O, (05 O)exp -y Aw (98}
1-M

|w; )+ Y2
<

(35)
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From (Hj), we have
lwl = max [w; (£)]

ie[0,n]

(36)

= max |x] (t) - x; (t)] =0, ast— +00;

i€[0,n]

thus, x;(t) — x/(t),ast — +o00,i = 1,2,...,n. Hence,

the positive w-periodic solution of (17) is globally attractive;
accordingly, N;(t) = exp{]—[0<tk<thi(1 + pr)x ()} —
exp{[ Tocr,<chi(1 + pi)x; (O} = N7 (£), w;() = (¢; In N))(t) —
(¢;InN)(t) = u/(t)as t — +o00,i = 1,2,...,n, and by
Definition 2, the positive w-periodic solution of (1) is globally
attractive. The proof of Theorem 8 is completed. O

Remark 9. Ife;(t) = f;(t) = o;(t) = Bi(t) = 9;(t) = 0, Oy +1 =
0,i=12...,n k =1,2,..., then system (1) is studied by
[3]. Hence, Theorems 7 and 8 generalize the corresponding
results in [3].

Remark 10. If 04 +1 = 0,i = 1,2,...,n,k = 1,2,..., then
system (1) is studied by [4]. Hence Theorems 7 and 8 also
generalize the corresponding results in [4].

4. Example

Consider the following impulsive model:

dN (t)
dt

=N [r(t) —a(®)InN @) -b@)InN (t -7 (t))

—c(t) [ K(t—-s)InN(s)ds

dInN (t- 38 (1))
dt

—d () —e()ult) 37)

—f(t)u(t—a(t))], -

M:—oc(t)u(t)+/3(t)1nN(t)
dt

+0(H)InN(t-y(@), t=0,
N()=e"PN(t), k=1,2,...,

where r(t), a(t), b(t), c(t), d(t), e(t), f(t), 6(t) € C*(R,R),
o(t), y(t), a(t), B(t), O(t) are all nonnegative w-periodic con-
tinuous functions with _[:) r(t) > 0, a(t) >0, 8'(t) < 1and Pr
is areal sequence, and [ [, .,(1+ py) is a positive w-periodic
function with k = 1,2,.... Furthermore, IOOO K(s)ds = 1,

.[Omo sK(s)ds < +o0.
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We denote
Ay =a®) [ (1+p),
0<t<t
Bey=b®) [ (1+p),
<t <t—1(t)
Cty=c@® [[ (1+p),
0<ty<t
D =dw®) [] (+p),

0<t, <t-3(t))
D, (t)=D(®)(1-8" (1),

B ty=p [] (1+p)

0<ty<t

o m=00) ]

<t <t=y(t)
I (1) == e(t) (1) (),
I () = £ (©) ($1) (t -0 (1)),

At):=B(t)+CH)+A®D ) +[D (O +T' (1) +I* (1)
(38)

(1+pe)>

Similar to Theorems 7 and 8, we can get the following results.

Corollary 11. In addition to conditions (H,)-(H;), assume
further that there exists a positive constant M < 1 such that

(H) D) + [ exp{~ [} AG)dE}A(s)ds < M.

Then, (37) has a unique w-periodic solution with strictly posi-
tive components, where A(t) is defined by (38).

Corollary 12. In addition to conditions (H,)-(H;) and (H),
suppose further that the following condition holds:

(H,) exp{- Iot A)dE} — 0,ast — +oo.

Then, system (37) has a unique periodic solution which is glo-
bally attractive.

Remark 13. The results in the work show that by means of
appropriate impulsive perturbations and feedback control we
can control the dynamics of these equations.
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A schistosomiasis model is proposed including single schistosomes, paired schistosomes, snails, and the latent period of infected
snails. A reasonable sex ratio of schistosomes and the minimum mating function are considered. A threshold condition determining
the stability of the system is given, and the stability of equilibrium for the model is shown. The impact of the latent period of
infected snails on schistosomiasis transmission can be found through numerical simulations. Finally, preferable control strategies
are obtained by sensitivity analyses. Killing snails may be the preferred control measure. If we choose chemotherapy, we should use
some drugs which are sufficient for reducing egg-associated pathology, since paired schistosomes are mostly harmful to definitive

hosts.

1. Introduction

Schistosomiasis is one of the most prevalent parasite diseases.
Its transmission needs two hosts: the definitive hosts and the
intermediate snail hosts. In definitive hosts, schistosoma has
two distinct sexes. Female and male schistosomes pair up they
lay eggs that work their way through the intestinal lining or
into the ureters and bladder. The eggs themselves are harm-
less, but in definitive host the body’s immune response results
in inflammation and eventual damage, as granulomas—
fibrous lesions—form around the eggs. These eggs pass in
urine or feces into fresh water. In infected water, miracidium
hatches from egg and infects the intermediate snail hosts. In
snail hosts, parasites asexually reproduce. As a parasite in the
body of the snail, the miracidium loses its cilia and under-
goes a change into a sac-like primary sporocysts [1]. Many
secondary sporocysts are formed in the body of the primary
sporocysts. They develop for some time and then rupture the
wall of the primary sporocyst and become established in the
body of the snail. From the walls of the secondary sporocyst
a large number of parthenogenetic eggs are formed, and they
develop internally into forms known as cercariae. After about
four, weeks cercariae rupture the body-wall of the secondary
sporocyst, bore out of the snail’s body, and enter the water
as very active organisms, characterized by two large suckers

and a forked tail. In this stage, they are ready to enter a
mammalian host. When such a free-living cercaria comes in
contact with a susceptible mammal, it penetrate, the skin of
the definitive host and transforms into single schistosoma.
Here, the parasite’s life cycle is completed.

During the asexual phase in the host mollusc, several
groups have observed that the miracidia are already sexually
differentiated [2]. Furthermore, male miracidia will only give
rise to male later forms, whilst female miracidia will only give
rise to female later forms. However, no apparent differences
have been registered between physiological alterations in
snails infected by a male miracidium and those in snails
infected by a female miracidium. There are no distinctive
qualitative and quantitative differences in snail host response
to infection with a single miracidium and in snail host reac-
tion to infection with numerous miracidia secured by single
or multiple exposures [3]. From the above statement, we
know that the mating of male schistosoma and female schis-
tosoma in definitive hosts is very important to the transmis-
sion of schistosomiasis. Hence, we differentiate female and
male parasites only in definitive hosts in this paper.

In the literature, two-sex problems have been studied by
many authors [4-6]. All of these models are established for
human population diseases, such as sexually transmitted dis-
eases. They constructed pair-formation models and studied



the existence, uniqueness and the stabilities of exponential
solutions. In [5, 6] authors put forward three forms of pair-
formation functions which are also called mating functions:
the harmonic mean function, the geometric mean function
and the minimum function. All of these three functions can
be applied to two-sex models.

As for schistosomiasis, there are few papers considering
two-sex problems and mating interactions [4, 7-9]. In [9] Xu
et al. have proposed a multi-strain schistosome model with
mating structure. Their goal is to infer the impact of drug
treatment on the maintenance of schistosome genetic diver-
sity. However, the model of Xu et al. ignores several stages
of the parasite’s complex life cycle. They consider only the
adult parasite populations. Furthermore, in their model they
assume that the recruitment rate of single adult parasites at
time ¢ depends instantaneously on the total number of par-
asite pairs at time t. Subsequently, Castillo-Chavez et al. [4]
have relaxed this assumption on the parasite’s life history by
introducing a time delay. The time delay accounts for the
average time that must elapse between two adult generations.
Their model is in the following:

d
d_’:‘ :kSm(-[)p(t—T)—<Mm+%)m(t)—(/’(m(t)xf(t))’
d
d_{ =ka(T)p(t—T)—<Mf+%)f(f)—ﬁv(m(t))f(t))’
dp g
DL . f )~ (1 3)p 0.

@

Here m(t) and f(t) represent the densities of single male
schistosoma and single female schistosoma, respectively, and
p(t) is the density of pairs. The formation of schistosome
pairs is described by a mating function @(m(t), f(¢)). k is half
of the birth rate of a pair per capita. Note that the ratio of
male to female offspring is assumed to be 1:1 in their model.
> ty> and p, are the per capita death rates of single male
schistosoma, single female schistosoma, and schistosoma in a
mated pair, respectively. o is the rate of the chemotherapeutic
treatment. 6 denotes the drug resistance of that parasite
strain. S,,(7) and S f(‘r) are functions which keep track of the
parasite’s survival probabilities in various (nonadult) stages
of the life cycle. The dynamical behaviors of their model in
[4] are not qualitatively different from those derived from
an earlier model in [9], although [9] ignores the impact of
time delays associated with the multiple stages in parasite’s life
cycle. The results of [4] imply that higher treatment rate can
allow for coexistence between susceptible and resistant par-
asite strains. Both in [4, 9], the harmonic mean function is
chosen as the mating function ¢(m(t), f(t)).

As we know, in the two models of [4, 9], the ratio of male
to female offspring is assumed to be 1:1. In fact, some exper-
iments have shown that the number of male schistosomes is
bigger than that of female [10-16]. In [10] authors found the
phenomena of the natural male bias by experimental obser-
vations on the sex ratio of adult schistosoma mansoni. In [12]
the sex ratio of female schistosoma to male schistosoma is
1:1.81. In [16], authors reported that the male-biased sex ratio
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is 2.36 males to 1 female in Kenya. In two experiments of [14],
the sex ratios of female schistosoma to male schistosoma are
(0.89+£0.03):1and (0.98 +0.03) : 1, respectively. These results
tend to male-biased sex ratio. In [15] the sex ratio of female
schistosoma to male schistosoma is 1:1.38. In artificial exper-
iments of [13], there are 9543 males and 6597 females in 16140
mature schistosoma japonicum; the ratio of female to male is
1:1.45. In [11] authors also support male-biased sex ratio. All
of these results imply that the sex ratio is not 1:1. Further-
more, Mao [13] also denote that the assumption of the 50: 50
sex ratio in previous schistosomiasis models does not accord
with the result of experiments. Hence, in this paper, we con-
sider reasonably that the number of male offspring is bigger
than that of female in our model.

On the other hand, the two models in [4, 9] do not include
the snail dynamics. In reality, from the life cycle of schisto-
soma, it is easy to see that the parasite offspring is produced
directly by infected snails but not by paired parasites. Nasell
[17] also thought that the number of male and female schis-
tosoma is proportional to the number of infected snails. This
implies that the snail dynamics may influence the trans-
mission of schistosomiasis. Hence, it is necessary to add snails
to the model. In addition, from the life history of schistosoma,
we know that the production of parasite offspring needs about
four weeks after the snail hosts are infected by miracidia
[4, 9]. Motivated by [4, 9, 13, 17] we established a new
model including a more reasonable sex ratio of schistosoma,
snail dynamics, the latent period of infected snails, and the
mating structure of schistosoma. Here, we take the minimum
function as mating function. In this paper, our purpose is to
study the dynamics of single schistosoma, pairs, and snails
and to put forward preferable control strategies.

Our paper is organized as follows. In Section 2, we estab-
lish a mathematical model with single schistosoma, pairs and
snails. For convenience of analysis, we first study the model
without time delay and define the basic reproductive number.
And then the stabilities of the disease-free and endemic
equilibria are obtained in Section 3. In Section 4, the stability
of the delayed model is investigated. In Section 5, compu-
tational simulations and sensitivity analysis are performed,
and we give preferable control strategies.

2. Mathematical Model

Considering the mating structure of parasites and snail
dynamics, we propose a model with state variables m(t),
f@), p(t), s(t), and i(t), where m(t), f(t), and p(t) repre-
sent the densities of single male schistosoma, single female
schistosoma and pairs, respectively; s(t) and i(t) represent the
number of susceptible and infectious snail hosts, respectively.
The basic assumptions are as follows.

(i) Since the single male and female schistosoma are from
the cercaria produced by infected snails, in [17, 18] authors
consider that the number of male and female schistosoma is
proportional to the number of infected snails. According to
[17,18] we also assume that the recruitment rate of single male
and female schistosoma is proportional to the number of
infected snail hosts, that is, the recruitment rates of single
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male and female worms are k,,i(t) and k fi(t), respectively.
Following papers [10-16], we assume k,,, > k.

(ii) Natural death rates for single male, single female, and
pair worms per capita are {4, iy, and Hp> respectively. In
reality, pairs of schistosoma may live for a few years while sin-
gle parasites may only live for a few weeks [9]. Therefore, we
assume p, < {4, fi;. As for the investigation of the death rate
of single male and female schistosoma, there are many results.
In the experiment of [12], the livability of single male parasites
is stronger than that of single female parasites, which implies
that single female parasites have a higher natural death rate
than single male parasites. In [19], the author found that
single male schistosoma is larger more muscular. May and
Woolhouse [20] and Tchuente et al. [21] also found that the
growth of single female schistosoma is restrained when it
is not paired up. Standen [22] deduced that single female
schistosoma is incapable of going against the blood stream
but single male schistosoma can. These results imply that the
livability of single male parasites is stronger than that of single
female parasites. Cornford and Huot [23] and Cornford and
Fitzpatrick [24, 25] had shown that single female schistosoma
has less glucose than single male schistosoma. B. G. Atkinson
and K. H. Atkinson [26] and Davis et al. [27] found that single
female schistosoma has less actin than single male schisto-
soma. These indicate that single female parasite is not easy to
survive. In addition, Mao [13] also reported that the survival
rate of single male schistosoma is not lower than that of single
female schistosoma. All of the above results imply 4, < y;.
Hence, we assume p1,, < pt,,, < pis.

(iii) The mating function @(m(t), f(¢)) takes the mini-
mum function @(m(t), f(¢)) = p min(m(t), f(t)) in which p
represents the effective mating rate [5, 6].

(iv) The parameter A is the recruitment rate of snail
hosts. p, is per capita natural death rate of snail hosts. &, is the
disease-induced death rate of snail hosts. The transmission
rate from pairs to susceptible snails is a constant &.

(v) 7 is the latent period of infected snails, and e #**%)®
represents the survival rate of infected snails in the latent
period.

(vi) We suppose that infected snails do not recover from
schistosomiasis as their life spans are short.

(vii) All parameters are assumed nonnegative in reality.
Then, we have a model with the following form:

GfTT = ki (t =) W —pm (£) - 9 (m (1), £ (1)),
d - +a, )T

d—{zkfi(t—r)e(”’ ) —usf ) =g (m(), f (1),
dp _

= = 0m@. ) —pup ),

ds

E:As—yss(t)—fp(t)s(t),

B ety s)— (e + )i (1)

dt_ p S Us T )1 .

)

For convenience of the stability analysis of (2), we first study
the case when 7 = 0, that is,

‘Z_’:‘ = ki () = pm (1) = @ (m (1), £ (1)),
Vo ki - f 09, £ 0),
P o m@), ®) - ),
%: Ag—ps () =Ep () s(t),
D550~ (+ )i ().

3)

In the current paper, we take the mating function ¢(m(t),
() = pmin(m(t), f(t)) [5, 6]. The function is linear on
each of the following two sets:

K, {(m,ﬁp,s,i)eR5|fzmzo,

) . A
p=20,520,i20,0<s+i<—r¢,
Hs

>
I

m {(m,ﬁPﬁ)i) eR |m>f=0,

. A
p=20,520,i20, 0<s+i<—.
Hs

In general, none of these sets is positively invariant for (3)
with @(m(t), f(t)) = pmin(m(t), f(t)). But under the con-
ditions

ki 2 kps py < i < g (5)
the set K,,, is positively invariant. Thus, the model (3) with
an initial surplus of males becomes the so-called female
dominance model on the set K,,, and the system (3) can be
rewritten in the following form:

dm

—r = Ko () =t () = pf ),

d
d_J; = ki () - s f (O - pf (©),

dp
= pf - uyp (), ©

ds
RS OR S JORIOR

di .
a = fP(t)S(t)_ (M5+“s)l(t)‘

Using the standard method, it is easy to see that the
disease-free equilibrium E, = (0,0,0,A,/u,,0) always
exists. According to the calculational method of the basic



reproductive number [28], the basic reproduction number for
model (6) is

£PAskf
R, =+ .
u (s + o) py (1 + p)

The following section shows that the basic reproductive
number R, provides a threshold condition for parasite extinc-
tion in (6).

(7)

3. Stability Analysis of the System (6)

In this section, we will analyze the stability of model (6). The
stability of the disease-free equilibrium determines whether
the disease will be prevalent in an uninfected population. The
following result shows that the parasites will go extinctif R, <
1.

Theorem 1. The disease-free equilibrium E, of the system (6)
is locally asymptotically stable if Ry < 1 and unstable if R, > 1.

Proof. The Jacobian matrix for system (6) is given by

PO 0 Ko
0 - ([/lf+p) 0 0 kf
J= 0 P —Hp 0 0
0 0 =& (t) u,—&p (1) 0
0 0 &) Ep) - (uta)

(8)

Thus, the eigenvalues of E,, are —u, —44,,, and the roots of the
equation are

X +a M +a)d+a, =0, )
where

a, = (#s+“s)+ﬂp+(tuf+p)>0’

ay = (s + o) py + (us + ) (g + p) + 1y (15 +p) >0,

a; = (g + ) py (wy +p) - o
S
(10)
Note that a; > 0 ifand only if R, < 1.
By the Routh-Hurwitz criterion, we know
H =a >0,
H, = al‘ 23 >0,
2 1
a, a3 0
Hy=|1 a, 0|=ayH,,
a 4

which implies that all the eigenvalues of E have negative real
parts if and only if R, < 1. It follows that the disease-free
equilibrium Ej is locally asymptotically stable if R, < 1 and
unstable if R, > 1. O
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Note that if R, > 1, (6) has a unique endemic equilibrium
E* =(m", f*,p",s",i"), where

. (v, (s +p)

§pk ,

: Apky He Mg (o3
p = -—==(R,-1),

(ue+a)u, (up+p) & 5(0 )
*_& *
f b (12)
oo talurte) |

Pk

L TR
K fthm Pl

Similarly, using the Routh-Hurtwitz criterion we can
obtain the stability of the endemic equilibrium E*.

Theorem 2. The endemic equilibrium E* of the system (6) is
locally asymptotically stable if R, > 1.

4. Stability Analysis of the System (2)

In this section, we analyze the stability of model (2). We recall
it with the following form:

CZ_T = ki (t = 1) & M~ m (8) — pf (1),
d - +o, )T
d_{ =kpi(t-1)e T —u £ (0) - pf (1),
dp
L pf -1, 0, )
d
d—: =A,—us@)-Ep(t)s(t),
B ety ()~ (s + )i (1)
7 = p s Us T )1 .
Define
A k —(Usto)T
EO _ EP skye . (14)
[/ls([,l5+(xs)ﬂp(,“f+:o)

We can obtain that the disease-free equilibrium E, =
(0,0,0, A ,/u,,0) always exists and if R, > 1 there exists the
endemic equilibrium E* = (7, f*, p*,5",7*), where

o (et a)p, (pp+p)
o
Epkfe_(HS+“S)T

>

A Spkfe_(“‘ms)r

= _Hs K ﬁo_l’
P e (uyrp) & 5( )

T M~*
Fr==p
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o bplurte)
= pkfe—(ysﬂxs)r

k - pk
I A, T

ks, P
(15)
o

(meg)
0 —<‘uf+p+—
7 - A1l = i)

P

0

0 0

Thus, the eigenvalues of E, are —u,, —,, and the roots of the
equation are

Vral+ar+ia =0, 17)
where
a = (pts+ocs)+yp+(yf+p) >0,
a, = (ys+<xs);4p+(y5+as)(yf+p)+yp(yf+p) >0,

~ EpAskf — a)r —
ay = (o + o) py (g + p) = e e,

S

(18)
IfA>0andt >0, 0<e™* <1,and then
EPASk - )T
53 2 (‘”s +‘xs) [’lp (/’lf +P) - Tfe (bt . (19)

Note that @, > 0if R, < 1.

Thus, the left-hand side in (17) is positive for all A > 0 and
7 > 0 while the right-hand side is zero. This leads to a contra-
diction. Then, (17) does not have non-negative real solutions.
Following the proof of Theorem 1, we know that (17) has
eigenvalues with negative real parts when 7 = 0. Hence, for
the case T > 0, if (17) has roots with non-negative real parts
they must be complex roots. Moreover, these complex roots
should be obtained from a pair of complex conjugate roots
crossing the imaginary axis. Thus, (17) must have a pair of
purely imaginary roots.

Suppose A = wi (w > 0) is a root of (17). Then, we have

3.~ 2~
-wi—-aw” +a,wi+ad;

N (20)
_ &p f o (ura)e (cos (wt) — i sin (wT)),
Hs
where
ay = (pg + o) Hp (A“f + ,D) ’ @D

Theorem 3. If R, < 1, the disease-free equilibrium E, of the
system (13) is locally asymptotically stable.

Proof. The Jacobian matrix for system (13) is given by

0 0 kme_(””“‘)re_)‘
0 0 kfe_(“sms)re_’\
o (16)
(rg) o
—Es(t)  —u,—&p(t) 0
&s (1) &p (t) —(ps + )
Therefore,
Ak
_w3 + a‘zw — _Ep—fe_(ﬂs‘ﬂxs)‘l’ sin ((UT) (b3 _ ble) ,
Hs
Eoh K (22)
A
—Gw +d; = uef("‘“"s)T cos (wr).

Hs

From (22), we can get

2
(—w3 + c"lzw)z + (—ﬁlw2 + 53)2 _ (fPA ks e—(ﬂsﬂxs)f) )

Hs
(23)
that is,
o’ + c1w4 + czwz +¢ =0. (24)
Letting z = w?, we obtain
3 2
Z+qz +6z+6 =0, (25)
where
~2 ~
¢ =a, —2a, >0,
¢ =@ - 2a,d >0,
2
2 (gpAskf _(.“s""xs)f) (26)
R
S

Ak -
=a, (a3 Lok fe_(“‘+“‘)r> (1-R,).

S

IfR, < 1,¢ > 0,¢, > 0,and ¢; > 0, which implies that
(25) does not have positive solutions, then (24) does not have
purely imaginary solutions. Hence, If R, < 1, the disease-
free equilibrium E, of the system (13) is locally asymptotically
stable. O



Remark 4. If Ry > 1,

Ry<le1> InR, = 1, (27)

l‘/LS+(x5

It is easy to see if R, < 1, we can get R, < 1. Butif R, > 1to
get R, < 1 the time delay must satisfy T > 7,. This implies that
to eliminate the disease the time delay must satisfy 7 > ;. In
fact, the time delay is decreasing as the global warming. If the
time delay is decreased to be smaller than 7, R, may be larger
than 1, and then the disease may be prevalent.

Now, we turn to the study of the stability of the endemic
equilibrium of model (13).

Theorem 5. If R, > 1, the endemic equilibrium E* of the
system (13) is locally asymptotically stable.

Proof. The eigenvalues of E* are —u,, and the roots of the
equation are

A+ A + b, + b+ b, =0, (28)
where

by = (ug + o) + iy + (gt +p) + (4, +EB7) > 0,
bZ :(Aus'Hxs) MP+([45+065) ([/lf+P)+(!4s+0‘5) (l"s+£§*)
+thy (g +p) + by (s + E57) + (g +p) (s +857)

by = (ug+ o) i, (s +p) + us+a)up(us+5p )

+tay (g + p) (s + EP7) = Epk e e,
by = (s + )ty (up + p) (s + E57)
- Epkpu e T
(29)
Assume that A > 0. Since &pk fg'*e—(ﬂsﬂxs)r (4o +

ag)uy(ppt+p)and0 < e < 1fort > 0,wehaveb, > 0,b, > 0,
b, > 0, and b, > 0 which lead to a contradiction in (28).
Then, (28) does not have non-negative real solutions. From
Theorem 2, we know that (28) has solutions with negative real
parts for T = 0. Hence, for the case T > 0, if (28) has roots with
non-negative real parts they must be complex roots. More-
over these complex roots should be obtained from a pair of
complex conjugate roots crossing the imaginary axis. Thus,
(28) must have a pair of purely imaginary roots.
Suppose A = wi (w > 0) is a root of (28). Then, we have

w' - bw’i - b + bywi + b,

= Epk5° e W (4 + wi) (cos (wT) — i sin (wT))

(30)
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where
by = (pg + o) gy (s +p) + (s + o) py (pg + )
+ iy (pr +p) (s +EP7), (31)
by = (us+ o) py, (s +p) (s + D7)
Therefore,
w* —bw® + 1;4

= &pk5° e W (4 cos (wT) + wsin (wT)),

~ (32)
-bw +bw
= Epk 5" e W (o cos (wr) — pg sin (wT)).
From (32), we can get
(w4 - b + 54)2 + (—blw3 + E3w)2
, (33)
= (Epkfg*e_(ﬂsﬂxs)r) (‘l/lf + (Uz) .
Letting z = w’ again, we obtain
zt+ c1z3 + czz2 +Gz+¢ =0, (34)
where
¢ = b} -2b,
¢, = b} +2b, — 2b,b;,
(35)

bb, - (ﬁpkfs* ef(”““s)T)z,

¢ =b; - (ﬁpkfs*e_(’“m‘h)zysz.

03=E32—2

By similar calculations, we can get ¢; > 0,¢, > 0, ¢; > 0, and
¢, > 0. Thus, (34) does not have positive roots and then (28)
cannot have purely imaginary solutions. Hence, If R, > 1 the
endemic equilibrium E* of the system (13) is locally asymp-
totically stable. O

5. Simulation and Sensitivity Analysis

In this section, we perform some computational simulations
to observe the impact of the time delay on schistosomiasis
dynamics. Through sensitivity analysis of the death rate of
snails, the death rate of single parasites, and the death rate
of pairs, we give preferable control strategies.

The parameters are chosen with k; = 100 per year, k,,, =
145 per year [13, 18], A = 150 per year, & = 0.000018 per
year [18], u; = 0.1 per year, oy = 0.5 per year [29], py = 0.2
per year, y4,,, = 0.1 per year, 4, = 0.02 per year, p = 0.467 [9]
per year and 7 = 18/365 ~ 38/365 = 0.04 ~ 0.1 per year [4].
Then R, = 12.55, R, = 149.9 and 7, = 8.43 when we choose
T =30/365 = 0.082.
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By Remark 4, the time delay 7 = 0.082 < 843 = 1
and R, > 1 implies that the disease will be prevalent. From
Figure 1 we can find, the number of male schistosomes and
infected snails increases as the time delay decreases. These
phenomena imply that schistosomiasis infection becomes
serious as the time delay decreases. As we know, the tem-
perature of snails changes as the environmental temperature
changes. Then the environmental temperature can influence
the incubation period in infected snails. Currently, the envi-
ronmental temperature is increasing because of the global
warming. Hence, the global warming may reduce the incuba-
tion period of infected snails. Consequently, schistosomiasis
may become more serious because of the global warming.
Hence, the impact of global warming and the incubation
period of infected snails on schistosomiasis dynamics can not
be ignored.

As for schistosomiasis control, we can control the disease
by killing schistosoma and (or) snails. In reality, there are
many drugs for killing schistosoma. When we treat definitive
hosts with chemotherapy, different drugs aim at different
parasites. For example, male schistosoma is more sensitive
to praziquantel (PZQ) [30, 31], but pair schistosoma is more
sensitive to artesunate (ART) [32]. Hence, sometimes the
death rate of pairs and single schistosoma is increased under
some treatments, but the extent of increase is different. Under
the treatment of some drugs more pairs are killed, but under
the treatment of another drugs, more single schistosomes are
killed. However, it is a pity that we lack the data about the
rate of killing schistosoma to numerical simulation. Hence,
we have done some qualitative analyses from the perspective
of sensitivity.

Denote by ¢, & € and ¢, the killing rates of male
schistosoma, female schistosoma, paired schistosoma and
snails, respectively. We modify the model by adding these
killing rates with the following form:

d .
d_T = Kpi (8) = (tyy + &) m () = pf (1),
d
d_{ = ki (6) = (ps +e7) O = pf (),
d
Lo (1, +e,) P, (6
ds
o A, —(ps+e)s@®)—Ep)s(h),
di ;
OO~ (urera)i®),
For convenience of computation, we denote
U t & = Upe> Hr + &f = e
(37)
#p + EP = [’lps’ Uy + & = Uge-

Similarly, we can obtain that the basic reproduction
number for model (36) is as follows

Hse (/’lss + ‘xs) ["ps (tufs + P) .

— 3
ROs_

(38)

Note that R, is independent of the death rate of single male
schistosoma. It is easy to see that R), < R;, which implies
that killing schistosoma and (or) snails can reduce the basic
reproduction number and consequently control the disease if
R,. < 1. However, we should choose a rather effective control
measure in reality. Thus, we perform some sensitivity analyses
by comparing the flexibilities of killing rates. The flexibilities
of Y, Hfe> and p,,, on the basic reproduction number Ry,
respectively, are

ERO& — aROs x & — _lzﬂss + &
Etuss a(’lss ROs 3 Hse T s
%z%xﬁz_li, (39)
EMfs ‘”fs ROs 3 /’lfs +p
ERy, _ORy Hpe _ 1
Eﬂps a/’tps ROS 3
It is easy to see that
EROS l — ’EROS IEROS (40)
E[’lfe 3 Etl’lps Eﬂss

It implies that the death rate of snails is the most sensitive
parameter to the reduction of R,. In addition, the death
rate of pair schistosoma is more sensitive than that of female
single schistosoma. This is reasonable because the offspring is
reproduced by pair schistosoma and the pair schistosoma has
stronger effect on the life cycle of schistosome. Hence, to kill
the sail hosts may be the first reasonable control measure.
Furthermore, to kill pair schistosoma by using some medi-
cations may be the other better control measure.

6. Discussion

In this paper, we established a new schistosomiasis model
including a more reasonable sex ratio of schistosoma, snail
dynamics, the latent period of infected snails and mating
structure. By choosing the minimum function as the mating
function, we studied the stabilities of model (6) without time
delay and model (13) with time delay. If the basic reproduc-
tion number of model (6) is less than 1, one can prove the sta-
bility of the disease-free equilibrium in system (6). When the
basic reproductive number Ry, is greater than 1, the stability of
the endemic equilibrium in system (6) can be obtained. But
to get the stability of the disease-free equilibrium in system
(13) the time delay must be larger than 7,. In reality, the
environmental temperature because of the global warming is
increasing. And then the incubation period of infected snails
is shortened as the environmental temperature increases
[13]. From Figure 1 we know that schistosomiasis infection
become more serious as the incubation period of infected
snails decreases. Hence, the impact of the incubation period
of infected snails during global warming on schistosomiasis
transmission cannot be ignored.

In recent years, the control of schistosomiasis remains
one of the highest priorities in parasitology. There are many
strategies to control schistosomiasis, such as schistosome
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FIGURE 1: The dot line represents T = 0.041, and the real line represents 7 = 0.082.

vaccine, killing snails and chemotherapy with PZQ. In this
paper, through comparing the flexibilities of pig,, ¢4, and p,
on R, we know that the death rate of snails g, is the most
sensitive to the reduction of R,. Hence killing the snail hosts
may be the most reasonable control measure.

Our sensitivity analysis also deduces that R, is more
sensitive to the death rate of pair parasites than to the death
rate of female parasite. This implies that killing paired schis-
tosoma is more advantageous than killing single schistosoma
to control disease. From the perspective of medicine, eggs
are generally accepted as the major cause of pathogenesis of
schistosomiasis [14, 30-32]. Nino Incani et al. [14] suggest that
the eggs produced by paired schistosoma are the pivotal fac-
tor in nosogenesis and transmission, and sexual maturation
is the precondition of producing eggs. This means that paired
schistosoma is mostly harmful to definitive hosts. Controlling
schistosomiasis must attack the ability of the paired schisto-
soma to produce eggs. Hence, the drug of choice is possibly
sufficient for reducing egg-associated pathology.

As we know, PZQ is currently considered the drug of
choice for the treatment of schistosomiasis because of its
efficacy against all schistosome species, lack of serious side
effects, and low cost. However, PZQ has its limitation. PZQ
was found to be more active against single male schistosoma
[30, 31], not paired schistosomes. In paired schistosoma, male
schistosoma are folded together with female schistosoma. The
egg production is owed to the paired schistosomes. Reducing
male schistosoma in paired schistosoma can help reduce the
egg production and consequently the overall parasite density
and disease prevalence. In additional, from our analysis, R, is
sensitive to the death rate of pair schistosoma and indepen-
dent of the death rate of single male schistosoma. Further-
more, recent epidemiological evidence suggests the emer-
gence of PZQ-resistant schistosoma [33]. Hence, PZQ may
not be the best drug for schistosomiasis.

Currently, there are some drugs which are possibly suf-
ficient for reducing egg-associated pathology. For example,
ART significantly decreased the survival time of both paired
male and female schistosomes. It might be responsible for
damaging reproductive organs or killing schistosoma [32].
Oxamniquine-praziquantel composite in the treatment of
schistosoma mansoni infection is also a controlled trial [31].

In summary, although PZQ remains the drug of choice
to treat schistosomiasis, it does not protect from reinfection
(especially in children) and is minimally effective against
larval stages of the parasite. Resistance can also develop,
although its mode of action is poorly understood. Therefore
an important priority in developing new control strategies is
to search new drug targets, in combination with selection of
viable vaccine candidates. Based on our analysis in this paper,
we can obtain the following two results. Killing the snail hosts
may be the most reasonable control measure. If we choose
chemotherapy, we should choose some drugs which are suf-
ficient for reducing egg-associated pathology because paired
schistosoma is mostly harmful to definitive hosts.
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A Lotka-Volterra predator-prey model with time-varying delays is investigated. By using the differential inequality theory, some
sufficient conditions which ensure the permanence and global asymptotic stability of the system are established. The paper ends
with some interesting numerical simulations that illustrate our analytical predictions.

1. Introduction

In 1992, Berryman [1] pointed out that the dynamical rela-
tionship between predators and their prey has long been
and will continue to be one of the dominant themes in
both ecology and mathematical ecology due to its universal
existence and importance. Dynamical behavior of predator-
prey models has been studied by a lot of papers. It is well
known that the investigation on predator-prey models not
only focuses on the discussion of stability, periodic oscilla-
tory, bifurcation, and chaos [2-26], but also involves many
other dynamical behaviors such as permanence. In many
applications, the nature of permanence is of great interest.
Recently, Chen [27] investigated the permanence of a discrete
n-species food-chain system with delays. Fan and Li [28]
gave a theoretical study on permanence of a delayed ratio-
dependent predator-prey model with Holling type functional
response. Chen [29] focused on the permanence and global
attractivity of Lotka-Volterra competition system with feed-
back control. Zhao and Jiang [30] analyzed the permanence
and extinction for nonautonomous Lotka-Volterra system.
Teng et al. [31] addressed the permanence criteria for delayed
discrete nonautonomous-species Kolmogorov systems. For
more research on the permanence behavior of predator-prey
models, one can see [32-40].

In 2010, Lv et al. [41] investigated the existence and
global attractivity of periodic solution to the following Lotka-
Volterra predator-prey system:

dx, (t)
dt

=x; () [r, (8) —ay, () x, (t =11, (1))
—ay, (£) x, (t = 115 (8)) = ay3 () x5 (t = 715 (1))],

dx, (t)
dt

=x, (t) [, (t) + ay, () x; (t =151 (1))
—ay, (£) X, (t = 75 (1)) = a3 (1) x5 (t = 755 ()] »

dx; (t)
dt

= x5 (t) [-13 () + a5, (1) x, (t — 75, (1))

—as; () x, (t = 735 (1) = a3 () x5 (t — 735 (1))],
1

where x, (t) denotes the density of prey species at time t, x, (t)
and x;(t) stand for the density of predator species at time




t, ra; € C(R,[0,00)) and T € C(R,R). Using Kras-
noselslius fixed point theorem and constructing Lyapunov
function, Lv et al. obtained a set of easily verifiable sufficient
conditions which guarantee the permanence and global
attractivity of system (1).

For the viewpoint of biology, we shall consider (1)
together with the initial conditions x;(0) > 0 (i = 1,2,3).
The principle object of this paper is to explore the dynamics of
system (1), applying the differential inequality theory to study
the permanence of system (1). Using the method of Lyapunov
function, we investigated the globally asymptotically stability
of system (1).

The remainder of the paper is organized as follows:
in Section 2, basic definitions and Lemmas are given, and
some sufficient conditions for the permanence of the Lotka-
Volterra predator-prey model in consideration are estab-
lished. A series of sufficient conditions for the global stability
of the Lotka-Volterra predator-prey model in consideration
are included in Section 3. In Section 4, we give an example
which shows the feasibility of the main results. Conclusions
are presented in Section 5.

2. Permanence

For convenience in the following discussing, we always use
the notations:
1 _ . u
=inf f (¢), =supf (t),
f=inff®,  f=supf®) )
where f(t) is a continuous function. In order to obtain the
main result of this paper, we shall first state the definition of

permanence and several lemmas which will be useful in the
proving the main result.

Definition 1 (see [41]). We say that system (1) is permanence
if there are positive constants M and m such that for each
positive solution (x; (), x,(t), x5(¢)) of system (1) satisfies
m< lim infx;(f) < lim supx; (1) <M (i=1,2,3).
t — +00 t— +00
3)

Lemma 2 (see [42]). Ifa >0, b > 0, and x > x(b—ax), when
t > 0 and x(0) > 0, we have

QI@‘

(4)

lim infx(¢) >
t— +00

Ifa>0,b>0,and x < x(b - ax), whent > 0 and x(0) > 0,

we have

lim supx(t) < é (5)
t— +00 a

Now we state our permanence result for system (1).

