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We introduce stochasticity into the SIS model with saturated incidence. The existence and uniqueness of the positive solution are
proved by employing the Lyapunov analysis method. Then, we carry out a detailed analysis on both its almost sure exponential
stability and its pth moment exponential stability, which indicates that the pth moment exponential stability implies the almost
sure exponential stability. Additionally, the results show that the conditions for the disease to become extinct are much weaker than
those in the corresponding deterministic model. The conditions for the persistence in the mean and the existence of a stationary
distribution are also established. Finally, we derive the expressions for the mean and variance of the stationary distribution.
Compared with the corresponding deterministic model, the threshold value for the disease to die out is affected by the half saturation
constant. That is, increasing the saturation effect can reduce the disease transmission. Computer simulations are presented to

illustrate our theoretical results.

1. Introduction

Epidemiology has been investigated by mathematicians
through establishing mathematical models for a long time;
see, for instance, [1-4]. Mathematical models can help people
to better understand the spread of the disease and thus take
effective measures to reduce its transmission as much as
possible. Particularly, the classical SIS epidemic model [5, 6]
is often used to model the dynamics of the diseases with no
protective immunity such as gonorrhea.

Usually, the incidence function describes the number of
new infections per unit time and it plays a vital role in the
deterministic models. As it is known, in the most existing
literature, the bilinear incidence rate 3SI is frequently used.
However, this kind of incidence rate has some limitations,
since it does not consider the behavioral change of susceptible
individuals or control measures taken by the government
when the number of infective individuals gets large. For
example, people would wash their hands frequently, wear
masks, and limit their time of going out, and the government
would also take measures such as quarantine and isolation
when the A/HINI influenza became serious in 2009 [7].
Therefore, it is more reasonable to adopt saturated incidence

rate BSI/(1 + hI) [8] in the mathematical models. When
the number of infective individuals gets large, BI/(1 + hI)
tends to a saturation effect, where fI is the infection force
of the disease and 1/(1 + hI) is the inhibition effect from
the behavioral change or control measures. Here, h represents
the half saturation constant [9]. With the saturated incidence
taken into consideration, the classical SIS epidemic model is
transformed into

as@) _ . PS®I()
a ! 1+ hI ()

ar(t) _ pS®I@)
dt  1+hI(®)

+yI(E) - pS(t),
@)

(H+y) 1),

where S(¢) and I(t) are the number of susceptible individuals
and infective individuals at time ¢, respectively. The total
population N = S(¢) + I(f) is a constant. Consider the
following parameters: 3 is the transmission rate, y is the
birth and death rate, and y is the recovery rate. Assume
all these parameters are positive; then, the classical stability
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analysis has shown that the system (1) always has a disease
free equilibrium:

Ey = (Sp» Ip) = (N,0). (2)

The basic reproduction number, Rg = BN/(u + y), is
a threshold value, which determines the extinction and
persistence of the disease. When Rg < 1, the disease free
equilibrium E; is globally stable. When Rg > 1, the disease
free equilibrium E, is unstable, and model (1) has a unique
endemic equilibrium:

o e oy [(AFAN) (u+y) BN - (u+y)
=0 ’I)_( B+h(u+y) ’ﬁ+h(u+y))’ ©

which is globally stable.

Since the noise exists almost everywhere, epidemic mod-
els are inevitably affected by it. Hence, it is more reason-
able to introduce random perturbations into mathematical
models. At the same time, we note that taking the effect of
environment noise on epidemic models into consideration
has been a popular trend in disease spread modeling [10-13].
Gray et al. presented a stochastic SIS epidemic model in [14].
They established conditions for extinction and persistence
of the disease and the existence of a stationary distribution.
Stochastic SIR and SIRS models with and without distributed
time delay were investigated in [15, 16], respectively, where
the asymptotic behavior was discussed. In [17], stochastically
perturbed SIR and SEIR epidemic models with saturated
incidence were studied and the results of extinction and
ergodicity were concluded. Ji et al. investigated a stochastic
multigroup SIR model with fluctuations around the transmis-
sion coefficient and the death rate of each subpopulation in
[18, 19] separately. Zhao et al. [20] discussed the extinction
and persistence of the stochastic SIS epidemic model with
vaccination. However, among all these researches, there are
few literatures considering the parameter perturbation in SIS
epidemic model with saturated incidence.

