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Abstract

Discrete epidemic models are popularly used to detect the pathogenesis, spreading,
and controlling of the diseases. The three-dimensional discrete SIRS epidemic models
are more suitable than the two-dimensional discrete models to describe the
spreading characters of the diseases. In this paper, the complex dynamical behaviors
of a three-dimensional discrete SIRS epidemic model with standard incidence rate are
discussed. We choose the time step size parameter as a bifurcation parameter, the
existence, stability, and direction of Hopf bifurcation are proved by using the normal
form theorem and bifurcation theory. Moreover, the numerical simulations not only
illustrate our results, but they also exhibit the complex dynamical behaviors, such as
the invariant cycle, period-7 orbits and period-12 orbits with more than one attractors
and chaotic sets. The flip bifurcation caused by the step size parameter is also
obtained by a numerical simulation. Most importantly, when the adequate contact
rate and the death rate of the infective individuals are chosen as the bifurcation
parameters, there also exist a Hopf bifurcation, a flip bifurcation, chaos, and strange
attractors. These results provide significant information for the disease controlling
when there appear complex dynamical behaviors in the epidemic model.
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1 Introduction

As is well known, in the study of epidemic theory, mathematical models have been widely
used to detect the stability, periodicity, extinction, permanence, bifurcations, and more
complex dynamical behaviors of the diseases (see, for example, [1-20] and the references
cited therein). There are two kinds of mathematical models to detect the dynamical be-
haviors of the diseases: the continuous-time models described by differential equations
and the discrete-time models described by difference equations. Recently, discrete-time
epidemic models have received more and more attention (see, for example, [11-33] and
the references cited therein). The detailed reasons can be found in [33].

Usually, in the study of disease spreading, the population is classified into three types
of individuals: susceptible individuals (S), infective individuals (I), and recovered individ-
uals (R). The basic epidemic models are as follows: SI models (the disease is difficult to
cure); SIS models (the disease can be cured); SIR models (the disease is cured with lifelong
immunity), and SIRS models (the disease is cured with temporary immunity). However,
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lots of diseases have temporary immunity, such as influenza, pertussis, gonorrhoea, and

so on. Therefore, the SIRS epidemic models are important and significant for detecting

the pathogenesis, spreading, and controlling of the epidemics.

The following continuous-time SIRS epidemic model with standard incidence rate is

considered:
, SI
St)=A-diS—A——— +0R,
S+I1+R
. SI
I(t)=A—————(d 1,
() SR (dr +v)

R(t)=yI—(ds +0)R,

which has been studied in [34], where S(¢), I(£), and R(¢) denote the numbers of suscep-
tible, infective, and recovered individuals at time ¢, respectively. A is the recruitment rate
of the population, d; (i = 1,2, 3) is the death rate of S(¢), 1(¢), and R(t), respectively. A is the
adequate contact rate, y is the recovery rate of the infective individuals, o is the rate by

which the recovered individuals become susceptible again. For the model (1), the authors

A

showed that when the basic reproduction number iy = -*— < 1, then the disease-free

day+y

equilibrium Ej is a globally asymptotically stable, endemic equilibrium and E* does not

exist; and when the basic reproduction number Ry > 1, then the disease-free equilibrium

E, is unstable, and the endemic equilibrium E* is locally asymptotically stable [34].

In [33], by using the forward Euler scheme we discretized model (1) into the following

SIRS epidemic model with standard incidence rate:

Sue1 = Sy + hlA = diS, — A5 + 0 R,],

In+1 = In + h[)" Sy,f;’,fZRn - (d2 + y)ln]’

Rn+1 = Rn + h[yln - (d3 + G)Rn]:

(2)

where parameters A, d; (i =1,2,3), A, 0, and y are given as in model (1), and /% is the time

step size.

From the above process of discretization, we can imagine that, when the time step size

h is small enough, the properties of the stability of model (2) should be the same as that of

model (1). There will appear an important and interesting problem for model (2): whether

there exists a critical value #*, such that when 0 < & < i*, if the basic reproduction num-

ber Ry = =2 < 1, then the disease-free equilibrium E, is globally asymptotically stable.
Ay q g Yy asymp y

And if iy > 1, then Ej is unstable, while the endemic equilibrium E* exists and is locally

asymptotically stable.

The local stability of the disease-free equilibrium and endemic equilibrium for discrete-

time SIRS epidemic models with general nonlinear incidence rates was first studied in

[33]. As an application of the main results, in [33] for model (2) the authors showed that

there is a constant #* > 0 such that when % € (0, #*) if the basic reproduction number

Mo = == < 1, then the disease-free equilibrium Ej is locally asymptotically stable, and

A
0= dry

if Ny > 1, then the disease-free equilibrium Ej is unstable, the endemic equilibrium E* is

locally asymptotically stable (see Corollary 2 in [33]). Further, the numerical simulations

in [33] show that when 9 > 1 and % > /#*, the dynamical behavior of discrete-time model

(2) is more complex than the corresponding continuous-time model (1). Moreover, the

permanence and extinction of the disease for model (2) are obtained in [35].