Theorem 3. Let M,, M,, M, and m, be defined by (11),
(18), (24), and (30), respectively. Suppose that the following
conditions:

I I
(H1) ay,M, >r,, a5 M, >3,
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(H2) ri > al,M, + alsMs, vy > ayM;, aélml > 1y +
a;, M,

hold, and then system (1) is permanent; that is, there exist
positive constants m;, M; (i = 1,2,3) which are independent
of the solution of system (1), such that, for any positive solution
(2, (1), x5(t), x5(t)) of system (1) with the initial condition
x;(0) >0 (i =1,2,3), one has

m; < tEToo inf x; (t) < tll»IPoo sup x; (t) < M,. (6)

Proof. It is easy to see that system (1) with the initial
value condition (x,(0),x,(0),x5(0)) has positive solution
(%, (8), x,(t), x5(t)) passing through (x;(0), x,(0), x5(0)). Let
(%, (1), x,5(t), x5(t)) be any positive solution of system (1) with
the initial condition (x,(0), x,(0), x5(0)). It follows from the
first equation of system (1) that

dx, (t)
dt

< (t)x, (8) <rixg (b). (7)

Integrating both sides of (7) from t — 7;,(¢) to t, we get

0 [ x, (t)

t
—— | < rids < ri't¥ (8)
X1 (t Y (t))] Jt 71(8) ! b

which leads to

x; (t=1y7 (1) = x; () exp {-1]'77,} . 9)

Substituting (9) into the first equation of system (1), it follows
that

dx, (1)

s o[- ab exp {~r'tt ) x, ®)]. (10)

It follows from (10) and Lemma 2 that

u
. " u_u\ o, _
Jim supx, (1) < aTH exp {rit},} = M. (11)

For any positive constant € > 0, it follows from (11) that there
exists a T} > 0 such that, forall t > T},

x; () <M +e (12)
Fort > T + 75|, from (12) and the second equation of system

(1), we have

d
de_t(t) < xp () [=1y (8) + ayy (8) x, (t = 71 (1))]
(13)
< x(t) [—T’é + agl (Ml + 5)] :

Integrating both sides of (13) from t — ,,(t) to t, we get

|: x, (t)

t
1 u
— 27 < -, +a, (M, +¢)|ds
x; (t =15 (1)) ] Jt—fzz(t) [ 2o (M, )]

(14)

1 u u
< [—r2 +ay, (M, + s)] Ty



Abstract and Applied Analysis

which leads to
X, (t =Ty (1) = x, (t) exp {[ré —ay, (M, + s)] T;Z} . (15)

Substituting (15) into the second equation of system (1), it
follows that

dx, (1)

I < x, () {—ré +ay, (M, +¢)

—aéz exp {[ré —ay, (M, + s)] 12”2} X, (t)} .
(16)

Thus, as a direct corollary of Lemma 2, according to (16), one
has

- ;+01242(M1+3)

lim supx, (t) < . (17)
e ayy exp {[ry = a (M, +&)] 135}
Setting ¢ — 0, it follows that
! u
) -1, +ay, M, _
tBrPOO sup x, () < =M,. (18)

aéz exp {(ré - a31M1) ng}

Fort > T| + 73, from (12) and the third equation of system
(1), we have

d
x5 (1) < x5 (1) [_7’3 (t) + az (£) x, (t B! (t))]
dt (19)

< x5 (1) [—ré +ay (M, + s)] .

Integrating both sides of (19) from ¢ — 735 (¢) to t, we get

YN DO L SN R
" [x3 (t — T33 (t)) :| = Jt—733(t) [ 3 +ds (M1 + 8)] ds 00

< [—ré +ay, (M, + s)] Ty
which leads to
X3 (=735 (1) = x5 (t) exp {[Té —ay (M, + s)] 1;43} .y

Substituting (21) into the third equation of system (1), it
follows that

dx; (t)

Pt (t) {—r; +ay (M, +e)

—a;3 exp {[ré —ay, (M, + s)] T;;} X3 (t)} .
(22)

Thus, as a direct corollary of Lemma 2, according to (22), one
has

—ré +ay, (M, +e)

lim supx; (¢) < . (23)
oo asy exp {[r; - ay (M, + )] 735}
Setting ¢ — 0, it follows that
1 u
—-r; +a; M
lim supx; (¢) < 3 Sl =M, (24)
t — +00

‘153 exp {(ré - a;Ml) 7?3}

Fort > T\ + max{t}}, T3, T|}> T12> T3} it follows from the first
equation of system (1) that

dx, (¢)
dt

> x, (t) [ri —ay, (M, +¢)
(25)

—ay, (M, +¢) —ajy (M; + 3)] .

Integrating both sides of (25) from ¢ — 7, (t) to ¢, one has

0 |: X1 (1) :|
X1 (t - Tn (t))
> Jt [rll—a’fl (M, +e)-a; (M, +e)-a); (M, +€)]ds

-1 ()

Z [ri - ay, (M, +¢) - a1142 (M, +¢) - aﬁ (M; + 5)] T§2>
(26)

which leads to
X1 (t - (t))
< x, (t) exp {— [rll —a); (M, +¢)

—al, (M, +¢€) —aly (M; + s)] T;‘z} .
(27)

Substituting (27) into the first equation of system (1), it follows
that

dx, (t)
dt

> x; (f) {ri —a), (M, +¢) —a); (M; +¢)
- a;, exp {— [rll —a), (M +¢) (28)
—aly (M, + &) — a)y (M5 + e)]
X T;‘Z} x, (1) }
According to Lemma 2, it follows from (28) that
tEToo inf x, (t)
z ("11 —ay, (M, +e) —ay; (M + 5))

X (“1141 exp { [—ri —ay; (M +é)

—aly (M, +¢€) —a)y (M; + s)] TZZ})_I.

(29)
Setting e — 0in (29), we can get
lim inf x, (t)
t — +00
!
r - anpM, —ais My —m
> = my.
aty exp {~ (1] - a}y M, - aloM, — ajs M) 74}

(30)



u u u u u u u
For t > T, + max{1}), T3y, Ty3> T3;> T11»> T3> T13)> from the

second equation of system (1), we have
dx, (t)
dt
> x, (t) [—r;‘ +d, (m —e)—a (M, +¢) —a¥y (M, + s)] .
(31)
Integrating both sides of (31) from t — 7,,(t) to t leads to

! [xz (t— 150 (1)
t u 1
> [ [l (m-o)

—Tp(t)
—ay, (M, + &) — ay, (M5 +¢) ] ds

I
2 [—r;‘ +ay (my —€) — a5, (M, + ) —ay; (M + 5)] T
(32)
which leads to

x; (t =15 (1))
< x, (t) exp {[”; - aé1 (m; —e) +ay (M, +¢)  (33)
+ay, (M +¢) ] T;z} )

Substituting (33) into the second equation of system (1), it
follows that

dx, (t)
dt
2 x, (t) {7’; ~ ay

1

X exp {[r;‘ - ay,

(my —€) +ay, (M, +¢)

+ay; (Ms+ €) ] T;Z} x, (t)— a5, (M; + s)} )
(34)
By Lemma 2 and (34), we can get
tErPOO inf x, (t)
> (ry - ay; (M; +¢))
u u 1 (35)
x (azz exp {[rz —ay (my —¢)

raly (M, +6) +als (My + )] 7))

Setting e — 0 in the above inequality, it follows that

t1—1>r-iI-loo inf x, ()

u u
> 1y ~ M

—ayexp {(r} - aélml +ay M, + ay;M;) 5, }

(36)

= 1m,.
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u u u u u u u u u u :
Fort > T + max{Bl,132,T§3,121,122,123,131,111,712,113}, it
follows from the third equation of system (1) that

dx; (t)
dt

= x5 (8) [-15 () + a5) (8) x, (t — 75, (1))
—as; () x, (t = 735 (1) = a3 () x5 (t — 735 (1))],

> x5 (1) [—r3” + aél (m, —¢)

—ay, (M, +€) — ayy (M; + 5)] .
(37)

Integrating both sides of (37) from ¢ — 755(t) to ¢, we get

|

[—7’5 + aél (m, —¢)

X3 ()
t— 155 (1))

|

[(
Zj:

—T33(t)
—ay, (M, +€) —ay; (M5 + s)] ds

> [_”? + ‘%1 (my —€) —ay, (M, + ) — ay; (M + 5)] Tas-

(38)
Hence

x; (t =135 (1))

< x; () exp {[r} - a3y (m, —¢) (39)

+ayy (M, +€) +ay, (M; + s)] T§‘3} .

Substituting (39) into the third equation of system (1), we
derive

dx; (t)
dt

> x; () {—rg‘ + aél (m, —€) —as, (M, +¢)
— 033 €Xp {[r;‘ - a;l (m, —€) +az, (M, +¢)

+ ag, (M + s)] 15‘3} x5 (t)} .

(40)
In view of Lemma 2 and (40), one has
tEIPoo inf x5 (t)
u 1 u
2 (_7’3 +ay (my —¢) —ay, (M, + 5))
(41)

X (“33 €xp {["? - a;1 (my —¢) + a3, (M, +e)

+ ag; (M, + 8)] 7;3})_1
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Setting ¢ — 0 in (41) leads to
tErPoo inf x5 (t)

(42)

u
— az, M,
= ms.

1 u u u
aymy + ah M, + afs My) T}

u 1
—1’3 + a31m1

afsexp {(ry -

Equations (11), (18), (24), (30), (36), and (42) show that system
(1) is permanent. The proof of Theorem 3 is complete. O

3. Global Asymptotically Stability of
Positive Solutions

In this section, we formulate the global asymptotically stabil-
ity of positive solutions of system (1).

Definition 4. A bounded positive solution (x;(t),x; (£),
x;(t))T of system (1) is said to be globally asymptotically
stable if, for any other positive bounded solution (x,(t),
x,(t), x3(t))T of system (1), the following equality holds:

3
i [Sh0-501] -
i=1

Definition 5 (see [24]). Let h be a real number and f be
a nonnegative function defined on [i,+00) such that f
is integrable on [h, +c0) and is uniformly continuous on
[h, +00), then lim, ,,f()=0

(43)

Theorem 6. In addition to (H1)-(H2), assume further that
(H3) lim,_, ., inf A,(t) > 0,

where A; (i = 1,2,3) are defined by (48), (49), and (50),
respectively. Then system (1) has a unique positive solution
(ocy (8), x5 (1), x5 ()T which is global attractivity.

Proof. According to the conclusion of Theorem 3, there exists
T > 0 and positive constants m;, M; (i = 1,2, 3) such that

m; <x; ()<M; i=123t>T. (44)

Define

3
V() =) [Inx; (t) - Inx, (t)]. (45)

i=1

Calculating the upper-right derivative of V(t) along the
solution of (1), it follows for t > T that

x (t)
x; (1)

X1 (t))

. 5 x (1)
D'V = !
“);@m>

) n (e () - %, (0)
= sgn(x () -

xZ%mh@nm)< -1, ()]

i=1

<

+sgn (x; (1) — x, (1))

3
X Z —ay (t) [x] (t =1 (1) = x; (t = 75 (1))]
im1

X3 (t))

3
X Z —ay (t) [x
i=1

+sgn (x; () -

(t—713 (1) — x; (¢

—ay; () le (t ~—Tn (t)) - X (t T (f))|

+ay, () |x; (=11, ()
+ay; (1) |x (- 135 (1)
+ gy (8) |} (=7 (1)
—ay, () |x; (t =15 (1)
+ay; (1) |y (£ =155 (1)
+ag; (£) |xy (£ =151 ()

+as, () |x;k (t—15, ()

- %, (t =71, ()]
— x5 (t =715 (1))
—x; (t =15 ()]
=%, (t =1 ()]
= %3 (t = 753 (1))
= x, (£ =73, ()]

— X (t — T3 (t))l

—ay; (1) |x5 (t = 155 (2)

It follows that

D+

V(t)

)
)
)
)
)
)
)
)

< —ay (F) |xf (t=71, (1) =%, (t -1y, (t))|

<

+ay, (t) x5 (£ =1y, (£)
+ay (1) |x (£ =135 (1)
7 (1)
Ty (1)
t =1y (1)
t =15 (t)
T3, (1)

= s () x5 (t =755 (8)

+ay (8) |x; (t -
—ay, () |x; (-
+ ay; (1) |x
+ay; (1) |x1

+ as, (t) |x t—

)

)
( )
( )
( )
( )
( )
( )-

- %, (t =71, ()]
- x5 (t =715 (1)
—x; (t =15 ()]
— 2, (t =1 (1))
= %3 (t = 153 (1))
= x, (£ =73, ()]

- X3 (t — T3 (t))|

X3 (t — T33 (t))|

—ay, (f) { exp {[7’11 —ayy (M, +¢) —ap, (M, +é¢)

—x;3 (t =135 (1))].

- 13 (1))]

(46)

_01143 (M; + 3)] ng} +exp {—r"7y | }

X |xy (8) = x; (8)

+2a,, (t) exp {[—rzu + aél (m, —¢€) —ay, (M, +¢)

— ay; (M + 5)] ng}

X |y (£) = x, (8)|



+2a,5 () exp {[—r;‘ +d,, (m —¢)—a (M, +e¢)

~at, (1, +¢) e}
X |x; () = x5 (1)
+2a,, () exp {— [ri —a, (M, +¢)

oy (M, + &) = aly (My + )] 73}

X |y (8) = x; (1)
—ay, () {exp {[- 73 + )y (m, — &) — a3, (M, +¢)

~ a3y (M +¢)] ng}

cexp{[rh—at, (M, +9)] )}

X |y (t) = x, (£)
+2ay, (t) exp {[ry - a3, (m, — )

+ay (M, + &) +aly (M; + )] 7is}
X |x; () = x5 (1)
+2a5, () exp {— [ri —a, (M, +e¢)

—ay, (M, +€) —aly (M; +e)| 73}

X |y (8) = x; (1)
+2as, (t) exp {[—r;4 +d, (m, —¢)

—aly (M, + ) - aly (My + )] )
X |x; t) —x, (t)|
— agy (1) {exp {[~ 75 + a5, (my —¢)

— afy (M, + ) afy (M; + )] 733}

+exp {[r; —ay, (M, + s)] T§‘3}}
X |y (t) = x5 (1)
<[=AL () |x) (1) = x; ()] + Ay (1) |x5 () = x, ()]
+As |x; (1) = x5 ()] ]
(47)
where ¢ is defined by Theorem 3 and

Ay (t)
=ay (t) { exp {[ri —ay, (M +¢&)—al, (M, +¢)
—ayy (M, + 3)] ng} +exp {_”uTlul}}
- 2a,, (t) exp { - [rll —ay, (M, +¢&) —aly, (M, +¢)
_“1143 (M; + 5)] ng}
— 2ay, (t) exp {T;‘Z - [ri —ay, (M, +¢&)—al, (M, +¢)

—ay; (M + 5)] ng} >
(48)
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A, (1)
= ay () { €xp {[_T’; + ail (my — &) — ay (M, +¢)
- a;; (M; + s)] T;Z}

+exp {[ri —ay (M, + 5)] ng}}

- 2ay, (t) exp {[—r'z‘ + aél (my —¢e) —ay, (M, +¢) )
- a (M, +e)| 75}
- 2as, (t) exp {[—r;‘ + ail (m, —¢€) —ay, (M, +¢)
— aly (M + €))7}
As (1)
= a3 () {exp {[-ri + a5, (m) - ¢)
+exp {1y - ay (M, +e)] 75}
— alf (M, + ¢) - alf (M, + &) ] 74}
+exp {[ry - (M, +¢)] 7 (50)

—2a,5 (t) exp {[—rz + aél (my —€) —ay, (M, +¢)

- ay, (M; + 8)] 7;3}
— 2ay, (t) exp {[r;‘ - aél (my —€) +a3, (M, +e)
+ ay, (M + s)] T;g} )

By hypothesis (H3), there exist constants «; (i = 1,2,3) and
T* > T such that

A;(t)2a;>0, (i=1,23) fort>T". (51)

Integrating both sides of (51) on interval [T*, {] yields

3t

V@+ZJ

i=1 7T

A1) |x! (1) —x; ()| ds <V (T"). (52)

It follows from (51) and (52) that

3 ot
ZJ At |x] () - x;(t)|ds <V (T") <0, fort>T"
i=1 °T"

(53)

Since x; (t) (i = 1,2,3) are bounded for t > T, so |x; () —
x;(t)| (i, j = 1,2, 3) are uniformly continuous on [T*, c0). By
Barbalat’s Lemma [24], we have

tlingo|xj ®-x;)=0, (i=123). (54)
By Theorems 7.4 and 8.2 in [43], we know that the positive

solution (x; (¢), x5 (£), x5 )T of (1) is uniformly asymptoti-
cally stable. The proof of Theorem 6 is complete.
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4. Numerical Example

To illustrate the theoretical results, we present some numeri-
cal simulations. Let us consider the following discrete system:

dx, (t)
dt
cos it
5o
cos 7t sin 7t
(45 ) (- (- 57))
5 4
1 + sinmt 0.5 —sinnt
() w (- ()
4 4
1 + cosmt 0.9 — cosmt
(55 )= (- ()
3 4
dx, (t)
dt
48 — cos it
=% () [_ < 12 )
cos 7t 0.7 — cosmtt
(2= 5 )n (- (5577))
4 5
cos 7t 1 + sin 7t
(- 550 )= (- (7))
12 4
sin 7rt 0.2 —sinmt
(15w (- ()
4 12
dx; (t)
dt

(222

sin 7t 0.8 —sinnt
+ |8+ x|\ t—-|————
4 5
0.6 — sin 7t 0.6 — cosmrt
— - x2 t — P
8 12

i t i t
(204 5078 1 (i (05 271,
4 2
(55)
Here
cos 7t 48 — cos it
r,(t)=5—-— ———, 7, () = ———,
1 (0) 2 5 (1) 5
2 —cosmt cos 7t
1y (t) = ——, a,(t)=4+ R
s ()= u (® .
1 + sin 7t 1 + cosmt
ap () = ———, a;s(t) = ———,
4 3
cosrtt cosrt
a,, (t)=2- , a,, (1) =4- ,
10 . 22 () =
sin 7t sin 7tt
ay () =1+ , a; (1) =8+ ,
4 4
0.6 — sin 7t sin 7t
asy (t) = > (225 (t) =20+ 5
8 4
sin 7t 0.5 —sinmt
7, () =1- , T, ) = —no——,
n (@ ; L) ===
0.9 — cosmt 0.7 — cos mtt
715 (t) = T’ T, (t) = T’

1.4

1.2+

0.8

AN

0.4

x,(t)

0.2
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FIGURE 1: The dynamical behavior of the first component of the
solution (x, (t), x,(t), x;(t)).

o, () = 1+ sinnt 0, () = 0.2 —sin 7t
)= 4 > 23\l = 12 >
0.8 —sin 7t 0.6 — cos it
mO=T mOE T
sin 7t
T35 (t) = 0.5 +

(56)

All the coefficients 7;(t) (i = 1,2,3), al-j(t) (i,j = 1,2,3),
Tij(t) (i,j = 1,2,3) are functions with respect to t, and it is
easy to see that

. 49 . 33 |47
2T 1y a3 = 5 2Ty
I _ 1 u 1 u 2
e 42 = 3 = 3
. 49 - ;31
2T hs = p 1= 0
3
ped a0z ress
1 I 47
a, =38  T),=125  a,-= 12’
ay =225 1% =05  ai =1975.
(57)
Then M, = 12451, M, = 0.7395, M, = 2.1093, m, =

0.6422. Thus it is easy to see that all the conditions of
Theorem 6 are satisfied. Thus system (55) is permanent which
is shown in Figures 1, 2, and 3.

5. Conclusions

In this paper, we have investigated the dynamical behavior
of a Lotka-Volterra predator-prey model with time-varying
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FIGURE 2: The dynamical behavior of the second component of the
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FIGURE 3: The dynamical behavior of the third component of the
solution (x, (t), x,(t), x5(t)).

delays. Sufficient conditions which ensure the permanence of
the system are derived. Moreover, we also deal with the global
stability of the system. It is shown that delay has influence
on the permanence and the global stability of system. Thus
delay is an important factor to decide the permanence and
global stability of the system. Numerical simulations show the
teasibility of our main results.
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We investigate the Hélder regularity of the local time of the fractional Ornstein-Uhlenbeck process X = {X[, t > 0}. As a related
problem, we study the collision local time of two independent fractional Ornstein-Uhlenbeck Xt = {Xfi", t > 0},i=1,2with

respective indices H, H, € (0, 1).

1. Introduction

The Brownian motion and the Ornstein-Uhlenbeck process
are the two most well-studied and widely applied stochastic
processes. The Einstein-Smoluchowski theory may be seen as
an idealized Ornstein-Uhlenbeck theory, and predictions of
either cannot be distinguished by the experiment. However,
if the Brownian particle is under the influence of an external
force, the Einstein-Smoluchowski theory breaks down, while
the Ornstein-Uhlenbeck theory remains successful. It is well
known that a diffusion process X = (X,),., starting from x €
R is called Ornstein-Uhlenbeck process with coefficients v >
0 if its infinitesimal generator is
2
= lvzd— - xi. 4]
2 dx? Tdx

The Ornstein-Uhlenbeck process (see, e.g., Revuz and Yor
[1]) has a remarkable history in physics. It is introduced to
model the velocity of the particle diffusion process, and later
it has been heavily used in finance, and thus in econophysics.
It can be constructed as the unique strong solution of Itd
stochastic differential equation

L

dX, =-X,dt +vdB,, X,=x, (2)

where B is a standard Brownian motion starting at 0.
Recently, as an extension of Brownian motion, fractional
Brownian motion has become an object of intense study, due
to its interesting properties and its applications in various sci-
entific areas including condensed matter physics, biological
physics, telecommunications, turbulence, image processing,
finance, and econophysics (see, e.g., Gouyet [2], Nualart [3],

Biagini et al. [4], Mishura [5], Willinger et al. [6], and ref-
erences therein). Recall that fractional Brownian motion B
with Hurstindex H € (0, 1) is a central Gaussian process with
Bé{ = 0 and the covariance function

E[BB] = 2 [+ 1~ e - o] )

for all t,s > 0. This process was first introduced by Kol-
mogorov and studied by Mandelbrot and van Ness [7], where
a stochastic integral representation in terms of a standard
Brownian motion was established. For H = 1/2, B coincides
with the standard Brownian motion B. B is neither a sem-
imartingale nor a Markov process unless H = 1/2, and so
many of the powerful techniques from stochastic analysis are
not available when dealing with B It has self-similar, long-
range dependence, Holder paths, and it has stationary incre-
ments. These properties make B an interesting tool for many
applications.

On the other hand, extensions of the classical Ornstein-
Uhlenbeck process have been suggested mainly on demand of
applications. The fractional Ornstein-Uhlenbeck process is
an extension of the Ornstein-Uhlenbeck process, where frac-
tional Brownian motion is used as integrator

dX, = -X,dt +vdB}', X, =x. (4)

Then (4) has a unique solution Xf{ ={XH,0 <t < T}, which
can be expressed as

t
X =t <x + vJ eSdBf> , (5)

0



and the solution is called the fractional Ornstein-Uhlenbeck
process. More work for the process can be found in Cheridito
et al. [8], Lim and Muniandy [9], Metzler and Klafter [10],
and Yan et al. [11, 12]. Clearly, when H = 1/2, the frac-
tional Ornstein-Uhlenbeck process is the classical Ornstein-
Uhlenbeck process X with parameter v starting at x € R. An
advantage of using fractional Ornstein-Uhlenbeck process is
to realize stationary long range dependent processes.

The intuitive idea of local time L(t, x) for a stochastic pro-
cess X is that L(t, x) measures the amount of time X spends at
the level x during the interval [0, ¢]. Moreover, since the work
of Varadhan [13], the local time of stochastic processes has
become an important subject. Therefore, it seems interesting
to study the local time of fractional Ornstein-Uhlenbeck
process, a rather special class of Gaussian processes.

In this paper, we focus our attention on the Holder reg-
ularity of the local time of fractional Ornstein-Uhlenbeck
process.

The rest of this paper is organized as follows. Section 2
contains a brief review on the local times of Gaussian pro-
cesses and the approach of chaos expansion of the Gaussian
process. In Section 3, we give Hélder regularity of the local
time. In Section 4, as a related problem, we study the so-called
collision local time of two independent fractional Ornstein-
Uhlenbeck X = {Xfl",t > 0},i = 1, 2 with respective indices
H,, H, € (0,1).

2. Preliminaries

2.1. Local Times and Local Nondeterminism. We recall briefly
the definition of local time. For a comprehensive survey on
local times of both random and nonrandom vector fields, we
refer to Alder [14], Geman and Horowitz [15], and Xiao [16-
18]. Let X(t) be any Borel function on R with values in R.
For any Borel set B ¢ R, the occupation measure of X is
defined by

ug(A) = A {t € B, X (t) € A}, (6)
for all Borel set A € R, where A, is the one-dimensional
Lebesgue measure. If y5 is absolutely continuous with respect
to the Lebesgue measure A, on R, we say that X(f) has a local
time on B and define its local time L(B, x) to be the Radon-
Nikodym derivative of pg. If B = [0,t], we simply write
L(B,x) as L(t,x). If I = [0,T] and L(t, x) is continuous as
a function of (t,x) € I x R, then we say that X has a jointly
continuous local time on I. In this latter case, the set function
L(-, x) can be extended to be a finite Borel measure on the
level set (see Adler [14, Theorem 8.6.1])

XN (x)={tel:X(t)=x}. (7)

This fact has been used by many authors to study fractal
properties of level sets, inverse image, and multiple times
of stochastic processes. For example, Xiao [16] and Hu [19]
have studied the Hausdorft dimension, and exact Hausdorft
and packing measure of the level sets of iterated Brownian
motion, respectively.
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For a fixed sample function at fixed ¢, the Fourier trans-
form on x of L(t, x) is the function

ftu) = J e L (t,x)dx. (8)
R
Using the density of occupation formula we have
t .
ftw = [ ¢ as (9)
0

We can express the local times L(, x) as the inverse Fourier
transform of f (¢, u), namely,

1 oo ! iu(X(s)—x)
L(t,x)= e J L ds | du. (10)

It follows from (10) that for any x, y € R, ¢, t + w € [0,T] and
any integer n > 2, we have (see, e.g., Boufoussi et al. [20, 21])

E(L(t +h,x) - L(t,x))"

:%J J efixz;lzluiE(lzjl J J)
@m)" Jittrwr Jre (11)
n n
X Hdu des I
=1 =1
and for every even integer n > 2,

L(t+hy)+L(t,y))"

1 T ivwn iyus
= W J'[t)Hw]” JRn U [e xuj e l}’w]

j=1

E( 1 X)) )Hdu Hds
L=l

(12)

E(L(t+h,x)—L(tx)—

The concept of local nondeterminism was first intro-
duced by Berman [22] to unify and extend his methods for
studying local times of real-valued Gaussian processes. Let

= {X(#),t € R,} beareal-valued, separable Gaussian proc-
ess with mean 0 and let T' ¢ R, be an open interval. Assume

that E[X(t)*] > 0 forallt € T and there exists 8 > 0 such that
E[(X ()~ X (®)’] >0, (13)

fors,t € Twith0 < |s—t] < 6.
Recall from Berman [22] that X is called locally nonde-
terministic on T if for every integer n > 2,

lim inf V, >0, (14)

e—>0t,~t)<e
where V,, is the relative prediction error as follows:

_ Var (X (t,) = X (t,) 1 X(t,),.... X (t,y )
" Var (X (t,) = X (t,-1)) ’

and the infimum in (14) is taken over all ordered points ¢, <
t, < .-+ < t,in T with t, — t; < e. Roughly speaking, (14)

(15)
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means that a small increment of the process X is not almost
relatively predictable based on a finite number of observa-
tions from the immediate past.

It follows from Berman [22, Lemma 2.3] that (14) is
equivalent to the following property which says that X has
locally approximately independent increments: for any pos-
itive integer n > 2, there exist positive constants C, and §
(both may depend on n) such that

wr( S, x() - x(6.)

(16)

n
- 03w var X (1) - (t,.)].

=1
for all ordered points 0 = t, < t; <t, < --- < t, in T with
t,—t; < §andall u; €R (1 £ j < n). We refer to Nolan [23,
Theorem 2.6] for a proof of the above equivalence in a much
more general setting.

For simplicity throughout this paper we let C, stand for

a positive constant depending only on the subscripts and
its value may be different in different appearances, and this
assumption is also adaptable to C, Cy.

2.2. Chaos Expansion. Let Q) be the space of continuous R'-
valued functions w on [0, T']. Then Q is a Banach space with
respect to the supreme norm. Let # be the o-algebra on Q.
Let P be the probability measure on the measurable space
(Q, F). Let E denote the expectation on this probability
space. The set of all square integrable functionals is denoted
by L*(Q, P), that is,

E(F*) = JQ |F (0)|*P (dw) < c0. (17)

We can introduce the chaos expansion, which is an
orthogonal decomposition of L*(Q, P). We refer to Hu [24],
Nualart [3], and the references therein for more details. Let
X = {X,,t € [0,T]} be a Gaussian process defined on the
probality space (Q, #, P). If p,(x) is a polynomial of degree
nin x, then we call p,(X,) a polynomial function of X witht €
[0, T]. Let &, be the completion with respect to the L*(Q, P)
norm of the set {p,(X;) : 0 < m < n,t € [0,T]}. Clearly,
P, is a subspace of L*(Q, P). If €, denotes the orthogonal
complement of &, | in P,, then L*(Q, P) is actually the
direct sum of €,,, that is,

L’ (,P) =P, (18)
n=0

Namely, for any functional F € LZ(Q, P), there are F,, in G,
n=0,1,2,...,such that

F= OZO:F (19)
n=0

The decomposition equation (19) is called the chaos expansion
of F, and F,, is called the nth chaos of F. Clearly, we have

E(|F) = iE(;FnF). (20)

Recall that Meyer-Watanabe test function space % (see
Watanabe [25]) is defined as

U = {F €L’(Q,P):F= OZO:Fn, inEﬂFnlz) < oo} :
n=0

n=0

(21)
and F € L*(Q, P) is said to be smooth if F € %.

Now, for F € L*(Q, P), we define an operator T, with u €
[0, 1] by

(o]
LF:=Yu"F, (22)
n=0

Set ®(u) := I ;F. Then ©(1) = F. Define ®g(u) := (d/du)
(1®@)|1*), where ||F||* := E(|F|*) for F € L*(Q, P). We have

Qg (u) = in uVHE(an|2). (23)
n=1

Note that [@w)[> = E(Ow)) = ¥, EW"|F, ).

Proposition 1. Let F € L*(Q,P). Then F € % if and only if
D (1) < co.

Consider two independent fractional Ornstein-Uhlen-
beck X™ = {XtH", t > 0}, i = 1,2, with respective indices
H; € (0,1). Let H,(x) and x € R be the Hermite polynomials
of degree n. That is,

1 .2 no
H,(x) = (-1)"=¢" /Za—e x12 (24)
n! ox"
Then,
2 ()
=N 1H, (%), (25)
n=0

forallt € € and x € R, this implies that

exp (g (X[ - X[ )+ S0t var (X[ - X[*))

(26)
S §(x" - x*)
= Y o (t,E)Hn<T,£) ’

where i = V=1 and o(t,&) = \/Var(Xf‘ - Xf{z)EZ for £ € R.
Because of the orthogonality of {H,(x), x € R}, , we will
get from (19) that

o (EEXEY
t, —_—
(iu)"o" (t,§) H, oD (27)

is the nth chaos ofexp(iuf(XfI1 - Xfiz) +(1/2)u*8? Var(Xf{1 -
B%)) forall t > 0.



3. Local Time of Fractional
Ornstein-Uhlenbeck Process

In this section, we offer the Holder regularity of the local time
of fractional Ornstein-Uhlenbeck process.

Theorem 2. Let {Xf, t > 0} be the fractional Ornstein-Uhl-
enbeck process. Then, for every t € R" and any x € R, there
exist positive and finite constants C, and C, such that

. L(t+h,x)—L(tx)
lim sup su = <
n—o % h'"H(log log (k™))

L(t+hx)—L(tx)
<C .S.
T

C, as (28)

lim sup sup
h—0 xt

Proof. Lett > 0 be a fixed point. Following the Fourier ana-
lytic approach of Berman [26], we have

E[L(t+hx)-L(tx)]"

1
- @2n)”
x (30)
X Elexp|iYu, (xF-xH
j[t,t+h]" JR” < p(; ]( S t>>>
xnduj ds]-.
j=1 j=1

Let AX" = X" — X s > 0,and denote by R(s,, 5,, - .-, 5,,) the
covariance matrix of (AXSI, el AX?) for different s, ...,s,,
then we have

det R(s},85--.55,)
= Var (AX[) Var (AXT | AXTT) - (31)

, AXIL ).

S,

Var (AX]' | AXT, ...

By Yan et al. [11], one can write the fractional Ornstein-Uhl-
enbeck process starting from zero as

t
X?:vj F(t.u)dB, 0<t<T, (32)
0

where B is a standard Brownian motion with B, = 0, and for
O<ucx<t

1 _ _
F(t,u) = (H— 5>KHe tytH
(33)

t
X j sH2 (s —wyF32eds,
u
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with 1/2 < H < 1,k = (2HT((3/2) - H)/T(H + (1/2))T(2—
2H))1/2, and

F(t,u) = KHul/ZfH

t
« <_eft J' (s — w)H 121125 4
u

2
——€
1-2H

t
XJ (s — u)H—l/ZSH—3/Zest> )
(34)

+ tH—l/Z(t B u)H—1/2 +

with0 < H < 1/2.
Foranyr,s € [t,t + h] such that r < s, we have

Var (AX? | AXZI,u < r) > Var (AX? - AX? | B,,u< r)
= Var(X? —Xf | B,,u < r)

= Var (X | Bus<r),
(35)

where the last equality follows from the fact that X! is meas-
urable with respect to o(B,,, u < r). Moreover, we can write

X?:VJ F(s,u)dBu:vJ F(s,u)dBu+vJ F (s,u)dB,,.
0 0 r
(36)

Hence, by using the measurability of Ior F(s,u)dB, with
respect to 0(B,,, u < s), we have

N
Var(Xf | Bu,uSr) =Var<vJ. F(s,u)dB, | Bu,uSr)

r

= Var <v r F(s,u) dBu>
> Cy(s— r)ZH,
(37)

where, to obtain the second equality, we have used the fact
that j: F(s,u)dB, is independent of o(B,,u < s) (by the
independence of the increments of the Brownian motion).
Combining (31), inequation (35), and inequation (37), we
have

L 2H
det R(sp,53,-..,5,) 2 Cp[ [(s;-5;4)" >0, (38)
j=1
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where s, = 0. Hence, the change of variable V = RY*U, U =
(uy,...,u,) implies that

J E (exp <iiuj (X? - Xf))) du;
n j:1 J j:1
= J E (exp <iiujAX?>> . du; (39)
R j i

j=1

=

~ 2m)"?
(detR (s;,55...»5,)) """

Hence,
E[L(t+h,x)-L(tx)]"
n!
- (27_[)11/2
1
x 1/2
t<s;<<s,<t+h (det R (81,85 ...,5,))

ds,---ds,

n! 1 1

- n/2 H
(2m) t<sy <<s,<th ] (Sj _ 5];1)

ds,---ds,

ra-Hy"

n! n(1-H)
Fr(1+n(l-H)

<C
H(zﬂ)n/z

(40)

Following from Stirling’s formula, we have n!/T'(1 + n(1 -
H)) < A"n!", n > 2, for a suitable finite number A. So

(41)

Lit+hx)-Ltx)\" . H
E( LA <Cnl™.

Following, we first prove that for any K > 0, there exists a pos-
itive and finite constant B > 0, depending on ¢, such that for
sufficiently small u

Bhl—H
P(L(t+h,x)—L(t,x)2 - )Se(K/”). (42)
u

First consider u of the form u = 1/n. By Chebyshev’s inequal-
ity and inequation (41), we have

P (L (t+h,x)-L(t,x) > Bhl_HnH)

SE(L(t+h,x)—L(t,x)>”

Bhl-HpH
C” 1 nH
S B ( —> n!™ (by Stirling’s formula) (43)
n

n
< C—(Zrm)H/ 2o Hn
Bn

= exp(n(log(%) —H) + % (logn+log2n)).

Choose B > C and n, large such that for any n > n,, to
dominate (43) by e ). Moreover, for u sufficiently small,
there exists n > n, such that u,,; < u < u, and sincen > 1,
n/(m + 1) = 1/2. This proves inequation (42).

On the other hand, if we take u(h) = 1/ log log(1/h) and
consider h,, of the form 27", then inequation (42) implies

n

H
P<L(t+hn,x) -L(t,x) 2 Bh,lfH<loglog<hi>> )

-2
<n°~,

(44)

for large n. So, following that Borel-Cantelli lemma and mon-
otonicity arguments, we have

H
L(t+h,x)—L(t,x>SB<loglog(hi>> as. (45)

hl—H

This completes the proof of inequation (28). we can obtain
inequation (29) in the similar manner. O]

4. Existence and Smoothness of
Collision Local Time

In this section we will study the so-called collision local time
of two independent fractional Ornstein-Uhlenbeck X =
{Xfl",t > 0},i = 1,2. It is defined formally by the following
expression:

T
o= | o (xth-x")a, (46)
0

where §, is the Dirac delta function. It is a measure of the
amount of time for which the trajectories of the two pro-
cesses, X, and X}2, collide on the time interval [0, T]. The
collision local time for fractional Brownian motion has been
studied by Jiang and Wang [27]. We shall show that the ran-
dom variable ;- exists in L*. We approximate the Dirac delta
function by the heat kernel

1 2 1 ixE —e(F2
e J et gz, (47)
2me 2 Jr

Ps (X) =

For ¢ > 0 we define

T H,
€£,T = J p(—: (Xt !

) - X;")dt

(48)
-5 J TJ S XE) e @ g gy,
21t Jo Jr

and a natural question to study is that of the behavior of £, 1
as ¢ tends to zero.

Theorem 3. For H; € (0,1), i = 1,2. Then £, converges in
LZ(Q, F,P), as ¢ | 0. Moreover, the limit is denoted by €,
then €, € L*(Q, %, P).



Proof. First we claim that £, ;- € L*(Q, &, P) for every & > 0.

By (48) we have

E(£;)

_ L J I TJ Bt =X in(e - x(®)
an? )} o Jre
(49)
2 2
x g (@ ))/Z)df dndsdt

. ~(1/2)0% _~((E+n")/2)
= ||| e D g ay s,
47 ) o Jr2

where ¢ denotes the variance of random variable &(X}" —
X7y + p(xt - X!, that is,

o” = Var (§ (X" - X;%) +n (X - xI2)). (50)

According to the property of local nondeterminism (see The-
orem 3.1in [11]), we have

o® = Var (§ (X - XI") - £ (X% - xIP)
+H(E+m) (X - X))
>C[8((t -9+ (t-5)"")

+(&+ 11)2 (52H1 + sZHZ)] .

(51)

Thus, we have

N ~(1/2)0% _~(e(E+7)/2
e ” J e e TIEAE dn ds dt
TT 0 JrR?

IA

JTJ ! J ¢ O (= = G (48] dn ds dt
0 JoJr2

T (t
—of ] [(e-97 e -™)

X (SZH] +52H2)]_1/2dsdt

T (t
< CJ J (t - S)—(l/z)(H1+H2)S—(I/Z)(HI+H2)dS dt < oo,
o Jo

because of H; € (0, 1), which yields

E(£2;) < oo, (53)

forall € € (0,1].
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Second, we claim that the sequence {€,;, € > 0} is of
Cauchy in L*(Q, %, P). For any 6, & > 0 we have

E (|€S,T - ee,Tiz)

L”T J' Eeis(xf" —XT) pin(xt - xT)
an? )} o Jre

2 2
. (e—(S/Z)E _ o8 )

x (&7 O G dy ds dt

IN

1 ((le_pI21E]? 2
Lsup(1 - e o)
47 EeR

T
x ” j D9 g i ds d.
0 Jr2
(54)
Thus, dominated convergence theorem yields
E(|e.r - €o|") — 0, (55)

ase — Oand 6 — 0, which leads to £, is a Cauchy
sequence in L*(Q, %, P). Consequently, lim, _, (£, 1 exists in
L*(Q, &, P). This completes the proof. O

For the increments of collision local time we have the fol-
lowing.