Motivated by the above consideration, in this paper, we
introduce random effect into the SIS model (1) by replacing
the transmission rate 8 with 8+ cdW (t), where W (¢) is stan-
dard Brownian motion and o is the intensity of white noise.
The stochastic version corresponding to the deterministic
model (1) can be represented as

S(t) 1
das(t) = <g/¢N - [iftT)I((:)) +yI(t) — uS (t))dt
oS I(t)
" Trrim WO
S(t) 1
dI(t)z<%—(y+)})l(t)>dt+%dwu).

(4)
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Given that S(t)+I(t) = N, itis sufficient to study the following
equation:

dI(t)—( TSRO (H+Y)I(t)>dt o
c(N-I@)I(t)
T irme WO

with initial value I(0) = I, € (0, N). In the following sections,
we will restrict ourselves to (5).

The paper is organized as follows. In Section 2, the
existence of unique positive solution is shown. Both its almost
sure exponential stability and its pth moment exponential
stability are then investigated in Section 3. The conditions
for persistence in the mean of the disease are established
in Section 4. The existence of a stationary distribution and
the expressions for the mean and variance are presented in
Section 5. In Section 6, we give a brief conclusion. Besides,
the computer simulations which support our results are given
in each section. Finally, we give an appendix containing some
theory used in the previous sections.

2. Existence of Unique Positive Solution

To investigate the dynamical behavior of the epidemic model,
we need to show that the model has a unique global solution
and the solution will remain within (0, N) whenever it starts
there. Hence, in this section, employing the Lyapunov analy-
sis method (mentioned in [18, 21]), we establish Theorem 1.

Theorem 1. There is a unique global solution I(t) € (0, N) of
system (5) ont > 0 for any given initial value I(0) = I, €
(0, N) with probability 1, namely,

P{I(t) € (O,N), Vt>0}=1. (6)

Proof. Since the coefficients of (5) are locally Lipschitz
continuous for any given initial value I(0) = I, € (0, N), there
is a unique local solution I(t) on t € [0, 7,), where T, is the
explosion time [22]. To show that the solution is global, we
need to show that 7, = 0o a.s. Let m; > 0 be sufficiently large
such that 1/m, < I, < N — 1/m,. For each integer m > my,
define the stopping time

z, =inf{t c[0,7): 1) ¢ <%N—%>} %

where throughout this paper we set inf @ = co (as usual 0
denotes the empty set). Clearly, 7,, is increasing as m — oo.
Set 7, = lim,,_, ,T,,, whence 7, < 7, a.s. If we can show
that 7., = 0o a.s., then 7, = co a.s. and I(t) € (0,N) a.s. for
all t > 0. In other words, to complete the proof, all what we
need to show is that 7., = 0o a.s. If this statement is not true,
then there exists a pair of constants T > 0 and € € (0, 1) such
that

Plr, <T}>e (8)
Therefore, there is an integer m, > my, such that

Plr, <T}>e, VYmz=m,. 9)
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Define a function V: (0,N) — R, by

1

N—x (10)

V(x)=i+

Using the It6 formula, we get

(oA, .t 2
dV(x)—< x2+(N—x)2>dx+<x3+(N—x)3>(dx)

=LV (x)dt
o (N - x) ox
<_x(l+hx) " (N—x)(1+hx)>dw(t)’
(11)
where LV': (0, N) — R is defined by
(1 1 B(N -x)x B
LV_( x2+(N—x)2>< 1+ hx (‘LHY)x)
( 1 1 )02(N—x)2x2
+| =+
X (N-x)P°/) (1+hx)?
__BIN-%) pty Bx
T ox(1+hx) x  (N-x)(1+hx)
o*(N - x)? o x? B (u+y)x
x(1+hx)> (N-x)(1+hx)?> (N-x)* (12)
BTy px o*(N - x)*
T X (N-x)(1+hx) x(1+hx)*
02x2
+ -
(N = x) (1 + hx)*
1 1 2
< ;(u+y+02N2)+ N—x (§+%)
<CV(x),
whereC = (u+y+ a’N?) v (B/h+ o2 /W?). Therefore,
jw AV (1 (s))
0
- jw LV (I(s))ds
0
WA g (N =1(s))
! L <_z(s>(1 +hI(s))
ol (s)
+(N—1<s>)(1+hl(s)))dw(s) )

< JW CV (I (s)) ds
0
WA G (N =1 (s))
! L (‘I(s) (1+hI(s))

N ol (s)
(N = 1(s))(1+HhI(s))