Hu et al. Advances in Difference Equations (2016) 2016:155 Page 3 of 22

However, the study of the complex dynamical behaviors of model (2), especially the Hopf
bifurcation, also is very important for the transmission and controlling of the disease. We
note that the investigations on the complex dynamical behaviors of model (2) are still
unclear. In particular, the studies on the existence, stability, and direction of the Hopf bi-
furcation are only based on numerical simulations.

Therefore, in this study, the time step size / is chosen as a bifurcation parameter to study
the existence of Hopf bifurcation for model (2) by using the normal form method and
the bifurcation theory. Finally, we present numerical simulations to illustrate our results,
and actualize the Hopf bifurcation and complex dynamical behaviors of model (2). Most
importantly, the adequate contact rate A and the death rate d of the infective individuals
are chosen as the bifurcation parameters and the numerical simulations give the Hopf
bifurcation, flip bifurcation, chaos, and strange attractors for model (2).

The organization of this paper is as follows. In Section 2, as preliminaries, we introduce
the results obtained in [33] on the existence and local stability of equilibria of model (2).
In Section 3, the existence and direction of a Hopf bifurcation of model (2) are discussed.
Section 4 presents the numerical simulations, which not only illustrate the theoretical
results but also exhibit the complex dynamical behaviors such as the invariant cycle, more

than one strange attractors, and chaotic sets. Finally, in Section 5 we give a discussion.

2 Local stability of equilibria

The basic reproductive rate for model (2) is Ry = ﬁ, which denotes the average number
of secondary infections generated by an initial population of infected individuals over their
lifetimes. Now, on the existence of the nonnegative equilibria of model (2), in [33] we have

established the following result.

Theorem 1
(1) Model (2) always has a disease-free equilibrium EO(,%’ 0,0).
(2) Ifthe basic reproductive rate Ry > 1, then model (2) also has an endemic equilibrium
E*(S*,I*, R*), where

S* = (d2+7)(}/+d3+¢7)1*

(d3+0)(A~da~y)" ’
R* — Y I*
d3+o” ?
I* = (d3+0)(A~da~y)
di(da+y)(y +d3+0)+(A~do~y)(dad3+dyo+dsy)”

Obviously, model (2) is a special model in [33] when the disease incidence rate g(S, 1, R) =
A%. Then the results about the local stability of disease-free equilibrium Eo(ﬂ%,O, 0)
and the endemic equilibrium E*(S*,I*, R*) are the same as in Theorems 2 and 3 in [33],
respectively. We omit them in this study, avoiding a repetition.

For detecting the bifurcation of model (2), we know that when the disease-free equilib-
rium Eo(dél, 0,0) and the endemic equilibrium E*(S*, I*, R*) are non-hyperbolic, there will
exist bifurcation and complex dynamical behaviors for the two equilibria, respectively. In
Section 3, we choose the time step size / as a bifurcation parameter to detect the existence,
stability, and bifurcation direction for the Hopf bifurcation by the normal form theorem
and bifurcation theory. In Section 4, the numerical simulations are discussed to illustrate

our results about the bifurcation and complex dynamical behaviors.
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3 Analysis of Hopf bifurcation
In this section, for a function f (x1, %2, ..., %,), we denote by f, fux; and fyx, the first order
partial derivative, the second order partial derivative, and the third order partial derivative
of f(x1, %, ...,%,) with respect to x;, xj, and xx, respectively.

For the endemic equilibrium E*(S*,I*, R*), the corresponding characteristic equation of
the Jacobian matrix J(E*) can be written as

F(w) =w® + bi(h)w? + by(W)w + bs(h) = 0, 3)
where

bi(h)=-3-h(ay—a1—-y -0 —d1 —dy — d3),
by(h)=3+2h(ay—y —0 —dy —ds —a; —dy) + hz[(alaz +asy)

—(o+ds)(ar—y —dy) — (@ + dh)az -y — 0 —dy — d3)],
bs(h)=-1+h(a1+y +di+dr+ds +0 —ay)

+h*[-azy —avaz + (ds + 0)(ay — y — db)

+(am +dy)ay—y —o —dy — ds)]

+ WP asy(a +dy) — (a1 + dy)(ds + 0)(az — y — dy)

+mas(ds +0) —ayy(as + o)],

and

AT*(I* + R*) AS*(S* + R*) ASHT*

N= s 27

TG AR BT Ry

Let

A =b?-3b,, B =bby — 9bs, C = b} - 3b,b3,
and

A =B -4AC.

We choose the parameters A, di, A, 0, d, ¥, ds, h satisfying A > 0 and the conjugate
complex roots w, 3 with the modules equal to one, that is, the case (I) in condition (4) of
Theorem 3 in [33]. Then there appears a Hopf bifurcation from the endemic equilibrium
E*(S*,I*, R*) of model (2).