Theorem 4. Let H,,H, € (0,1) and § = min{H,, H,}. Then
the collision local time € satisfies the following estimate:

E(|6, - &) < Cyy p, (t =), (56)
foralls,t, s <t
Proof. For any 0 < r,[ < T we denote
ory = Var (§(XP - XB) 4 (X - X7)). (57)

Then the property of local nondeterminism (see Theorem 3.1
in [11]) yields

ol 2 C[E((r =D + (r - 1))

+(&+ r])2 (ZZH1 + ZZHZ)]

for a constant C > 0. It follows from (48) that for0 < s <t <
T

(58)

E (les,t - gs,SIZ)

2 (' /2002 e/ DE )
= 7 )ZJ J drdlj e meTtE T dE dn
T s Js R?

t r
CJ drj (r =PI Pl

<C(t-s)7.

(59)
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Thus, Theorem 3 and Fatou’s lemma yield

E(le, - e)
=E (shi%m’f - €$’s|2> (60)
- 2 22
< llr?ngfE (|€€)t -, ) <C@t-s)"%.
This completes the proof. O

Let A, = Var(ijll - Xfiz) fort > 0 and
po = E[(X{" = X7 (xIh - xI2))], (61)
for s, t > 0.

Lemma 5 (An and Yan [28]). For any x € [-1,1) we have

|
anan” == (62)
n=1 i

where 2n-2)!'=1-3-5---Q2n-1)and Cn-1)!'=2-4.
6--(2n-2).

By Cauchy-Schwartz’s inequality, we have pi ;< AL
Hence,

-3/2
P _ P, Pu ( 1 )1/2
(/\S/\t - pszt)3/2 ASAt A’SAt As)‘t

_i(Zn—l)!! P2, "( 1 )1/2
S Len-2M\ A, ) \AA, )

n=1

forallt,s > 0and s#t.

Below, we consider the smoothness of the collision local
time. Our main object is to explain and prove the following
theorem.

Theorem 6. Let ¢, T > 0 be the collision local time process
of two independent fractional Ornstein-Uhlenbeck X =
{Xf{",t > 0}, i = 1,2, with respective indices H; € (0, 1). Then
Cr is smooth in the sense of the Meyer-Watanabe if and only if

1
min {H}, H,} < 3 (64)
Proof. By Yan et al. [11], we have
2
AtAs ~ Pst
g (SzH1 N SZHZ) ( 2H t2H2)

1

- (£ 4+ 2 — P (65)

w2 P PR

= (52H1 + SZHZ) [(t st - 5)2H2] ,

7
where the notation F = G means that there are positive
constants ¢; and ¢, so that

G (x) < F(x) <6G(x), (66)

in the common domain of definition for F and G.
Hence, following Theorem 2 in An and Yan [28], we have

I Z (PLIAN, — p2)*)dsdt < oo if and only if
min{H,, H,} < 1/3. Therefore, in order to prove Theorem 6,
it only needs to prove: for T' > 0, £; is smooth in the sense of
the Meyer-Watanabe if and only if

T 2 2 \~3/2
JJ ps,t(/\t/\s - Ps’t) dsdt < 0o. (67)
0
In fact, for € > 0, T > 0 we denote

), (68)

O, (T, 8.r) = E (| alur

and O(u, T, ;) := E(IFWZTIZ). Thus, by Proposition 1 to
prove that (67) holds if and only if ®g(1) < co. Clearly, we
have

T
H H
ee,T = JO Pe (Xt ' _Xt z)dt
1 T e oHL Hy 2
- _J J SEXTXI) | e g gy
2 Jo Jr
_ L JT J’ o128 Var(x - x12)
2 Jo Jr
2 o0
x e-(l/Z)sE Zinan (t, &) H,
n=0
E(xth - xp®
% M dEdt
o (t,)
(o)
= ZF,,.
n=0
(69)
Notice that
g, (1)
< 2
_ S (e )
n=0
(o]
- ZL
= an?

x E HJOT JRZ exp (—%g (|§|2 + |’7|2))
x a" (t,&) 0" (s,17)

-exp <—% (8 Var (X" - X;*)

+ ;12 Var (Xf(1 - X?Z)) )



=)

o (t,8)

n (X0 -x:*)

Z (2n— 1)!

I
(e

cexp (= (8 var (X[ - Xi) +2)

+ r]2 Var ((Xf‘ - XHZ)

N

=X (- X))

+e))x3)) dEd;ydsdt],
(70)

for all T > 0, where we have used the following fact: For two
random variables X, Y with joint Gaussian distribution such

that E(X) = E(Y) = 0 and E(X?) = E(Y?) = 1 we have (see,
for example, Nualart [3])
0, m#mn,
EH,(X)H,_(Y))= 71
(H, (O H,, (V) l'[E(XY)]”, m=n. 7D
n!
We obtain
S (T (n+1/2))%2%+
O (1) =
o, (1 r; 4 (2n—1)!
T
<] A dsdt
0((A;+e) (A +e))
1 @n-1)N
= Lo @n-2) 72)

T ps,t
X “ ey dsdt
0 (A, +¢) (A +e))

dsdt,

_ 1 T Ps,t
) ” 0 (A +€) (A +) - p2)"

where we have used the following equality:
& (var (XM - x™®) + ¢
J’ EZrleXp<_ ( ( t2 t ) ) dE
R

o1/ (n

-
(73)
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Hence, we have

1" Pl
lim g, (1) = ” —mdsdt, (74)
(AA: = pd)

for all T > 0. This completes the proof. O

Acknowledgments

The authors would like to thank anonymous earnest ref-
eree whose remarks and suggestions greatly improved the
presentation of our paper. Guangjun Shen is partially sup-
ported by the National Natural Science Foundation of
China (11271020), the Natural Science Foundation of Anhui
Province (1208085MALll, 1308085QA14), and the Key Nat-
ural Science Foundation of Anhui Educational Commit-
tee (KJ2011A139), Dongjin Zhu is partially supported by
the Key Natural Science Foundation of the Anhui Educational
Committee (KJ2012ZDO01, KJ2013A133) and the Philosophy
and Social Science Planning Foundation of Anhui Province
(AHSK11-12D128), and Yong Ren is partially supported by the
National Natural Science Foundation of China (11371029).

References

[1] D. Revuz and M. Yor, Continuous Martingales and Brownian
Motion, Springer, New York, NY, USA, 1999.

[2] J.-E. Gouyet, Physics and Fractal Structures, Springer, Berlin,
Germany, 1996.

[3] D.Nualart, The Malliavin Calculus and Related Topics, Springer,
New York, NY, USA, 2006.

[4] E Biagini, Y. Hu, B. @ksendal, and T. Zhang, Stochastic Calculus
for Fractional Brownian Motion and Applications, Springer,
London, UK, 2008.

[5] Y. S. Mishura, Stochastic Calculus for Fractional Brownian
Motion and Related Processes, vol. 1929 of Lecture Notes in Math-
ematics, Springer, Berlin, Germany, 2008.

[6] W.Willinger, M. S. Taqqu, and V. Teverovsky, “Stock market pri-
ces and long-range dependence,” Finance Stochastics, vol. 3, no.
1, pp. 1-13, 1999,

[7] B. B. Mandelbrot and J. W. van Ness, “Fractional Brownian
motions, fractional noises and applications,” SIAM Review, vol.
10, pp. 422-437, 1968.

[8] P. Cheridito, H. Kawaguchi, and M. Maejima, “Fractional Orn-
stein-Uhlenbeck processes,” Electronic Journal of Probability,
vol. 8, article 3, pp. 1-14, 2003.

[9] S. C. Lim and S. V. Muniandy, “Generalized Ornstein-Uhlen-
beck processes and associated self-similar processes,” Journal of
Physics A, vol. 36, no. 14, pp. 3961-3982, 2003.

[10] R. Metzler and J. Klafter, “The restaurant at the end of the ran-
dom walk: recent developments in the description of anomalous
transport by fractional dynamics,” Journal of Physics A, vol. 37,
no. 31, pp. R161-R208, 2004.

[11] L. Yan, Y. Lu, and Z. Xu, “Some properties of the fractional
Ornstein-Uhlenbeck process,” Journal of Physics A, vol. 41, no.
14, Article ID 145007, 17 pages, 2008.

[12] L. Yan and M. Tian, “On the local times of fractional Ornstein-
Uhlenbeck process,” Letters in Mathematical Physics, vol. 73, no.
3, pp. 209-220, 2005.



Abstract and Applied Analysis

(13]

(14]
(15]

(16]

(17]

(19]

[20]

[21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

S.R. S. Varadhan, “Appendix to euclidean quantum field theory
by K. Symanzk,” in Local Quantum Theory, R. Jost, Ed., Aca-
demic Press, New York, NY, USA, 1969.

R.J. Adler, The Geometry of Random Fields, John Wiley & Sons,
New York, NY, USA, 1981.

D. Geman and J. Horowitz, “Occupation densities;,” The Annals
of Probability, vol. 8, no. 1, pp. 1-67, 1980.

Y. Xiao, “Local times and related properties of multidimensional
iterated Brownian motion,” Journal of Theoretical Probability,
vol. 11, no. 2, pp. 383-408, 1998.

Y. Xiao, “Properties of local-nondeterminism of Gaussian and
stable random fields and their applications,” Annales de la
Faculté des Sciences de Toulouse Série 6, vol. 15, no. 1, pp. 157-
193, 2006.

Y. Xiao, “Holder conditions for the local times and the Haus-
dorff measure of the level sets of Gaussian random fields,” Prob-
ability Theory and Related Fields, vol. 109, no. 1, pp. 129-157,1997.

Y. Hu, “Hausdorff and packing measures of the level sets of iter-
ated Brownian motion,” Journal of Theoretical Probability, vol.
12, no. 2, pp. 313-346, 1999.

B. Boufoussi, M. Dozzi, and R. Guerbaz, “On the local time of
multifractional Brownian motion,” Stochastics, vol. 78, no. 1, pp.
33-49, 2006.

B. Boufoussi, M. Dozzi, and R. Guerbaz, “Sample path prop-
erties of the local time of multifractional Brownian motion,”
Bernoulli, vol. 13, no. 3, pp. 849-867, 2007.

S. M. Berman, “Local nondeterminism and local times of Gaus-
sian processes,” Indiana University Mathematics Journal, vol. 23,
pp. 69-94, 1974.

J. P. Nolan, “Local nondeterminism and local times for stable
processes,” Probability Theory and Related Fields, vol. 82, no. 3,
pp. 387-410, 1989.

Y. Hu, “Self-intersection local time of fractional Brownian
motions—via chaos expansion,” Journal of Mathematics of Kyoto
University, vol. 41, no. 2, pp- 233-250, 2001.

S. Watanabe, Stochastic Differential Equation and Malliavin Cal-
culus, Tata Institute of Fundamental Reaearch, Springer, New
York, NY, USA, 1984.

S. M. Berman, “Local times and sample function properties of
stationary Gaussian processes,” Transactions of the American
Mathematical Society, vol. 137, pp. 277-299, 1969.

Y. Jiang and Y. Wang, “On the collision local time of fractional
Brownian motions,” Chinese Annals of Mathematics B, vol. 28,
no. 3, pp. 311-320, 2007.

L. An and L. Yan, “Smoothness for the collision local time of
fractional Brownian motion,” Preprint.



Hindawi Publishing Corporation
Abstract and Applied Analysis

Volume 2013, Article ID 813957, 6 pages
http://dx.doi.org/10.1155/2013/813957

Research Article

The Application of the Undetermined Fundamental
Frequency Method on the Period-Doubling Bifurcation of

the 3D Nonlinear System

Gen Ge' and Wei Wang’

!'School of Mechanical Engineering, Tianjin Polytechnic University, Tianjin 300072, China
2 Department of Mechanics, Tianjin University, Tianjin 300072, China

Correspondence should be addressed to Gen Ge; gegenroot@126.com

Received 28 April 2013; Revised 10 August 2013; Accepted 10 August 2013

Academic Editor: Ren Yong

Copyright © 2013 G. Ge and W. Wang. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The analytical method to predict the period-doubling bifurcation of the three-dimensional (3D) system is improved by using the
undetermined fundamental frequency method. We compute the stable response of the system subject to the quadratic and cubic
nonlinearity by introducing the undetermined fundamental frequency. For the occurrence of the first and second period-doubling
bifurcation, the new bifurcation criterion is accomplished. It depends on the stability of the limit cycle on the central manifold. The
explicit applications show that the new results coincide with the results of the numerical simulation as compared with the initial

methods.

1. Introduction

Period-doubling bifurcation can induce complex dynamical
behavior in the nonlinear dynamic systems. It is the most
classical achievement broadcasted by Feigenbaum [1]. He
discovered the ratio of the difference between the values at
which such successive period-doubling bifurcation occurs
at a constant of around 4.6692 and then showed that the
same behavior, with the same mathematical constant, would
occur within a wide class of mathematical functions, prior
to the onset of chaos. Since then many attempts have
been made to study the period-doubling (flip) bifurca-
tion phenomenon in the nonlinear dynamic systems. Wang
and Xu [2] developed the relation between two periodic
solutions analytically for a general parameter dependent
dynamic system. Such relation is further confirmed by one
example and shows that the 2T-periodic solution contains
all the information of the T-periodic solution near the
bifurcation point. From the frequency domain point of
view, Floquet multipliers commonly used for the analyti-
cal bifurcations of Hopf cycles are the key to detect the
appearance of a subharmonic solution. So a quasianalytical

monodromy matrix approach was developed to the period-
doubling bifurcation emerging near a Hopf bifurcation point
(3].

As compared with the single freedom system, the dynam-
ical behaviors surrounding the bifurcation point may become
more complicated in the 3D system. Rand [4] used the
center manifold theory to approximate the newly born limit
cycle and then to investigate the stability of the limit cycle
corresponding to the flip bifurcation. Later, Belhaq et al.
[5, 6] improved the approximation of the critical value with a
higher-order approximation and further solved the problem
of the second period-doubling bifurcation.

In this paper, we use the center manifold theory to reduce
a 3D system and then derive the critical values of the first and
second period-doubling bifurcation according to the stability
of the limit cycle. In terms of the undetermined fundamental
frequency method, it produces more accurate results and
avoids the computational complexity appending the higher-
order approximation at the same time [7, 8]. Finally the
whole process is precisely programmed in terms of the
computer algebra Mathematica to perform the analysis more
efficiently.
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2. Stable Response with the Undetermined
Fundamental Frequency Method

In order to illustrate the analytical process, we refer to the
following 3D system:

X =pux—y-xz
y=uy X @
Z:—z+xzz+y2.

This system may be thought of as a feedback control
system consisting of a damped linear oscillator in the x, y
variables and a control variable z. The origin (x, y,z) =
(0,0, 0) is the equilibrium and may lose its stability at control
parameter changing from ¢ < 0 to g > 0. This means that
the period-doubling bifurcation appears at the value y = p,
following the limit cycles.

For the value of y_, the center manifold theory has
to be introduced to finish the reduction and obtain the
equations on the center manifolds. So we set the second order
polynomial of z in terms of x, y, and y

z=ax’ +bxy +cy’ +dxu+reyu+ fu +0(3). (2)
Differentiating (2) with respect to time t and using (1) give

~z+x°z+y" = (2ax + by + du) (ux - y - xz)
3)
+ (bx +2cy +ep) (uy +x) +0(3).

Equating the same order terms on both sides of (3) produces
the coeflicients
o= 2
S (1 2u) (5+4u(1+p)
2
- Cs5+du(1+p)

.- 3+4u(l+p) (4)
(1+2u) (5+4p(1+u)

d=0,
e=0,
f=0.

That leads to the following approximate flows on the center
manifold:

; 3 2 2
X=pux—y—ax —bx"y—cxy’,
, (5)
Y=t X

The computational precision of the critical value depends
heavily on the stable response, such as the frequency and
amplitude of the 3D system. So, in order to perform the limit
cycle bifurcation analysis more correctly, Belhaq et al. [6]
explored the analysis through a higher-order approximation.
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In this paper we introduce the undetermined fundamental
frequency method during the course of normal form oper-
ation.

In terms of the transformation x = v — pyu, y = u, (5)
changes to

u="v,
V= —u+2vpu—up’ — (v—uy)

S5+4u(T+p)  (1+2u)[5+4u(1+ )]

W (3+4u (1+p) }
(L+2u) [5+4u(1+p)] |

To obtain the stable response, it demands to transform (6)
into a differential equation of the first order with the complex
unknown quantities &. Let

u=E+§ a=iw10(«f—§), (7)

where w, is the undetermined fundamental frequency. Sol-
ving (7) obtains

fz%(”_ii’)’ E:%(mwima). (8)

Differentiating (8) with respect to t and using (6) and (7),
give

f.— 1

2wy

i{E+E+‘u2(f+E)—Ziy(E—E)wlo

1
5+ ldp+ 1242 + 83

< [u(E+8) i (E-8)wy]

+ [(3 + 64+ 10;42) (E + 2)2

+(§- &) wiy

)

-2i(1+4p) (EZ - Ez) wyy
_Z(E - E)wao]} .

For the simplification of (9), a third-order nonlinear trans-
formation is considered as

E=n+h (n.7)+hy(n,7) +hy (1.77) (10)

where h;(17,7]) = Z;':o Fj,i_jnjﬁi_j, i=1,23.
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TABLE 1: Critical value for the first period-doubling bifurcation.

Method Numerical simulation This paper Reference [4] Reference [6]
e 0.439 0.443 0.45 0.446
These transformation coefficients I, ;are suitably cho- +a° [3+u(5+ 6;4)]} )
sen to eliminate the nonresonance terms [9] in the final
expression. So the normal form of (9) is —1\1/2
P ©) x((1+2y)[10+a2+8y(1+y)]) )
o 1+t + (13)
=77y
2 (4 —iwy)

~((3u(3+ 6+ 10u7) — i (3+ 8 + 184" wyg

. (1)
+2(1+ 54) wy, — 6iwy, )

x (2(5+ 14+ 120+ 82°) (- wy,)) )
X nzﬁ.
Next, #, 7] require to be expressed in the following polar form
n = 1/2ae"", 7 = 1/2ae”"". Then separating the real and
imaginary parts of the foregoing equation by considering the
stationary condition a = 0, we have

{20+ {56 - 3a” [3 + 20 (3 + 5)]

+4p [17 + 20 (11 + 6p+ 447 | }}
+ {4 (1+20) [5+4p (1 + )]
—a® [3+2u(5+14u)]} wly - 6a’wl, = 0, (12)
10+ (—28 i 3a2)[,¢ n (—14 + 5(12)[42
+6 (2 + az) pt3 + 24[,14 + 16[,15
+(1+2p) (10 +a” + 8 + 8 ) wiy = 0.

Hence, (12) produces the amplitude and the undetermined
fundamental frequency

341+ p)p
x {45+ {(1+ 20)°[5 + 4 (1 + )]

x {81+ 8 {15+ u[3+ 2u (6 + W} }'”*
1/2
~2u {73 + 4p{23 + 2 [11 + pu (5 + 2p) 11} } } ,

wyo = ((10-u{-14(2+p)

+4u’ (3 + 6+ 447

3. Criterion for the
Period-Doubling Bifurcation

Substituting (13) into (7), we obtain the expression of periodic
solution in the trigonometric form so that the solution
changes into the Cartesian form with the transformation x, =
v — uu, y, = u. Consider

Xo = —ap cos wyt + asin w;yf,
(14)
Yo = acoswyyt.

Note that the limit cycle cannot show period-doubling
as long as it lies in the center manifold because the latter is
two-dimensional and trajectories cannot self-intersect. So it
marks z; on the limit cycle for the expression obtained from
(2). To investigate the stability, we append disturbance to z in
(1), that is,

z=2zy+2, (15)
and linearize the variation z,
z = [—1 + (—ap cos wt + asin wlot)z] z,.  (16)
The general solution of (16) is
z, =z eM, (17)

where M = _[Ot[—l + (—apcoswyt + asinw,yt)’]dt. By
considering the Floquet theory, the transition from stable to
unstable occurs in the condition of z,(T) = z,(0), where
T is the period of the limit cycle oscillation. That produces
the critical value of period-doubling bifurcation through
M(u.) = 0, and the result is

f, = 0.443, (18)

In order to illustrate the accuracy of the result, the critical
values obtained from different methods are presented in
Table 1.

Finally, we investigate the stability to find the critical
values of the second period doubling bifurcation. That is,
from a bifurcation point, the asymmetric 2T-orbit born at the
first period-doubling bifurcation point becomes nonstable in
a flip bifurcation, where a 4T-orbit emerges. Here, we do
not want to give too many details about the second period-
doubling bifurcation because the computational process is
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TABLE 2: Critical value for the second period-doubling bifurcation.
Method Numerical simulation This paper Reference [6]
4, 0.476 0.481 0.486
x
T ] r ——— ]
2F . C ]
L ] 1B ]
L5 1 osk .
1 B ] 0 : : X
o5l ) ‘: -05 .
DT I N | i z o . ! ]

(©)

FIGURE I: Projections on (z, x), (x, y), and (y, z) plane of the first period-doubling bifurcation.

very similar to the first period doubling bifurcation. We
mainly follow the stability analyses of Rand [4] and Belhaq
etal. [6]. The main difference exists in finding the solution of
the 3D system, where we use the undetermined fundamental
frequency method. It produces a better approximation of the
asymptotical solution. First of all, we give the general solution
in a complex form as follows:

u= (&) + (1-8,,) (6 + )
+(1-8,,) (& +&,).
) B (19)
U = iw (51 - 51) + 2iw,, (1 - 82,1) (fiz - 52)
+ 3iw10 (1 - 82,1) (63 _23) .

Then, we may find the normal form of the reduced
system. As for the secular terms, they can be regarded as

the near resonance according to [9]. We use a near identity
transformation from &, to 7,

E&i=m+h (’71’ﬁ1”72’ﬁ2”73’ﬁ3)

+ 1y (11,715 125 T M35 713) (20)

+hy (’71aﬁ1’ 2> 1y ’ls’ﬁa) >

to find the normal form of the system which also includes
the subharmonic components in its expression. That can
be written in different order: first order #;, second order
571> M7, and third order: 17, 1571, Mttsiss MiaTlys 117,
With these secular terms we find the averaged equation of
the system and then amplitude and frequency. Finally, we
investigate the stability to find the critical values of the second
period-doubling bifurcation. The critical values are presented
in Table 2. It exhibits a better approximation than the high
order analysis given by Belhaq et al. [6].

In Figure 1, the projections on (z,x), (x, y), and (y,2)
plane are plotted at the value of y, = 0.439. Meanwhile
the time series of trajectories x(t), y(t), and z(t) appear in
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FIGURE 2: Time series of the first period-doubling trajectories x(¢), ¥(¢), and z(¢).
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FIGURE 3: 3D phase portrait refers to the first and second period-doubling bifurcation.

Figure 2. A 3D phase portrait refers to the first and second
period-doubling bifurcations that are portrayed at the values
Y, equal to 0.439 and 0.476 in Figure 3, respectively. Finally
we programme the whole computation process in terms of
the computer algebra Mathematica to accelerate the analysis
more efficiently.

4. Conclusion

The strategy of predicting the period-doubling bifurcation
of the 3D system is presented by using the undetermined

()

fundamental frequency method. It applies the undetermined
fundamental frequency to obtain the stable response of the
flows on the center manifold and then forms the criterion
of period-doubling prediction by considering the stability
of the limit cycle. In contrast to the result of numerical
simulation, it reveals a good prediction as shown in Tables
1 and 2, compared with the analytical results of the first
and second period-doubling bifurcations given by Rand and
Belhaq. The whole process is constituted in terms of the
computer algebra Mathematica. It enables people to research



the flip bifurcation of the 3D system more accurately and
efficiently.

The strategy presented in this work is sufficiently general,
so it would be possible to apply the present method to con-
sider other high-dimensional and more complicated systems,
which will be the topics for further research.
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The main goal of this paper is to present a theory of approximation of periodic orbits of vector fields in the plane. From the theory
developed here, it is possible to obtain an approximation to the curve of nonhyperbolic periodic orbits in the bifurcation diagram
of a family of differential equations that has a transversal Hopf point of codimension two. Applications of the developed theory are
made in Liénard-type equations and in Bazykin’s predator-prey system.

1. Introduction

The existence of a curve of nonhyperbolic periodic orbits in
the bifurcation diagram of a family of differential equations
that has a transversal Hopf point of codimension two can be
demonstrated with the theories presented in [1, 2]. However,
these theories do not allow us to find or even approximate the
curve of nonhyperbolic periodic orbits, except in very special
cases as in [3]. On the other hand, good approximations
to this curve are essential not only to mathematicians, but
primarily for engineers, physicists, and other users of mathe-
matics.

In general, the curve of nonhyperbolic periodic orbits is
obtained by numerical methods as in [4] or through spe-
cific softwares such as [5], for instance. An analytical alter-
native proposed in this paper is to generalize the theory of
approximation of periodic orbits of [6], using some results
and notations of [1, 2], in order to obtain an approximation
to the curve of nonhyperbolic periodic orbits of a family of
differential equations that has transversal Hopf bifurcations
of codimension two. Furthermore, the theory developed here
does not need normal forms of the vector field in the neigh-
borhood of the Hopf points.

Article [7], among other cases, treats also the generalized
Hopf bifurcation in general as n-dimensional systems. In par-
ticular, it provides quadratic asymptotics for the bifurcation
parameter values corresponding to the nonhyperbolic limit
cycle, and for this cycle itself. Moreover, these asymptotics
are implemented into the standard software MATCONT [5],
allowing to automatically initialize the continuation of the
cycle-saddle-node curve from the generalized Hopf point.
However, the authors believe that the constructions presented
here are independent and self-contained. More precisely, both
articles give an approximation to the curve of nonhyperbolic
periodic orbits of a family of differential equations that has
transversal Hopf bifurcations of codimension two. Here we
present this theory for 2-dimensional systems without the
use of normal forms while in [7], the authors present n-
dimensional systems using normal forms.

This paper is organized as follows. In Section 2, the theory
of approximation of periodic orbits for vector fields in the
plane is developed. The stability of the approximate periodic
orbits is discussed in Section 3. In Section 4, applications of
the theory in Liénard-type differential equations are made,
while applications to the Bazykin’s predator-prey system are



made in Section 5. Concluding comments about the results
obtained here are in Section 6.

2. Approximation of Periodic Orbits

Consider a family of the differential equations
x = f(x,8), 6))

where f : W xU — R* W ¢ R?is an open set in R?,
f e €@ (WxU, R?),and & = () eUc R? is the parameter
vector. Let (x4(£),£) € W x U be an equilibrium point of
(1); that is, f(x¢(£),&) = 0 for & € U. Suppose the following
assumption:

(H1) the linear part of the vector field f : W xU —
R?, evaluated at (x0(£),&) and denoted by A(&) =
Df (x4(§),£), has eigenvalues A and A, with A(¢§) =

y(&) +in(&). For & = (4o, v) € U, y(§y) = 0,9,y(&,) #
0, and () = wy(v) > 0, where
9]
) == .
1y (&) o’ &) . )

There is no loss of generality in considering that x,(£) = 0
forall& € U, (0,0) € U and y, = 0. Just make a translation
of the equilibrium point and of the critical parameter to their
origins and adjust in a convenient way the sets W ¢ R? and
U ¢ R?. By doing this, (1) can be rewritten as

X =A@ x+G(xE), 3)
where (x,§) — G(x,&) is a smooth vector field with Taylor

expansion around x = 0, starting with second-order terms at
least, as follows:

G(x§&) = %B(x,x,f) + éC(x,x,x, O+ iD(x,x,x,x, 3

+LE(xxxxxf +OG(||X|| E)

120 @
4
where
Bi (X’ Y’ E) ) y >
1;18’718’“ |’7 =i
2
(xy.wé G; (1, E)| _ox: viths»
]lela aﬂkaﬂl |" 0Tk
2 a4
Di (X> y.uv, E) = Z Gi (’7’ E)|r]:0xjykulvr’

jKm=101;010m;01,
Ei (X, Y$ u,vVv,w, 5)
2 aS

= —————G; (1, &)|, _ox;yxtyv,w
j,k,,;pzlanjankamamanp ot
(5)
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are the components of symmetric multilinear functions B, C,
D, and E.

Let q(§) € C? be an eigenvector corresponding to the
eigenvalue A(£), and let p(£) € C? be an adjoint eigenvector
corresponding to the eigenvalue A(£) satisfying

A qE =1&)q@), (6)
AE P® =1 p @), )
and the normalization
2
(p©.9©)=Yp®q® =1, (8)
i=1

where (-,-) : C* x C* — C is the standard inner product
in C? and A(§) is the transpose of the matrix A(£). The set
{g(£),q(£)} is a basis of C* and the subspace of C* defined by

R(Z):{(x,y)eCZ:x,yele, y:O} 9)

is isomorphic to the vector space R?. Taking into account the
isomorphism between R* and R, if (x,0) € RZ, then the

notation used is x € R, Thus, every vector x € R? can be
uniquely represented as a linear combination of elements of
{g(&),q(&)}; that is, there is z € C such that

x=2q(8) +zq(8). (10)

It is easy to show that (p(§),q(£)) = 0 and z = (p(§), x).
So (1) can be written as a complex family of differential
equations as follows:

7 =9(22%), (11)

for [|€ — & sufficiently small, where g € €*°(C x C x U, C)
and

=1z +(p©),G(zq() +z4(§),%)). (12)

The function (z,z, &) — g(z,z, &) has formal Taylor series

9(2,z,8)

9(z.7,8) = A<£>z+zz gk”(f)z 77, 1)

k=2 j= 0
where
ok
93 ) = 505 (P @G (za @) +24 ). )|y,
(14)
fork=2,3,...and j=0,...,k.
The coeflicients gk_j)j(E) fork=2,3,...and j=0,...,k

play an important role in the method of approximation of a
family of periodic orbits of (1). A simple way to calculate these
coeflicients, alternative to (14), is through the symmetric
multilinear functions. From the symmetric bilinear function

(x,y,&) = B(x,y,£) and (10), it follows that
B(zq(8) +24 (), 29 (§) + 24 () , )
=B(q().9().8) 2" +2B(q(¢).3().8) 2z (15
+B(3(9),q(),9)7",
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and, therefore,
9208) =(p &), B(q(§),q(%),%)),
911 @) =(p(©&),B(q).q().%), (16)
902 &) =(p(),B(q(5).q(),%))-

Similarly, for the symmetric trilinear function (x,y,u,§) +—
Cxy, %),

950 &) =(p(©.C(q).q).q).%)),
91 8) =(p(&).C(q(8),q9().9().%)), -
912 8) = (p(&).C(q(5).9().9().%)),
905 (8) = (p(§).C(q(5).9(§),9().%)),

and so on for other symmetric multilinear functions.

The aim of the theory of approximation of periodic orbits
in [6] is to build an approximation for a periodic orbit of the
complex differential equation (11), from the solution of the
linear differential equation

(
(
(
(

Z =1z (18)
for & = &,. This linear differential equation has the solution
z(t) = zpe"?, (19)
where z, € C. For & = &, it follows that
z(t) = zoeiw"(y)t (20)

and making the change in time s = wy(»)t, this solution
is periodic of period 27 in the variable s. To formalize the
method, consider the functions (¢, 7) — u = ¢(€,7), (6,v) —
w(e, ) and the change of coordinates and time

z(t) =w(s, &), s=w(e)t, w (&) =wy (v),
(21)
where
€= % J:T e “w(s,e v)ds. (22)

Note that the parameter €, as defined in (22), is a com-
plex number or, more precisely, a complex function whose
independent variable is v. However, it is possible, through
a change of variables, to consider the parameter € as a real
number. In fact, as

. 1 (%" .
e=e?=— J e “w(s,ev)ds, (23)
2 0
it follows that
efigb 2 X
e=le|l = — J e “w(s,ev)ds
2 0
. (24)
—— j ey (s,e,v) ds.

Thus, making the change of variable u = s + ¢ in (24) and
setting (u, €, v) — wW(u, €,v) = w(u — ¢, €,7),

1 2+
€= el J e w(u-¢,ev)du

T o
i (25)

1 2 X
= J e " (u,e,v)du,
T Jo

since the function (u,€,7) — e “@W(u,¢€,v) is periodic of
period 27 in the variable s. Therefore, by (25), the parameter
€ as defined in (22) will be considered a real parameter.

The generalization of the theory of approximation of peri-
odic orbits introduced in [6] consists in achieving an approx-
imation to the two-parameter family of periodic orbits

{(s56,7) e RxU, — w(s,e,7) €C:(cv) €U}, (26)

where U, = {(e,7) € R?: (p(e,v),v) € U}

The change in time s = w(e, )t is essential, since the
period of the family of periodic orbits (26) is unknown and,
therefore, the change in time is used only to provide an ap-
proximation of the known period 27 for the family of peri-
odic orbits (26). If (¢, v) +— T'(e,v) denotes the period of the
family of periodic orbits, then

2
T (e,7)

w(e,) = (27)

In other words, the knowledge of the function (¢, ) - w(e, v)
completely determines the period of the family of periodic
orbits of (26).

By changing the coordinates and time (21) and applying
the chain rule, the complex differential equation (11) is
rewritten as

w (€, 7) %w(s,e, v) = g(w(s,e,7),w(s€7),¢(e7),7).
(28)

Approximations to the functions (s,€,v) — w(s,€,7),
(€,v) = p = ¢(e,v) and (¢, v) — w(e, v) are obtained through
(28) and the formal power series

w(s,€,7) o 1 [ W (s,v)
( ¢ (e, ) >: ZE( e () >ek. (29)
w(€,7) —wy (v) k=17 \ wy (v)

A property of the terms of the sequence {w(s,”)}ren»
widely used in this theory of approximation of periodic orbits
of vector fields in R?, is obtained in Proposition 1.

Proposition 1. Each term of the sequence {w; (s, v)} ey Satis-

fies

1 o —is _ 1) k = ]-
[wk]—gjo e wk(s,v)ds—{o e 2 (30)

> 3y e



Proof. Setting % = {w: RxU, —» C:w € €°(RxU,,C)},
the proof is an immediate consequence of the definition of
linear map

[ 1: % —R

2 X (31)
wr— [w] = > J- e “w(s,ev)ds

and the formal power series in the variable € of the function
(s,€,v) — w(s, €, v), because

1 (" —is v 1 k

E—EL e <kzik!wk(s,v)e )ds
© 1 2 X1
Z’k_<_J' e wk s,v)ds> g‘k_ e

The terms of the sequences {wy.(s, )} eens 1(V)}ken and
{w (M) }en are determined through a process that involves
analysis of the powers in €, obtained by replacing (29) into
the differential equation (28). Note that, for k = 2,3,... and
j = 0,...,k, the coefficients of powers in € are determined
by expanding the composition (e,v) — gk,j,j((p(e, v),7) in
the Taylor series around e = 0. Such an expansion, up to the
fifth-order terms, is of the following form:

Gi—j,j (¢ (e;7),7)
= Gk-j,j (&) + e () 0,9k, (&)e

(32)

O

1
+ 5 (P‘z (V) 0, 9k-j,; (&)

1
ts (#3 () 0,9k-,; (&) + /’ll(v)zaf,gk—j,j (Eo)) ¢’
+3p (V) pp () aigk—j,j (%)
+P‘1(7’)3a;9k—j,j (fo)) ¢
1
+ 24 (.”4 () 0, Gk-j,; (&) + 31"2(”)255%—]‘,]' (&)
+4p (v) 4y (v) 0,9k} j (&) + 6#1(”)2M2 ()
X ajgk—j,j (&) + 141(7’)433%7;‘,]' (&))¢*
120 (”5 (v aygk jij (E())

+ (10p, () p3 () + 51 (0) iy (9)) g (&)
+ (150 () () + 100, (0 s ()

x 0 gi-i,; (&) + 10,00’ 1, ) 0gi (&)
+n ()’ gi;; (&) €

+ Og (66, v) , )
33
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with the same being valid for the composition (e€,v)
Mo(e, ), v) = y(P(e, v), v) + in(¢(e, v), v).

The coefficient of the term in € leads to the following
boundary value problem:

wi (s,v) —iw, (s,v) =0,
(34)
wy (s,7) = w; (s +27,7).
The solution of the differential equation in (34) is
w, (s,7) = C ", (35)
and as by Proposition 1, [w,] = 1, it follows that
1=[w]= [Cleis] =C [eis] =C,. (36)
Thus,
w, (s,) = €5, (37)

which is a periodic function of period 27 in the variable s. In
fact, the terms of the sequence {wy (s, ¥}y are solutions of
certain boundary value problems which appear when (29) is
substituted into the differential equation (28). For each k =
1,2,..., the boundary value problem is of the following form:

wllc+1 (5> V) - iwkﬂ (5’ v) = Hk+1 (S’ M (7/) > Wy (V)) >

38)

Wy (5,7) = wyy, (s+2m,9),

where Hy (s, (), wi (v)) = Hyy 1 (s + 271, (), wi (v)).
The following theorem guarantees the existence of the
solutions of the boundary value problem (38).

Theorem 2. Foreachk = 1,2,..., the boundary value problem
(38) admits solution if and only if

[Hi] = 0. (39)

Proof. For fixed k = 1,2,..., suppose that (s,7) — ¢, ,(s,7)
is the solution of (38). Thus,

1 2 » .
Py L e (‘PI,<+1 (8,7) = ipyesy (s ”)) ds

(40)

1 2n is
- | ) a0 ds

and by integrating by parts the left member of (40), it follows
that [Hy,,] = 0. Now suppose that [H;,,] = 0 for a fixed
k = 1,2,.... The general solution (s,7) — ¢,,(s,v) of the

differential equation in (38) is of the following form:

Prr1 (5,7) = egh + € L ¢ Heyy (G (), 0 () dE,
(41)

where (karl = ¢141(0,7). This solution will be periodic of
period 277 if ¢y, (0,%) = ¢f ™' = @, (271, v); that is, if
(Pk+1 (0) ‘V) = §0k+1 (27-[’ V)

e “Hey (G (), 0, () dl (42)

tl 2

+

=% J
0

= 901(;“ +27 [Hkﬂ] .
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Thus, using the hypothesis [H;,;] = 0, it follows that
Qrr1(87) = @i (s + 27, ), and, therefore, for each fixed
k = 1,2,..., the function (s,v) — ¢,,(s,7) is the solution
of the boundary value problem (38). O

The previous theorem shows that, for k = 1,2,..., the
solution of (38) is obtained by solving the differential equa-
tion in (38) with conditions [H;,,] = 0 and [wy,,] = 0.

Continuing the process and using the result (37), the coet-
ficient of the term in €* provides the boundary value prob-
lem

W, (s,v) — iw, (s,%) = Hy (s, 4, (v), 0, (%)), )
w, (s,7) = w, (s +2m,7),

where

H, (s, (v), 0, (v))

1

= w0, () (eZisgz,o (&) + 291, (&) + eizisgo,z (&) (44)

+2¢" (;41 () 9,A (&) — iw, (v))) .