Now, the existence, stability, and bifurcation direction of the Hopf bifurcation are de-
tected by the normal form theorem and bifurcation theory. First of all, the existence of a
Hopf bifurcation is computed by bifurcation theory. The step size % is chosen as the bifur-
cation value, which is denoted by #*. Giving #* a perturbation /#**, model (2) is described

by
Sper = Su+ (B + H)[A = diS, — A5 + 0 R,],
In+1 = In + (h* + h**)[)‘ Snf;nIZRn - (dZ + V)In]v (4)

Rus1 =Ry + (" + ™) [yl, — (d3 + 0)R,].
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Let U(n) =S, — S*, V(n) = I, — I*, and P(n) = R, — R* in model (4); then we transform

the endemic equilibrium E*(S*, I*, R*) into the origin, and we have

Un+1)=Umn)+ (W + ) [A-di(U(n) + S*)
D 0P

V(n+1) = V(n) + (b + ) [p 00 0dC) (5)
—(da +y)(V(n) + )],

P(n+1)=Pn) + (W + ™)y V(n) - (ds + o)P(n)],

where N* = §* + I* + R*. The characteristic equation associated with the linearization sys-

tem of model (4) at (0,0, 0) is given by
W+ by (h*, h**)w2 + by (h*, h**)w + b3 (h*, h**) =0, (6)

where b;(h*, ™), i = 1,2, 3, with the same form as in equation (3).

According to the well-known Cardano formula, equation (5) has one real root,

1 1
b h*, *% 3 3
wlz_%{_gm—)) _(gms),

and a pair of conjugate complex roots wy 3 = & + i, where

b () (30 ]

(1) )

o-(3) ().

3b2(l’l*,h**) _ bl(l’l*,]’l**)z
p =

’

3
27bs(h*, 1**) — 9by (h*, )by (¥, **) + 3by (I*, )3
i 27 '
Further, we need
dlwy 3|
k= : 0. 7

Moreover, it is required that, when #** = 0, wy’; #1, m = 1,2, 3, 4, which is equivalent to

1 V3 2
af-5, Bt (- -20871 ()
Hence, the eigenvalues wy 3 do not lie in the intersection of the unit circle with the coor-

dinate axes when /#** = 0, and conditions (7) and (8) hold.
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In the following, we study the normal form of model (5). Expanding model (5) as a Taylor
series at (U(n), V(n),P(n)) = (0,0,0) to the third order, it becomes

Umn+1) =anlUn) + anV(n) + aisP(n) + F*(U(n), V(n), P(n)),
V(n+1) =anlUn) + arpVn) + axP(n) + G*(Un), V(n), P(n)), 9)
P(n+1) = a1 U(n) + az, V(n) + azsP(n),

where
F*(U(n), V(n),P(n))
= anU*(n) + aisU(n)V(n) + argU(n)P(n) + ar7 V (n)P(n)
+aigV2i(n) + aroP*(n) + by U2 (n) + biy U (n) V(1) + by U (n) P(n)
(10)
+ b1y L[(n)VZ(n) + b15L[(n)P2(n) +c1 V2(n)P(n) +C12 V(n)Pz(n)
+ U V()P + cia V3(n) + c1sP>(n)
+o((|um|+|[vim|+ [Pem)])’),
G*(U(n), V(n),P(n))
= ar U*(n) + apsU(n)V (1) + aseU(n)P(n) + az; V(n)P(n)
+ dag V2(n) + ﬂngz(l’I) + bzl U3 (Vl) + bzzL[Z(n)V(n) + b23 UZ(H)P(I’I)
(11)
+ boa U(n) V(1) + bys U ()P (1) + co1 V2 (m)P(n) + ca2 V(1) P2 (n)
+ s UM V()P(n) + c24 V3 (1) + c25P3 ()
+ o((|U(n)| + |V(n)| + !P(n)|)3),
and
an =1-n"(d, + a1), a1y = —h*as,
" " I*(I* + R*)
611321/1 O'+h(l3, 611421/1 XT,
o N*(2I* + R*) = 2I*(I* + R¥) o (S =TI"—RY)
a5 = - N ) a6 =—h KT,
S*(I* -S*-R* S*(S* + R*
ay; = —h*k%, ag = h*k%,
L ST L IF(IF+RY)
a =—h XW, bu=-h )\T;
biy = KA ( +R]z[*43 ( +R)’ bis = ]3\[*45 +R)’
N*(28* + R*) — 38*(S* + R* I*N* - 38*[*
b14 = h*)\. ( ])\[*4 ( ), b15 = —h*)\. T,
oo SEN* —38*(S* + R¥) oo SIN* 38T
Cuzh A N*4’ N 6122—]’! )\T’
.. N*(R* + N*) = 3(S*R* + I*R* + R** + 2§*I*)
C13 = —-h*A ’

N



Hu et al. Advances in Difference Equations (2016) 2016:155 Page 7 of 22

S*(S* + RY) S*I*
Cl4 = —h*AT: Cl5 = h*)‘W’
as = h*dl, ary = 1- h*(dz + )/) + h*ﬂz,
a3 = —hopas, dyj = —aii,

b2j=—b1j, 62j=—61j (i=4-,...,9,j=1,...,5),

az =0, ap =h"y, ass =1-h*(ds + o).

Let
n ti t3
T = ]. 0 1 ’
L31 t3p 33
where
tu =A1C - BiDy, tip = A1D1 + B1Cy,
A= a4 arzaz (o — ass) B . Ganp
PR B2y (a2 —ag)? LTt (@ —az)?
o —dn ﬁ
Cl=—————, Di=——F——,
LB+ (@2 —an)? YT B+ (@2 —an)?
¢ ai3azy — ara(bs + as3) az (o — ass)
13= ) 3=
(b3 + a11)(bs + as3) B% + (a? — az3)?
= asp for o2
- ,32+(012—ﬂ33)2, % bs+6l33'

It is obvious that T is invertible and

det T = fypt3 + ti3lsp — Lty — Liots3.

Using a translation,

U(n) X,
V)| =T1Y,|,
P(n) Z,

then model (9) becomes
Xy =aX, - BY, + F(Xy, Yn, Zy),
Yo =BXu +aY, + G(X,, Yy, Z,), (12)
Zn+1 = _b3Zn + H(Xm YmZn);

where

F(Xm Yn: Zn) = [—tng*(U(n), V(I’l),P(I’l))

+ (tistsz — tiot33) G* (U (n), V(n), P(n)) ] (det T) 7,
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G(Xy, Yo, Zn) = [ (831 — t33)F* (U(n), V(n), P(n))
+ (tutss — tists))G* (U(n), V(n), P(n)) | (det T) ™,
H(Xy, Yy, Zy) = [t F* (U (), V(n), P(m))
+ (tats1 — tut32) G* (U(n), V(n), P(n)) | (det T) 7!,
and F*(U(n), V(n), P(n)), G*(U(n), V(n), P(n)) are given in (10) and (11).
From the above translation we further obtain
Fx,x, = Fx,x,(0,0,0)
= [—(L‘sz + hi3l3n — L‘lztss)(ﬂmtlzl + aistn
+ digtiils + ai7ls1 + dig + dig t§1)](det )7,
Fy,y, = Fy,v,(0,0,0)
= [—(t32 + ti3l32 — t12t33)(1114t122 + digtintsn + 6119t§2)](det )7,
Gx,x, = Gx,x,(0,0,0)
= [(ta1 + tista1 — t33 — tutzs) (anatyy + arstu
+ aretnta + aztz + aig + dyg t§1)](det )7,
Gy,y, = Gy,y,(0,0,0)
= [(tsl + tiztz — 33 — tntss)(ﬂmtlzz +aiplintzn + ﬂ19t§2)](d€t )7,
Hy,x, = Hx,x,(0,0,0)
= [(tsz + tuts — t12t31)(ﬂl4t121 +aistn
+ diehinls1 + arzts1 + dig + ﬂ19t§1)](det )7,
Hy,y, = Hy,,(0,0,0)
= [(t32 + Ll — t12t31)(a14t122 + aietintzy + ﬂ19t§2)](det )7,
Fx,v, = Fx,v,(0,0,0)
= [—(ts2 + fastsy — fiotss) (At i + sty
+ ane(tutsy + hats) + arrtsy + 2a10t31632) |(det )7,
Gx,v, = Gx,v,(0,0,0)
= [(t31 + tistar — t33 — tutss) (2aratutiy + drstin,
+ aie(fu sz + fiats) + arrtsy + 2a10ts1t32) | (det T) ™,
Hx,y, = Hx,y,(0,0,0)
= [(tsz +lutz - t12t31)(2ﬂ14t11t12 + distiz
+ an (s + tiata1) + artz + 2a10ts1t32) |(det T) ™,
Fx,z, = Fx,z,(0,0,0)

= [—(tsz + stz — L‘12t33)(2ﬂ14f11t13 +as(f + i3)
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+ a6 (tutss + tists) + ary(ta) + ts3) + 2a18 + 2a19ta1t33) |(det T) ™,
Gx,z, = Gx,2,(0,0,0)
= [(t31 + histzr — 133 — t11t33)(26114t11t13 +ays5(fin + 43)
+ aye(tntas + hists) + ary (31 + t33) + 2a18 + 2arotstzs) |(det T) ™,
Fy,z, = Fy,z,(0,0,0)
= [—(tgz + liztzy — t12t33)(2ﬂ14t12t13 + distiz