By applying Theorem 2 to the function (s, y; (v), w,(v)) +—
H, (s, 4, (), w, (), it follows that

[Hy] = ) (ay)’ (&) + i0,n (Eo)) —iw, (v) =0, (45)

and by separating the real and imaginary parts of (45), we
have y;(v) = 0 and w;(v) = 0. Under these conditions,
Theorem 2 guarantees the existence of the solution of the
boundary value problem (43), which is given by

w, (s, )

(392i392,o (50) - 641, (Eo) - e_zisgo,z (fio)) .
(46)

- 3iw, (v)

For the coefficient of the term in €, we have the following
boundary value problem:

w; (5,%) —iws (s,7) = Hy (5,41 () , @, (),

w; (5,7) = w, (s +27m,), )
with

H; (s, 1, (), w0, ()

- %3@) (H3 (€)™ + Hy (&) " (48)

+ Ha_l (&) e+ H3_3 (&) e_3is) >

5
where
2. _
J § §
H? (&) = %93,0 (&) - lgi;z((io)) g (a?o)(fj}(;,z( 0)’
H31 (&) = 1, ) 9, A (&) —iw, () + Gy, (&)
) 9 2 G (E £

H31 (&) = 152(,)1((5;)) N 1920 ((;0)(53};,1 (&) 1, (&)

+ 950 (&) 9o, (&) _ 2igo,, (&) Gia (&)

3wy (v) wo (7) '

_ 1 ]
HE? () = 0, () + 1000022000 (32 2o Co)
N igo,, (fo) 920 (Eo)
w, (v)
(49)
and the coefficient G, | (§;) is defined as
G, (Eo) _ iga0 (Eo) 911 (i;)o)(:)wo () 921 (fo)
(50)
_ 2i|g,, (50)|2 _ i|go. (fo)|2
wy () 3wy (v)

Expression (50) is identical to the one given in [1].
Continuing the process and calculating [H,], it follows
that

[Hs] = 1, () (aﬂ)’ (&) + ia;ﬂ (50)) —iw, (v) + Gy, (&) = 0.

(51)
And by separating the real and imaginary parts,
Re (G, (&)
= 52
Hy (V) a‘uy (60) ( )
w, () = Im (G, (&) + ty () 3,11 (&) - (53)

Once the coefficients y,(v) and w, (v) are determined, the
solution of the boundary value problem (47) has the following
form:

w3 (S’ ’V)

1

= m (wg (&) e+ w;I (&) e+ w3_3 (&) e_3is) >
o

(54)



where

w; (&) = - 64,0(&)" - 2i0y (v) g0 (&)
=211 (§0) Go,, (§0) >
ws' (&) = -129,,(&)” - 6 (&) 911 (&)
+ 6wy (v) 91,5 (§0) = 2902 (&) a0 (§)  (55)
+1290, (80) 91,1 (60 »
w;? (&) = iwy () gos (&) = o2 (o) g1 (&)
=390, (§) Ga (&) -

Definition 3. 'The real number

1 () = 5 Re (6o (§)

Re (igz,o (&) 91,1 (&) + @, (v) 92,1 (%))
(56)

- 2w, (v)

is called the first Lyapunov coeflicient.

Remark 4. A Hopf point of codimension one for (1) is an
equilibrium point (0,&)) € W x U, with § = (0,v), such
that A(§,) = Df(0,£,) has eigenvalues A and A, with A(§,) =
p&y) + in&y), (&) = 0,7(&,) = wy(v) > 0, and the first
Lyapunov coefficient, [,(§,) € R, is different from zero. A
transversal Hopf point of codimension one is a Hopf point
of codimension one such that

9,y (&) #0, (57)

for &, € U. In a neighborhood of a transversal Hopf point of
codimension one (0,&,) € WxU, with [, (§,) # 0, the dynamic
behavior of differential equation (1) is orbitally topologically
equivalent to the following complex normal form:

w = (a+i)w+ swlwl, (58)

where s = sign(/,(&,)). The sign of the first Lyapunov coef-
ficient determines the stability of the family of periodic orbits
that appears (or disappears) from (0,,) € W x U as will be
seen later.

When [, (&;) = 0, for & = (0,0) € U, there is the possi-
bility of Hopf bifurcations of codimension two. In this case, it
is necessary to obtain an expression for G ,(&,).

Applying Theorem 2 to the boundary value problem for
k = 3, it follows that p5(v) = 0, w;(v) = 0 and

wy (s,v) = (wi (&) e+ wi (&) e+ wg (&)

45co0(v)3

+w;2 ('Eo) e—2is + w;4 (60) 6—41'5) ,
(59)
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wi (&) = 135i92,0(50)3 — 120w, (v) g (&) 92,0 (&)

+105ig, 1 (§) Go,, (§0) 920 (§0)

+ 51,2 (§0) Foa (§0)” — 15105 (1) g4 (&)
= 30wy (%) 921 (§0) Go,2 (§0)

= 15wy (%) g1,1 (o) Go 3 (§0)

+15igy 1 (§) Go,» (£0) 91,1 (80) »

wi (&)= - 180igs (&) wo(V)2

— 270ip, (v) 0,020 (&) wo(¥)”

+ 4509, 1 (§) 9,0 (§) wo ()
1804, (§9) Go,» (§o) wo (7)

— 45902 (§0) Go,3 (§0) wo ()

— 5409, (§) .1 (§o) o (7)
=270, (§0) 9,5 (§) wo (7)

+ 27043 (%) G20 (§0) 0,7 (&) wo ()
+270ip, (v) G0 (§) 0,11 (o) wo ()
+270ig, 1 (&) g5,0(&)”

+ 540ig, 1 (£) G11(&)”

- 630igy,1(8) G, (&)

= 45igo, (80) 920 (§0) Fo.2 (§0)

= 270igy; (o) 92,0 (§0) 1.1 (&)
+225ig0,, (§) 9oz (§0) 91,1 (o)
+90ig, 1 (§) Go2 (o) G0 (50) »

wg (Eo) = 270ig,, (fo) wo(”)2

+ 540ig1, (v) 0,911 (§) wp(9)°

— 10807, ; (£9) 92,1 (&) wp (V)
=900, (8) 93,0 (§0) wo (¥)
+900,5 (80) Go2 (§0) @o ()
+1080g, 5 (§) 91,1 (§) wo (¥)
+27040, (§0) 1,5 (§) wo (7)
=270, (0) G50 (§) o ()

— 5401, (v) g1, (§9) 9,y (&) wp ()
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= 540 (v) g1 (&) 9,1 (&) @, (v)

~ 1080igy,, (&) 911 (&)

= 1080ig, ,(£)" 90 (&)

+570igy 5 (&) 911 (&) o (&)

+ 1080igy,, (&)1, (&)

+270igo,5 (&) 92,0 (§) 11 (&)
w,? (&) = — 180igy (&)’ —270ig, , (&) g1, (&)’

— 90ig (&) 9.1 (&)

= 270w, (%) 1,2 (§) 91,1 (%)

~ 165ig,, (£9) 92,0 (§0) 91,1 (&)

+330ig, (§) 91,1 (&) 911 (&)

= 30wy (v) G50 (§0) 91,1 (§0)

+ 60iwy(v)* gy 5 (&)

= 150y (v) go3 (§) 92,0 (o)

= 120w, (%) go,2 (§9) 21 (%)

+20ig0,,(8) s, (&)

+ 180wy (v) 9o 3 (§) G4 (&)

— 180w, (v) g1,2 (§) a0 (§0)

= 45ig9, (80) 92,0 (§) G20 (§0)

+180igo,5 (&) 91,1 (§0) G20 (§0)

— 90u, (v) wy (V) goz (§9) 3,7 (&)

— 90i, (v) wy (%) go (&) 9,1 (&)

+90ips, (v) wy(v)°0,. 4,5 (&)

w:l (&) = 9igo4 (&) ‘Uo(”)2 — 993 (Eo) 911 (&) wo (v)

~ 1840, (&) 91,2 (&) wo (v)
- 9ig,, (fo) 91,1(50)2
- 54g,5 (&) a0 (&) wy ()

~ 1840, (&) 93,0 (&) wo

- 8lig,, (Eo) ?2,0(50)2

- 3ig0,2(fo)292,0 (%)
- 18i90,2(£0)2§1,1 (&)
— 45ig4,, (80) 91,1 (§0) Gao (§0) -

(60)

From the boundary value problem for k = 5, it follows

that

pg (V) = - (2 Re (G3,2 (&)) + 6, (v) Re (aﬂGzJ (fo))

+3u,(0) 3y (&)

% (3, (&))"
wy (v) = 2Im (G, (§)) + pa (9) 91 (&)

+ 64, (v) Im (aﬂGZ,l (50)) + 3142(”)285’7 (%),

where
3911 (§0) 92,0 (&) 9,y (&
a[/lGZ,l (&) = g ( o)i (25)20) /A’( 0)
N Yo,2 (Eo) yo,z (50) aﬂ (Eo)
9w, (v)?
N 291, (Eo)yl,l (50) aﬂ (50)
wo(V)z
B ig1,1 (&) 92,0 (&) aﬂ (&)
(‘—’()(V)2
N igo, (50) o2 (&) a,ﬁ (fo)
3w,(v)?

N 2ig, (50) 91 ('fo) aﬂﬂ (&)

wo(”)2

B 9o (%) 9,902 (%)
3w, (v)

. igy0 (&) 9,911 (&)
wy (v)

B 21'@1’1 (EO) aygl,l (60)

wy (v)

N i91,1 (&) aygz,o (%)
wo (7)

B i90, (50) ayyo,z (EO)
3w, (v)

_ 2igy; (§) ayf_h,l (&)

() ()

+ 0,0, (&)

(61)

(62)

(63)



121'!_?0,2 (Eo) 91,1(50)3
wo(V)3
B 12i£_71,1(‘so)291,1(50)2 B 495, (Eo) 91,1(50)2
wo(v)3 “)0(7’)2
+ 12ig, (Eo)gu (50) 91,1(E0)2
wo(’/)3

12yl,z (fo) 91,1(50)2
+

wo(”)z
B 3igo,z (Eo) ?2,0 (50) 91,1(50)2
“-’0(7’)3
+ 4igs, (Eo) 911 (fo)
wy (v)
+ 9912 (fo) !70,2 (50) 911 (fo)
wy(v)?
+ 17ig,,, (50) 92,0 (Eo) yo,z (fo) 911 (fo)
4w, (v)?
. 3190, (50)50,3 (Eo) 911 (Eo)
12wy (7)*
_ 175ig 5 (Eo)go,z (50) 51,1 (Eo) 911 (Eo)
12w,(v)?
+ 12g,, (fo)gu (Eo) 911 (fo)
wo(V)z
+ 61?1,1(50)2?2,0 (Eo) g1 (50)
‘U()(V)3
930 (50) a0 (%) 911 (fo)
"~’0(V)2
_ 6ig, (%)?1,1 (fo)yz,o (fo) 911 (50)
wy(v)’
. 3920 (fo) gZ,l (Eo) 911 (fo)
‘Uo(v)2
B 3i£_72,2 (Eo) 911 (50)
w, (V)
3 631,1 (50)52,1 (fo) 911 (fo)
(‘-)0(7’)2
B 90,2 (50)53,0 (Eo) 911 (50)
(“’0(7’)2

8igo, (Eo) ?1,1 (50)3
+ 3
wo(v)
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B 2ig,, (50)250,2 (£0)2
9w, (v)’

3 12g,, (50) 51,1(50)2
wo(”)2

3 6igo,, (50) 92,0 (Eo) 51,1(50)2
wo(”)3

N g, (&) 93,0 (&)

Wy »)
_ Yoz (&) 92,0 (&) 930 (&)
3w, (v)?
T 932 (Eo) + 02 \50) 940 50) (352’2 ‘?:’)0 (EO)
_ ig13 (50) yo,z (fo)
Wy (v
N 90,3 (Eo) 92,0 (50) E_io,z (Eo)
40y (v)?
N Yo,2 (Eo) 921 (go) ?o,z (Eo)
wo("’)z
3 903 (fo) §0,3 (Eo)
4w, (v)
N 90,2 (Eo) 92,0(50)2??1,1 (50)
“"0(7/)3
N 391, (Eo) 92,0 (Eo)yu (Eo)
wo(v)?
3 6ig,, (50) §1,1 (Eo)
wy ()
N 8902 (Eo) 93,0 (Eo) 911 (50)
3(00(1))2
3 990,3 (fo)yo,z (Eo)yu (fo)
4a)0(1/)2
B 3igy, (50) 5_11,2 (Eo)
wy ()
N Yo,2 (fo) 92,0 (Eo) ?1,2 (Eo)
wo(v)?
3 690, (Eo)yl,l (50)51,2 (Eo)
(0()(7’)2
3 2igy, (50) 913 (Eo) N igs, (Eo)gz,o (50)
3w, (v) w, (v)
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_ i0,2 (Eo) 92,0 (Eo) yo,z (50) Ez,o (Eo)

4cuo(1/)3

+ Yo,2 (Eo) §0,3 (Eo) ?2,0 (Eo)
12w, ()

+ 23ig,, (Eo) go,z (50) gl,l (EO) gz,o (50)
12w, (v)*

_ 290, (fo) yo,z (50)52,1 (50)

3w0(7/)2

(64)

Rewriting the coefficient G;,(&,) in a convenient way,
expression (64) is exactly the one that appears in [1].

Definition 5. The real number

(&) = = Re(Gaa (&), (63)

where G, (&) is given in (64), is called the second Lyapunov
coefficient.

Remark 6. A Hopf point of codimension two for (1) is an
equilibrium point (0,&;) € W x U, where & = (0,0), that
satisfies the definition of a point Hopf of codimension one,
except that [;(§,) = 0. Moreover, it satisfies an additional
condition; the second Lyapunov coefficient 1, (§,) is nonzero.
A Hopf point of codimension two is transversal if

9,y (§1)Re (0,Gy, (&) #0. (66)

In a neighborhood of a transversal Hopf point of codimen-
siontwo (0,&;) € WxU, with,(&;) # 0, the dynamic behavior
of differential equation (1) is orbitally topologically equivalent
to the following complex normal form:

w = (a+i)w+ ﬂw|w|2 + swlw|, (67)
where s = sign(},(&,)). In the bifurcation diagram of (67),

there exists a curve of nonhyperbolic periodic orbits that has
the exact representations

I'(e) = (564, —2562) , (68)

as a curve parameterized by € or as a graph of the function

a=AB) =B (69)
for B> 0.

The function (s,7) — ws(s,v) will not be shown here
because it is a long expression and it is not necessary in this
work. In many results in this section and, particularly in (63),
the following expressions 9,y(§,), 9,1(&), 8;)1(50), air](EO),

ayQZ,O(EO)’ aygu(fo)’ ang,Z(EO)’ and ang,l(EO) appear. These
expressions are calculated according to Propositions 7 and 8.

Proposition 7. Consider the differential equation (1) with an
equilibrium point (0, &) € WxU, such that the linear part of the
map (x,§) = f(x,), evaluated at (0,y), A(§y) = Df(0,&,),
has eigenvalues A and A, where A(§) = y(&,)+in(&,), y(&,) = 0
and n(&,) = wy(v) > 0. Let also q(§) € C? be an eigenvector
corresponding to the eigenvalue M&), and let p(§) € C* be

an adjoint eigenvector corresponding to the eigenvalue A(E),
satisfying (6), (7), and (8). The following statements hold.

(a) The vector 9,q(&,) € C? is the solution of the following
nonsingular 3-dimensional system:

(iwo (v)ﬁ IEEQ)A (&) q(g%)) (ayqs(50)> _ (Rz (()Eo)>’
(70)

with the condition {p(&,), a#q(fo)) =0, where
R, (&) = (aﬂA (§) = 9,A (&) 12) q(&)- (71)

(b) The vector 9, p(§,) € C? is the solution of the following
nonsingular 3-dimensional system:

(— (iewy (vz_l I(ZE:)AT (%)) p (050)> <ayps(€0)> _ <l_22 (()Eo())z;

with the condition (q(fo),aﬂp(fo)) = 0, where
R, (&) = (aHAT (&) - ayx (%) 12) p(&). (73)

(c) The partial derivative with respect to y of the real part
of the eigenvalue A(§), evaluated at & = &, is given by

0,7 (&) = Re((p (&%).0,A (EO)Q(EO)»- (74)

(d) The partial derivative with respect to y of the imaginary
part of the eigenvalue A(§), evaluated at & = &, is given

by
9,1 (&) = Im (<P (%),0,A(%)q (50)>) . (75)

(e) The second-order partial derivative with respect to y of
the real part of the eigenvalue M(&), evaluated at & = &,
is given by

aﬁ)’ (&) = Re (<P (&) aﬁA (&) a(&)

+2 (ayA (EO) - a;/\ (EO) 12) ayq (EO)>) :
(76)

(f) The second-order partial derivative with respect to y of
the imaginary part of the eigenvalue M(&), evaluated at

E=¢,, is given by
afﬁ (&) = Im (<P (&) aiA (80)q (&)

+2 (ayA (&) - d,A (%) 12) 9,9 (Eo)>) .
(77)
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Proof. Differentiating (6) with respect to the parameter y and
evaluating at £ = £, we have

9, A (80) g (8) + A (&) 9,9 (&)
=0,A (&) q (&) + A (&) 9,9 (&) -

Using the hypotheses, the previous equation is rewritten as

A(&)) an (&) = (ayA (&) - a,ﬂ (Eo)) q(&).
(79)

(78)

(iwy (V) I, -

Taking the inner product of p(£,) € C* on both sides of the
above equation and using (8), it follows that

0=(p (&), (iwy L - A(&)) 3,9 (%))
= (P (). 9,A (&) q(&)) - 9,1 (&)

Items (a), (c), and (d) follow from the above equation, the
Fredholm alternative (see [1]), and the results of [8]. The proof
of part (b) is equal to the previous proof; that is, it is sufficient
to differentiate (7) with respect to the parameter y and to
evaluate at & = &. The proofs of items (e) and (f) consist
of calculating the second-order partial derivative of (6) with
respect to the parameter p, evaluated at & = &, and to use the
Fredholm alternative. O

Proposition 8. Consider the coefficients of the formal Taylor
series of the map (z,z,&) — g(z,z,¢),

9208 =(p(&).B(q(),q9(%).%)),

911 &) =(p©&).B(q(%).3%).%)), -
902 ©) =(p(©),B(q(&).q(),%)),

921 ©) =(p(©).C(q(§),q),q().%)).

The following statements hold.

(a) The partial derivative with respect to u of the coefficient
92,0(8), evaluated at & = &, is

< p(&).B(q(&).q(&). Eo)>
+ <P (%) 2B (61 (go)’ayq (fo))fo) (82)
+0,B (a(&%)-q(&) ’fo)> ‘

ng 0 (&) =

(b) The partial derivative with respect to u of the coefficient
91.1(8), evaluated at & = &, is given by

3911 (&) = (9,1 (&), B(q(%).7 (%) &)
+(p (&) B(9,q(8).7(5).&)
B(4(&).0,4 (%) %)
+9,B(q(%),7 (%), &)) -

(83)
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(c) The partial derivative with respect to y of the coefficient
9o.2(&), evaluated at & = &, is obtained as

9,902 (&) = <a,4P (&).B(q(&).q(%), fo)>
+(p (&), 2B( (£)>0,d (%) » 50) (84)
+0,B (@(&)>q (&), Eo)>

(d) The partial derivative with respect to u of the coefficient
95.1(&), evaluated at & = &, is calculated as

9,921 (&) = <ayp (8),C(q(&)>q(&).q (%) ’Eo)>
+ <P (&),2C (q (&) 9.9 (%)-q (%) Eo)
C(q (EO)WI(EO)’B”ZI (fo)’go)

+9,C (a(&).q(&).q(%), Eo)> .
(85)

Proof. Observing how the symmetric multilinear functions
are defined, the proofs of items (a) to (d) consist in differen-
tiating each expression in (81) with respect to the parameter
p and evaluating at & = . O

The theory built up to this point approximates a family
of periodic orbits of the complex differential equation (11). In
the hypotheses of the Hopf bifurcation, if (w(e, »)t,€,v) +—
w(w(e, v)t,€,v) is a family of periodic orbits of (11), then
(w(e, Mt €,v) — u(w(e, vt €,v) is a family of periodic orbits
associated with the differential equation (1), where

u(w(e)ter)=wlEr)ter)q(¢Eer),)
(86)

+w(wEenter)q(pe),),

or, in a more simple way,

=w(s,1)q(¢(Er),7)+w(se)q(Pe),7).
(87)

u(s,e,7)

The family of periodic orbits (s,€,v) +— u(s,e,v) has
formal Taylor series around € = 0 of the following form:

u(s,ev) = Z%uk (s,7) & (88)
k=1

and the theory developed previously and the Taylor expan-
sion of (87), around € = 0, show that

uy (5,%) = q (&) wy (5,%) +q (&) W, (5,7),
v) +4 (&)W, (5,7),
q (&) ws (s,v) +q (&) ws (s,7)
+ 31, () (w; (5,7) 9,9 (&)

+w, (5,7) 9,9 (fo)) ,

U, (s,7) =q (fo) w; (s,

us (s,v) =
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uy (5,7) = q (&) wy (5,7) +q (&) Wy (5,7)
+ 64, () (wz (s,7) 0,9 (&)

+ W, (5,7) 0,9 (fo)).
(89)

The stability of the approximate family of periodic orbits
is studied in the next section by means of the Floquet expo-
nent.

3. Stability of the Family of Periodic Orbits

According to the Floquet theory (see [9]), the stability of a
periodic orbit can be determined through the characteristic
exponent that, in this context and for differential equations
in R, is a function (g, v) — x (e, ) such that

T(e,v)
x(e,v) = J Tr (M (w (€,7) t,€,v)) dt, (90)

T (6, V) 0

where / (w(e, v)t,€,v) = Df (u(w(e, v)t, €,7), ¢(e,v), v). The
next proposition provides a simple way to compute (90) in
terms of the map (z,z,&) — g(z,z,¢).

Proposition 9. Through a change in time s = w(e, V)t, the

characteristic exponent associated with the differential equa-
tion z' = g(z,%,£) is of the following form:

1 2
x(e,v) = py J X (s,e,v)ds, (91
0
where
0 _
K (s,€,v) = ag (w(s,e,v),w(s,e,v),(/5(6,1/),v)
0 _ _
+ %g(w(s,e,v),w(s,e,v),qS(e,v),v).
(92)

Proof. The differential equation (1) can be written as (11),
where (z,z,&) — g(z,z,&) = g,(2,,2,,&) +i9,(2;, 25, &),

01 (@p0,8) = 2 (9B +7 @ BY),
3

02 (w0, 8) == (9@ BH - T B,

and z = z, + iz,. Thus, through the changes z(¢) = w(s, €, 7)
and s = w(e, »)t, the characteristic exponent (90) can be
rewritten as

x(e,7)

1 2 a a
= — J a_wlgl (wl,wz,f) + a—wzgz (wl,wz,f) ds,
(94)

1

where
0
a—wlfh (0, wy,§)

1/ 9 _ . ow 0 _ . Ow
_E<%g(w,w,f)a—%+%g(w,w,f)a—wl> (95)

l1fo_,  _ . o0w O0_, _ .  Ow
+3 (Gaa@mO G IO ).

0
a_w2£72 (wl,wz,E)

ow

i 0 _
=73 <_g(w)w>f) a_u)z

0 — . oW
2\ow *apamh ) 09

ifo_,  _ . oO0w O0_, _ Ow
+3 (Guawmd 5 I 5 ).

Adding equations (95) and (96) and taking into account that
w = wy + iw,, it follows that

0 0
a—wleh (w),wy, &) + a—wzgz (w, w,, )
(97)
0 _ o_, _
= ag(w,w,ﬁ) + ﬁg(w,w,ﬁ).

Therefore, # (s, €, v) = K(w, w, £), with
_ 5} _ 0o_,  _
Kw,w,) =—gwwé+-—gwuwi). (98)
ow ow O

By the formal Taylor series in the variable € of the function
(6,v) = x(e,v),

X (ev) = Z%xk )€, (99)
k=1"""

the theory of approximation of a family of periodic orbits
developed in the previous section and Proposition 9 allow
us to obtain the terms of the sequence {y,(v)}ien. For k =
1,...,4, the next theorem provides these terms.

Theorem 10. Let
o0

1
x(ev) = LS (v) €
k=1""

(100)

be the formal Taylor series of the characteristic exponent
(€,v) = x(e,v) associated with the differential equation 7z =
9(z,z,8). Then,

Xl (V) = 0’
X2 (v) =2Re (GZ,I (Eo)) >
X (v) =0, (101)

Xa (v) = 8Re (Gs,z (&)) + 121, () Re (a#GzJ (fo)) >

XS (V) = 0)
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where G, 1 (&), asz,l (&), and G5 ,(§,) are given by (50), (63),
and (64), respectively.

Proof. From (13) and (14), we have

—g(w w5 =A@ + ZZ T ,gk 4 O,

k2]0

_g(u)u)f) )L(f)+zz )' 'gk ]](E)wkjlu)J

k=2 j= O
(102)

Thus, formally, the map (w, w, &) — K(w, w, £) has the Taylor
series

K (w,@,8) = A(§) + A ()

(9]

k k—]
"L

X (g ©) + Gy (©) 0.
(103)

Doing the fourth-order Taylor expansion of the map

(s,6,9) > I (s,6,7) = K(w(s,,7),w(s,67),¢(e,7),7),
(104)

around € = 0, and taking into account that y, (v) = p;(v) =
it results that

Z (s,e,v) =1 (s,v) €+ %%2 (s, v) €
+ l% (s, 7)€ + i% (s,7)€* (105)
6 ° 2474

+ Oy (s,€%, 1),
with
Ty (s,7) =Wy (5,7) g1, (&) +wy (5,7) gr0 (&)
+w, (5,7) Gy, (§) + W, (5,7) Gy (§0) »
K (5,v) = w(5,9)7 930 (&) + w1(5,9)°Gy , (&)
+ 2w, (5,9) W, (5,%) g1 (&)
+ 2w, (5,7) W, (5,7) Gy, (&)
+ W, (5,7) g1 () + Wi (5:9) 912 (o)
+ W, (5,7) G20 (§0) + W, (5:7) Gy (§o)
+, (5,7) 959 (&)
+W1(5,9) G50 (80) + 211 0) 0,7 (&),
T 5 (5,7) = (5,9 g (&) + wi(5,)°G 5 (&)
+ 3w (5,9’ W, (5,9) g3, (&)

+ 3w (s, v)ZEI (5,7)9,, (&)

Abstract and Applied Analysis

+ 3w, (5,7) W, (5,7) g1 (&)

+ 3w, (5,7) W,(5,%) g5, (&)

+ 3w, (s,7) w, (5,7) g3 (&)

+ 3w, (5,7) w, (s,7) gy, (&)

+ 3w, (5,7) W, (5,7) Gy, (&)

+ 3wy (5,9) Wy (5,9)°Fs,, (§o)

+3p, () wy (5,7) 9,950 (&)

+ 34, (%) 9,9, (&) wy (5,7)

+ W5 (5,7) g1, (&)

+3W, (5,%) W, (5,7) g1 (&)

+,(5,9)’ gy5 (&) + w5 (5,7) G20 (&)
+ 3w, (5,7) W, (5,7) ga,y (&)

+ws (5,9 Gy, (&) + s (59) Fo (§9)
+ 3w, (s, ), (5,7) g5, (&)

+ 3w, (5,7) W, (5,7) g3 (&)

+w (s, V)3§4,o (&) + 3, (MW, (s, 7) aygl,l (&)

+ 3,“2 (V) wl (S’ ’)/) BMEZ,O (EO) >

T4 (s,7) = wi(s, V)495,0 (&) +wi (s, V)4§1,4 (&)

+ 4wy (5,9)’ Wy (5,7) ga; (&)
+ 4w, (5,9)’D, (5,7) Gp5 (&)
+ 6w, (s,9)W, (5,7) g3t (&)
+ 6w, (5,9)’W, (5,7) g3 5 (&)
+ 6w, (5, )’ w, (5,7) gy0 (&)
+ 6w, (5,7)°w, (5,9 7, 5 (&)
+ 6w, (5,9)’W, (5,) G, (&)
+ 6w, (5,9)°W, (5,)°F5., (&)
+ 6y (v) wy (5,9)°9, 50 (o)
+ 6, (V) wy (5,9)°3,9y., (&)
+ 4w, (5,9)W; (5,7) 9o,y (&)
+ 12w, (5,7) Wy (5,7) W, (5,7) g1 (&)
+ 4w, (5,9)W,(5,7) 955 (&)

+ 12w, (5,7) W, (s,7) w, (5,7) g, (&)
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+ 4w, (s,7) w3 (5,7) g0 (o)

+ 4w, (s,v) ws (5,%) gy, (&)

+ 4w, (5,9) W5 (5,9) Gy, (§)

+ 12w, (5,%) W, (5,7) w, (5,) G5, (&)
+ 12w, (5,%) W, (5,9) W, (5,7) G5, (&)
+ 4w, (5,7) W, (5,7)°7,, (&)

+ 12, (W) wy (5,9) W, (5,) 9,05, (&)
+ 120, () wy (5,7) W, (5,7) 0,9, (&)
+ W, (5,7) gu1 (&) + 3W5(5, %) g1, (&)
+4W, (5,%) Wy (5,7) g1, (&)

+ 6w, (5,9)W, (5, %) g1 5 (&)

+w,(s,%) " 914 (&)

+ Wy (5,7) g0 (&)

+ 4w, (s,7) wy (5,7) g5, (&)

+ 6w, (5,7) Wy (5,7) 9o,y (&)

+ 6, (5, ) w, (5,7) g2 (&)
+3w,(s,7)°g5,0 (&)

+w, (5,9) gy, (&)

+3wy(5,9)°7, , (&)

+ Ty (5,7) G (&)

+ 4, (5,9) w3 (5,9) Gy, (&)

+ 6w, (5,9) W, (5,9) Gy, (§)

+ 3w, (5,7)° G50 (&)

+4W, (5,7) W5 (5,9) 0 (&)

+ 6w, (5,7)°w, (5,9) G5, (&)
+6W,(5,9)'W, (5,9) Gy (&)

+ 0, (5,9)*Gs 0 (&)

+ 611, (V) Wy (5,9) 3,911 (&)

+ 24y (v) 9,y (&)

+ 6, (V) W, (5,7)°0,41, (&)

+ 644, (V) w, (5,7) 0,00 (o)

+ 64, (V) w, (s,7) ayyu (&)

13
+6p, (V) W, (s,7) ayyz,o (&)
+ 644, (V) W, (5,7)°0,95, (&)
+ 6.‘42(”)28,3? (%)
(106)

where for k = 1,2,3,4, the functions (s,7) — w(s, ) are
such as in (37), (46), (54), and (59) and the expressions p,(v)
and p,(v) are given by (52), and (61), respectively. Thus, from
(99) and (105) and by Proposition 9,

- 1 1 k
ZE(XIC(E’V)_EL ?/k(s,v)ds>e

k=1 (107)
+O0gy, (¢, 11]) = 0.
Therefore,
1 2 1 2
e L Ty (s,v)ds = e L 5 (s,v)ds =0,
1 2
. J T, (s,v)ds =2Re (GZ,I (%))
7 Jo (108)
1 2
5o j ,(s,v)ds = 8Re (G, (&)
2 Jo
+12p, (v) Re (aﬂGz,l (fo)) >
which proves the theorem. O

It follows from Theorem 10 a corollary that deals with the
stability of a family of periodic orbits of the differential equa-
tion (1) which exists due to a Hopf bifurcation.

Corollary 11. Let

1 1
x (&) = K ()€ + 2k (et + O, (65, |v|) (109)

be the fourth-order Taylor expansion around € = 0 of the char-
acteristic exponent (e,v) — x(e, v) associated with the differ-
ential equation z' = g(z,z, &), and let

B9 = S )E + 0 +0,(¢4b]), (10)

be the fourth-order Taylor expansion, around e = 0, of the func-
tion (e,v) — u = ¢(¢,v). The following statements hold.

(a) For a fixed (¢,v) € U, € € R sufficiently small, and
Re(G, (&) #0, the stability of the periodic orbit of the
differential equation (1) is given by the sign of
Re(G,(&)). When Re(G, (&) < 0 for &, € U, the
periodic orbit in the phase portrait of differential equa-
tion (1) is stable. As for € € R, sufficiently small,

B _ 1Re(Gy (&) 4
‘u—gb(e,v)——iwe +0,(eh 1), W
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if 9,y(&) > 0, the periodic orbit in the phase portrait
of (1) exists for p > 0, and if 9,y(§,) < 0, the periodic
orbit in the phase portrait exists for w < 0. If
Re(G, (&) > 0, the periodic orbit in the phase por-
trait of the differential equation (1) is unstable.

(b) Suppose that for & = (0,0), Re(G,;(&;)) = 0 and
Re(G;,(8))) #0. Then, for ¢ € R sufficiently small,
the stability is given by the sign of Re(G;,(,)). When
Re(G;,(&,)) < 0, the periodic orbit in the phase por-
trait of the differential equation (1) is stable. As, in this
case,

1 Re(G;, (&) 4 5
T ®) e +0, (1),

if 9,y(§;) > O, the periodic orbit in the phase portrait
of the differential equation (1) exists for y > 0, and if
9,¥(§;) < 0, the periodic orbit in the phase portrait
of the differential equation (1) exists for y < 0. If
Re(G;,(&,)) > 0, the periodic orbit in the phase por-
trait of the differential equation (1) is unstable.

u=¢(er) = (112)

Proof. As the sign of the Floquet exponent provides the
stability of a periodic orbit, by (109), and (110) the proof is
immediate. O

Corollary 11 does not deal with the case where y(e,v) = 0
for a set of points (¢, v) € U,. The theory developed up to this
point enables us to study the curve of nonhyperbolic periodic
orbits Cyyy in the parameter plane (4, v) € R?, associated with
a transversal Hopf point of codimension two. This curve is the
set

¥ 1 (0)={(ev) €U, : x(ev) =0}. (113)

From the set X_I(O) and the Implicit Function Theorem,
the parameter v can be obtained as a function of the param-
eter €. Therefore, the curve Cyyy follows from functions € +—
v = y(e) and (e,7) — u = ¢(e€, v); that is, the curve Cyyy can
be locally represented as a curve parameterized by e

T'(e) = (p(ew () v (e),

or can be locally represented as the graph of a function

(114)

p=A®). (115)

In fact, the Taylor expansion around € = 0 of the exponent
characteristic is such as in (99), and, therefore,
x (&) = &y (e,7), (116)

where the third-order Taylor expansion around € = 0 of the
function (g, v) — Y(e, v) is of the following form:

¥ (e,7) = %Xz () + i;@ e +0, ().  W7)

It is easy to see that v10) = {(e,7) € U, : ¥Y(,v) =0} C
x ' (0). Thus, the study of the curve of nonhyperbolic periodic
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orbits in the parameter plane (u, v) € R?, associated with the
differential equation (1), and in the hypotheses of a transversal
Hopf bifurcation of codimension two is reduced to the study
of the set ¥~1(0).

The next lemma, whose proof is given in [3], guarantees
the existence of the function € — v = y(e).

Lemma 12. Let

D:RxR*—>R
(118)
(x,y) +— D(x, )

be a smooth function, where y = (¥, ¥, ¥5» ¥3). Suppose that
for (0,5°) € R xR*, y° = (3,0, y5, ¥3), the function in (118)
satisfies the following assumptions:

(A1) D(0, y°) = 0;

(A2) 9,D(0, y°) = 0;
(A3) 3, D(0, y°) #0;
(A4) 32D(0, y°) 0.

Then, there exists a unique smooth function

(%5") = =¢(x5"), (19)
such that y = @(x,»°) = »° + (0,¢(x,°),0,0) and
D(x, D(x, y°)) = 0. Moreover, the function (x, y°) + y, =
B(x, ¥°) has the following representation:

8(65°) = 592 (") + Oy (W), (120
where
22D (0, )
0y 2))
¢ (»") = 5500, (121)

The following theorem can be stated now.

Theorem 13. Let (0,&,) € W x U be a transversal Hopf point
of codimension two of (1). Then, the curve of nonhyperbolic
periodic orbits Cyyy, in the parameter plane (u,v) € R
associated with the differential equation (1), has the following
local representations:

_ [ Re (Gs, (&) 4 Re(Gs, (81)
r (e) B ( 128#]/ (f]) © _3 Re (avGZ,l (El))e ) ! OF (6) )
(122)
u=A@) = —#i//(:)v + é—“‘;(;) Vo, (W),  (123)
where
_ W(0,00  2Re(G, (&) (124)

V2= _ay‘l’ (0,0) _3av Re (G, (&)
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Proof. As
¥ (0,0) = 0,
9,¥ (0,0) =0,

a:\y (0,0) = %X‘l 0) = % Re (Gs,z (51)) #0, (125)

0.%(0,0) = 51 (0) = 3, Re (G () #0.

Lemma 12 guarantees the existence of a smooth function €
v = y(e) such that W(e, y(e)) = 0, or even, x(e, y(e)) = 0.
Moreover, the function € — v = y(e) has the second-order
Taylor expansion around € = 0 of the following form:

v=vy(e) = %1//262 +0, (63) , (126)
where
_ aez\{, (0,0) _ 2Re (G3,2 (El))
Y= Tw 00 T 0 ReGn @) )
Thus,
y=y(e) = Re (G3,2 (51)) 2, OV/ (63) , (128)

B 30, Re (GZ,I (&) ¢

and substituting (128) into the function (e, ) — pu = ¢(e,v)
results in the following Taylor expansion:

Re (Ga,z (&) 4 5
—128#)/ ) € +0y (e )

So, there is a curve in the parameter plane, ¢ — I'(e) =
(¢(e, w(€)), y(e)), that can be parameterized by € and repre-
sented as in (122). Another representation for this curve is
obtained when the Implicit Function Theorem is applied to
the following function:

u=¢(ey(e)= (129)

e = iv + O, (lvlz).
2

(130)

By substituting (130) into (110), the curve € +— I'(¢) can also
be represented locally as

1 2 1 2 Y
u=20)= 3,0 Zv) + 0 (20) +0x ()

_ 142(’/)1}+1M4(27’)

W +0, (7).
v, 6 v, A

(131)

Therefore, there exists a curve I' in the parameter plane that
locally has the representation (122) or (123). By the hypotheses
of the transversal Hopf bifurcation of codimension two,
Re(G;,(&;)) # 0 and equation z = 9(z,z, &) are locally topo-
logically equivalent, around z = 0, to the complex differential
equation (67). Therefore, the curve of nonhyperbolic periodic
orbits has the representation (122) or (123). O

15

Example 14. For the complex differential equation (67), we
have

y (o) = a,
n(ep)=1,
Gy (@ B) = 2B,
Gs, (o, B) = 12s.

(132)

So, by Theorem 13, the curve of nonhyperbolic periodic orbits
has the following representations:

I'(e) = (564, —25€2) +Or (€),
1 (133)
a=AB) = Lp 0, (8),

which agree with (68) and (69), respectively.