+ a1(fiatss + hisls) + arrtz + 2ar0tsatss) |(det T) 7,

Gy,z, = Gv,z,(0,0,0)
= [(tsl + i3tz — 33 — t11t33)(2ﬂ14t12t13 + distip
+ a1(fiatss + hits) + artzn + 2arotsatss) |(det T) 7™,
Fx, x,x, = Fx,x,x,(0,0,0)
= [—(tsz + ti3l3n — t12t33)(b11ti0’1 + b12t121 + b13t121t31 + bty
+ bistits, + et + Ciath + ciztutiz + Cua + cl5t§1)](det )7,
Gx,x,%, = Gx,x,x,(0,0,0)
= [(tal + ti3l31 — 33 — t11t33)(b11tfl + b12t121 + b13t121t31 + bty
+ bistith + cita + Ciata + Ciztitiz + Cig + cl5t§1)](det 7,
Fy,v,v, = Fy,v,v,(0,0,0)
= [—(tsz + tisl3a — t12t33)(b11tio’2 + b13t122t32
+ b15t12t§2 + clgtgz)](det )7,
Gy,v,v, = Gv,v,v,(0,0,0)
= [(t31 + ti3l31 — 33 — tutss)(butfg
+ bistihts + bistints, + cisty,) | (det T) ™,
Fx,x,v, = Fx,x,v,(0,0,0)
= {—(taz + ti3t3y — t12t33)[3b11t121t12 +2biptntn
+bi3 (t121t32 + 2t11t13t31) + bty + bis (t12t32»1 + 2t11t31t32)
+Cuitay + 2ciotaitsy + ci3(tutsy + tiatar) + 3015t§1t32] }(det )7,
Gx,x,v, = Gx,x,v,(0,0,0)
= {(tBI + tizta) — 33 — tlltss)[3b11t121t12 +2bpptintin
+bi3 (t121t32 + 2t11t13t31) + bty + bis (tlzt§1 + 2f11t31t32)
+cnty + 2ciataitsn + ciz(tutsy + tiats) + 3c15t§1t32]}(det )7,
Fx,v,v, = Fx,v,v,(0,0,0)
= {—(t32 + ti3t3y — t12t33)[31911t11t122 +biats,

+bis (t122t31 + 2t11t12f32) +bis (tut§2 + 2b1t31t30)
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+ C1at3y + Cistiatz + 3eistats, | }(det T) ™,
Gx,v,v, = Gx,v,v,(0,0,0)
= {(ta1 + tista1 — B33 — titss) [Bbututy, + bioty,
+ bis (ka1 + 2t tiatss) + bis(tnt3, + 2tiataitsn)

+ 012t§2 + Ci13t1ol30 + 3cl5t31t§2]}(det T)il.
In order for the system to undergo the Hopf bifurcation of model (12), we let

1 ,
g = Z[FX,,X,, + Fy,y, + i(Gx,x, + Grov) s

1 .
go2 = E[FXan = Fy,v, —2Gx,y, + i(Gx,x, — Gy, + 2Fx,v,)]»
1

&20 = Z[FXVIXVI - FYnYn + ZGXnYn + i(GXan - GYVIYVI - 2FXV1YV1)]’
1
Go = 3 [FxuxuX + FxuYutn + GXuXuYn + GYaYuYs

+ (G, + G YnYy — FxuXn Yy = v

1
hi = Z(Hxnxn +Hy,y,),
1 )
hyo = Z(HXan - Hy,y, —2iHx,y,),
1

Guo = E[FXnZn + Gy,z, +i(Gx,z, — Fynzn)],

Gio1 = E[Fxnz,, - Gy,z, + i(Fy,z, + Gx,z,)],

hu hZO

Wi = -, W = T—F>.5
bg bg + 21/3

@1 = Gy + 2w G + waoGior).

Further, we let

(0) i 2)gul? 1| 1> )+ !
[4 = — — - = —
1 28 L2081 g1 3 802 2g21

and

Re(c1(0))
2 = —%, B2 = 2Re(c1(0)).

Now by the Hopf theorem of [36] we can obtain the main result of this section.

Theorem 2 Ifconditions(7), (8) hold and o # 0, then model (&) undergoes a Hopf bifurca-
tion at equilibrium E*(S*,I*, R*) when the parameter i** changes in a small neighborhood
of the origin. The direction of the Hopf bifurcation of model (4) is determined by the sign
of pa: if o > 0 (2 < 0), then the Hopf bifurcation is supercritical (subcritical) and the
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bifurcating periodic solutions exist for h > h* (h < h*). B, determines the stability of the bi-
furcating periodic solutions: the bifurcating periodic solutions are stable (unstable) if B, < 0

(B2>0).

Remark1 In [14], the authors carried out numerical simulations to obtain a Hopf bifurca-
tion. On the contrary, in this paper, we use the bifurcation theorem to prove the existence,
stability, and direction of the Hopf bifurcation of a three-dimensional discrete-time SIRS
epidemic model. The main results in this paper also solve the open problem in [37].

Remark 2 In [15-17, 23-26], the authors only considered a two-dimensional discrete-
time epidemic model. Asis well known, the diseases are spreading in different populations,
such as susceptible individuals S, infective individuals /, and recovered individuals R. For
better understanding the pathogenesis and the spread of the disease process, a higher-
dimensional epidemic model should be studied. Therefore, in this paper, we study the
Hopf bifurcation and flip bifurcation of a three-dimensional discrete-time SIRS epidemic
model, which is more realistic for the spread of the disease process.

4 Numerical simulation

In this section, six examples are provided to illustrate our theoretical results in Theorem 2.
In Examples 1 and 2, the time step size 4 is selected as the bifurcation parameter. The first
one shows the Hopf bifurcation diagrams and the corresponding phase portraits of model
(2) to confirm the above theoretical analysis, and it indicates new interesting complex
dynamical behaviors. In the third section we have not proven the existence of the flip
bifurcation of model (2). Therefore, the second example is about the flip bifurcation of
model (2), which is only obtained by using numerical simulations. The adequate contact
rate A and the death rate d; have a significant role to play in the disease spreading in model
(2). Hence, A and d, also are chosen as the bifurcation parameter in Examples 3-6 to detect
the bifurcation and chaos behaviors.

Example 1 We choose A =2.4,d; =0.1,d, =0.12,d; =0.02, A=0.8, y =0.15, 0 = 0.8,
h € [2.6,3.2], and the initial values (So, Iy, Ro) = (4,3.2,0.5). By computing we obtain the
basic reproductive rate Ry = % > 1, E*(§*,I*,R*) = (7.8637,13.0491,2.370). When /i* =
2.8903, we obtain A = 22.4462 > 0, which implies that the Jacobian matrix J(E*) has three
eigenvalues, w; = 0.6923, wy3 = o + Bi = —0.8388 £ 0.5444i with |w,3| = 1. Further, by
simple computing, we obtain k = 0.5289 and

1 3
o =—0.8388 7!—5, B = 0.5444 #i%—, (o - ,32)2 —20f =1.0791 #1.

Then conditions (6), (7) hold and u, = 9.2025 x 10~* 0, which indicates that there exists
a Hopf bifurcation of model (2). Since 8 = —0.002 and u; = 9.2025 x 107, the Hopf
bifurcation is stable and supercritical (see Figures 1-3).

Figures 1-3 show that the endemic equilibrium E*(7.8637,13.0491,2.370) of model (2)
is stable for /1 < 2.8903, and it loses its stability when / = 2.8903; moreover, when / >
2.8903 there appear complex dynamical behaviors. For example, when the time step size
h changes from 3.155 to 3.179 there appear period-12 orbits, and when the step size &
increases continuously there appear chaos and period-7 orbits, which can be found in the
phase portraits.
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Figure 1 Hopf bifurcation of S-h model (2) with
h e[2.8,3.2].

3.2

Figure 2 Hopf bifurcation of /-h model (2) with
h e[2.8,3.2].

29 295

Twr

Figure 3 Hopf bifurcation of R-h model (2) with
h e[2.8,3.2].

3.05 31 3.15 3.2

The phase portraits (Figures 4-11) of the bifurcation diagrams (Figures 1-3) provide de-

tailed information about the dynamical behaviors changing from a stable equilibrium to

Hopf bifurcation, chaos, and then more complex dynamical behaviors. Figure 4 shows
when % = 2.86 < 2.8903, then the endemic equilibrium E*(7.8637,13.0491,2.370) has lo-
cal stability. Following the increase of / there exists a stable periodical solution, that is, the

Hopf bifurcation which can be seen in Figure 5. When % continues becoming bigger the

stable invariant circle is broken slowly and there appear more than one periodical attrac-
tors from Figures 6-11. The period-12 orbits and period-7 orbits can be found in Figures 8
and 10, respectively. Furthermore, there exist more complex dynamical behaviors when 4

is much bigger as in Figure 11.
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Figure 4 h=2.86.
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Figure 6 h=3.138.
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Figure 7 h=3.15.
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Figure 8 h=3.155.

Figure9 h=3.179.

Figure 10 h=3.183.

Figure 11 h=3.2.




Hu et al. Advances in Difference Equations (2016) 2016:155 Page 15 of 22

In the following examples, we only provide the bifurcations diagrams.

Example 2 We choose A =30, d; = 0.05, d> =0.12, d3 =0.02, A = 0.9, y = 0.01, 0 = 0.01,
h € [4,5.2], and the initial values (So, Iy, Ry) = (60,30,20). By computing we obtain the
basic reproductive rate 9y = % > 1, E*(S*,I*,R*) = (48.9642,217.5141,72.5047). From the
flip bifurcation diagrams (see Figures 12-14), there exists a critical value of /1, and here we
denote it by &,. When h, = 4.1321, we compute that A = —4.6930 < 0 and the three real
eigenvalues of the Jacobian matrix J(E*) are w; = -1, wp = 0.4062, and w3 = 0.8787.
Figures 12-14 show that the endemic equilibrium E*(48.9642,217.5141,72.5047) of
model (2) is stable for /1 < &, = 4.1321 and loses its stability when 4 = &, = 4.1321. The flip

bifurcation and chaotic behaviors appear when % > /. In detail, the period-2 orbits ap-

Figure 12 Flip bifurcation of S-h model (2) with 150
he[4,5.2].
100
w
50
0
Figure 13 Flip bifurcation of I-h model (2) with 300
280 |
hel4,5.2]. R m
2 — Ul
240 //""" B
20p
— 200 \\\
180 \\\\\
160 \\\\\\\N
140
120
100 L
4 42 4.4 46 438 5 52
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Figure 14 Flip bifurcation of R-h model (2) with 74
h e[4,5.2]. 73 S |
ﬁ//\ —_— 4// ! %
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pear when 7 is approximatively changing in (4.1321, 4.8]; the period-4 orbits appear when
h goes from 4.8 to 5.01, and following the increase of s, model (2) undergoes period-8,
-16, and quasi-periodic orbits, and chaos sets in ultimately.