The local representations (122) and (123) in Theorem 13
are valid when the Hopf curve is the set {(¢,v) : y = 0}.
If the Hopf curve is the set {(4,v) : y = @(»)} and the
transversal Hopf bifurcation of codimension two occurs for
& = (u>,7)#(0,0), it is easy to show that the local rep-
resentations are given by

) 1 ) Re (G3,2 (El)) 4
I(e) = <M1 Toe T 120, (8)

v Re(G3’2 (&)
' 3Re(avG2’1 (&)

”j/f” (=)

2

>

62) + Oy (€),
(134)

u=A@) =9+

1 Uy (v)

6 v

(v- ”1)2 + O, (V)

for v < v,, where

¢, =v,0,0 (v,). (135)

The next two sections present applications of the theory
developed here in an extension of the van der Pol equation
known as the Liénard equation and in Bazykin’s predator-
prey system and show how local representations of the the
curve Cyyy are obtained.

w=9(),

4. Liénard Equation

One of the pioneers in nonlinear electrical circuits was,
undoubtedly, Balthasar van der Pol, through studies with
triodes (vacuum tubes). Balthasar van der Pol showed that
in circuits with triodes, the electrical quantities can exhibit
nonlinear oscillations under certain conditions. Nowadays, it
is known that the model of this circuit with triode presents a
Hopf bifurcation. In a simple and theoretical way, the electric
circuit of van der Pol consists of a triode, a capacitor of
capacitance C, and an inductor of inductance L, according to
the diagram of Figure 1.



16

FIGURE 1: van der Pol circuit diagram.

Let v, i and vy, i; be the models of voltage and current
in the capacitor and inductor, respectively. The triode of van
der Pol, by the hypothesis, satisfies the generalized Ohm’s law
ip > vg = X(ig), where v and iy are the models of voltage
and current of the triode of van der Pol, respectively. Applying
Kirchhoft’s laws to the van der Pol electrical circuit model and
using the capacitor and inductor equations, it follows that

ip =i = —ig, vV, +vp—vo =0,
(136)

vp=1L ic = C_th-

' d
Therefore, the van der Pol circuit model is of the following
form:

d. .
LEIL =v,— X (iy),

d .
CE‘VC =—1.

(137)

The study of differential equation (137) is simplified by the
change of coordinates and time

1

= —ip, = Ve T=—1, 138
\/E L y C \/E ( )

which leads to the differential equation

x = dix:y—.fl"(x),
T

(139)

A

Y S T

where 2'(x) = X((C/VLC)x). Suppose that
x— X (x) = —pux + vx® + éxs. (140)

In the literature, the differential equation (139) satisfying
(140) is known as the Liénard-type equation.
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The Liénard equation has a unique equilibrium point
0,8) € R? x R?, with & = (¢, v), and the linear part of the
vector field, evaluated at (0, &),

IMS=(ﬁ>®, (141)

has eigenvalues A and A, with

AE) =y ) +in(E) = §y+i§\/4—u2,

for u € (-2,2). When & = &, = (0,7), y(§,) = 0, and n(§,) =
1, which indicates the occurrence of Hopf bifurcations. The
eigenvectors q(§,) € C* and p(&,) € C?, where g(&,) is nor-
malized with respect to p(&,) according to (8), are chosen as

(142)

1) =(-2.3);

In the case of the Liénard equation, the symmetric mul-
tilinear functions are given by

B(xy,£) = (0,0),
C(xy,u,§) = (6vx,y,u;,0),
D(x,y,u,v,&) =(0,0),

p(&)=(-i,1).  (143)

(144)

E(xy,u,v,w,&) = (24x, y,u;v,w,,0).

Thus, for k = 2,3,...and j = 0,1,...,k, the only nonzero
coefficients g_; ;(§) are

920 (60) = 912 (80) = =021 (&) = =905 (&0) =
a1 (&) = 92,5 (§0) = 905 (§0) = —g5,0 (&)

= =035 (§) = 914 (§) = Z-
The eigenvectors 9,4(,) and 9, p(&,) and the coefficients

aygz,o(fo)’ aﬂgl,l(go)’ ang,Z(EO)’ and ay92,1(50)7 computed by
Propositions 7 and 8, are such that

(145)

1 i

)= (-L1).

8’8

(146)
ang,O (&) = ay!h,z (&) = a,ugO,Z (&) =0,

3,
ayg2,1 (&) = g”’-

Thus, from the previous results and by (50), (63), and (64),
it follows that

3 3.
Gy (&) = _ZV’ a,4G2,1 (&) = g””

(147)
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Therefore, the first Lyapunov coefficient is given by

1 (&) = Re (G, (&) = —ZV’ (148)

and since
1
0,7 (&) = 5. (149)

the Liénard equation presents a transversal Hopf bifurcation
of codimension one for ¢ = 0 and v # 0. From Corollary 11,

U= (Zv) e+ O# (64, |v|),

x(ev) = <—Zv> e+ O, (63, Ivl),

(150)

and if v < 0, then there exists a unique unstable periodic orbit
in the phase portrait of the Liénard equation when y < 0, and
if v > 0, the periodic orbit is stable and there exists for ¢ > 0.

For v = 0, the Liénard equation has a transversal Hopf
point of codimension two, and the second Lyapunov coefti-
cient is given by

1

L (&) =Re (G3,2 (&) = 16 (151)
where &, = (0, 0). Since
0,Re (Goy ()2, (61) = (-3 ) (3) =3 #0152

by Corollary 11 and Theorem 13, the Liénard equation has a
bifurcation diagram as shown in Figure 2.

The curve of nonhyperbolic periodic orbits has the
following local representations:

1 1
T(e)=(ulev(e),v(e) = <—§e4, —§€2> +0Or (e), (153)
as a curve parameterized by € or as the graph of the function

9
u=A0)=-27+0,(r), (154)

forv <0.

Figure 3 emphasizes the comparison between the curve of
nonhyperbolic periodic orbits Cyy; of (139) obtained numer-
ically with the software MATCONT (see [5]) and the quad-
ratic approximation (154).

5. Bazykin’s Predator-Prey System

Consider the dynamics of a predator-prey ecosystem, whose
model is

! xz(l_x)
X =—-

u+x

>

(155)
Y =-yy(v-x),

17
v
R, 0 R,
U
Ry
Cnu Ry

FIGURE 2: Bifurcation diagram of the Liénard equation (139).

-1 -09 -0.8 -0.7 -0.6 -0.5 -04 -0.3 -0.2 -0.1 0
u

FIGURE 3: Comparison between the curve of nonhyperbolic periodic
orbits Cyy; of (139): the dotted curve was obtained numerically
with the software MATCONT and the continuous curve from the
representation (154).

where y > 0 (fixed), ¢ > 0, and 0 < v < 1 are parameters.
Model (155) is known in the literature as Bazykin’s predator-
prey system. See [1] or [10].

Taking y = 1, the equilibrium point of interest is

B v(1-v)
(X0(£)>£)—(<7’> S >£> (156)
For
v (157)
H=e0) =15,
the linear part of the vector field, evaluated at (x,(£), &),
v(pt(l -2v) - vz)
-y
A@) = ()’ , (158)
v(1-v) 0

u+v
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has eigenvalues A and A, where MEy) = iwy(v), wy(v) =

V(1 —2v) and &, = (¢(v), 7).

The eigenvectors g(&,) € C* and p(&,) € C* are chosen as

3 v 1 [ iwy (v) )
1@ - (5o53)  pE=("21), 0
and by Proposition 7,
(1=
ap.y (50) - 21}(1 _ ‘!/)2’
(1=
a;ﬂ? (&) = —m,
) _ 20 -20)°
a‘u))(fo) - v2(1 _V)3’
(1= =) (4y —iwy (v))
%4 (%) = ( 8v(1 —v)? ’ (160)
wo(v)2 (iwo(v)3 - (1- v))
8v4(1 — v)? ’
) iwy () (iwy(v)* = v* (1))
9P (%) = ( 51— ) ,
wy(v)? (iwo(v)3 - (1- v))
B 441 - )’ '
The symmetric multilinear functions are given by
2(V +3u + > 3y - 1)
B(x,y,&) = (‘xz)’l - (” “ M3 ! )xl)’l
(#+)

X1 X )1 t x1)’2) >

2u(2v+u(3v-1))
a#B(x,y,E):< I w10,
(u+)
6 (p+1)
C(xy,ué)= (——4x1)’121’0 >
(u+7)
6u (> +2-3v)u—2v
a#C(x,y,u,£)=< ( 5 )xlylzl’o .
(u+)
24u* (u+1
D(x,y,u,v,&) = (M’ﬁylzluvo> >
(u+7)
12047 (u+ 1
E(X,Y,U,V,W,f) = <——# (M 5 )x1}’121”1"1’0>~
(u+)

(161)
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

FIGURE 4: Comparison between the curve of nonhyperbolic periodic
orbits Cyy; of (155): the dotted curve was obtained numerically
with the software MATCONT and the continuous curve from the
representation (164). The dot-dashed curve is the Hopf curve.

Therefore, from the previous results,
Re (G (80) = 7
5(1-2v) (409° - 670" +27v - 2)
- 7292(1 - »)*
2v+1
2(1-v)%

ay Re (G, (&)) =

>

o, Re (Gz,l (&) = -

292v* — 4859° + 2861 — 687 + 5
249(1 - 2v)*(1 - »)*

Re (G3,2 (&)) =
(162)

When v = v; = 1/4, uy = ¢(v,) = 1/8. Thus, for &, =
(41,v,) = (1/8,1/4), Bazykin’s system (155) has a transversal

Hopf point of codimension two, since Re(G,;(§;)) = 0,
Re(G;,(§,)) = —32/27,and

0,Re (Go (82,7 &) = (— ) (5) = —5; #0. 63

Using (134), the curve of nonhyperbolic periodic orbits
has the following local representations:

2
F(€)=<l—%+—,———>+0r(e), (164)

as a curve parameterized by € or as a graph of the function

2 2
v 9v(1 — 4y
, 91— )

:A‘V:
=00 1-2v  3202v-1)°

27(4v - 1)*v(1209° - 98v* + 7v + 1) (165)
+
2048(v — 1)*(2v - 1)°

+0, (v3),

forv <, =1/4.
Figure 4 emphasizes the comparison between the curve
of nonhyperbolic periodic orbits Cyy of (155) obtained
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FIGURE 5: Comparison between the curve of nonhyperbolic periodic
orbits Cyy; of (155): the dotted curve was obtained numerically
with the software MATCONT and the continuous curve from the
representation (165). The dot-dashed curve is the Hopf curve.

numerically with the software MATCONT and the quadratic
approximation (164).

The comparison between the curve of nonhyperbolic
periodic orbits Cyyy of (155) obtained numerically with the
software MATCONT and the approximation (165) is shown
in Figure 5.

6. Concluding Comments

This paper shows how to obtain approximations of periodic
orbits of a family of differential equations in the plane that has
a transversal Hopf point. Moreover, if the family of differen-
tial equations has a transversal Hopf point of codimension
two, then it is also possible to build an approximation to
the curve of nonhyperbolic periodic orbits in the bifurcation
diagram. These results are summarized in Corollary 11 and
Theorem 13. Example 14, the study of the Liénard equation
(139) in Section 4, and Bazykins predator-prey system in
Section 5 demonstrate the applicability of the theory. See also
Figures 3, 4, and 5.

Although the theory is formulated for a family of differ-
ential equations in the plane, it can be applied to any family of
differential equations in R” that presents a transversal Hopf
bifurcation of codimension two. For this, it is necessary to use
the Center Manifold Theorem, or more precisely, to apply the
proposed theory to the family of differential equations in R”"
restricted to the center manifold.
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This paper mainly modifies and further develops the Reyleigh price model. By modifying the basic Reyleigh model, we can more
accurately illustrate the economic phenomena with price varying. First, we research the dynamics of the modified Reyleigh model
with time delay. By employing the normal form theory and center manifold theory, we obtain some testable results on these issues.
The conclusion confirms that a Hopf bifurcation occurs due to the existence of stability switches when the delay varies. Finally,
some numerical simulations are given to illustrate the effectiveness of our results.

1. Introduction

With the rapid development of economic society. As one of
the many important economic problems, the price oscillation
has been widely accepted by many people, especially some
researchers. Since the price is a main factor of affecting supply
and demand, many researchers have been devoted to study
the price model. Different researchers may apply different
price models to solve the practical problems. In this paper,
our research is based on the traditional Reyleigh price model
[1]. As for this model, many researchers have widely studied
it by using different methods and proposed some new ideals.
However, there is only a limited number of analytical works
on the model with time delay. Although in [1] Lv and Liu have
studied the Reyleigh model with time delay, they consider the
situation that supply depends on the price of the past only. In
order to finely interpret economic phenomena, our research
is based on the fact that supply depends not only on the price
of the past but also on the present price. So, the main purpose
of this study is to provide an insight into these unexplored
aspects of the Reyleigh price model with time delay.

The traditional Reyleigh price model is described by the
following two-dimensional autonomous system:

£ =—y(t)+1 (%ax3 o + %bxz 0 +ex ), o

() =x(),

where x(t) is the price at time ¢, y(t) is the amount of supply
at time t, and a, b, ¢, [ are the constants.

By introducing the time delay, the above system (1) can be
transformed into the following form:

) I 3 L, ,
xt)=—y@®)+1{ zax” () + =bx"(t) +cx (t) ),

}./(t):x(t—‘['),

where 7 is positive and the other parameters are the same as
(D).

In [1], by employing the 7 — D partitioning approach, Lv
and Liu have systematically discussed some complex dynamic
behaviors of system (2).

Now, based on the economic meaning and the fact
discussed at the beginning of the introduction, we modify
system (2) as follows:

£ = -y () +1 (lax3 () + b2 (1) + cx ),
3 2 3)
() = %dx )+ %kx (t-1),

where d, k refer to [2].



2. The Stability Analysis

In this section, we obtain the domain of the stable equilibrium
when time delay 7 varies from small to large. And further, by
applying the Hopf bifurcation theorem, we give the condition
of the Hopf bifurcation.

It is known that, on the one hand, if the equilibrium of
system (3) is stable when 7 = 0 and the characteristic equation
of (3) has no purely imaginary roots for any v > 0, it is also
stable for any T > 0. On the other hand, if the equilibrium of
system (3) is stable when 7 = 0 and there exist some positive
values 7 such that the characteristic equation of (3) has a pair
of purely imaginary roots, there exists a domain concerning t
such that the equilibrium of system (3) is stable in the domain.

Obviously, system (3) has the only equilibrium (0, 0). And
the linearization of system (3) at (0, 0) is

xX(@)=—-y @) +lcx(t),

1 1 (4)
y(t) = de )+ Ekx (t-1),
whose characteristic equation is
2 1, a1
A =lcA+ ke ™ + =d=0. (5)
2 2

When the case T = 0, we have the following.

Lemma 1. (i) When ¢ < 0, the equilibrium (0, 0) of system (3)
is stable.

(ii)) When ¢ > 0, the equilibrium (0,0) of system (3) is
unstable.

(iii) When ¢ = 0 and b < 0 (b > 0), the equilibrium (0, 0)
of system (3) is stable (unstable).

The proof is straightforward, and we omit it.
Lemma 2. If d* < k? is satisfied, the characteristic equation

(5) has a pair of purely imaginary roots tiw, when T = T,
where

1/2
~ (PP - d) + (P - d) - (@ - k)
wy = ,
2
(6)
- arccos ((2w, —d) /k) + Zjn’ i—o1a..

Wy
Proof. Letiw (w > 0) is a root of (5). Then
2 o1 1 .
—w” = lecwi + Ed + Ek (cos (wt) —isin(wt)) =0. (7)
The separation of the real and imaginary parts yields
—w? + lk cos (wt) + ld =0,
2 2

(8)

—lcw — %k sin (wt) =
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which lead to
1 1
o' —do® + Pta® + Zdz - Zkz =0. 9)

By solving the second-degree equation (9) concerning w?,
we have

22
o0 W )@ -R) )
We take
1/2
~ (PP - d) + (¢ - d) - (@ - )
wy =
2
(11)
And, hence
2
o arccos ((Zwo - d) /k). 1)
0
)
By setting 7; = 7, + (2jm/wy), j = 0,1,2,.... Then wy, 7;
satisfies the condition of Lemma 2.
The proof is completed. O

According to Lemmas 1 and 2 and the assertion at the
beginning of this section, we know there must exist some
finite interval with regard to 7 in which the equilibrium (0, 0)
is stable.

Now we investigate how the real part of the roots of (5)
varies as 7 varies in a small neighbourhood of 7.

Assume that A(7) = a(r) + ib(z) is the root of the
characteristic equation (5), and it meets a(rj) =0, b(Tj) =
w,. By differentiating both sides of (5) with regard to 7 and
solving A’ (1), we obtain

(1/2) ke ™™™
20 = lc — (1/2) kre ™"

N(z) = (13)

That is,

(1/2) kwyie @™
M) = 0 . 14
(T]) 2wyi =l = (1/2) krje™ " (14)

We substitute (8) into the above equation and separate the
real and imaginary parts, and we have

4 2
Re {)L' (Tj)} B 2w, + (lc ; d) wy N
((1/2)dr; —Ic - wit;)" + (2w, — lcwyT))
(15)
When Ic > d,
Re {)L' (Tj)} > 0. (%)

Here, we know that the root of (5) crosses the imaginary
axis from the left to the right as v continuously varies from a
number less than 7; to one greater than 7;. Thus, when 7 > 7,
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the characteristic equation (5) has at least one root with
positive real part. Further, the equilibrium (0, 0) is unstable
in the interval (7, +00).

By applying Lemmas 1 and 2 and condition (x), we have
the following results.

Theorem 3. Ifc <0, k* > d* andlc > d hold, the equilibrium
(0,0) of system (3) is asymptotically stable for T € [0, 1)
and unstable for T € (t,,+00). System (3) exhibits the Hopf
bifurcation at the equilibrium (0,0) fort = 7;, j=0,1,2,....

3. Hopf Bifurcation Analysis

In Section 2, we obtain the conditions under which family
periodic solutions bifurcate from the steady state at the
critical value of 7. In this section, by applying the normal
form and centre manifold theory, we discuss the direction and
stability of the bifurcating periodic solutions. Throughout
this section, we always assume that system (3) meets the
conditions of the Hopf bifurcation.

By time scaling t — t/7, system (3) is transformed into
the following form:

£ =~y +1r (05 O + 568 O+ ex ),
(16)
y () = %de )+ %Tkx (t-1).

It is not difficult to show that system (16) also exhibits

the Hopf bifurcation at the equilibrium (0,0) for 7 = T

(j = 0,1,2,...). Without loss of generality, we only consider
the bifurcation parameter 7. For convenience, by setting 7 =
T, + Y, system (16) is rewriten as

%(t) = = (19 +p) y (&) +1 (1o + 1)

x <§ax3 (t) + %bxz (t) + cx (t)) , )

) = %(To+y)dx(t)+%(To+y)kx(t—l).

Clearly, u = 0 is the Hopf bifurcation value of system (17).
Throughout the following section, C; = C([-1,0]; Ri) is

«  »

a phase space and the superscripts “T” and “+” stand for the
transpose and adjoint, respectively.

In C,, system (17) can be written as the following
equation:

X(0) = (g +w) L(X) + (o +w) F(X,),  (18)

where X(t) is a vector (x,(£), x,(t)), X, = X(t + 0) for 6 €
[-1,0], and L, F are given by

legy (0) - ¢, (0)
L= Lag 0+ ki on )

Fig) = <%al¢f ©0) + %blgbf (0)>)
0

for ¢ = (¢, ¢,) € C;.

(19)

Now, we consider the abstract functional differential
equation [3]:

u,=A (14) u; + R (14) Uy, (20)

where u, = u(t + 0) € C, for 0 € [-1,0].
The operators A and R are defined as

d¢ (0)

N 96[_1’0)>
do
A(y)(/)(@): 0
L Abwe®), 0=0, (1)
0, 0 €[-1,0),
R(M)‘p(e):{f(yg) giE) :

where J'_Ol d(n(t, W) = (1o + w)L($) (here, n(0, ) is a
bounded variation function for 8 € [-1,0]), f(u, $) = (7, +
WF(¢).

Consider the adjoint bilinear form (-,-) on C; x C}:

0 (0
W 9) =700 - | | FE-01dn©) 9@
(22)
where #(0) = (6, 0).

According to the adjoint bilinear form (., -), we can define
an adjoint operator A*(0) corresponding to A(0) as the
following form:

_dy(s)

Ay(s)={ o O
L d(n" o)y (-), s=o.

s €(0,1],
(23)

To determine the normal form of operator A, we need
to calculate the eigenvectors g(6) and g*(s) of A and A”
corresponding to ityw, and —ityw,, respectively.

Proposition 4. Assume thatq(0) and g (s) are the eigenvector
q(0) and g (s) of A and A™ corresponding to ityw, and —ityw,,
respectively, satisfying (q*,q) = 1 and {(q*,q) = 0.

Then

q0) = (OC, ﬁ)Tei‘”°T°6 _ (1, le — woi)TeinTﬂe,
j . (24)
q* (s)=D (“*,ﬁ*) STos _ (woi, 1) gl 0Tos

where D = 2/Qaa” + 2B* + kryafre ™).

Proof. Without loss of generality, we just consider the eigen-
vector g(0).

Firstly, when 6 € [-1,0), by the definition of A and
q(0), we obtain the form g(0) = («, /3)Tei“’°f° (here, «, 8 are
unknown parameters).

In what follows, notice that g(0) = («, ﬁ)T and Aq(0) =
_Lol d(n(t, we(t)) = iwytyq(0), and wehave o = 1, f = lc—wyi.

Finally, by {(g*,q) = 1, we obtain the parameter D (refer
to [4, 5]).

The proof is completed. O



As in [6], the bifurcating periodic solutions x(t, ) of
system (16) are indexed by a small parameter e. A solution
x(t,u(e)) has amplitude O(e), period T(e), and nonzero
Floquet exponent f(¢) with $(0) = 0. Under the present
assumptions, y, T, and f have expansions [7, 8]:

2 4
U=t Tihe +--0,

2
Tz—ﬂ(1+T252+T4e4+---), (25)
w

B=Boe Pt 4o

where the sign of y, determines the directions of the Hopf
bifurcations, the sign of 8, determines the stability of the
bifurcation periodic solutions, and T, determines the period
of the bifurcating periodic solutions.

The purpose of this section is to compute the coefficients
ty> T, B, in the above expansions.

Next, we construct the coordinates of the center manifold
Copatpu =0.Let

z()={q"u),

(26)
W (t,0) =u, (0) —2Re{z (t)q(0)}.
On the center manifold C,,, we have
W (t,60) =W (z(1),2(1),0), (27)
where
22 7 2
W (z,%,0) = Wy, (0) ) + Wy, (0)zz + Woz? + sz e
(28)

z and z are local coordinates for the center manifold C,
in the direction of g and q*, respectively. Since p = 0, we have

= itowoz (1) + (4" (6), f (W + 2Re {z (1) 4 (O)}))

= itywyz (t) + q* (0) f (W (2,Z,0) + 2Re {z (£) g (0)})

Z ()

2 itywyz (t) + 47 (0) f, (2, 2),

(29)
where
z* P
fo(2,2) = fzz? +f52? + fz2Z 4. (30)
We rewrite this as
Z (t) = itywyz + g (2,2) 31)
with
92 =q"(0) fy(2,2)

2 7 2— (32)

z _ z°z
2920? +guzz+gozg+g21_ Foee

2
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Proposition 5. For (31), one has

(l) 920 = 911 = Y02 = DbZTOOC s
_ (33)
(ii) gyy = Droa” (2al + 26IW} (0) + bIWS,) (0))

(=ign /wyto)x + (ig),/wyTy)x + Egl),
(igao/wyTo)ax + (i%/?)wo‘ro)& + E“), EWY
~H0To 2lcw,,), B

where W (0) =
wo) -
4lca’wytyi/(d + ke

4w0 TO = 20,

Proof. (i) Noticing x,(0) = (x1,(0), x5,(0)) = W(t,0)+zq(0)+
E@ and g(0) = (a, /S)Tei“’“T0 , we have

2
%, (0) = z+Z+ W (0) %

, (34)
w® (0) 2z + W (0) % b
By (32), we obtain
9(z.2) =7q" (0) f,(2,2)
A (o an\ (L .3 1.2 ’
= Dry (@, ) (50l (0) + 5 bl (0).0)
(35)

Substituting (34) into the above equation and comparing
the coeflicients with (32), we obtain the results.

(ii) The detail procedure of proof refers to [5] and [9-11].

This completes the proof. O

According to Proposition 5, we can compute the following
parameters:

1
C,(0) = (920911 2|911|2 - §|902|2> + %)

Re {C, (0)}

Re {V (z)}’ (36)
B, = 2Re{C, (0)},

Im {C, (0)} + p, (Im {A’ (TO)})

Wy

U ==

T, = -

From the discussion in Section 2 we know that
Re{}t'(‘ro)} > 0. We therefore have the following result.

Theorem 6. IfRe{C,(0)} < 0 (> 0), the direction of the Hopf
bifurcation of the system (1) at the equilibrium (0,0) when
T = 1T, is supercritical (subcritical) and the bifurcating periodic
solutions are orbitally asymptotically stable (unstable).

Finally, we give a concrete example to illustrate the
dynamics behaviour of the Raleigh model.

We take the coefficients d = -7, = 2,¢c = -2,k = 9
in (3). Omitting these complicated expressions, we obtain the
numerical results directly by means of the software MatLab:
w, = 0.5871, 7, = 0.935, Re{A' (1))} = 2.2695 x 10™. So, we
directly compete C,(0) = —0.0431 + 0.0381i, yu, = 12.4372,
B, = —0.862.
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FIGURE 1: The equilibrium (0, 0) of system (3) is stable with 7 = 0.8 <
7, = 0.935.

FIGURE 2: The equilibrium (0, 0) of system (3) is unstable with 7 =
0.97 > 7, = 0.935.

According to Theorem 6, Re{C,(0)} = —0.0431 < 0. That
is, the bifurcating periodic solutions of system (3) with the
above coeflicients are supercritical and orbitally asymptoti-
cally stable at T = 7,.

Thus, the conclusion confirms the effectiveness of our
research results.

4. Conclusion

Firstly, under the condition of 7 = 0, we discuss the Reyleigh
price model. We know that the stability of price varies with
the parameters changing. Whenc < 0,k+d > 0Oand ¢ = 0,
k+d > 0,b < 0, the price tends to the stability. The other
cases are unstable. morever, we discuss the Reyleigh price
model with time delay (3). By adjusting the parameters d,

-6 -2 6

-10

-20

FIGURE 3: When 7, = 0.935, the periodic solutions occur from the
equilibrium (0, 0).

k, we more easily control the price such that the price tends
to our expected results. For example, when we take a = 0,
b=0d=-71=2c¢c= -2k =9, 7 = 0.8 in the
system (3), the equilibrium (0, 0) of system (3) is stable (see
Figure 1). By contrast, when we takea = 0,b = 0,d = -7,
I =2,¢= -2,k =9 1 = 097 in the system (3), the
(0, 0) is unstable and there occurs a periodic solution around
(0.0) (see Figures 2 and 3). So, by shortening the time delay
between the supply and the demand, we can keep the price
stable. On the contrary, the price is unstable and undergoes a
periodic oscillation. However our analysis indicates that the
dynamics of the Reyleigh price model with time delay can be
much more complicated than we may have expected. It is still
interesting and inspiring to research the price.
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The optimal control problem with integral boundary condition is considered. The sufficient condition is established for existence
and uniqueness of the solution for a class of integral boundary value problems for fixed admissible controls. First-order necessary
condition for optimality is obtained in the traditional form of the maximum principle. The second-order variations of the functional
are calculated. Using the variations of the controls, various optimality conditions of second order are obtained.

1. Introduction

Boundary value problems with integral conditions constitute
a very interesting and important class of boundary problems.
They include two-, three-, and multipoint and nonlocal
boundary value problems as special cases, (see [1-3]). The
theory of boundary value problems with integral boundary
conditions for ordinary differential equations arises in dif-
ferent areas of applied mathematics and physics. For exam-
ple, heat conduction, thermoelasticity, chemical engineering,
plasma physics, and underground water flow can be reduced
to the nonlocal problems with integral boundary conditions.
For boundary value problems with nonlocal boundary condi-
tions and comments on their importance, we refer the reader
to the papers [4, 5] and the references therein.

The role of the Pontryagin maximum principle is critical
for any research related to optimal processes that have control
constraints. The simplicity of the principle’s formulation
together with its meaningful and beneficial directness has
become an extraordinary attraction and one of the major
causes for the appearance of new tendencies in mathematical
sciences. The maximum principle is by nature a necessary

first-order optimality condition since it was born as an exten-
sion of Euler-Lagrange and Weierstrass necessary conditions
of variational calculus.

At present, there exists a great amount of works devoted
to derivation of necessary optimality conditions of first and
second orders for the systems with local conditions (see [6—
12] and the references therein).

Since the systems with nonlocal conditions describe
real processes, it is necessary to study the optimal control
problems with nonlocal boundary conditions.

The optimal control problems with nonlocal boundary
conditions have been investigated in [13-25]. Note that opti-
mal control problems with integral boundary condition are
considered and first-order necessary conditions are obtained
in [23-25]. In certain cases, the first-order optimality condi-
tions are “degenerated,” and are fulfilled trivially on a series
of admissible controls. In this case, it is necessary to obtain
second-order optimality conditions.

In the present paper, we investigate an optimal control
problem in which the state of the system is described by
differential equations with integral boundary conditions.
Note that this problem is a natural generalization of the



Cauchy problem. The matters of existence and uniqueness
of solutions of the boundary value problem are investigated,
first and second increments formula of the functional are
calculated. Using the variations of the controls, various
optimality conditions of first and second order are obtained.

The organization of the present paper is as follows. First,
we give the statement of the problem. Second, theorems on
existence and uniqueness of a solution for the problem (1)-
(3) are established under some sufficient conditions on non-
linear terms. Third, the functional increment formula of first
order is presented, and Pontryagin's maximum principle is
provided. Fourth, variations of the functional of the first and
second-order are given. Fifth, Legendre-Clebsh condition is
obtained. Finally, a conclusion is given.

Consider the following system of differential equations
with integral boundary condition:

dx
S fexu®), 0st<T, )
T
x(0)+J m(6) x (£)dt = C, @)
0
W)U, te[0T], 3)

where x(t) € R"; f(t,x,u) is n-dimensional continuous
function and has second-order derivative with respect to
(x,u); C € R"is the given constant vector; m(t) € R™" is
n x n matrix function; u is a control parameter; and U C R" is
an bounded set.

It is required to minimize the functional

T
T () = ¢ (x(0), x (T)) + L Fitxoud — (4)

subject to (1)-(3).

Here, it is assumed that the scalar functions ¢(x, y) and
F(t, x,u) are continuous by their own arguments and have
continuous and bounded partial derivatives with respect to
x, y, and u to second order, inclusively. Under the solution
of boundary value problem (1)-(3) corresponding to the
fixed control parameter u(t), we understand the function
x(t) : [0,T] — R" that is absolutely continuous on
[0, T]. Denote the space of such functions by AC([0,T], R").
By C([0,T], R"), we define the space of continuous functions
on [0,T] with values from R”. It is obvious that this is a
Banach space with the norm

X = max |x (f)|,
Il cror te[(),T]' (®)] (5)

where | - | is the norm in space R".

Admissible controls are taken from the class of bounded
measurable functions with values from the set U € R”. The
admissible control together with corresponding solutions of
(1), (2) is called an admissible process.

The admissible process {u(t), x(t,u)} being the solution
of problem (1)-(4), that is, delivering minimum to functional
(4) under restrictions (1)-(3) is said to be an optimal process,
and is u(t) optimal control.

We suppose the existence of the optimal control in the
problem (1)-(4).
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2. Existence of Solutions of Boundary Value
Problem (1)—(3)

Introduce the following conditions:

(1) Let B < 1, where B = [ mf(t)dt,

(2) f:[0,T] xR*x R" — R"is a continuous function,
and there exists the constant K > 0

[f ()= £ (6 )| < K= ),

(6)
te[0,T], x,yeR", uel,
(3) L= (1-|B|)"'KTN < 1, where
N = max |N ()],
0<t,s<T
E+Im(r)dr, 0<t<s, (7)
0

N (t,s) =

T
—J m (1) dr, s<t<T,

N

E ¢ R™"-unit matrix.

Theorem 1. Let condition (1) be satisfied. Then, the function
x(-) € C([0,T],R") is an absolutely continuous solution of
boundary value problem (1)-(3) if and only if

T
x(t):(E+B)_1C+J K (t,71) f (1,x(1),u (1) dr, (8)
0

where K(t,7) = (E + B)"'N(t, 7).

Proof. Note that under condition (1), the matrix E + B is
invertible and the estimation ||(E + B)*|| < (1 - ||B])™* holds
[26, page 78]. If x = x(-) is a solution of differential equation
(1), then for ¢t € (0,T)

t
x(t) =x(0)+ L f(s,x(s),u(s))ds, 9)

where x(0) is still an arbitrary constant. For determining x(0),
we require that the function defined by equality (9) satisfies
condition (2):
T t
(E+B)x(0)=C- J m(t)J f(r,x(7),u(r))drdt.
0 0
(10)
Since det(E + B) # 0, then
x(0)=(E+B)"'C

T t
—-(E+B)™ L m(t) L f (7, x (), u (1)) dr dt.
(1)

The equality (11) may be written in the following equiva-
lent from

x(0)= (E+B)"'C

T T (12)
—-(E+B)™* L Jt m (1) dtf (t, x (t),u (t)) dt.
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Now, considering the value of x(0) defined by (12) in (9), we

get

x(t)=(E+B)'C
- (E+B)™* JT JT m (1) dtf (t, x (t),u (t)) dt
. »x(£), (13)

t
+ J- f(rx (1), u(r))dr.
0
It is obvious one can write the last equality as

x(t)=(E+B)'C

+ E (E - (E+B)" JT m (1) dr)

N

(14)
x f(s,x(s)u(s))ds

T /T
—-(E+B)™* L J m (1) dtf (s, x (s),u(s))ds.

S

Since B = _[OT m(t)dt,

T
E—(E+B)_1J m () dr

N

_(E+B)" (E ; LTm (t)dt - JTm (7) dT) (15)

S
S
=(E+B)™" <E+ I m(r)dT).
0
Introduce the matrix function

(E+B)! (E+rm(r)d1), 0<s<t,
r 0 (16)
—(E+B)7IJ m (1) dr, t<s<T.

N

K(t,7) =

Then, (14) turns to
T
x(t)=(E+B)'C+ J K1) f (1, x(1),u(r))dr. (17)
0

Thus, we show that the boundary value problem (1)-
(3) may be written in the form of integral equation (8). By
direct verification, we can show that the solution of integral
equation (8) also satisfies to the boundary value problem (1)-
(3). Theorem 1 is proved. O

For every fixed admissible controls, define the operator

P:C([0,T],R") — C([0,T],R") by the rule

T
(Px)(t) =(E+B)'C+ J K (1) f (1, x (1), u(r))dr.
0
(18)

Theorem 2. Let conditions (1)-(3) be fulfilled. Then, for any
C € R" and for each fixed admissible control, boundary

value problem (1)-(3) has the unique solution that satisfies the
following integral equation:

T
x(t)=(E+B)'C+ j K67 f (tx(0),u()dr. (19)
0

Proof. Let C € R", and let u(t) € U, t € [0,T] be fixed.
Consider the mapping P : C([0,T],R") — C([0,T],R")
defined by equality (18). Clearly, the fixed points of the
operator are solutions of the problem (1)-(2). We will use the
Banach contraction principle to prove that P defined by (18)
has a fixed point. Then, for any v, w € C([0,T], R"), we have

|(Pv) (£) = (Pw) (t)]

T
< L IK ()] | f (5, v(s),u(s) = f (s,w(s),u(s)|ds

< (- BD'KTNIv () = w ey ¢t € 10,71,
(20)

or
IPv = Pwlicory < Lllv = wligpory- (21)

Estimation (21) shows that the operator P is a contrac-
tion in the space C([0,T], R"). Therefore, according to the
principle of contraction operators, the operator P defined
by equality (18) has a unique fixed point at C([0, T], R"). So,
integral equation (19) or boundary value problem (1)-(3) has
a unique solution. Theorem 2 is proved. O

3. First-Order Optimality Condition

In this section, we assume that U is closed set in R". In
order to obtain the necessary conditions for optimality, we
will use the standard procedure (see, e.g., [7]). Namely,
we should analyze the changing of the objective functional
caused by some control impulse. In other words, we must
derive the increment formula that originates from Taylor’s
series expansion. A suitable definition of the conjugate system
will facilitate the extraction of the dominant term that is
destined to determine the necessary condition for optimality.
For the sake of simplicity, it will be reasonable to construct a
linearized model of nonlinear system (8), (9) in some small
vicinity.

3.1. Increment Formula. Let {u,x = x(t,u)} and {i = u +
Au, X = x + Ax = x(t,%)} be two admissible processes. We
can determine the boundary value problem for problem (1)-

3)

Ax = Af (t,x,u), tel[0,T],
(22)

T
Ax (0) + J m (t) Ax (t)dt = 0,
0



where Af(t,x,u) = f(t,X,4) — f(t, x,u) denotes the total
increment of the function f(t, x, u). Then, we can represent
the increment of the functional in the form

AT (u) = J (@) - ] (u)

T (23)
=A@ (x(0),x(T)) + L AF (x,u,t) dt.

Let us introduce some nontrivial vector function y(t) €
R" and numerical vector A € R". Then, the increment of
functional index (4) may be represented as

AT ()
=] (@) -] (v
T
— Ag (x(0), x (T)) + J AF (x,u, ) dt
0 (24)

T
+ J (), Ax (t) - Af (t,x,u)) dt
0

T
+ <)L, ax(©+ [ me)ax() dt> .
0
After some operations usually used in deriving of the first-

order optimality conditions, for the increment of the func-
tional, we get the formulas

T
A () = - L AzH (t, v, x,u) dt

T
— J <A5M,Ax(ﬂ> dt

0 ox

T
+ I <1/'/(t) + OH (t,y. % u) +m' (t)k> dt

0 ox

o¢
+ <m —1//(0)+A,Ax(0)>

J¢
+ <ax(T) +1//(T),Ax(T)> + Yg»

T
Mz = 0, (1Ax (O)II, 1A% (T)])) - L oy (IIx (1) dt,
(25)

where
H(t,y,xu) = (v, f (t,x,u)) - F(t,x,u).  (26)

Suppose that the vector function y(¢t) € R" and vector
A € R" is a solution of the following conjugate problem (the
stationary condition of the Lagrangian function by state):

OH (t, v, x,u)

W(t) == Ox -m (t) A’ te [O:T]>
d o0p 27)
%% _ _
2% (0) v (0)+A=0, o (T) +y(T)=0.
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Then, increment formula (25) takes the form

T
AJ (u) = — J-o AzH (t, v, x,u) dt

T
—J <Aﬁw,mﬂ>dtw_
ox

0

(28)

3.2. The Maximum Principle. Let us consider the formula
for the increment of the functional on the needle-shaped
variation of the admissible control. As a parameters, we take
the point 7 € (0, T'], number ¢ € (0, 7], and vector v € U. The
variation interval (7 — ¢, 7) belongs to [0, T']. Needle-shaped
variation of the control u = u(t) is given as follows:

u(t) = u (t)

veUte(r—¢1] C[0,T], €>0,
u(t), te¢(t—¢1].
(29)

A traditional form of the necessary optimality condition
will follow from the increment formula (28) if we show
that on the needle-shaped variation #i(t) = u,(t) the state
increment A .x(t) has the order ¢.