Example 3 We choose 7 =2.5,A=24,d, =01, d, =0.12, d; = 0.02, y =0.15, 0 = 0.8,

A €[0.5,1), and the initial values (Sy, Iy, Ro) = (4,3.2,0.5). By computing we obtain the ba-

sic reproductive rate Ny = %. From A € [0.5,1), then we have Ry = %

there exists an endemic equilibrium E*(S§*, I*, R*), which is a function of A. Figure 15 illus-

> 1. Therefore,

trates that when the disease contact rate A is smaller than the critical value A* ~ 0.945 the

equilibrium values of S are locally stable. It is increasing for I, and R, when A € [0.5,1%]

Figure 15 Hopf bifurcation of S-A model (2) with
A €[0.5,1).

Figure 16 Hopf bifurcation of I-A model (2) with
A €[0.5,1). 16}
151
141
— 13
12F
11r
or
o : : :
0.5 0.6 0.7 0.8 0.9 1
A
Figure 17 Hopf bifurcation of R-A model (2) with 45
A €[0.5,1).
Al
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(see Figures 16 and 17). Finally, there appears a Hopf bifurcation for S,,, I,,, and R, when X
is bigger than A* (see Figures 15-17).

Example 4 We choose & = 4.28, A = 14.25, d; = 0.05, d, = 0.18, d; = 0.02, y = 0.01,
0 =0.16, 1 € [0.2,1), and the initial values (So, y, Ro) = (60, 30,20). By computing we ob-
tain the basic reproductive rate Ry = %. Since A € [0.2,1), then we have i = % >1.As
in Example 3, the endemic equilibrium E*(S*, I*, R*) exists and is a function of 1. From Fig-
ures 18-20, we see that the equilibrium values of S, I, and R, which are locally stable when
A is smaller than the critical value A* ~ 0.875 (see Figures 18-20). When A is bigger than
A* 2 0.875 there appears a flip bifurcation, and model (2) undergoes chaotic behaviors

with the continuous increasing of A.

Figure 18 Flip bifurcation of S-A model (2) with 250
A e€[0.2,1).
200~
150+
%)
100+
50+ A
0.2 0.3 0.4 0.5 0).5 0.7 0.8 0.9 1

Figure 19 Flip bifurcation of /-A model (2) with

A €l0.2,1). % /<1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 20 Flip bifurcation of R-A model (2) with

A €[0.2,1). a5t /"1
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Example 5 We choose & =3.2, A =2.8,d; =0.04, d3 =0.001, A=0.81, y =0.2,0 =0.5,
dy € [0.05,0.5), and the initial values (So, o, Ro) = (4,3.2,0.85). By computing we obtain
the basic reproductive rate iy = %. From d, € [0.05,0.5), we have Ry > 1. There-
fore, there exists an endemic equilibrium E*(S*,I*, R*), which is a function of d. From
Figures 21-23, we see that when d; &~ 0.063 there appears a Hopf bifurcation for S,,, I,
and R,. When d, is bigger than 0.063 the Hopf bifurcation disappears and the endemic
equilibrium E*(S8*, I*, R*) is local stable. But the value change of the three species is differ-
ent following the changing of d,. Particularly, when d is becoming bigger than 0.063 the
equilibrium values of S, which are locally stable (see Figure 21). Since dj is the death rate
of I,,, it is certain that I, is decreasing following the increasing of d, and this results in the
decreasing of R, (see Figures 22 and 23).

Figure 21 Hopf bifurcation of S-d, model (2) 35
with d, €[0.05,0.5).

£
1

25

0.05 0.1 015 02 025 03 035 04 045 05
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Figure 22 Hopf bifurcation of I-d, model (2) A
with d, € [0.05,0.5). 40
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- 201
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Figure 23 Hopf bifurcation of R-d; model (2) 20
with d, € [0.05,0.5). 18
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Example 6 We choose h=4.2, A =12,d; =0.15,d; = 0.02, A = 0.85, y = 0.01, o = 0.08,

dy € [0.15,0.5], and the initial values (So, o, Ro) = (60,20,30). By computing we obtain

85 85
100dp+1° 100d2+1

[0.15,0.5]. Therefore, there exists an endemic equilibrium E*(S*,I*, R*), which is a func-

the basic reproductive rate Ry = One can also obtain Ny = >1 from d, €
tion of d,. Figures 24-26 show that model (2) undergoes chaos and flip bifurcation when
the death rate d; of the infective individuals I, varies from 0.15 to 0.5. Particularly, when
dy varies from 0.15 to the critical value d; &~ 0.21 there appear chaotic behaviors and a
flip bifurcation. When d, is bigger than d; the equilibrium values of S, I, and R, which are

locally stable (see Figures 25 and 26).

Figure 24 Flip bifurcation of S-d; model (2) with 50
d, €[0.15,0.5]. 45k
20
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Figure 25 Flip bifurcation of I-d, model (2) with 3"‘
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Figure 26 Flip bifurcation of R-d; model (2) with 7
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Remark 3 Example 1 shows when the parameters satisfy the conditions in Theorem 2 for
model (2) there will appear a Hopf bifurcation from the endemic equilibrium E*(S*, I*, R*)
(see Figures 1-3). In addition, the flip bifurcation also appears in Example 2 when the step
parameter % is changing at the neighborhood of #* (see Figures 12-14). Furthermore, these
results indicate that chaos dynamical behaviors of model (2) can be obtained according to
the paths of the flip bifurcation and the Hopf bifurcation when the step size % is changed,
and we should control the disease transmitting between the different individuals S,,, I,
and R,,.