That follows from conditions (1)-(3) and equalities (19)
and (22)

T
Ax (t) = J K1) [f (r,x+ Ax,5) — f (r,x,%)] dT

’ (30)

T
+ J K, 1)Azf (1, x,u)dr.
0
From this, we obtain

T
IAx () < (1-L)' 1 - BI)'N L [Azf (¢ x,w) dt,
31)

which proves our hypothesis on response of the state incre-
ment caused by the needle-shaped variation given by (29)

|[A.x(@®)|<L-e te[0,T], L=const>0. (32)
This also implies that for zi(¢) = u,(t),

JT <AV—aH(t’W’x’u),A€x(t)>dt

- 0x (33)

+1, (|ax @) =o(e),
where
Ax(t)=x(tu,)—xtu) ~e (34)

Therefore, the changing of objective functional caused by the
needle-shaped variation (29) can be represented according to
(28) as

ASI (u) = ](us) - I(u)

=-AH(t,y,x,u)-e+o(), veU t€[0,T].

(35)
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It should be noted that in the last expression, we used the
mean value theorem.

For the needle-shaped variation of optimal process
{°, x° = x(t,u°)}, the increment formula (35) with regard to
the estimate (32) implies the necessary optimality condition
in the form of the maximum principle.

Theorem 3 (maximum principle). Suppose that the admissi-
ble process W %% = x(t,u)} is optimal for problem (1)-(4)
and y°(t) is the solution to conjugate boundary value problem
(27) calculated on the optimal process. Then, for all T € [0,T],
the following inequality holds:

A H (T, wo,xo,uo) <0, foreveryveU. (36)

Remark 4. Ifthe function f is linear with respect to (x, 1) and
functions ¢, F are convex with respect to x(0), x(T), and x(t),
respectively, then maximum principle (36) is both necessary
and sufficient optimality condition. This fact follows from the
increment formula

T
A (u) = - J AzH (t,y, x,u) dt
' (37)
T
+0, ([Ix O, llx (THII) + L o (lx 1) dt,
where o, > 0, 05 > 0.

4. Variations of the Functional and Derivation
of Legendre-Clebsh Conditions

Let the set U c R” be open. Since the functions ¢(x, ),
F(t,x,u), and f(t, x,u) are continuous by their own argu-
ments and have continuous and bounded partial derivatives
with respect to x, y, and u up to second order, inclusively, then
increment formula (28) takes the form

a1 = - |

(=]

T /OH (t,y, x,u)
<T, Au (t)> dt

T 2
J <Au(t)'M,Au (t)> dt

0 au2

T oH” (t, v, x, )
! > Wh Ay
- Jo <Au(t) 0x0u

N | —

+2A ' TE Y xu) (t ""x”) Ax (t)>dt

1 , 0%¢
+ E <Ax(0) ax(o)z

! azq’
+Ax(T) 32 (0 9% (1) 0)ox (T),Ax (0)>

5
1 , 62(/)
+E<Ax(°) 9x (T) 0x (0)

+AX(T) (TZ,Ax(T)>+Eu,

(38)
where
[ ou (1< @1 + 18w o)

&=~ | og(IAx I + Au(t)|”)dt

o (39)

v oy ([ax ()" Jax ()[F).

Let now Au(t) = edu(t), where € > 0 is a rather small number
and Su(t) is some piecewise continuous function. Then, the
increment of the functional AJ(u) = J(#1) — J(u) for the fixed
functions u(t), Au(t) is the function of the parameter ¢. If the
representation

AT (u) = e8] (u) + %8282] (u)+o (82) (40)

is valid, then 8J(u) is called the first, and 6?J(u) is the
second variation of the functional. Further, we get an explicit
expression for the first and second variations. To achieve the
object, we have to select in Ax(t) the principal term with
respect to &.

Assume that

Ax (t) = ebx (t) + o (& 1), (41)
where 0x(t) is the variation of the trajectory. Such a repre-
sentation exists, and for the function §x(t), one can obtain

an equation in variations. Indeed, by definition of Ax(t), we
have:

T
Ax(t) = L K1) Af (rx (1), u () dr. (42)

Applying the Taylor formula to the integrand expression, we
get

edx () +o(&t)

T
- J K (1) {W (6% (1) + 0 (&, 7)]

0 (43)
+8M8u + 0, (& T)} dr.
ou
Since this formula is true for any ¢, then
T
Ox (t) = J K(t,7)
0
x {—af LIPS AGLIOPY (t)} dr
0x ou
(44)



Equation (44) is said to be an equation in variations. Obvi-
ously, integral equation (44) is equivalent to the following
nonlocal boundary value problem:

af(txu) af(txu)

Ox(t) = —28x () + =—="20u(t), (45)

T
5% (0) + j m(£)0x () dt = 0. (46)
0

By [6, page 527], any solution of differential equation (45)
may be represented in the form

of (1, x,u)
ou

8x(t):(D(t)(?x(O)+(1>(t)Jt(D_l( ) Su (1) dr,
0

(47)
where O(t) is a solution of the following differential equation:

do (t) _ of (t,x,u)

dt 20

@ (0) = E. (48)

Assume that the solution of differential equation (45)
determined by equality (47) satisfies boundary condition
(46). Then, for the solutions of problems (45), (46), we get
the following explicit formula:

of (t,x,u)

T
Ox(t) = L G(t, 1) 30

Su (1) dr, (49)

where

G(t,1)

O (t) [E+B;] [E+Jm(r)<b(r)d‘r] ot (1),

_ 0<t<Ht,
~d () [E+B,]" JT m (1) ® (1) drd* (1),
t<t<T,
B, = JTm(t) @ (1) dt.
' (50)

Now, substituting (41) into (38), one may get

T /OH (t,y, x,u)
()

e (T , azH(t 1//,x u)
[

2
+2<8u' (¢ L L) H(t w’x “) by (t)>

N <8u'(t) (t "”x’”) ou (t)>]dt

AJ (u) =

Abstract and Applied Analysis

! aZ§0
i <8x © 07

) 0’
+Ax' (T) #,(& (0)>

ox (T)
! az(P
B <8x O S max©)

6290 2
ax(T)Z,(sx(T)>} +o(s )

(51)

+6x' (T)

Considering definition (40), we finally obtain

T
5](u)=—J <w,6u(t)>dt, (52)
0 u

(w2722 e
0
2<6u' ) é 51 sy (t)>
<5 o TH by xu) (t "”“’) Su (t)>]dt
' az(P
+ <8x (0) 3 (0)?

, o’
+Ax (T) #, Ox (0)>

8 (u) =

ox (T)
azq)
!
’ <5" O S mox©
Bch

8x' (T ,0x(T) ).

+0x ( )ax(T)2 x ( )>
(53)

It follows from (40) that the conditions

o7 (u’) =0,  &J(u")20 (54)

are fulfilled for the optimal control u°(t). From the first
condition in (54), it follows that

a bl 0) 0’ 0
JT <Ms (t)>dt: o ()
0

ou

Hence, we can prove that the following equality is fulfilled
along the optimal control (see [11, p. 54]):

OH (t, wo,xo,uo)

=0, tel0,T], (56)
ou
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and it is called the Euler equation. From the second condition
in (54), it follows that the following inequality is fulfilled
along the optimal control:

8% (u)

2
_ _IT [<5x’( y THLYyxu) (t "”x ” 8x(t)>
0

2
+2 <6u' o TH By xu) gx;”ux “) o (t)>

2
+<6u'(t)aH(t U)o (t)>]dt
90 l( ) %

e
< 9x(0)? A D) S Oy ox (1)’ x(°)>

: o ‘o
+ <8x (0) 9% (T) ox (0) 8x' (T) ™ (T)Z,(Sx (T)>

> 0.
(57)

Inequality (57) is an implicit necessary optimality con-
dition of first order. However, the practical value of such
conditions is not great, since it requires very complicated
calculations.

For obtaining effectively verifiable optimality conditions
of second order, following [12, p. 16], we take into account (49)
in (57) and introduce the matrix function

o’
—-G(0

3 (0)? (0,5)
2

! 0 [
~G D) T ox 0

R(t,s) = -G (0, T)

G(0,s)

2

9 GTs (58

~G O S o™

G 2P _G(T,9)

-G'(T
T ey

+j G (t,1) HG(ts)dt

Then, for the second variation of the functional, we get the
terminal formula

2 _ (T ! a'f(‘r,x,u)
6% (u) = —{L L <5”(’)—au

of (s, x,u)
ou

x R(1,s) ,0u (s)>dtds

+J <8 () Ty % 1) (t "”x’”) Su (t)>dt

T T 2
+2J J <6u'(t)MG(t,s)

0 Jo oxou

X M,Su (s)> dtds]» .
ou

(59)

Theorem 5. If the admissible control u(t) satisfies condition
(56), then for its optimality in problem (1)-(4), the inequality

2 _ T ! a,f(T>xau)
6% (u) = —“0 L <8u(T)—8u

af (s, x, 1)
ou

T 2
+ J <8'u(r) THEyxu) o (t)> dt

0 au2

" syt oy CHEY % 1)
+2J’0 jo <81/l (t) TG(t,S)

of (s, x,u)
X ou

X R (1,5) ,0u (s)> drds

,0u (s)> dtds} >0
(60)

should be fulfilled for all du(t) € L ,[0,T].
The analogy of the Legandre-Klebsh condition for the
considered problem follows from condition (60).

Theorem 6. Along the optimal process (u(t), x(t)) for all v €
R and 0 € [0,T]

2
yOHEO.Y©).x©0).u®)

(61)
ou?
To prove (61), one constructs the variation of the control
v telB,0+¢)
Su (t) = 62
u () {o t¢[0,0+¢), (62)

where & > 0 and v is some r-dimensional vector.
By virtue of (62) the corresponding variation of the
trajectory indeed is

Sx(t)=a(t)e+ol(st), tel0,T], (63)
where a(t) is a continuous bounded function.

Substituting variation (62) into (60) and selecting the
principal term with respect to &, one may obtain

J9+E . O*H (t,w (1), x(t),u(t))
)

ou?

H (6,y(0),x(0),u(0))

= —¢&v 37 v+o,(g).
(64)

8T (u) = - vdt + o ()

Thus, considering the second condition of (54), one obtains the
Legandre-Klebsh criterion (61).



Condition (61) is the second-order optimality condition. It
is obvious that when the right-hand side of system (1) is linear
with respect to control parameters, then condition (61) also
degenerates fulfills trivially. Following [11, p. 27], [12, p. 40], if
forall@ € (0,T), ve R

OH (6, (6),x (6),u ()
ou o
OPH (6,9 (6),x(6),u(9)
14

ou?

(65)

v =0,

then the admissible control u(t) is said be a singular control in
the classic sense.

Theorem 7. For singular optimality of the control u(t) in the
classic sense, the inequality

v {JT JT <af ¢ x, u)R (t,s), of (3’:’ “) > dtds

o Jo ou

T (T 2
+zj J <—aH(t’w’x’u)G(t,s),

o Jo o0xou
a bl bl
M>dtd$}vgo
ou

should be fulfilled for all v € R".

(66)

Condition (66) is an integral necessary condition of
optimality for singular controls in the classic sense. Selecting
special variation in different way in formula (60), we can get
various necessary optimality conditions.

5. Conclusion

In this work, the optimal control problem is considered
when the state of the system is described by the differential
equations with integral boundary conditions. Applying the
Banach contraction principle, the existence and uniqueness
of the solution are proved for the corresponding boundary
problem by fixed admissible control. The first and second
order increment formulas for the functional are calculated.
Various necessary conditions of optimality of the first and
second order are obtained by the help of the variation of the
controls. Of course, such type, the existence and uniqueness
results and necessary conditions of optimality hold under the
same sufficient conditions on nonlinear terms for the system
of nonlinear differential equations (1), subject to multipoint
nonlocal and integral boundary conditions

T

Ex (0) +J

i
mt)x () dt+ Y Bix(t;))=C,  (67)
0 j=1

where B; € R™" are given matrices and

]
1B+ || < 1. (68)
j=1
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Here, 0 < t; < --- < t; < T. Moreover, the method given in
[27, 28] and the method presented in the paper may allow
one to investigate optimal control for infinite-dimensional
systems with integral boundary conditions.
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The problem of bounded-input bounded-output (BIBO) stabilization in mean square for a class of discrete-time stochastic
control systems with mixed time-varying delays and nonlinear perturbations is investigated. Some novel delay-dependent stability
conditions for the previously mentioned system are established by constructing a novel Lyapunov-Krasovskii function. These
conditions are expressed in the forms of linear matrix inequalities (LMIs), whose feasibility can be easily checked by using MATLAB
LMI Toolbox. Finally, a numerical example is given to illustrate the validity of the obtained results.

1. Introduction

Many dynamical systems not only depend on the present
states but also involve the past ones, generally called the time-
delay systems. Generally, as a source of poor or significantly
deteriorated performance and instability for the concerned
closed-loop system, the time delays are unavoidable in
technology and nature. Many works have been done on the
stability of time-delay systems; one can see [1-23] and the
references therein. The dynamics analysis of continuous-
time systems with distributed delay has been well studied
in [9-12, 20]. The aspect of simulation and application in
control systems, whereas, discrete-time control systems play a
more important role than their continuous-time counterparts
in the practical digital world. If one wants to simulate
or compute the continuous-time systems, it is essential to
formulate the discrete-time analogue so as to investigate the
dynamical characteristics. It is necessary to take continuous
distributed delays into account for modeling realistic systems,
for example, neural networks; due to the presence of an
amount of parallel pathways of a variety of axon sizes and
lengths, a neural network usually has a spatial nature. Very
recently, Liu et al. introduced the infinite distributed delay
and distributed delay in the form of constant delay into the
delay neural networks. See [17-19].

In order to track out the reference input signal in real
world, the bounded-input bounded-output stabilization has
been investigated by many researchers, one can see [20-
32] and the references therein. In [22, 23], the sufficient
conditions for BIBO stabilization of control systems with no
delays were proposed by the Bihari type inequality. In [9, 10],
by employing the parameters technique and the Gronwall
inequality, the authors investigated the BIBO stability of
the systems without distributed time delays. In [20, 27, 29],
based on Riccati equations and by constructing appropriate
Lyapunov functions, some BIBO stabilization conditions for a
class of delayed control systems with nonlinear perturbations
were established. In [30], the BIBO stabilization problem
of a class of piecewise switched linear systems was further
investigated. It should be pointed out that almost all results
concerning the BIBO stability for control systems mainly
concentrate on continuous-time models. Seldom works have
been done for discrete-time control systems one can see
[21, 28]. In addition, the previously mentioned works just
considered the deterministic systems (see, e.g., [31, 32]). The
deterministic systems often fluctuate due to noise, which is
random or at least appears to be so. Therefore, we must move
from deterministic problems to stochastic ones. So, the BIBO
stabilization for stochastic control systems case is necessary
and interesting. To the best of our knowledge, there is no



work reported on the mean square BIBO stabilization for
the discrete-time stochastic control systems with mixed time-
varying delays.

It is well known that the classical technique applied in the
study of stability is based on the Lyapunov direct method.
However, the Lyapunov direct method has some difficulties
with the theory and application to specific problems while
discussing the stability of solutions in stochastic systems with
time delay. In [33], the midpoint in the time delay’s variation
interval is introduced, and the variation interval is divided
into two subintervals with equal length, by constructing the
Lyapunov functional which involved midpoint to reduce the
conservatism of stability conditions. This method was first
proposed to study the stability and stabilization problems for
linear continuous-time systems, and then many successful
applications were found in [13-15]. In this paper, we will
reconsider this method by introducing a new piecewise-
like delay method, given that the point of the time delay’s
variation interval is arbitrary point rather than midpoint.

Motivated by the aforementioned works, in this paper,
we investigate BIBO stabilization in mean square for a class
of discrete-time stochastic control systems with mixed time-
varying delays and nonlinear perturbations. Some novel
delay-dependent stability conditions for the previously men-
tioned system are derived by constructing a novel Lyapunov-
Krasovskii function. These conditions are expressed in the
forms of linear matrix inequalities, whose feasibility can be
easily checked by using MATLAB LMI Toolbox. Finally, a
numerical example is given to illustrate the validity of the
obtained results.

The paper is organized as follows. In Section 2, some
notations and the problem formulation are proposed. The
main results are given in Section 3. In Section 4, a numerical
example is given to illustrate the validity of the obtained
theory results. The conclusion is proposed in Section 5.

2. Notations and Problem Formulation

Firstly, we propose some notations which will be needed in
the sequel. The notations are quite standard. Let R” and R
denote, respectively, the n-dimensioned Euclidean space and
the set of all n x m real matrices. The superscript “T” denotes
the transpose and the notation X > Y (respective X > Y)
means that X and Y are symmetric matrices and that X —Y is
positive semidefinitive (respective positive definite). Let | - ||
denote the Euclidean norm in R”, let N* denote the positive
integer set, and let I be the identity matrix with compatible
dimension. If A is a matrix, denote by || A| its operator norm;

that is, Al = sup{[Ax| : llx| = 1} = \A,,..(ATA), where

A max(A) (resp., A (A)) means the largest (resp., smallest)
value of A. Moreover, let (Q, F,{F,},5¢, P) be a complete
probability space with a filtration {&,},,, satisfying the
usual conditions (i.e., the filtration contains all P-null sets
and is right continuous). E{-} stands for the mathematical
expectation operator with respect to the given probability
measure P. The asterisk * in a matrix is used to denote term
that is induced by its symmetry. Matrices, if not explicitly
state are assumed to have compatible dimensions. Denote
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Nla,b] :={a,a + 1,...,b}. Sometimes, the arguments of the
functions will be omitted in the analysis without confusions.

In this paper, we consider the discrete-time stochastic
control system with mixed time-varying delays and nonlinear
perturbations with the following form:

x(k+1)=Ax (k) + Bx (k-1 (k)) + Cu (k)

-1

+D Y h(x(k+i)+ f (kx k), x (k-7 (k)

i=—d(k)
+ (Gx (k) + Hx (k - d (k) w (k) ,
y (k) = Mx (k),

)

where x(k) = [xl(k),xz(k),...,xn(k)]T € R" denotes the
state vector, u(k) = [ul(k),uz(k),...,um(k)]T € R" is the
control input vector, y(k) = [y, (k), y,(k),..., yn(k)]T € R"is
the control output vector, h(x(k)) = [h,(x(k)), hy(x(k)),...,
hn(x(k))]T, A, B, D, G, C, H, and M represent the weight-
ing matrices with appropriate dimension, and the positive
integers 7(k) and d(k) are the discrete-time-varying delay,
distributed time-varying delay and respectively, satistying
that

n<tk)<t, d <dk)<d, keN', (2)

with 7;, 7,, d,, and d, being four known positive integers. For
any givent* € (1,,7,),d” € (d},d,). The initial conditions of
the system (1) are given by

x (k) = ¢ (k),

The nonlinear vector-valued perturbation f (k, x(k), x(k—
7(k))) satisfies that

I (e, x (k) , x (k = (k)|
< ay xRN + a1 x(k — (k)1

k € [-max{r,,d,},0]. (3)

(4)

where «; and «, are two positive constants. w(k) is a scalar
Wiener process defined on (Q, #, {F,},5(, P) with
E((k)=0, E(wk?)=1,
(5)
E(w@w(j) =0, i#]j.

Remark 1. The " divides the discrete-time delay’s variation
interval into two subintervals, that s, [7;, 7*] and (t*, 7,], and
d* divides the distributed time delay’s variation interval into
two subintervals, that is, [d;,d"] and (d*,d,]. We will dis-
cuss the variation of differences of the Lyapunov-Krasovskii
functional V(t, x(t)) for each subinterval. Compared with the
previous results in the works of [27-32], the BIBO stability
conditions are derived in this paper by checking the variation
of V(t, x(t)) in subintervals rather than in the whole variation
interval of the delays.

In what follows, we describe the controller with the form

u (k) = Kx (k) + r (k), (6)
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where K is the feedback gain matrix and r(k) is the reference
input.

Assumption 2. Forany &, &, € R, & #&,, let

) -hE)

) - 7
N )

where y;” and ;" are known constant scalars.

Remark 3. The constants y; , y;" in Assumption 2 are allowed
to be positive, negative, or zero. Hence, the function h(x(k))
could be nonmonotonic and is more general than the usual
sigmoid functions and the recently commonly used Lipschitz
conditions.

Atthe end of this section, let us introduce some important
definitions and lemmas as which will be used in the sequel.

Definition 4 (see [28, 31]). A vector function r(k) = (r,(k),
ry(k), ... ,rn(k))T is said to be an element of L” , if |Ir|,, =
SUPkeN[0,00)IT(K) ]| < +00, where || - | denotes the Euclid norm
in R”, or the norm of a matrix.

Definition 5 (see [28, 31]). The nonlinear stochastic control
system (1) is said to be BIBO stability in mean square, if we can

construct a controller (6) such that the output y(k) satisfies
that

Elly 0| < N, + Nylirl,, (®)

where N, and N, are two positive constants.

Lemma 6 (see [28]). For any given vectors v; € R", i = 1,
2,...,n, the following inequality holds:

T n n
vi] [Zvi] <ny v, 9)
1 i=1

1

Lemma 7 (see [28]). Let x, y € R" and any n x n positive-
definite matrix Q > 0. Then, one has

2xTy <x"Q'x + yTQy. (10)

Lemma 8 (see [28]). Given the constant matrices Oy, Q,, and
Q, with appropriate dimensions, where Q, = QI and Q, =
Ql >0, then Q, + Q1 0;'Q, < 0 if and only if

Q, of -Q, O,
<* -0, <0 or £ Q < 0. 11)

3. BIBO Stabilization for the System (1)

In this section, we aim to establish our main results based on
the LMI approach. For the conveniences, we denote

. - -t -+

L =diag {y; ¥,15 V20> Va¥u b

T, = diag {y), 3,7, ) >

VAV Y tYs Yat Ve
2 2 2 ’

l"2=diag<[ , seees

a=1,-1+1,

(d*+d,-1)(d* -d,)+2d"
2
(d +dy,-1)(d,—d") +2d,

2
— d*’
= d,

, dy<d(k)<d”

. d<d(k) <d,

d <d(k)<d"
d*<d(k)<d,,

x(k-1), <tk <t
0 (k) =
() {x(k—‘rz), T <t(k)<T),
- -1, <tk)<T
-1t T <t(k) <1,
w, <tk
f- -1
TZ_—T(T), " <1(k) <7,
,-T

(12)

Theorem 9. For given positive integers T,, T,, d,, and d,, under
Assumption 2, the nonlinear discrete-time stochastic control
system (1) with the controller (6) is BIBO stabilization in
mean square, if there exist symmetric positive-definite matrix
P,R Qi = 1,2,...,5 Z,, Z,, and X with appropriate
dimensional, positive-definite diagonal matrices A and some
positive constants { and A* such that the following two LMIs
hold:

P+2(r?2,+72,) < AL (13)
En B Zy 0 0 LA Ey; By V2X
* B, By, 0 B, 0 B'D B 0
* % B33 0 0 0 0 0 0
* % x —Q, 0 0 0 0 0
= * % % x Hs:s 0 0 0 0
% % % * * He 0 0 0
% k% * * % B A*DT 0o
% % % * * * * (I 0
* % % * * * * * AT
<0,
(14)



where

En=Q+Q+Q+a(Q+Q,) -
+Qs —~TA+G' A G+21t%Z, + 277,
+ 20 o I+ o (T —P+20"ATA - 2ATX —2XT A,

L =MA"TB-X"B+G"A*H,

03]

,=AMA"D-X"D,

_[}]

g = A AT - XT,

_[}]

8, =H M\*H+2\*B'B-Q, -22, - fZ,
+20 0] + o, (T = (1= B) Z,,
By =2, + B2,

By =2Z,+(1-B)Z,,
Bi3=-Q-2,-2,- B2,
Bss=-Qs = Z, - (1-B) Z,,
Bes = bR — A,

(15)
Proof. We construct the following Lyapunov-Krasovskii
function for the system (1):

V (k,x (k) = V; (k, x (k) + V, (k) + V5 (k) )
+Vy (k) + Vs (k) + Vg (k) »
where
Vi (k, x (k) = x" (k) Px (k) ,
k-1
V()= Y x'(H)Qx()
i=k—1*
k-1
+ Y % (1) Qx (i),
i=k—-d*
k-1 7-1 k-1
V= Y 2 )Qx@+ Y Y x(j)Qux(j)
i=k—1(k) i=1) j=k—i
k-1
+ Y x (1) Qux (i)
i=k—-T,
-1;+1
+ ) Z x" () Qux (j)

i=—T,+1 j=k-1+i

-1 k-1
Vi) =7 >0 (j)Zn(j),

i=—T" j=k+i
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nk)=xk+1)-x(k),

[ k-1
kz x" (1) Qsx (i) + (7" - 7y)
1= Tl_l_l . kl
) % 1" () Zn (j) »
i=—T1* ] +i

n<tk)<Tt"

k-1
Y xT () Qsx (i) + (1, — %)

1k1'2

x Z Z " (j) 21 ()

i=—1, j=k+i
T <t(k) <),

Vs (k) = 1

-1 k-1

Y ¥ B (x(j) Rh(x(j)
i=—d(k) j=k+i

-d, -1 -1 —

+Y ¥ z ' (x (1)) Rh (x (1)),
i=—d* j=i+lI=k+j
dy <d(k)<d"
-1 k-1

Y Y K (x(j)Rh(x()))
i=—d(k) j=k+i
-d*-1 -1 k-
£ 3 S W) RR D),
i=—d, j=i+ll=k+j
d* <d(k) < d,.

Vs (k) =

17)

Calculating the difference of V' (k, x(k)) and taking the math-
ematical expectation, by Lemma 6, we have

EAV; (k, x (k)
=E[x" (k+1) Px(k+1) - x" (k) Px (k)]
=E[y" (k)P (k) +2q" (k) Px (K],
EAV, (k)
=E[x" (k) Qx (k) - x" (k-1")Qx (k- 1)
+x7 (k) Qux (k) - x” (k—d") Qux (k-d")],
EAV; (k)

k k-1
:E[( y o - )xT(i)an(i)
i=k+1-1(k+1)  i=k-7(k)
7,-1 k k-1
+Z< > - Z)x (/) Qux (j)
i=t) \ j=k—i+l  j=k-i

i=—1,+1 \ j=k+i  j=k+j-1

x x' () Qux (j) }
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k k-1
SE|:< PEEROIEIOEESY xT(i)Q3x(i)>

i=k+1-1, i=k—T,
7,-1
+ 2 (6" () Qux (k) = x" (k= ) Qux (k — 1))

+ (xT (k) Qyx (k) — x" (k —1,) Q;x (k - Tl))
-7;+1

+ Y (x" (k) Qux (k) -

i=—1,+1

><(k+i—1)Q4x(k+i—1))j|

=E |:XT (k) [a(Q; + Qy) + Q] x (k)

-2x" (k=1) Qx (k- 1)

k-1,
- 0 " (i) Qux (i)

i=k-T1,

<E [XT (k) [a(Qs +Qy) + Q5] x (k)
T (k - 7 (k) Qux (k — 7 (K))]
EAV, (k)

- E Z(};ﬂ Z) 1)21’7(])]

Jj=k+i

k-1
=E r“nT(k)Zm(k)—r* > nT(i)Zm(i)]

i=k—1*

<E|1%%" (k) Z,n (k)

k-1 k-1
- Yz, Y rl(i)].

i=k—1* i=k—1*
(18)
Note that
k-1 k-1
- Y0tz Y )
i=k—1* i=k—1*
( xk \ (-z, z, x (k)
(o) (7 2) (6 5)
(19)
EAV; (k) = E {x" (k) Qsx (k) - 67 (k) Qs6 (k) o0
20

+ 70" (k) Zyn (k) - 7y ()},

where

1

k-1,—
Z n' (@) Zon (i),

—T*

n<tk) T,

y (k) = -1 (21)

;Z D Zn@), T <tk <

i=k—1,

When 7" < (k) < 15, it is easy to compute that

-7y (k)
~[(mp—7(k) +

k-1"-1

x Y () Zyn )

i=k—7(k)

~[((r -7 (k) +

(r(k)-17)]

(t(k)y-7))]
k—t(k)-1

x Y () Zn ()

i=k-T,

k-1*-1 k-t" -1 (22)

<B Y 7@z, Y 50

i=k-7(k) i=k—7(k)

k-17-1 k-1"-1

- Y 7wz, Y n0

i=k—1(k) i=k—1(k)

k-t(k)-1 k-t(k)-1

- z ;1 (i) Z,

i=k-T, i=k-T1,

n@)-(1-p)

k-t(k)-1 k-7(k)-

x Yy @)z 7).

i=k-T1, i=k—,

<
—

When 7, < 7(k) < 7%, similarly we can have

k-1,—-1 k-1,-1

1-B) D 7"z, ) nG)

i=k—7(k) i=k-1(k)

Ty (k) < -

k-1,-1 k-1-1

- Y 70z, Y )

i=k-7(k) i=k-1(k)
(23)

k-t(k)-1 k-1(k)-1

n @z, Y )

i=k—1* i=k—1*

k—t(k)-1

-B n i)z, Y n).

i=k—1* i=k-T*
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From (20), (22), and (23), we have <E [ (d"+d, —1)(d" —d,) +2d"
- 2
AV (k) = E | x" (k k) - 0" (k) Q0 (k
EAV; (k) E[x (k) Qsx (k) (k) Qs (k) BT (e () R (x ()
. x(k-1(R)\" T
+70 (k)Zn(k)+<x(k—r*)> ( h(x (k )))
2 8 BT ,Zd(k) x(k+i
-2Z, Z, Z, x (k-1 (k)) 4
><< * -Z, 0 )(x(k-f‘)) xR( Z h(x(k+l))>]
* x =27, 0 (k) i=—d(k)
(ZETEY (7 %) 2
x(k-1") * =7 When d* < d(k) < d,, similarly we can have
x(k-1 (k)) * _ _4*
< > 1-p) EAV6(k)sE[(d +d, 1)(2d1 d*) +2d,
" (x(k - T(k))) <—22 zZ, )
6 (k) * =2 x h" (x (k)) Rh (x (k)
(k =7 (k)) T
x (" )] . . (26)
0 (k) L hx Gk +i )
(9 & <Z<> e
When d; < d(k) <d”*, by Lemma 6, it is easy to get « R( i hx (k + i)))] _
-1 k -1 k-l o
EAV, (k) = E < Z Z _ Z Z ) From (25) and (26), we have
i=—d(k+1) j=k+i+1  i=—d(k) j=k+i
< T (x (7)) Rh (x (1)) EAV, (k) < E [th (x (k)) Rh (x (k))
—d-1 -1 . -
21(2-2) (3 rewn) @
i=—d(k)
XhT(x(’))Rh(x(’))} ><R< y h(x(k+i))>].
i=—d(k)
< E Zl,‘ Z hT (x(7) Rh (< (1)) From (7), it follows that
i=—d* j=k+i+l (hz (x (k)) - y;—xi (k))
(h (x (k) =y, x; (k) <0, i=1,2 o
-1 kol x (h; (x -V X <0, i=12,...,n
_ T . .
iz,zd(k) jzléﬂh (e () R x (1) which are equivalent to
< x ) \"((yryreer YtV r
+ '_Z;i*hT (x (k) Rh (x (k) (h(x (k))) <Y’ V’: " 2r o
i=— P (29)
< . . x (k)
- ,-:Zd(k)hT (x (k + i) Rh (x (k + 1)) <h( (k)))
A1 where e; denotes the unit column vector having one element
SO T on its ith row and zeros elsewhere.
+ ‘721;* ,_Zlh (x (k)) Rh (x (k) Then from (29), for any matrices A = diag{A,,A,,...,
e A,} > 0, it follows that
-d;-1 -1

~ T x(k) \ [-T,A LAY[ x(k)
S S (x(k+ 1) Rh(x(k+]))] <h(x(k))) < h _2A><h(x(k))>20. (30)

i=—d* j=i+l
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Note that, by Lemma 7, we get

E [n" (k) Py (k) + 24" (K) Px (k) + 5" (k) Zy (k)
+7n" (k) Zyn ()]
=E[n" (k) (P+1Z, +7Z,) (k) + 25" (k) Px (k)]
=E[x" (k+1)(P+17Z,+7Z,) x (k + 1)
—2x" (k+ 1) (2772, + 72,) x (k)
+x" (k) (172, +7Z, - P) x (k)]
<E[x" (k+1)(P+2072, +27Z,) x (k + 1)
+x' (k) (21722, + 272, - P) x (k)|
<E[x" (k+ )N Ix(k+1) +x" (k)
x (2122, + 272, - P) x (k)|

= E{[ (A + CK) x (k) + Bx (k - 7 (k)

-1
+D Y h(x(k+i)
i=—d(k)

+f (ke x (k) x (k =7 (k) + Cr (k)]

x AT | (A +CK)x (k) + Bx (k - 7 (k))

-1
+D Y h(x(k+i)

i=—d(k)

+f (k,x (k),x (k-7 (k))) + Cr (k)

+ [Gx (k) + Hx (k — 7 (k))]”
x \*I [Gx (k) + Hx (k - 7 (k))]
+x' (k) (21722, + 272, - P) x (k) }

x|

(A +CK) x (k) + Bx (k - 7 (k))

-1
+D Y h(x(k+i)
i=—d(k)
T

+f (k,x(k),x(k-7(k)) | A'I

x | (A+ CK)x (k) + Bx (k — 7 (k))

-1

+D Z h(x(k+1i) + f (k,x (k),x (k-7 (k)))

i=—d(k)

+[Gx (k) + Hx (k — 7 (k))]"A*T

x [Gx (k) + Hx (k — 7 (k)]

+x' (k) (20?2, +27Z, - P) x (k)
+21*xT(A+CK)T (A + CK) x (k)
+A*x" (k -7 (k)) B"Bx (k — 7 (k))

4 T
+/\*< D h(x(k+i))> D'D

i=—d(k)

-1
x< > h(x(k+i))>

i=—d(k)
+5A*||cn2||r||§,o} :
31)

Then from (18) to (31), we have
EAV (k) < E {ET (k) [E’ +(+2X,0,0,0,0,0, o,o)TA—t
x (x/ix,o,o,o,o,o,o,o)]f(k)}

+ plrlG,
(32)

where

! —_

ij ij

[1]
[11

ij=12..,8  p=35\IDP,

EC k) = | x" (k) x" (k-1(k),x(k-1"),x(k-d"),

-1
0" (k),h" (x(k), Y h' (x(k+i), f"|.
—d(k)
(33)

If the LMI (14) holds, by using Lemma 8, it follows that there
exists a sufficient small positive € > 0, such that

EAV (k) < —€E|lx (K)I” + plirll%,. (34)
It is easy to derive that

k-1
EV (k) < wElx (0)I° + 1, Y Elx @)
i=k-T1,
(35)
k-1
+us Y. Elx @),

i=k—d,



with
H1 = Amax (P)
= Ay (Q) + (@ + 1) Ay (Q3)
2A e (Qq) + 4720 (2))
+4(1, - 1) A e (Z3) (36)
s = Ao (Qy) + [d, + (d, — dy)
x(d, —d,)]
XTI A e (R) .
For any 8 > 1, it follows from (34) and (35) that
E[07'V (j+1) -6V (j)]

=0""EAV (j) + 67 (0 -1)EV (j)

<0 | (~e0+ (0 - 1)) E|x ()|

(37)
j-1
+©O-1)p, Y Elx @I + pblirl2,

i=j-1,

j-1
+(0-Dus ) Elx@)

i=j—d,

Summing up both sides of (37) from 0 to k — 1, we can obtain

6FEV (k) - EV (0)

k-1
i A2
< (1 (0-1)—e0) Y 0'E|lx ()|
j=0
k-1 j-1 ,
+u0-1)) > OElxG)|
=0 i=j-1, (38)
k-1 j-1 R
+us(0-1)) Y OElx ()
j=0 i=j-d,
k-1
+p ) 07 ]2,
j=0
Also it is easy to compute that
k=1 -1
> Y VEIxO)I
j=0 i=j-1,
-1 it1, k-l-1, i+T,
(25555 %)
i=-1, j=0 i=0  j=i+l i=k-1, j=it+l
x 6'Ellx (i)]°
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<1,0% sup E|x(s)|’ +129T229’E||x(z)||

s€[—1,,0] i=0
k-1 j-1 ,
> ) OE|x ()]
j=0i=j-d,
-1 i+d, k-1-d, i+d, k-1 -
AP DI Z
i=—d, j=0 i=0 j=i+l i=k-d, j=i+l
x 0/ E|lx (i)[1°
<d,0% sup E|x(s)|* +d,0%
sE[—dZ,O]

k-1
x Y O'Ellx ().

i=0

(39)
Substituting (39) into (38) leads to
6*EV (k) - EV (0)
2 o j+1 2
< 0) sup Elx(s)I°+p) 6/ Il
' se[—‘rz,O] J:ZO (40)
k-1 k-1
+1,(0) Y O'Ellx ()]* + 15 (0) Y O'Ellx ()|,
i=0 i=0
where ,(0) = (0 = 1)7,0™ + i3 (0 — 1)d, 0%, 1,(0) = (6 -

17,07 + 4y (0 1)— 0, 15(6) = pi3(0—1)d,0% +pu, (6 1) — &6
Since #,(1) < 0, #5(1) < 0, there must exist a positive
0, > 1 such that 17,(8,)) < 0, #3(6,) < 0. Then we have

EV (k)

<1, (65) (

1\ 5
=] sup E|x(s)l
0 se[—‘rzO]

k-1
(60>EV(0)+pZ e

100

>

k-1
+172(0)Zek1
i=0
< (m (6) + py + 7y + pisd,)

Elx ()] to 1 IIVII

Ellx 0)II” + 15 (60) Z - L Elx ()

X sup
s€ [— max{‘rz,dz} 0]
(41)

On the other hand, by (16) we can get
EV (K) = Apin (P) Ellx (R (42)
Combining (41) with (42), we have
M (00) + ph + Ty + p3d,
Amin (P)

x sup  Elx(@)I’ (43)
SE[—max{rz,dz},O]

1 P
Amin (P) 6y — 1

Ellx (k)| <

-+

2
(/e
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Thus,
Ely ®)|° < IMIPElx (R)I* < N, + NyJlr2,,  (44)

where N, = ||M||2((’11(90) + oy + Ty + p3dy)[A i (P))
Supse[—max{‘rz,dz},O]E”x(S)llz’ N2 = (I/Amm(P))(p/(GO -
D)IM>. By Definition 5, the nonlinear discrete-time
stochastic control system (1) is BIBO stability in mean
square. This completes the proof. O

If the stochastic term w(K) is removed in (1), then the
following results can be obtained.

Theorem 10. For given positive integers T, T,, d, and d,,
under Assumption 2, the nonlinear discrete-time stochastic
control system (1) with the controller (6) is BIBO stabilization
in mean square, if there exist symmetric positive-definite
matrix P, R, Q;, i =1,2,...,5, Z,, Z,, and X with appropriate
dimensional positive-definite diagonal matrices A and two
positive constants § and A such that the following two LMIs
hold:

P+2(172, +72Z,) < M,

[83]

En Ep Z1 0 0 DA By By V2X
% By By 0 By 0 B'D BT 0
* % By 0 0 O 0 0 0
* % x —Q, 0 0 0 0 0
= * % % * B 0 0 0 0
* k% * * Beg O 0 0
x k% * * ¥ B MDD
x k% * * % * (I 0
* % % x % % * x  =AT
<0,
(45)
where

Ep=Q+Q+Q+a(Q+Q,) -2,
+Qs T, A+ +21%%7, +27°Z,
+2M I+ {I-P+21°ATA
—-2ATX - 2X7 4,

8,, =2A"B'B-Q, - 27, - fZ,

+20 01 + o, (T = (1= B) Z,,

9

_ # T T
E,=AAB-XB,
8,=A"ATD-X"D,
- s 4T T
Bg=AA -X',
By = Zy +(1-B) Z,,
By3 =2, + B2,
Ep=-Q-%4,-2, —/322’
Bss =—Qs -2, - (1 _ﬁ)zz’
Bee = DR — A,
- * T 1
B, =2A"D D_ZR’
X =-1"CK.

(46)

Proof. The proof is straightforward and hence omitted. [

Corollary 11. System (1) is also stabilization in mean square
when all the conditions in Theorems 9 and 10 are satisfied, if
the bounded input r(t) = 0 in (6).

Remark 12. In this paper, a novel BIBO stability criterion for
system (1) is derived by checking the variation of derivatives
of the Lyapunov-Krasovskii functionals for each subinterval.
It is different from [27-32], which checked the variation of
the Lyapunov functional in the whole variation interval of the
delay.

Remark 13. The BIBO stabilization criteria for discrete-time
systems have been investigated in the recently reported paper
[28]. However, the stochastic disturbances and nonlinear
perturbations have not been taken into account in the control
systems. In [28], the time delay is constant time, which is a
special case of this paper when 7, = 7,.

Remark 14. The mean square stabilization conditions in
Theorem 9 in this paper depend on the time-delays upper
bounds and the lower bounds, time-delays interval, and time-
delay interval segmentation point and relate to the delays
themselves.

Remark 15. In [33], the time-delay interval is divided into
two equal subintervals; the interval segmentation point is
midpoint. In this paper, the time-delay interval is divided into
two any subintervals; the interval segmentation point is any
point in the time-delay interval.

4. An Example

In this section, a numerical example will be presented to show
the validity of the main results derived in Section 3.
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TaBLE 1: For 7(k) = 1,2,3,4,5, 8.
(k) 1 2 3 4 5
B 0 1 1/2 1/2 0

Example 1. As a simple application of Theorem 9, consider
the stochastic control system (1) with the control law (6); the
parameters are given by

-0.1 0 -0.1 0.1
A= ( 0.1 —0.2>’ B= (—0.1 0.1>’

0.1 0.1 0.1 0.1
¢= <0.5 0.3>’ b= < 0 0.2)’
G = 0.001, H = 0.02, f = [0.1x(k), V0.2x(k — 7(k))]",
h,(s) = sin(0.2s) — 0.6 cos(s), h,(s) = tanh(-0.4s), 7, = 1,
7,=5d,=2d,=7.

It is easy to verify thata = 5,7 =3,d" = 4,7 =2,and

~0.64 0 0 0
r1_< 0 o)’ F2—<0 —o.2>’

Tt min {(-1)""7, 0}
2 2 ’
Tt min {(-1)""7, 0}
=7 2 > (48)
= {9, d, <dk)<d*,
20, d*<dk)<d,,

Cc =

4, dy <dk)<d",
7, d* <d(k) < d,.

Meanwhile, the corresponding values of 3 for various (k)
are listed in Table 1.

By using the MATLAB LMI Toolbox, we solve LMIs (13),
(14) and obtain six groups of feasible solutions; we list one
case as follows.

When =1,b=9,c =4,

p- <145.0684 -3.2651 )

—3.2651 147.7799

7 0.0478 0.0298
1710.0298 0.0230 )’

7 - 0.3443 0.2142 Q, = 2.8401 1.7808
2710.2142 0.1663 )’ 17\ 1.7808 1.3624)°

3.7464 2.3462 0.2731 0.1713
o (8 28). 0 (3 01).

2.3462 1.7985 0.1713 0.1309
Q. = 3.1500 1.9740
57\ 1.9740 1.5118)°

R= 128.2646 —-92.1100 _ (0.4512 0
~\—-92.1100 239.0910 )’ B 0  34.3341)°

Q, = 15.3027 —6.8645
47\ -6.8645 15.5746 )°

X <13.3495 3.1121>’

- (14212 -0.3303
3.1121 0.7692 - :

0.5268 0.1218
(49)

and { = 82.0259, 1" = 150.2996.
The system (1) exhibits stabilization in mean square
behavior as shown in Figure 1.
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5. Conclusions

In this paper, we have derived some conditions for the
BIBO stabilization in mean square for a class of discrete-
time stochastic control systems with mixed time-varying
delays. The results have been obtained by constructing a novel
Lyapunov-Krasovskii function. The conditions are expressed
in the forms of linear matrix inequalities, which can be
easily checked by using MATLAB LMI Toolbox. A numerical
example is given to illustrate the validity of the obtained
results.
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We consider the model of a Caputo g-fractional boundary value problem involving p-Laplacian operator. By using the Banach
contraction mapping principle, we prove that, under some conditions, the suggested model of the Caputo g-fractional boundary
value problem involving p-Laplacian operator has a unique solution for both cases of 0 < p < 1 and p > 2. It is interesting that
in both cases solvability conditions obtained here depend on g, p, and the order of the Caputo g-fractional differential equation.

Finally, we illustrate our results with some examples.

1. Introduction

In this section we will give some basic definitions and results
that will be needed in the sequel. For more details about
the theory of g-calculus, fractional calculus, and g-fractional
calculus, we refer readers to [1-10].

Let g € (0, 1) be a fixed real number. Then for any « € R,

)

The g-binomial function is defined for all n € N as

n-1
(=9 =[1(e-d").
k=0
2)
B_ B -(s/t) q
S) =t H < — (s/t) qz+oc )

where f3 is not a positive integer. It is easy to see that

(at — as)s = aﬁ(t - s)s. (3)

The g-analog of Euler’s gamma function is denoted by I (¢)
and defined as
(1-q),
L,(t)= ——5, t>0. (4)

(1 @”’

The following theorem will be used to compare values of I'(t),
the usual gamma function, with values of I (¢) for a fixed q €
(0,1).

Theorem 1 (see [11]). For0 < r < g < 1, one has

F,(t)sl"q(t)sl“(t), forO<t<lort>2,

(5)
()< Fq(t) <L (), forl<t<2.
It is known that for 0 < g < 1,
={q"ine zlu{o},
(6)

T;X ={q""neztuio},

aeRYU{0}.
The nabla g-derivative of the function f: T, — R is defined

by

f) =~ f(as) T - (o}, @)

qu(s)— (=q)s seT,



The nabla g-integral of f is defined by

| F@ve=0-a)sY d'f (sa). ®)
0 k=0

Jackson in [12] and Thomae in [13] showed that the g-beta
function, which is defined by

L ()T, (s)
B (t,s)= +~91°°
7 (6s) L, (t+s) ©)
has the following g-integral representation:
1
t—1 s—1
B, (t,s) = .[0 T (1-qr), V. £5>0. (10)
The fundamental theorem of g-calculus states that
vqj FOVE=fs), ()
0
and if f is continuous at 0, then
L VF OVt =)~ f(0). 12)

Moreover,

t t
v, J fts)Vys = Jo V. f(ts)Vys+ f(qt.t), (13)

0

where the derivative is applied with respect to t.
The nabla g-fractional derivative of (¢ — s)‘; with respect
to t and for all « € R is given by

o

11_ L sy, (14)

o
Vq(t —5) 4=
Moreover, the g-fractional integral of order a #0,-1,-2,...
is defined by

1
T, (@

t
-1
Af 0= [ a9y 0V 09)
The a-order Caputo g-fractional derivative of a function f is
defined by

o 1 t n—o—1 n
Cof @)= —rq — L (t-gs) Vo f () Vs, (16)
where n = [a] + 1 and [«] denotes the greatest integer less
than or equal to «.
The following lemma enables us to transfer Caputo g-frac-

tional differential equations into an equivalent g-fractional
integral equation.

Lemma 2 (see [3]). Assume that « > 0 and f is defined on a
suitable domain. Then

. ~ n-1 tk .
lo,Cof (8) = f () - ZO quf(m (17)
and if 0 < o < 1, then
l0,Cof (8) = f (£) = £ (0). (18)
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On the other hand the operator gop(s) = |s|P™%s, where
p > lis called the p-Laplacian operator. It is easy to see that
(P;’l = ¢,, where (1/p)+(1/r) = 1. The following properties of
p-Laplacian operator will be used in the rest of the paper.
(PDifl < p < 2,xy > 0,and |x|,|y| = m > 0, then
l9,(x) = @M < (p = 1) mP|x = yl;
(P2)if p > 2 and [x], |yl < M then, |p,(x) — ¢,(y)| <
(p - DMP2|x - y).

2. A Model of Caputo g-Fractional
Boundary Value Problem Involving
p-Laplacian Operator

In this paper, our main aim is to prove the existence and uni-
queness of the solution for the following Caputo g-fractional
boundary value problem involving the p-Laplacian operator:

Y, (2, (,Cox 1)) = f (6x (1)),
VEx(0)=0, fork=23,..,n-1, )
x(0) = ayx (1),

Vx 0) = a,Vyx (1),

whereay, a, #1, 1 <a e R,and f € C([0,1] xR, R).

Note that, the boundary value problem given in (19) is
antiperiodic for a,, a, = -1.

In the following lemma we obtain a g-integral equation
which is equivalent to the Caputo g-fractional boundary
value problem given in (19).

Lemma 3. Assume that o > 1, ay, a, #1, and h € C([0,1]).
Then

Vo (2 (,Cox ) =h®),
v;‘x(O):o, fork=2,3,...,n-1, 00
x(0) =ayx (1),

Vyx 0) = aVyx (1)

are equivalent to the following g-integral equation:

x(t) =4 Lt (t- qr)Z_l(p, (JT h(s) Vqs> v, T

0

+ bl Ll (1- qr):71¢, (J: h(s) Vqs> v,T (21)
1 a2 T

+bl(t) L (1-q1), "o, <L h(s) Vqs) v,7,

where bg = 1/(Fq(oc)), blq = ao/(l"q(oc)(l - ay)), and bg(t) =
(ay(t + ay(1 = 1))/ (Ty(a = 1)(1 = ap) (1 — ay)).
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Proof. Using (20) and the fact that (pp( chx(O)) = 0, we have

?p (ch x (t)) = L h(s) Vs, (22)

or equivalently,

chx t) = ¢, (Lt h(s) Vqs> . (23)

Applying g-fractional integral operator I to both sides and
using Lemma 2, we get
n-1 k

t k
x(t) - ;) qux(O)

1 t o T
“T@ JO (t—q0)2 o, (L h(s) Vqs> v,T.

Using V(I;x(O) =0, fork=2,3,...,[«] — 1in (24), we obtain

(24)

aliewal[me

+x(0) + tVyx (0).

x(t) =

According to (13) and (14), we have

Vx () = ﬁ Lt (t- qT)?z‘Pr <LT h(s) Vqs> V,T

+Vx (0).
(26)

Taking t = 1 in both sides of (25) and (26), we get

x(1) = ! J-l (1 —q‘r)“_ltp <J1h(s)V s) V.1
I, (@) Jo 7 "\ Jo )1
+ x (0) +qu(0),
1 T
Vx(1) = AP J (1-4r1), ’0, <L h(s) Vqs> v,T
+qu(0).

(27)

Solving equations obtained by the given boundary value
conditions x(0) = a,x(1) and qu(O) = alvqx(l), it follows
that

_ 49
O e T a)
1 T
X JO (1-4q1), ’o, <L h(s) Vqs) V,7,
1 T
x(0) = m L (1- qT):_l(p, (L h(s) Vqs> v,T

+ %
L(e-1)(1-a)(1-a)

1 T
x L (1- qT)Z—chr (L h(s) Vqs> v,

(28)

Substituting (28) into (25) gives (21) which completes the
proof. O

3. Solvability of the Caputo g-Fractional
Boundary Value Problem

This section is devoted to the solvability of the Caputo g-
fractional boundary value problem given in (19). In the first
part we shall prove the existence and uniqueness of the solu-
tion, and then we shall illustrate our main results with some
examples.

Recall that C[0, 1] is a Banach space with the norm || x| =
max, o ;7|x(¢)|. Now consider T; : C[0,1] — C[0,1], i =
0, 1 with

Tox (t) = o, (Lt f(s,x(s) Vqs> ,

t
T,x(t) = bl L (t- qT)ZHx(T) v,T
(29)

1
+b] J (1- qT)ZHx (1) V,7
0

1
o=2
+bl(t) L (1- q‘r)q x (1) V7.
Then T =T, o T, is a continuous and compact operator.

Theorem 4. Suppose that1 < r < 2, a5, a,#1, q € (0,1)
is fixed, and the following conditions hold: 3A > 0, 0 < § <
2/(2 —r) and d with

0<d

Fq(6(r—2)+2+oc)
(r-1T,6(r-2)+2)

2-r

x[ |1 —ap| |1 -ay
(|1 - ay| + |a0|)(|1 —ay|+|a|[6(r-2)+a+ l]q)

(30)
such that
[0],A°7 < f(t.x), forany (t,x) € (0,11 xR,  (31)

|lf (tx) - f(ty) <d|x-y|, forte[0,1], x,y€R.
(32)

Then the boundary value problem (19) has a unique solution.



Proof. Inequality given in (31) implies that
t
A0 < J f(s,x)V,s, forany (tx) € [0,1] xR. (33)
0
On the other hand using (P1) and (32), we have

|T0x (1) - Toy (t)l

- @(j;f(s,x(s))vqs)—

<r-n()”

o[ £y @) vy)

t

L fsx(s) Vs = Jo fsy(9) Vs

<er-n()” L |f (5x(5) = f (57 (9))] Vs

<d(r-1) (At‘s)r_z Jo |x (s) - y(s)| Vs

<d(r-1) Ao = ¥|-
(34)

Similarly,
|Tx (t)-Ty (t)|

=T, (Tyx (£)) = Ty (Toy (1))

i [ -y () @ - (1) @) Ve
[ - () @ - () ),

1
6 0) | (1-q0)y (1) () (Toy) () Ve

(35)
Finally using (34) in (35), we get
|Tx t)-Ty (t)|
<d@r-1)A"? ==y
[ J (t—qT)a 1 8(1‘ 2)+1V -
(36)
|bq|j (1= qe)y
+ |6l (1) 1 - gr)* 220Dty o
p) q
Since
Jt( q‘[)“ 1 6(r 2)+1V -
0
(37)

_ Jl( qT)“ 1 6(r 2)+a+1 5(r 2)+1V T,
0
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we have
|Tx (t) = Ty (¢)|

<d@r-1)AN? x|

» [bgj (1 qr)“ 1 8(r-2) et 80 z)+1V .
el [ -gn e

][0
=d(r-1)A 7 |x -y
x [pdt? B (8 (r - 2) +2,0)
+ b B, (8 (r =2) +2,a)
+|6d ()| B, (8 (r—2) + 2, - 1) ]

=d(r-)A 7 |x -y
X bgts(r72)+“+qu b(r-2)+2,a)

+|b] B,(8(r-2)+2,a)+ v )

[6(r—2)+a+1]
[“_I]q

1B, (8(r—2)+2,a)]

<d(r-1)A"?|x-y|B,(8(r-2)+2,a)

S(r-2)+a+1
e o 22

=1,
(38)

In other words,
|Tx () = Ty (1)]
I, b(r-2)+2) I, (x)

<D A Ty
q

4

[ 1 (0(r=2) a1
T, () (1 - ap)

I, (@

a, (t+ay(1-1) [5(7’—2)+0‘+1]q]

L, (a-1)(1-ap)(1-ay) [a-1], ]
72 L, (8 (r-2)+2)T, ()
<dr-DA A T v
X[ Lo e
I () I (@) |1 - a0|

lay| (lao| + |1 = ao|) [6 (r =2) + a + 1],
I, (@) |1 = ay| |1 - ay]
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I, (8(r-2)+2)T, ()

<dr-DA sy
q

x [(|1—a0||1—a1|+|a0||1—a1|
+ |ay| (o] + |1~ ag]) [5(7—2)+a+1]q)

X(T, @)1 - a| |1 - ay]) ]

L,6(r-2)+2)

_ _ r=2
=dr-1A4 [,0(r-2)+2+a)

y (|1 - ay| + |a0|)(|1 —ay|+|ay|[6(r-2)+a+ l]q)]
|1 - a1l -a

e =yl = Klx =,
(39)

where K = d(r—1)/\7_2(Fq(6(r—2)+2)/l“q(6(r—2)+2+cx))[((Il—
aol +lagh (11 =a, |+ lay [[3(r = 2) + &+ 1)/ (1= ag 11—y ).

By condition (30), we get 0 < K < 1, which implies that T
is a contraction. As a consequence of the Banach contraction
mapping theorem and Lemma 3, the boundary value problem
given in (19) has a unique solution. O

Theorem 5. Suppose that 1 < r < 2, a,, a, # 1, and the fol-
lowing conditions hold for a fixed q € (0,1), 3IA > 0,0 < § <
2/(2 = 1), and d with

0<d
,r Fq(é(r—2)+2+(x)
(r— I)Fq(é(r—2)+2)
|1—a0||1—a1| ]
(|1 = ap| + |a0|)(|1 —ay| + |ay | [6(r—2) + a + l]q)
(40)
such that

ft.x) < -[8], M, forany (t,x) € (0,1] xR,

|f (tx) - f(ty) <d|x-y|, forte[0,1], x,y €R.
(41)

Then the boundary value problem (19) has a unique solution.

Remark 6. When q — 1, Theorems 4 and 5 reduce to
Theorems 3.1 and 3.2 of [14].

Theorem 7. Suppose thatr > 2, ay, a, 1, and the following
conditions hold for a fixed q € (0, 1). There exists a nonnegative

function g(x) € L[0, 1] with M := '[01 g()V,T 20 such that

|f (t, x)| <g(t), forany (t,x)€[0,1] xR, (42)

5
and there exists a constant d with
0<d
I, (a+2)
< e —
(r-1)M? (43)

[ 1~ af[1 -
(10— aol + ) (11~ ]+ e 11,)

lf (t.x)- f(ty) <d|x-y|, fortel0,1], x,y €R.
(44)

>

Then the boundary value problem (19) has a unique solution.

Proof. By (42), we can get that
t 1
J |f (7, x ()| V7 < J gOvVT=M (45)
0 0
for all t € [0, 1]. By the definition of T}, we have
|Tox (1) = Toy ()]

o, (L Flsx(5) vqs> ~ o, (L Fs.7) vqs)

(46)
Using (P2) and (45) gives
[Ty ()~ Toy 0)
<(r-1)M?
x L £ (5, (5)) Vs - jot F(57()V,s
<(r-1)M? (47)

t
x j 1f (5% () = £ (5,7 (5))]| Vs

<d(r-1) M Jot I%(5) = y (5)] Vs
<d(r-1)Mt|x-y].
Therefore,
|Tx () = Ty (1)]

= [T, (Tox (1) = Ty (Toy 1))

i [ (a0 (@) - (1) ) v,z

- (@ @ - ) @)Y,

1
W0 | (1-an)y (1) () (T0y) () e



<d@r-1)M? = |

1 f a
) [ T @ L (t =)y VT
q

|‘10| ! a-1
@ a0

|a, (t +ay (1 -1))]
T (=11 -a|[1-a]

1
a—2
L (1-9q7), TVqT] .

(48)

Since

t 1
a-1 _ atley a-1
L (t-qr), TV,7 = Jo (1 -qr), TV,T (49)

we have

|Tx () - Ty (1)

<dr-1)M? ||x - y||

1 ! o+l a—1
X [Fq @ Jo " (1-qr), TV,T
0|

1
a—1
—Tq @) L (1- qr)q TV, 7

|ay| (|ao| + |1 = ag])
L (a=1)[1-a|[1-a]

1
J.o (1- qT)Z_ZTVqT] .
(50)

Using g-Beta function and the fact that t € [0, 1], we get

|Tx (t) - Ty (¢)|
<dr-1)M? [x -y

|ao|

X [%Bq (2,(X) + mBq (2,0()
|| (lao| + |1 - a[) [OHI]qB 2 oc)]
L (a=D[1=ap| 1 -] [ 1], 1

<d(r- l)Mr_qu 2,a)|x -y
y [ L
I () I, (x) |1 - a0|

|y | (Jag| +[1 = ao) [or + l]q]
I, (@) |1 = ap| |1 - ay]
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<d(r-1)M"B,(2,a) |x-y|
x [ (1= a0l |1 = ] + |ag| [1 - a]
+ay| (|ag| + |1 = a]) [ + l]q)
-1
x(T, (@) [1 - ag] [1-a,]) ]

B dir-1) M2
[, (e +2)

y I:(|1—a0|+|a0|)(|1 —ay| +|ay| [a + 1]q)]

|1 - a1l -a

X[ =yl < Kllx =],
(51)

where

dir-1)M?
l"q (a+2)

K =

[(|1 —ao| + |a0|)(|1 —a1| + |a1| [ + 1]q>
|1 —a(,| |1 —a1|

By condition (43), we get K < 1 which implies that T'is a con-

traction; therefore boundary value problem given in (19) has
a unique solution. O

Next, we give some examples to illustrate our results.

Example 8. Consider the following Boundary value problem

(ACTAEeREI0))
=4t2<2+cos<ﬁx +w>>, te(0,1),
24
Vix(0)=0, fork=2,3,...,n-1, (53)

X = 3x(1),
Vx 0) = %qu(l),

where
(54)

Then r = 7/4, and take § = 4, A = 1, and d = /n/6. Using
Theorem 1and the fact that (3/2],>1 for any fixed g € (0, 1),
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we have Example 9. Consider the following boundary value problem:

I‘q(é(r—2)+2+¢x)
(r—l)Fq(S(r—2)+2)

2-r

\Z (‘P9/4 (9031/15 (qCZ/zx (t))))

x| (|1 = ao| 1 - )
[ ’ 1 =4t2(2+cos<\gﬁ4x+w>>, te(0,1),
x (|1 = ag| + |a])

., Vix(0)=0, fork=2,3,...,n-1, (58)
><(|1—a1|+|a1|[6(r—2)+oc+l]q)) ]

_z[w/z]qrq(a/z)} 2[ [3/21,T, (3/2) ]
- 2| PO BRIty G2)

x(0) = %x(l),

> —
(1+13/21) |~ 3 [(13/21,+13/21,) V,x(0) = %qu(l).
>1F<§):ﬁ:d>0,
3 \2 6
Then
S(r—
K=d(r-pr a2+
Fq(6(r—2)+2+¢x)
[ =@l a1 -] + ] (6 ¢ =)+ 11,) 9osa (@315 (5)) = @oga (1s1155) = [1s1"/15s] " 5111155
|1_a0||1_a1| — |5|(1/15)(1/4)|S|1/4|S|1/155
W <1 3 _ |5 /60N ¢ _ 173 ¢
4T, (5/2) [ " [EL)] o/sra
= |s] S =973 (s).
<L[<[§] +[§] )]s v = 1.
4[3/2],1,(3/2) I\L21g " 1214 2I (3/2)
(55) (59)

Moreover, it can be easily seen that

Therefore boundary value problem given in (58) reduces to
(81, At = [4]qt3 < 442 (2 + cos <@ + w>> the boundary value problem given in (53), and it has a unique
2 (56)  solution.

= 6%, Example 10. Now consider the following antiperiodic bound-
Finally, ary value problem:
|f (t.x) - f (£ )|
2 Jx Vo (974 (4G 2 )
= |4 NEA
t(2+cos< Y +w>> (e
= <sm <_4O +w>>, te(0,1),
—4t? <2+cos<@ +w)>‘ . (60)
24 V,x(0) =0, fork=23,...,n-1,
(57) )
= 4 cos<gx+w>—cos(%+w> x(0) = —x (1),
qu (0) = —qu (1),
<4 (@ +w)—<@ +w>
- 24 24
N where
e o

Therefore as a consequence of Theorem 4, boundary value

3
> o=, a, = -1, a, =-1. 61
problem given in (53) has a unique solution. 2 0 ! (61



Then r = 7/3, and take d = +/m/20. Using Theorem 1 and
taking g(¢) = 1, we get that

M=1,
I (a+2)
(r-1)M2

x[ |1—a0||1—a1| ]
(|1 - a0| + |a0|) (|1 —a1| + |a1| [ + l]q)
[ gwm>]>[wnMwngﬂwm]
(2+(5/2],) (215/2], + [5/2],)

372113 3/2)  TG/2) _ Vr V7 _
3 3 6 20

d.

(62)
On the other hand,

If tx) - f(t.y) <

sin’ (@ +w> — sin® (ﬂ +w>|
40 40

S%|x—y|, fort € [0,1], x,y € R,

d(r-1)M?
I (a+2)

X[ql — ag| +lag|)(|1 - @] +]ay |l + llq)]

[1-a|]1-a

} W% [“ BL]

i 5

* 2005/21,[3/21,T, 3/2) qu

= 3Vm < AL 3 <1

20[3/2],T,(3/2) 20T (3/2) 10
(63)

Therefore by Theorem 7, the antiperiodic boundary value
problem given in (60) has a unique solution.
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Many control systems can be written as a first-order differential equation if the state space enlarged. Therefore, general conditions
on controllability, stated for the first-order differential equations, are too strong for these systems. For such systems partial
controllability concepts, which assume the original state space, are more suitable. In this paper, a sufficient condition for the partial
complete controllability of semilinear control system is proved. The result is demonstrated through examples.

1. Introduction

A concept of controllability, defined by Kalman [1] in 1960 for
finite dimensional control systems, is a property of attaining
every point in the state space from every initial state point
for a finite time. Further studies on this concept in infinite
dimensional spaces demonstrated that it is suitable to con-
sider its two versions: a stronger version of complete control-
lability and a weaker version of approximate controllability.
The reason for these versions was the fact that many infinite
dimensional control systems are not completely controllable
while they are approximately controllable (see Fattorini [2]
and Russell [3]). The necessary and sufficient conditions
for complete and approximate controllability concepts are
almost completely studied and presented in, for example,
Curtain and Zwart [4], Bensoussan [5], Bensoussan et al.
[6], Zabczyk [7], Bashirov [8], Klamka [9], and so forth for
linear systems; Balachandran and Dauer [10, 11], Klamka
[12], Mahmudov [13], Li and Yong [14], and so forth for
nonlinear systems; Sakthivel et al. [15-17], Yan [18], and so
forth for fractional differential systems; and Ren et al. [19] for
differential inclusions.

Recently, in Bashirov et al. [20, 21] the partial controlla-
bility concepts were initiated. The idea of these concepts is
that some control systems, including higher order differential
equations, wave equations, and delay equations, can be
written as a first-order differential equation only by enlarging
the dimension of the state space. Therefore, the theorems on

controllability, which are formulated for control systems in
the form of first-order differential equation, are too strong
for them because they involve the enlarged state space.
In such cases the partial controllability concepts became
preferable, which assume the original state space. The basic
controllability conditions for linear systems, including resol-
vent conditions from Bashirov and Mahmudov [22] and
Bashirov and Kerimov [23] (see also [24-26]), are extended
to partial controllability concepts by just a replacement of the
controllability operator by its partial version.

In this paper our aim is to study the partial complete con-
trollability of semilinear systems. The controllability concepts
for semilinear systems are intensively discussed in the litera-
ture (see Balachandran and Dauer [10, 11], Klamka [12], Mah-
mudov [13], Sakthivel et al. [15, 17], and references therein).
A basic tool of study in these works is fixed point theorems.
In this paper, we also use one of the fixed point theorems, a
contraction mapping theorem, and find a sufficient condition
for the partial complete controllability of a semilinear control
system.

The rest of this paper is organised in the following way. In
Section 2 we set the problem, give basic definitions, and moti-
vate the partial controllability concepts by considering a
higher order differential equation, a wave equation, and a
delay equation. Section 3 contains the proof of the main
result. In Section 4, we demonstrate the main result in the
examples. Finally, Section 5 contains directions of further
research regarding partial controllability concepts.
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2. Setting the Problem and Motivation
Consider the basic semilinear control system

x; = Ax, +Bu, + f (t,xpu,), 0<t<T, xp€X, (1)

on the interval [0, T'] with T' > 0, where x and u are state and
control processes. We assume that the following conditions
hold.

(A) X and U are separable Hilbert spaces, H is a closed
subspace of X, and L is a projection operator from X
to H;

(B) A is a densely defined closed linear operator on X,
generating a strongly continuous semigroup et >
0;

(C) Bis abounded linear operator from U to X;

(D) f is a nonlinear function from [0,T] x X x U to X,
satistying that

(i) f is continuous on [0,T] x X x U;
(ii) f is Lipschitz continuous with respect to x and
uthatis, forallt € [0,T],u,v e Uand x, y € X,

I o = F (6] < K (lx =]+ lu=vl) )
for some K > 0;

(E) Uy = C(0,T;U) is the space of all continuous fun-
ctions from [0, T'] to U.
Define the controllability and L-partial controllability
operators Q, and Q, by
4 * —_
Q- j BB ds,  Q,=1QL, ()
0
where L* is the adjoint of L. The L-partial controlla-
bility operator becomes the controllability operator if

L = I (the identity operator). We will also assume the
following condition;

(F) Qg is coercive; that is, there is y > 0 such that
(Qrh,hy > yl|h|* forall h € H.

Note that this condition implies the existence of 6}1 asa
bounded linear operator and II(j}1 | < 1/y. Respectively, the
linear system associated with (1) (the case when f = 0) is
L-partially complete controllable on the interval [0, T] (see,
Bashirov et al. {20, 21]).

The above conditions imply the existence of a unique
continuous solution of (1) in the mild sense for every u € U,y
and x;, € X (see Liand Yong [14] and Byszewski [27]); that is,
there is a unique continuous function x from [0, T'] to X such
that

t
x, = eMxy + J e (Bu, + f (s, xou))ds.  (4)
0

Let

Dy ={heH:3u €U, such that h = Lx;}.  (5)
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Following Bashirov et al. [21], the semilinear control system
(1) is said to be L-partially complete controllable on U,y if
D} = H for all x, € X. Similarly, the semilinear system in
(1) is said to be L-partially approximate controllable on U, if

D} = H forall x, € X, where D}’ is the closure of D7’ If
H = X, these are just well-known complete and approximate
controllability concepts, respectively. In this paper, we study
the concept of L-partial complete controllability.

The reason for studying L-partial controllability concepts
is that many systems can be written in the form of (1)
if the original state space is enlarged. Therefore, suitable
controllability concepts for such systems are the L-partial
controllability concepts with the operator L projecting the
enlarged state space to the original one. Here are some
examples of such systems, which are discussed in Bashirov
[8], Section 3.1.1, in more details.

Example 1. Consider the system
XM = f(t,xt,x;,...,xinfl),ut), (6)

assuming that its state space is the one-dimensional space
R. The ordinary controllability concepts for this system are
the equality to or denseness in R of the respective attainable
set. We can write this system as the first-order differential
equation

!
Vi = Ay + F(typuy) )
if
x; 01---00
x 00--00
Ve = > A=
X2 0001
XD 0000
(8)
0
0
F(tyu) = :
0
f(t,x, x',...,x("fl),u)

The state space of this system is the n-dimensional Euclidean
space R" and, respectively, its attainable set is a subset of R".
Therefore, the controllability concepts of the system for y are
stronger than those of the system for x. But if we define the
projection operator L by
L=[10--00]:R" >R, 9)

then the L-partial controllability concepts of the system for y
become the same as the ordinary controllability concepts of
the system for x.

Example 2. Consider the nonlinear wave equation

azxt’e _ azxt’e
ot? 00?

axt)g

+f<t,xt,9,7,ut>, (10)
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where x is a real-valued function of two variables t > 0 and
0 < 6 < 1. The state space of this system is L,(0, 1) (the space
of square integrable functions on [0, 1]). This system can be
written as the first-order abstract differential equation

yt, = Ay, + F(t, y uy) (11)

0 I
, A= d ,
— 0
do (12)

F(t, y,u) = [f(t,y?,yz)”)],

where y € L,(0,1) x L,(0,1). The state space L,(0,1) x
L,(0,1) of the system for y is the enlargement of the state
space L,(0,1) of the system for x. This is a cost that is
paid to bring the wave equation to the form of first-order
differential equation. The ordinary controllability concepts
for the system (11) are too strong for the system (10). If

L=[I 0]:L,(0,1)xL,(0,1) — L,(0,1), (13)

if

X160
Ve = axt,@
ot

then L-partially controllability concepts of the system for y
become ordinary controllability concepts of the system for x.

Example 3. Consider the system

0
x=f (t’ xt’J Xt4g dO, ”t) , (14)
—&

which contains a simple distributed delay in the nonlinear
term, assuming that x is a real-valued function. Then the
state space is R. To bring this system to a system without
delay, enlarge R to R x L,(—¢,0) and define L,(—¢, 0)-valued
function

[X:]g = %1190 t20, —e<6<0. (15)
Then for
X 0 0
[ aslo 4]
deo 16)

)= [[ 5]

the above system can be written as the abstract system

,Vt’ = Ay + f(tyou). (17)

Similar to the previous examples, one can easily observe that
the ordinary controllability concepts for the system (17) are
too strong for the system (14), but the L-partial controllability
concepts of the system for y with

L=[I 0]:RxL,(0,1) —R (18)

are exactly the ordinary controllability concepts of the system
for x.

These examples motivate a study of the partial control-
lability concepts. In this paper it is proved that under the
conditions (A)-(F), the system in (1) is L-partially complete
controllable.

3. Main Result

Denote X = C(0, T; X). Then X x U, is a Banach space with
the norm

16 Mg, = g + Il - (19)
Lemma 4. Under the conditions (A), (B), and (C),
IRl <led, @] <|@]. ost<t. o

Proof. 1t is easy to see that Q, = Q; and (Q,x, x) > 0 for all
x € X. Hence,

I = "ilﬁfl@tx,xy o

Then

T *
(Qrx,x) = J (e®BB*e® *x, x)ds
0

T *
= (Qyx, x) + J (e™BB* e *x, x)ds
! (22)
T 2
ds
t

= (Q,x, x) + J |B*eA*$x

> (Qux, x) .

This implies Q] < [|Qrll. The conclusion of the lemma
regarding Q- follows from (Q,x, x) = (Q,L*x, L*x). O

The proof of the following lemma appears in different
forms in several papers, for example, Mahmudov [13]. Our
proof is a minor modification of them.

Lemma 5. Assume that the conditions (A)-(F) hold and take
arbitrary h € H. Then for the operator G : X x U,; — X X

U, defined by
G(y,v)() = (®),V(t), 0<t<T, (23)

where

. _ T
Y (1) = -Q,e* (T’t)L*Q;lLJ' eA(Tfs)f (s, yo v) ds
0

t
+ J eA(t_s)f (s, yso vs) ds,
0 (24)

V(t) =BT Q;)

T
X <h ~LeMx, - L J AT f (s, y,v,) ds> ,
0
the following inequality holds:

6 (3 -G w) < (1 o i LA M)
14 Y (25)

x MKT (|ly = z|| + lIv - wl),
where

M = sup [e"]. (26)

0<t<T



Proof. Let (y,v) and (2, w) be two functions in X x U,4 such
that G(y,v) = (Y, V) and G(z,w) = (Z,W). Then,

|G(.v) - Glz.w) IY = Zlg + 1V - Wiy, (27)

”Xand =
Here, |Y - Z|| can be estimated as follows:

Y = Z]| = max
te(0,T]

JO A (f (5, 70v) ~ f (5.2,

w,))ds
_ QteA*(T—t)L* G;IL

<[ T (5= f (s 2w s

< max (M2 o] &)

T
<[ 17 ) - £ (s zaw) ds
0

<M (1+M Q] |Q7|)

T
<[ 17 )

0

(1l

Y

- f (S’ Zs> ws)” ds
T
Y [} -l + - b s

< (1 + w>MKT(“y—z" +v—wl).
(28)

Similarly, for |V - Wiy, we have

IV -Ww| = ma7)5] B*eA*(T—t)L*Q“;lL

T
XJOeA(T_S) (f (S’ys’ Vs)_f(s’zs’ws)) dS

T
<M |B] |Q7| L If (s yve) = f (s, 20w, ds

2 1 ("
<M IBIK | (=2 -l as

B| M
" I MKT("y z||+||v—w||)

(29)
Combining (28) and (29), we obtain the demanded inequal-
ity. O
Lemma 6. Under the conditions (A)-(F), if

(1 2 R R

)MKT <1, (30)
Y 4

then the operator G, mapping X x U, into X x
unique fixed point (x,u) € X x U,

U,y has a
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Proof. By Lemma 5, G is a contraction mapping. Also, the
space X x U, is complete. Hence, G has a fixed point. O

Theorem 7. Under the conditions (A)-(F) and (30), the semi-
linear system (1) is L-partially complete controllable on [0, T].

Proof. Takeany x, € X and h € H. Show that thereisu € U4
such that h = Lx;. To this end, consider u, defined as follows:

U = B* eA* (T—t)L* 6’;1

T
X <h ~Lex, - L J T £ (s, x,u,) ds) :
0

(31)

Substituting (31) in (4) and applying Fubini’s theorem (see
Bashirov [8], p. 45), we obtain

_ A
X, =€ xg

t

N J A5 pp A" (£-9) AT (T-1) | * 6}1 (h B LeATxO) ds
0
¢ (T . . _

3 J J AU BB A9 AT T [ 551 AT)
0 Jo

x f(r,x,,u,)drds
oA
I ) (s, x5 u,) ds
0
= eMxy + Qe T Q! (h - LeATxO)

LA

+ J e £ (s, x,,u,) ds
0
T t * * —_—

B J J (A9 B A" (-9 A" 1D+ 551 AT
0 Jo

x f(r,x,,u,)dsdr
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= oMy + Qe T (h B LeATxO)
t
+ J e f (s, x,,u) ds
0
T * —_—
- J Qe T QL £ (1, x,,u,) dr
0
= ety 4 Qe TOL] (h B LeATXO)
t
+ J e £ (s, x,,u,) ds
0

T
Qe TG J T f (s, x,u,) ds.
0
(32)

According to Lemma 6, there is a unique pair (x,u) € X x
U,4> satisfying (31) and (32). So, u € U,4. Furthermore, we

a
have

Lxp =1L <eATx0 +QrL' Q' (h-Le*x,)
T
+ J AT £ (s, x,,u.) ds
0

T
- QTL*G;ILJ eA(T_s)f (s, x5 1) ds)
0 (33)

= Lexy + LQL*Q; (h - LeATxO)

T
+L J T f (s, x,u;) ds
0

T
- LQ/L*Q;'L J AT f (s, x,u,)ds = h.
0

Thus, thereisu € U,q which steers x,, to x with Lx; = h. This
means that the semilinear system (1) is L-partially complete
controllable on [0, T] as desired. O

Remark 8. Decomposing Q in the form

Qr Ry
Qr = [ * > (34)
TRy Pr
where Ry : H* — Hand Py : H* — H™ are other compo-

nents of Q besides Q and H™ is an orthogonal complement
of H in X, one can calculate

(Qrh,h) = (Qrhy, hy) + 2{Rphy, hy) + (Prhy, hy),  (35)

where h, = Lh € Hand h, = h— Lh € H". Therefore, the
coercivity of Q. implies the same of Q. But, the converse
is not true. Theorem 7 is powerful in the cases when Qy is
coercive, but Py is not.