Remark 4 The results in Examples 3-6 make it clear that not only the step parameter 4
but also the adequate contact rate A and the death rate d, for the individuals [,, can cause
bifurcation behaviors and chaos behaviors for model (2). Controlling the key parameters in
the epidemic model has an important role to play in the disease controlling process, such
as the adequate contact rate and the death rate. These results are similar to the results
in [38].

5 Discussion and conclusion

The bifurcation analysis of a three-dimensional discrete SIRS epidemic model with stan-
dard incidence rate is discussed in this paper. The existence, stability, and bifurcation di-
rection of the Hopf bifurcation are obtained in Theorem 2 by the normal form theorem
and bifurcation theory. Further, numerical simulations are used to illustrate our theory
results, and some interesting dynamical behaviors (flip bifurcation, Hopf bifurcation, and
chaos) of model (2) are also obtained when some key parameters are chosen as the bifur-
cation parameters (see Figures 1-26).

For analyzing the Hopf bifurcation, we choose the time step parameter / as the bifurca-
tion parameter, and the existence and direction of the Hopf bifurcation of model (2) are
proved by the normal form theorem and bifurcation theory in Theorem 2. Particularly, if
the time step parameter / is sufficient big, then when the basic reproductive rate %y > 1
and parameters (A,dy,d,, ds, h, A, y,0) satisfy case (I) in condition (4) of Theorem 3 in
[33] model (2) there appears a Hopf bifurcation and chaotic attractors (see Figures 1-3),
which implied that the susceptible and infective individuals can coexist in a stable period
cycle. Most important is that from the bifurcation figures we can control the parameters
(A,dy,dy,ds,h, A, y,0) to control the disease when the step parameter /4 is smaller than
the bifurcation values /#*. In addition, when the step parameter /2 changes, flip bifurcation
diagrams appear in Example 2 by the numerical simulations (see Figures 12-14). These
figures show that there exists a flip bifurcation, which also can result in chaotic behaviors
in model (2). This result enriches the dynamical behaviors for model (2).

It is well known that the adequate contact rate A and the death rate d, for the individu-
als I, have a key role to play in the disease transmission. We choose A as the bifurcation
parameters and select some suitable values for the other parameters (A,d;,d,,ds, h, y,0)
and initial values for Sy, Iy, Ry, then there exist a Hopf bifurcation and a flip bifurcation
for model (2), which can be seen from Example 3 and Example 4 (see Figures 15-17 and
Figures 18-20). Eventually, there appear chaos dynamical behaviors. And the same results
also exist when the death rate d, is chosen as the bifurcation parameter in Examples 5
and 6 (see Figures 21-23 and Figures 24-26). These results indicate that the key parame-
ters in the epidemic model will affect the dynamical behaviors significantly, such as the flip
bifurcation, the Hopf bifurcation, and chaos, which corresponds with the results in [38].
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For comparing with previous work [15-17, 23—26], one only considered the dynamical
behaviors for the two-dimensional discrete-time epidemic model. There are few studies
of the bifurcation analysis of the three-dimensional discrete-time epidemic model. Since
the diseases spread in different populations, such as susceptible individuals S, infective
individuals 7, and recovered individuals R, the recovered individuals R can also become
susceptible individuals S, such as in the case of the flue disease. For better understanding
the pathogenesis and the spread of the disease process, a higher-dimensional epidemic
model should be studied, especially, for the bifurcation and chaos dynamical behaviors
studies. Our main results provide important information for the disease control when the
disease transmission appears to show complex dynamical behaviors.

However, the disease has a relation with the initial values because Hopf bifurcation and
flip bifurcation are local bifurcations. If we obtain the global bifurcation, then the disease
has no relation with the initial values. There are still some interesting open problems:
whether we can prove the existence of the flip bifurcation, and whether we can find an
effective way to prove the global stability of model (2), such as by constructing Lyapunov
function. In addition, the Hopf bifurcation is a type codimension-one bifurcation, that is,
the bifurcation results by one bifurcation parameter. In [39, 40], the authors discussed
the codimension-two bifurcation, which is controlled by two bifurcation parameters. For
model (2), one addressed whether there exists a codimension-two bifurcation with the

—1+4/3i
2

eigenvalues w = %4, when two bifurcation parameters are changed. Moreover, other

discretization methods (such as the backward Euler method, the nonstandard finite dif-
ference scheme) can be used on model (1) to obtain the corresponding discrete model.
For the new discrete model, one may ask whether there exist bifurcation and chaos. These
issues will be discussed in the future.

Some real data from a known epidemic disease to illustrate the validity of our theo-
retical results also should be considered in our future work, such as how to predict the
occurrence and the controlling of disease, and in which way complex behaviors (including
bifurcations, chaos, and strange attractors) have impact on the dynamics of disease.
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