Example 9. Theorem 7 establishes just sufficient condition
of L-partial complete controllability. In this example we will

demonstrate that this is not a necessary condition. We will
consider a simple case of L = I when L-partial complete
controllability reduces to complete controllability. Consider
the one-dimensional control system

X = 2%, +2u;, X, € R. (36)

This is a linear system, and the controllability operator of this
system is equal to

T
J 4edt=eT—1>0 forevery T > 0. (37)
0

According to the theory of controllability for linear systems,
this system is controllable (completely) for every T' > 0.
Have another look at this system by writing it as

xi =x,+u+ f(xpu), x5 €R, (38)

where
fu)=x+u. (39)

Here, f satisfies the Lipschitz condition with K = 1. Also,
A = B = 1, implying ||B|| = 1 and M = supy le®] = e
Furthermore,

o1 (40)

T
QT = J eZt dt = ¢
0
So, IQrll =y = (e’T —1)/2. Then the inequality (30) becomes

r 2" T
l+e + e T<1. (41)
el -1

The limit of the left-hand side in this inequality when T" —
00 is equal to co. This means that there is a sufficiently large
T such that the conditions of Theorem 7 do not hold for this
T, although the system under consideration is completely
controllable. Thus, Theorem 7 states a sufficient condition
which is not a necessary condition.

4. Examples

We demonstrate the features of L-partial complete controlla-
bility in the following examples of control systems.

Example 1. Consider the system of differential equations

x; =y +bu, x€R, )

)’t’ = f(t’xn%’“t)’ Yo €R

on [0,T], where u € U,y = C(0,T;R). Besides the complete
controllability property, that is,

{(x,y) € R”: Ju € U,y such that (xp, y;) = (x,y)} =R?
(43)

we can investigate the partial complete controllability prop-
erty, that is,

{x e R:3u €U, such that x; = x} =R.  (44)



We can write this system in R* as the following semilinear
system:

z, = Az, + F (t,z,,u,) + Bu, (45)

where

(46)
Fhzu)=| (0
W f(bxyu)|
assuming that
x
z= . 47
5] @)
It can be calculated that
a |1 t] |10 0t
¢ ‘[0 1]‘[0 1]+[0 0]' (48)
Hence,
le¥|<1+t<1+1, 0<ts<T (49)
The controllability operator is
T At ypx At 2.1 0
QT:LeBBe dt:bT[O 0]. (50)

Hence, Q; is not coercive, and the conditions for complete
controllability, based on coercivity of Qr, fail for this example.
Although system (42) can still be complete controllable for
properly selected functions f, we can investigate the partial
complete controllability for this system being interested in
just the first component x, of z,.

Let L =[1 0]. Then
Qp = LQ;L* = b°T > 0. (51)
This means that the linear system associated with the semili-

near system (45) is L-partially complete controllable. Further-
more, the inequality (30) becomes

VPTA+T) b(1+T)
(1 + T + 2T 1+T)TK < 1, (52)
or, simplifying,

b
K .
< (1+T)(1+T+2bT +bT?)

(53)

This establishes a relation between Lipschitz coefficient K
and terminal time moment T. Depending on K, T' must be
taken sufficiently large to satisfy (53). So, the system (42) is L-
partially complete controllable for the time T if the Lipschitz
coeflicient K, related to f, satisfies (53).
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Example 2. Delay equations are typical for application of
partial controllability concepts. Consider a nonlinear delay
equation
0

X1 d0,
&€

x;=axt+bu,+f<t,xt,J >,
(54)

xy =&, Xg=1g —€<0<0,

on [0,T], where 0 < e < T, € L,(—¢,0;R), and u € Uy =
C(0, T; R).

Similar to Example 3, introduce the functionx : [0,T] —
L,(-¢,0;R) by

(X ]g =% 0<st<T, -e<6<0. (55)
This function satisfies
_ d\_ _
X, = T X4 Xo=1, 0<t<T. (56)

Denote by 7,, t > 0, the semigroup generated by the
differential operator d/d6f and let T be the integral operator
from L,(—¢,0; R) to R, defined by

0
Th = j hed0, helL,(-g0R), (57)

noticing that |T|| < +/e. Then for

y, = [ft], = m ERXL,(-&0R),  (58)

Xt
we can write system (54) as
i = Ay + F(tyou) + Buy, o =4, (59)

where

a 0 -
A= [0 i] > F(t,y,u) = [f(t,x(,)l"x,u)] ,
do

(60)
b
5o
assuming that
x
y = [%] €eRxL,(-¢0;R). (61)
The semigroup, generated by A, has the form
at
At |e 0
e _[0 91]’ t>0. (62)

Therefore, the controllability operator for system (54) can be
calculated as

T . T 1,2 2at
Qr = J eB*Be ' dt = J [b ¢ 0] dt
0

oL 0 0
b’ (eZ“T - 1) (63)
—FF= 0

= 2a

0 0

This is definitely not a coercive operator.
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Taking into account that the original system is given by
(54) and (59) is just representation of (54) in the standard
form, which enlarges the original state space R to R x
L,(—¢,0; R), we observe that the complete controllability for
system (54) is in fact L-partial complete controllability for
system (59) if

L=[1 0]:RxL,(-&0R) — R. (64)
Calculating partial controllability operator, we obtain
_ bZ eZuT -1
Qp=LQ.L" = M >0, (65)
2a
which is coercive.
Furthermore, using
bZ eZaT -1
”eAt“ <1+€7, Q] =v = —( ), (66)

2a

we write the inequality (30) in the form

2a

T
<1+1+€a +m

) (1+eTK<1. (67)

If the Lipschitz coeflicient K of the function F and terminal
time moment T satisfy this inequality, then system (54) is
completely controllable, which in turn means that system (59)
is L-partially complete controllable.

5. Conclusion

In this paper a sufficient condition for partial complete con-
trollability of a semilinear control system is proved. This is a
continuation of the pioneering research that has been done by
Bashirov et al. [20, 21] about partial controllability concepts.
A research in this way, concerning partial complete and
approximate controllability for semilinear deterministic and
stochastic systems, has already been done and awaiting
for publication. There are other kinds of systems which
besides semilinearity include other features, for example,
impulsiveness, fractional derivative issue, and so forth. The
result of this paper can be extended to these systems as well.
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We investigate the complex dynamics of an epidemic model with nonlinear incidence rate of saturated mass action which depends
on the ratio of the number of infectious individuals to that of susceptible individuals. We first deal with the boundedness, dissipation,
persistence, and the stability of the disease-free and endemic points of the deterministic model. And then we prove the existence
and uniqueness of the global positive solutions, stochastic boundedness, and permanence for the stochastic epidemic model.
Furthermore, we perform some numerical examples to validate the analytical findings. Needless to say, both deterministic and

stochastic epidemic models have their important roles.

1. Introduction

Since the pioneer work of Kermack and McKendrick [1],
mathematical models are used extensively in analyzing the
spread, and control of infectious diseases qualitatively and
quantitatively. The research results are helpful for predict-
ing the developing tendencies of the infectious disease,
for determining the key factors of the disease spreading,
and for seeking the optimum strategies for preventing and
controlling the spread of infectious diseases [2]. And in
modeling communicable diseases, the incidence function
has been considered to play a key role in ensuring that the
models indeed give reasonable qualitative description of the
transmission dynamics of the diseases [3-7].

Let S(t) be the number of susceptible individuals, I(t)
the number of infective individuals, and R(t) the number of
removed individuals at time ¢, respectively. We consider the
general SIRS epidemic model:

ds
2 =b-dS-H(IS) + yR,
I (L,S) +y

dl

EzH(I,S)—(d+y+6)I,

dR

— =ul-(d R,
o ~Hl=(d+y)

)

where b is the recruitment rate of the population, d is
the natural death rate of the population, y is the natural
recovery rate of the infective individuals, y is the rate at
which recovered individuals lose immunity and return to the
susceptible class, and d is the disease-induced death rate. And
the transmission of the infection is governed by an incidence
rate H(I, S).

In [8], Liu et al. proposed the general saturated nonlinear
incidence rate:

kI'

- 2
A 1+al @
where the parameters [ and h are positive constants, k the
proportionality constant, and « is a nonnegative constant,
which measures the psychological or inhibitory effect. kI'
measures the infection force of the disease, and 1/(1 + aI")
measures the inhibition effect from the behavioral change of
the susceptible individuals when their number increases or
from the crowding effect of the infective individuals. And the
other nonlinear incidence rates are considered in [6, 9-19].

H(L,S) = Sg(I),



Note that the infectious force g(I) of classical disease
transmission models typically is only a function of infective
individuals. But in the transmission of communicable dis-
eases, it involves both infective individuals and susceptible
individuals. Thus, Yuan et al. [18, 19] studied the infections
force function with a ratio-dependent nonlinear incident rate
which takes the following form:

I k(1/9)
(-
N 1+ a(I/S)
And in [19], Li et al. focus on an epidemic disease of SIRS
type, in which they assume that the infectious force takes the
form of (3) with [ = 1 and h = 1, and the model is as follows:

ds kIS
D p_ds- R,
dt Stal 7V
dl kIS
_— = —_ I, 4
dt S+al (d+y) @
dR
8 _uI—(d+y)R,
5 oH (d+y)

where all the parameters are nonnegative and have the same
definitions as in model (1).

From the standpoint of epidemiology, we are only inter-
ested in the dynamics of model (4) in the closed first quadrant
IRi ={(S,I,R):$>0, I >0, R > 0}. Thus, we consider only
the epidemiological meaningful initial conditions S(0) > 0,
I(0) > 0, R(0) > 0. Straightforward computation shows
that model (4) is continuous and Lipschizian in IRi if we
redefine that when (S, I, R) = (0,0,0), dS/dt = b, dI/dt = 0,
dR/dt = 0. Hence, the solution of model (4) with positive
initial conditions exists and is unique.

It is clear that the limit set of model (4) is on the plane
S+I+R = b/d, and the model can be reduced to the following:

ds yb) KIS

@ Ll I Y ,

dt <b+d (d+9)S-yl-c 7
Al KIS ®
a _ I,
dt  S+al (d * ‘M)

when (S,1) = (0,0), dS/dt = b+ (yb/d), dI/dt = 0.
For mathematical simplicity, let us nondimensionalize
model (5) as in [19] with the following scaling:

_d(d+p) dy

= — :—I’
Y b(d+y)

bdey) T=(d+u)t.

(6)

We still use variable t instead of 7, and model (5) takes the
following form:

dx axy
Z 1= oy — ,
dt YT py

dy Ryx
(1)
X+ py

(7)
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where g = (d+vy)/(d+p), p = a(d+u)/y, a = k/y are positive
constants. R, = k/(d + p) is the basic reproduction number.
And when (S,1) = (0,0), dx/dt = 1, dy/dt = 0.

On the other hand, if the environment is randomly
varying, the population is subject to a continuous spectrum
of disturbances [20, 21]. That is to say, population systems are
often subject to environmental noise; that is, due to environ-
mental fluctuations, parameters involved in epidemic models
are not absolute constants, and they may fluctuate around
some average values. Based on these factors, more and more
people began to be concerned about stochastic epidemic
models describing the randomness and stochasticity [22-34],
and the stochastic epidemic models can provide an additional
degree of realism if compared to their deterministic coun-
terparts [10, 35-47]. In Particular, Mao et al. [26] obtained
the interesting and surprising conclusion: even a sufficiently
small noise can suppress explosions in population dynamics.
Beretta et al. [35] obtained the stability of epidemic model
with stochastic time delays influenced by probability under
certain conditions. Carletti [36] studied the stable properties
of a stochastic model for phage-bacteria interaction in open
marine environment analytically and numerically. In [37],
establishing some stochastic models and studying of several
endemic infections with demography, Nasell found that some
deterministic models are unacceptable approximations of the
stochastic models for a large range of realistic parameter
values. Dalal et al. [39, 40] showed that stochastic models
had nonnegative solutions and carried out analysis on the
asymptotic stability of models. In [41], Yu et al. presented
stochastic asymptotic stability of the epidemic point of the
two-group SIR model with random perturbation. It is shown
in [45] that the SIR model has a unique global positive and
asymptotic solution. But to our knowledge, the research on
the stochastic dynamics of the epidemic model with ratio-
dependent nonlinear incidence rate seems rare.

There are different possible approaches to including
random effects in the model, both from a biological and
from a mathematical perspectives [48]. Our basic approach
is analogous to that of Beddington and May [20], which is
pursued in [48], and also, for example, in [45, 47] to epidemic
models, in which they considered that the environmental
noise was proportional to the variables. Following them, in
this paper, we assume that stochastic perturbations are of a
white noise type which is directly proportional to x(t), y(t),
influenced on the dx(t)/dt and dy(t)/dt in model (4). In
this way, we introduce stochastic perturbation terms into the
growth equations of susceptible and infected individuals to
incorporate the effect of randomly fluctuating environment,
and the following stochastic differential equation is corre-
sponding to model (7):

ax
dx:(1—qx—y—x+£y>dt+01xd31(t),
(8)
Ryxy
dy = —>=— - >dt dB, (t),
<x+py y |dt +0,ydB, (t)

where 0, 0, are real constants and known as the intensity of
environmental fluctuations, and B, (¢), B, (¢) are independent
standard Brownian motions.
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The aim of this paper is to consider the dynamics of
the epidemic models (7) and (8). The paper is organized
as follows. In Section 2, we give some properties about
deterministic model (7). In Section 3, we carry out the
analysis of the dynamical properties of stochastic model (8).
And in Section 4, we give some numerical examples and
make a comparative analysis of the stability of the model with
deterministic and stochastic environments and have some
discussions.

2. Dynamics of the Deterministic Model

Let us begin to determine the location and number of the
equilibria of model (7). It is easy to see that if R, < 1, the
disease-free point E;, = (1/q,0) is the unique equilibrium,
corresponding to the extinction of the disease; if R, > 1,
in addition to the disease-free point E, there is a unique
endemic point E* = (x*, y*), corresponding to the survival
of the disease, described by the following expressions:

o = PRy ’ - Ry-1 X

PaRy + (Ry +a) (Ry — 1) p

)

The Jacobian matrix of model (7) at E,, is as follows:

(‘0‘1 o ‘;). (10)

It follows that E; is asymptotically stable if R, < 1 and
unstable if R, > 1.
The Jacobian matrix of model (7) at E* is as follows:

« _(Jn ]12>
- , 1
= w
where
pqR2 +a(R, - 1) Rl +a
]11 - pRg > ]12 Rg >
(12)
P S
25 TR, 27" p
It is easy, by simple computations, to see that
tr(J°) =Ji +J <0,
_ PgR, + (a+R))(Ry—1) (13)

det (J) > 0.

PR}

Summarizing the above, we have the following results on
the dynamics of model (7).

Theorem 1. (i) IR, < 1, then model (7) has a unique disease-
free equilibrium E, which is asymptotically stable.

(ii) If Ry > 1, then model (7) has two equilibria, a disease-
free equilibrium E, which is an unstable saddle and an endemic
equilibrium E* which is asymptotically stable.

FIGURE 1: The dynamics of model (7). The parameters are taken as
(14). E, = (0.5,0) is a saddle point. E* = (0.11,0.74) is globally
asymptotically stable.

As a matter of fact, we can prove that the endemic point
E* = (x", y") is also global asymptotically stable. For more
details, see [19].
In Figure 1, we show the dynamics of the deterministic
model (7) with the following parameters:
a=03, p=05  q=2, Ry=45  (14)
In this case, E, = (0.5,0) is a saddle point. E* = (0.10563,
0.73944) is globally asymptotically stable.
In the following, we will focus on the boundedness,
dissipation, and persistence of mode (7).

Theorem 2. All the solutions of model (7) with the positive
initial condition (x(0), ¥(0)) are uniformly bounded within a
region I', where

a . 1 R
r= {(x,y) eR?:x+ R—OySmln{a,Roia}}. (15)
Proof. Define function
a
N(t)=x(t)+ R—y(t)- (16)
0

Differentiating N(t) with respect to time t along the
solutions of model (7), we can get the following:

dN(t) dx ady < a>
= v 2 c o1+ =)y, «
TR T \Mg)) W

Thus, we obtain the following:

dN (t
dt()+r]N(t)=1—(q—17)x—<1+Ri—11>y<1,

0
(18)




where # < min{g, 1 + (a/R,))}. And we obtain the following:
1 _
0<N(x,y)sE+N(x(0),y(0))e”t. (19)

Ast — 00,0 < N < 1/5. Therefore, all solutions of model
(7) enter into the region I'. This completes the proof. O

Theorem 3. If R, > 1, model (7) is dissipative.

Proof. Since all solutions of model (7) are positive, by the first
equation of (7), we have the following:

dx
Z <1-gx. 20
; < qx (20)

A standard comparison theorem shows that

lim sup x (¢) < l (21)
q

t— 0o

Hence, forany 0 < € < 1 andlarget, x < (1/q)+e&. It then
follows that y satisfies the following:

dy _ y(((R=1) /) +¢ (R~ 1)~ py)

< 22
dt (1/q) + e+ py @)
The arbitrariness of ¢ then implies that
Ry,-1
limsup y () < = (23)
t— 00 pq
O

Theorem 4. IfR, > 1 and pq < (1+a)(R,—1), then model (7)
is permanent; that is, there exists € > 0 (independent of initial
conditions), such that lim inf, x(t) > & liminf, , _y(t) >
e

t— 00

Proof. By the first equation in (7), we have the following:

dx apy*
—=1-gx-(1+a)y+
dt 1 4 X+ py (24)

>l-gx—(1+a)y.

If Ry > 1and pqg < (1 + a)(R, — 1), from the proof of
Theorem 3, we see that lim sup, _, , y(t) < (R, — 1)/ pq. Thus,
forany0 < € < (R,—1)/pqandlarget, y(t) > (R,—1)/pq)—e.
As a result, we have the following:

dx Ry-1
E>l—(l+a)(7—s>—qx. (25)

With the comparison principle, the arbitrariness of € implies
that

liminf x (1) > P4~ (1* 9 (Ro—1) ,
t— 00 pq

X. (26)

Hence, for any 0 < € < (pq — (1 + a)(R, — 1))/pq2 and large
tx(t) >x—e.
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And for large t, we have the following:
dy  y((x-¢) (R -1) - py)

dt X—¢&+py @)
Therefore,

lim inf x (£) 2 w. (28)
The arbitrariness of ¢ then implies that

litrgiorolfx(t) > M £ - (29)

Choosing a positive number € such that € < min{x/2, y/2},
we see that

litm inf x () > ¢, litm inf y (t) > e. (30)

This ends the proof. O

Noting that if the parameters of model (7) are fixed as (14),
we can obtain the following:

Ry > 1, pg=06<(1+a)(R,—1)=4.55  (31)

and from Theorems 3 and 4, we can conclude that model (7)
is dissipation and persistence.

3. Dynamics of the Stochastic Model

In this subsection, we investigate the dynamical behavior of
the stochastic model (8). Throughout this paper, let (Q, &, %)
be a complete probability space with a filtration {#,};cp,
satistying the usual conditions (i.e., it is right continuous and
increasing while &, contains all %-null sets). B, (¢), B,(t) are
the Brownian motions defined on this probability space. We
denote by X(¢) = ((x(t), y(t)) and |X(1)] = (x2() + (1)) """
Denote A = {(x, y) € [Ri :x >a/Ry, y > 0}

Denote by C*'(R? x (0, 00); R,) the family of all non-
negative functions V(x, t) defined on R x (0,00) such that
they are continuously twice differentiable in x and once
in t. Define the differential operator L associated with d-
dimensional stochastic differential equation:

dx(t) = f (x(t),t)dt + h(x(t),t)dB (1) (32)
by

o ¢ 0
L=— (1) —
at+;f'(x ) 5%,

(33)
- i (W (o) h (e 8)] —2—.
2,54 17 0x;0x
If L acts in a function V € C*'(R? x (0, c0); R,), then
LV (x,t) =V, (x,1) + V (%, 1) f (x,1)
(34)

+ %trace [ (%, 0) V() B (x,1)]

where T means transposition.
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3.1. Existence and Uniqueness of Global Positive Solutions. To
investigate the dynamical behavior of model (8), the first
thing concerned is whether the solution is global existent. In
this section, using the Lyapunov analysis method (mentioned
in [24]), we will show the solution of model (8) is global and
nonnegative.

Lemma 5. There is a unique local positive solution (x(t), y(t))
fort € [0,1,) to model (8) almost surely (a.s.) for the initial
value (x(0), y(0)) € A, where T, is the explosion time.

Proof. Set
u(t) =lnx(), v(t)=lny(t), (35)

by It6 formula, we have the following:

1 e’ ae’ o
du:(__q___m—71>dt+ald31(t),

(36)

at t > 0 with initial value u(0) = In x(0), v(0) = In »(0).

It is easy to see that the coeflicients of model (36) satisfy
the local Lipschitz condition, and there is a unique local
solution u(t), v(t) on [0,7,) [24]. Therefore, x(t) = e,
y(t) = e'® are the unique positive local solutions to model
(36) with the initial value (x(0), y(0)) € A. O

Lemma 5 only tells us that there exists a unique local
positive solution to model (8). In the following, we show this
solution is global; that is, 7, = 0o, which is motived by the
work of Luo and Mao [29].

Theorem 6. Consider model (8), for any given initial value
(x(0), ¥(0)) € A, there is a unique solution (x(t), y(t)) ont > 0
and the solution will remain in A with probability 1.

Proof. Let n, > 0 be sufficiently large for x(0) and y(0) lying
within the interval [1/n,, n,]. For each integer n > n,, define
the stopping times:

7, = inf {t €[0,7,]:x(t) ¢ <%,n> or y(t) ¢ (%,n)}
(37)

Wessetinf @ = oo (0 represents the empty set) in this paper. 7,
is increasing asn — ©00. Let 7., = lim T,; then 7, < 7T,
as..

In the following, we need to show 1., = oo a.s. If this
statement is violated, there exist constants T > O and ¢ € (0, 1)
such that P{r, < T} > e. As a consequence, there exists an
integer n, > n, such that

n— 00

Plr,<T}=2e, nzny. (38)

Define a function V; : A — R, by the following:

R R
Vl(x,y)=(fx—l—ln;ox>+(y—l—lny), (39)

which is a non-negativity function.
If (x(t), y(t)) € A, by the It6 formula, we compute the
following:

2

R, 1 axy o
= [(Re Y (1o ye 22 ) D
! [ a x oy X+ py +2

+0, (&x— l)clB1 (t)
a

1 Ryx cr§
1-— -1 2 | dt
+[< y><x+py )y+2] (40)
+0,(y-1)dB, (1)
RO
LVt +o, <;x - 1) dB, (1)
+0,(y—1)dB,(t),
where
R R
LVI_qu“)’ 0¥ _ Rogq
X+py a
2 2
<&—l>(1—y)+1—y+—1+—2
a 2
R (41)
a 0 1)
<sqr—+(=2-=)(-
q+p+<a 2) =)
2 2

Case I (assume a > R). In this case, we have x > 1. It follows
that

(42)

Case 2 (assume a < R;). If a/R, < x < 1, one has the
following:

(@) (Ro/a)-(1/x))(A-y)+1-y < (Ro/a)+((y-1)/x)+
1 -y <1+ (Ry/a)provided that0 < y < 1;

(b) ((Ry/a)—(1/x))(1-y)+1-y < 1 provided that y > 1.

Hence, there exists a positive number M independent on

x, y and t such that LV; < M. Substituting this inequality into
(40), we can get the following:

dV, < Mdt + o, (&x - 1)01131 )
a (43)
+0,(y—-1)dB,(t).

Integrating both sides of the above inequality from 0 to
7, A T and taking expectations leads to the following:

EV, (x(1,AT),y(z,AT)) <V, (x(0), y(0)) + MT.
(44)



Set Q, = {1, < T}, for n > n; and consider inequality
(38), we can get P(Q,) > e. Note that for every w € Q,,
there exists some i such that x;(7,, w) equals either n or 1/n
fori = 1,2; hence,

Vi (x (7 @) y (7 @)

2min{(n—1—lnn),<%—l—ln%)}‘ (45)

It then follows from (44) that

V; (x(0), y(0)) + MT
> E [Ion(w)V1 (x (), y (Tn))] (46)

1 1
Zemin{(n—l—lnn),<— -1 —ln—)},
n n
where I, is the indicator function of (,,.
Asn — oo we have the following:

00>V, (x(0),y(0) +MT =c0 as., (47)

which leads to the contradiction. This completes the proof.
O

3.2. Stochastic Boundedness and Permanence. Theorem 6
shows that the solutions to model (8) will remain in A.
Generally speaking, the nonexplosion property, the existence,
and the uniqueness of the solution are not enough but the
property of boundedness and permanence are more desirable
since they mean the long-time survival in the population
dynamics. Now, we present the definition of stochastic
ultimate boundedness and stochastic permanence [31].

Definition 7. The solutions X (t) = (x(t), y(t)) of model (8)
are said to be stochastically ultimately bounded, if for any € €
(0, 1), there is a positive constant § = d(e), such that for any
initial value (x(0), y(0)) € A, the solution X(t) of model (8)
has the property that

limsup P{|X (t)| > 8} < &. (48)

t— 00

Definition 8. The solutions X(t) = (x(t), y(t)) of model (8)
are said to be stochastically permanent if for any ¢ € (0, 1),
there exists a pair of positive constants § = §(¢) and y = y(e),
such that for any initial value (x(0), ¥(0)) € A, the solution
X(t) of model (8) has the property that

litm infP{|IX ()| >6}>1-¢,

(49)
litm inf P{IX(H)|<yx}=>1-e

Theorem 9. The solutions of model (8) are stochastically
ultimately bounded for any initial value (x(0), y(0)) € A.

Proof. Denote functions
V, = e'x’, V, =ey’ (50)

for (x,y) e Aand 0 <0 < 1.
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Applying the It6 formula leads to the following:

dv, = LV,dt + 0,0¢'x°dB, (1),

(51)
dV, = LV,dt + 0,0¢' y’dB, (1),
where
2961
LVZZetx9(1+0<l_q_Z_ ay >+01( )))
* x x+py 2
200 -1
= (1o B 1), A0
x+py 2
(52)

Thus, there exists the positive constants M, and M, such that
we have LV, < M,e' and LV, < M,e'. It follows that e’ Ex® —
Ex(0)? < Me' and e'Ey? — Ey(0)? < M,e'. Then we get the
following:

lim sup Ex? < M, < 400,

t— 00

(53)
lim sup Eye < M, < +co.
t— oo
Note that
6/2
X0 = (x> 1)+ y* (1))

< 29 max {xe ), ye (t)} (54)

< 29/2 (xe + yg).
Therefore, we obtain the following:

limsup E|X (1)|° < 2% (M, + M,) < +00.  (55)

t— oo

As a result, there exists a positive constant §; such that
lim supE(\/|X(t)|) < 4. (56)
t— 0o

Now, for any & > 0, let 8 = 87/&% then by Chebyshev’s ine-
quality,

E(VIX @]
P{X ()] > 8} < %. (57)
Hence,
limsup 2 {|X (t)| > 8} < LI &, (58)
t— 00 Vo
which yields the required assertion. O

We are now in the position to show the stochastic per-
manence. Let us present some hypothesis and a useful lemma.
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Lemma 10. Assume R, > a + max{4,2pq}. For any initial
value (x(0), y(0)) € A, the solution (x(t), y(t)) satisfies that

lim sup E (

t— 00

xor) < 9

where p is an arbitrary positive constant satisfying

1 R, - -
&(max{al,az})z < 1+min{ 0 ¢ -q Ro—a —2},
2 2p 2
(60)
_27(C, +4kC))
- 4kC,
p—2
2C, +C, +/C:+4C,C
X max q 1, : ’ 2 -
2C,
(61)
in which k is an arbitrary positive constant satisfying
p(p+1) 2
3 (max{o;,0,})" +k
(62)
<p+ min{RO_a— RO_a—Z}
ptp 2p >
with
-a Ry—a
C = in{—2— —g, = —2}
1 P+Pmm‘[ 5 7
+1
_ p(Pz )(max{crl,az})2 -k>0,
(63)

PRy (Ry — 1) max {l,pz}
2ap

C, = pmax{q,2 +a} +

+ p(max {o,,0,})* + 2k > 0.

Proof. SetU(x, y) = 1/(x + y) for (x(t), y(y)) € A, by the It6
formula, we have the following:

axy Ry 1
x+py x+py

+U° (ofx2 + ofyz) dt

dU=—U2[1—qx—y—

(64)
~ U’ (0,xdB, (t) + 0,ydB, (t))

= LU dt — U? (0,xdB, (t) + 0,ydB, (),

where

LU = —Uz(l—qx—2y+M>
x+py (65)

S0P (02 + 02?).

Choose a positive constant p such that it satisfies (60).
Applying the It6 formula again, we can get the following:

L[(1+U)’]
=p(1+U)"'LU

LPp-1)
2

=(1+ U)o,

where

SO,

CD=—pU2(1—qx—2y+

—pU3(1 —-gx—2y+
+ pU3 (afxz + 05)}2)

1 Ut
+£L%i_

< —pU+pU (qgx + 2 +a) y)

_pU3<<R02;a—q>x+<

(Rg —a) xy
X+ py

(R —a) xy)

X+ py

2.2 2.2
(072 +03y%)

o ( (R =) (< + 1*5?) )

2p(x+py)
+ pU3 (orfxz + afyz)

+p(1+p)U4< 2
2

Using the facts that

2, 22
0,x" + 05y )

U+ U2 (03 + 02y?)

)

Ry-a > )
-2
> y

U’ (o‘fx2 + aﬁyz) < (max {o,,0,})’U,

U (afxz + cr%yz) < (max{0,,0,})’U%,

Ry—a

®S—U2<p+pmin{ -q

2p

2

R. —
0 a_z}

plp+1) 2
LD a0, )

(66)

(67)

(68)

PRy (R, — 1) max{l,pz}

+U<pmax{q,2+a}+

+p(max {oy, 02})2> .

2ap

(69)



Now, let k > 0 sufficiently small such that it satisfies (62), by
the It formula; then

LM +Uy]
= ke (1+U) +"L(1 + U
=1+ Uy (k1 +U)* + @) (70)
<"1+ Uy (-C U + Cu + k)
< Hlekt,

where H;, = ((C, + 4kC,)/4C,)max{l,((2C,+ C, +

\[C? +4C,C,)/2C,)P %} and C;, C, have been defined in the
statement of the theorem. Thus,

E[1+Uy] < +U©) + %ekt. (71)
So we can have the following:

limsup E [U(t)] < limsup E(1 + U)” <

t — 00 t — 0o

Lo o
R (72)

In addition, we know that (x + y)? < 2°(x* + yz)p 1z _
2°1X(t)|P; consequently,

1
lim su E[ ]SZPlimsu E[U®)*
t%oop |X(t)|P t%oop [ () ]
(73)
CYH H
- k - >
which complets the proof. O

Consider Chebyshev inequality, Theorem 9, and Lemma 10
together, we immediately obtain the following result.

Theorem 11. If the following conditions are satisfied
(i) a + max{2pq, 4} < Ry;

(ii) (1/2)(max{<71,02})2 < 1+min{((Ry—a)/2p)—q, (R,—
a)/2) - 2},

then the solutions of model (8) is stochastically permanent.

4. Conclusions and Discussions

In this paper, by using the theory of stochastic differential
equation, we investigate the dynamics of an SIRS epidemic
model with a ratio-dependent incidence rate. The value of this
study lies in two aspects. First, it presents some relevant prop-
erties of the deterministic model (7), including boundedness,
dissipation, persistence, and the stability of the disease-free
and endemic points. Second, it verifies the existence of global
positive solutions, stochastic boundedness, and permanence
for the stochastic model (8).

As an example, we give some numerical examples to
illustrate the dynamical behavior of stochastic model (8) by
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using the Milstein method mentioned in Higham [49]. In this
way, model (8) can be rewritten as the following discretization
equations:

axy,
xk+1=xk+<1—qu—)’k—%+—kp;€>&

2
o
+ 0,5, VALE, + 719“12: (Ei - 1) At,

—yk> At

2
(02
+ oy Vbt + 2y (e = 1) A,

(74)
Roxi i

Yie1 = Yk T (xk T oo

where & and 7, k = 1,2,...,n, are the Gaussian random
variables N(0, 1).

The parameters of model (8) are fixed as (14). In this case,
model (7) has the endemic point E* = (0.11,0.74). And

model (8) becomes as follows:

0.3
dx=<1—2x—y— ald )dt+(fldel(t),
x+0.5y
(75)
4.5xy
dy=|——"—-y|dt dB, ().
y <x+0'5y y) +0,ydB, (1)
Simple computations show that
a+max{2pq, 4} =43 <45=R,,
0.03°> 1 2
> = 2 (max{o,00})
. [Ry—a Ry—-a
<1+ min -q -2+ =1.1,
2p 2
if (0,,0,) =(0.03,0.01),
05 1 2
T E(max{ffpaz})
. [Ry—a Ry—a
<1+ min -q -2 =11,
2p 2
if (0,0,) =(0.5,0.3).
(76)

It is easy to see that, all the conditions of Theorem 11 are
satisfied, and we can therefore conclude that, with (0,,0,) =
(0.03,0.01) and (0y,0,) = (0.5,0.3), the solutions of model
(8) is stochastically permanent. The numerical examples
shown in Figures 2 and 3 clearly support these results. In
Figure 2, with (0, 0,) = (0.03,0.01), the solutions of model
(8) will be oscillating slightly around the endemic point E* =
(0.11,0.74) of model (7). And in Figure 3, with (0,,0,) =
(0.5,0.3), the solutions of model (8) will be oscillating
strongly around the endemic point E* = (0.11, 0.74) of model
(7).

It is worthy to note that, throughout this paper, the para-
meters for model (7), also for model (8), are fixed as the set
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F1GURE 2: The solution of the stochastic model (8) with initial values
x(0) = 0.2, (0) = 0.15. The parameters are taken as (14), o, = 0.03,
o, = 0.01.
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FIGURE 3: The solution of the stochastic model (8) with initial values

x(0) = 0.2, y(0) = 0.15. The parameters are taken as (14), 0, = 0.5,
o, = 0.3.

(14). The reason is that with this parameter set, the conditions
of our theoretical results hold. Of course, one can adopt other
parameters set to show the numerical results.

From the theoretical and numerical results, we can know
that, when the noise density is not large, the stochastic model
(8) preserves the property of the stability of the deterministic
model (7). To a great extent, we can ignore the noise and
use the deterministic model (7) to describe the population
dynamics. However, when the noise is sufficiently large, it
can force the population to become largely fluctuating. In this

case, we cannot use deterministic model (7) but stochastic
model (8) to describe the population dynamics. Needless to
say, both deterministic and stochastic epidemic models have
their important roles.

Furthermore, from the numerical results in Figure 2, one
can see that model (8) is stochastically stable. But we cannot
prove the stochastic stability because of the complexity of
model (8). This can be further investigated.

On the other hand, we know that there are different
possible approaches to including random effects in the
epidemic models affected by environmental white noise, here
we consider another method to introduce random effects
in the epidemic model (7). The martingale approach was
initiated by Beretta et al. [35] and applied in [27, 30, 45,
47]. They introduced stochastic perturbation terms into the
growth equations to incorporate the effect of a randomly
fluctuating environment. In detail, assume that the stochastic
perturbations of the state variables around their steady-state
E* are of a white noise type which is proportional to the
distances of x, y from their steady-state values x* and y*,
respectively. In this way, model (7) will be reduced to the
following form:

ax .
dx=<1—qx—y—x+);y>dt+al(x—x )dB, (t),
Ryxy .
dy = —y)dt+o,(y-y")dB, (1),
X+ py 77)

where the definitions of 0;, 0, and B, (t), B,(t) are the same
asin (8).

If R, > 1, stochastic model (77) can center at its endemic
point E*, with the change of variables u = x - x*, v = y — y".
The linearized version of model (77) is as follows:

dz (t) = fi (z(©))dt + f, (2 (1)) dB(1), (78)

where
- “(t)> _ ]11”(t)+]12v(t)>
v <V(t) ’ ) <]21”(t)+]221/(t) ’
_[ou(t) 0
f2_<10 azv(t)>’

where J1, J12, J51> Jo; are defined as (12).

It is easy to see that the stability of the endemic point E*
of model (77) is equivalent to the stability of zero solution of
model (78).

Before proving the stochastic stability of the zero solution
of model (78), we put forward a lemma in [50].

(79)

Lemma 12. Suppose there exists a function V(z,t) € C*(Q)
satisfying the following inequalities:

K |z|Y <V (z,t) < K,|z|*, (80)
LV (z,t) < —K;|z|“, (81)

where w > 0 and K; (i = 1,2,3) is positive constant. Then the
zero solution of mode (78) is exponentially w-stable for all time
t>0.
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From the lemma above, note that if w = 2 in (80) and
(81), then the zero solution of model (78) is stochastically
asymptotically stable in probability. Thus, we obtain the
following theorem.

Theorem 13. Assume that af < 2 qué +a(R, - )%/ pRz,
0; < 2(Ry — 1)/R, hold; then the zero solution of model (78) is
asymptotically mean square stable. And the endemic point E*
of model (77) is asymptotically mean square stable.

The details of the proof are shown in the Appendix.

We should point out that the results obtained in this paper
are only for the simple case when / = h = 1 of the incidence
rate (3). The dynamical behaviors of the stochastic epidemic
model with general ratio-dependent incidence rate (3) are
desirable in future studjies.

Appendix
The proof of Theorem 13

Proof. Let us consider the Lyapunov function

Vi (z (1) = % (u® + &%), (A1)

where x = (Ré +a)/Ry(R, — 1%

It is easy to check that inequality (80) holds with w = 2.
Moreover,

LVs (z (1)) = u(Jyu + J1ov) + &v (Joyu + J,v)

1
+ - (ofuz + KO‘;VZ)
2

5 5 (A.2)
(5 I 1 Y S Y
11 2 22 2
=-2'Qz,
where
0_2
J + — 0
Q= 2 2\ |- (A3)
0« ( Ty + ?2)

When o7 < 2(pqR: +a(Ry—1)*)/pR%, 03 < 2(Ry—1)/Ry,
the two eigenvalues A, A, of the matrix Q will be positive. Set
Amin = min{A;, A,}, it follows from (A.2) immediately that

LVs (z () < -Alz (0. (A4)

We therefore have the assertion. O
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