)aw .,

3
which implies that
T,, N\t
EV(I(r,At))<V(I,)+CE I V (I(s))ds
N (14)
<V (L) + CJ EV (I(1,,As))ds.
0
The Gronwall inequality yields that
EV (I (z, AT)) <V (I,) e (15)

Set Q,,, = {1,, < T} for all m > m;. Then, by (9), P(Q2,,) > €.
Foreveryw € Q,,, I(1,,, w) equals either 1/m or N —1/m, and
therefore

V(I (1,,w)) = m. (16)
It then follows from (9) and (15) that
V() e 2 E[1g oV (I (r,p0)] 2em,  (17)

where 1g () is the indicator function of Q,,,. Letting m —
00 leads to the contradiction that

00 >V (1) T = co. (18)
So, we must have 7., = 0o a.s., whence the proof is complete.
O

3. Extinction

In discussing the extinction of system (5), we focus on the
two kinds of exponential stabilities, almost sure exponential
stability and pth moment exponential stability.

3.1. Almost Sure Exponential Stability

Theorem 2. Let I(t) be the solution of system (5) with initial
value I(0) = I, € (0, N). If
() R}, := BN/(u +y) — a*N*/(2(u + y)(1 + hN)?)
RY - *N*/Q2(u + y)(1+hN)?) < 1 and o
B(1 +hN)*/N,
(b) o > B(1 + hN)*/N v B2(1 + hN)*/2(u + y).

IAN

then,
limsup, _, (log(I(t)/t) < BN —u -y - o’N?/
2(1+hN)* <0 a.s. if (a) holds;
lim sup, _, ., (log(I(t))/£) < B*(1 + hN)*/20” — -y <
0 a.s. if (b) holds;

that is, I(t) tends to zero exponentially a.s.; namely, the disease
will die out with probability one.

Proof. Applying It6 formula to system (5) leads to

o (N-I()

dlog(I(1) = F(I(®)dt + ——— )

dw (t), (19)



where F(I(t)) = BN — I(t)/(1 + hI(t)) — u - y - o>
(N = I(£))*/2(1 + hI(t))*. Integrating both sides of (19) from
0 to t, we have

t
log (I (t)) =log(I,) + L F(I(s))ds+ M(t), (20)

where M(t) = J}:(G(N —1(s))/(1 + hi(s)))dW(s). Obviously,

_P(N-1(s) _
2(1+hN)? T Gaen,
(21)

F(I(s)) <BN—-PI(s)—u—-vy

where G(I(s)) = BN — yu —y — 0>N?/2(1 + hN)* - (B -
d?N/(1 + hN))I(s)—(6/2(1 + hN)HI(s)?, for I(s) € (0, N).
If condition (a) is satisfied, it then follows from (20) that

log (I (1)) < log (I,)

N2 ) (22)
+{BN-p-y—-—— |t+ M ().
(ﬁ Y v Ny ®
This implies that
: log (I (1)) o’ N?
limsup——=<BfN-pu-y- ——
R PN - 2(1 + hN)?
(23)
+limsuth(t) a.s.
t— 0o

Clearly, M(t) = JS(G(N —I(s))/(1 + hI(s)))dW(s) is a local
martingale and vanishes at t = 0. Moreover,

(M, M)
t

lim sup t<¢’N*<oco as. (24)

t— 00

By strong law of large numbers [22], we get

lim M®) =0 as. (25)
t—oo f
Then,
, log (I (t)) o’ N?
limsup———~ <AN-py-y-—=<0 as.
A PN =u-y 2(1 + hN)?
(26)

If condition (b) is satisfied, the function G(x) takes its
maximum value G(X) at X = N — (1 + hN)*/o? € (0,N));
that is, G(X) = ﬁz(l +hN)*/20° - (u+7). It then follows from
(20) that

2 LN
log (I (t)) <log(I,) + (ﬁ(l;T) —(p+ y)) t+M(t).
(27)
Then,
2 2
lim log (1) < FOTANY pu-y<0 as. (28)

t— 00 t 20'2

This finishes the proof. O

Abstract and Applied Analysis

From Theorem 2, we know that when Ry, = Rg - 0*N?/
2(u + p)(1 + hN )* < 1 and the perturbation is small, the
disease will die out a.s., whereas the disease may still persist
for the corresponding deterministic model (1). If the noise
intensity a2 is larger than (1 + hN)Z/NVﬁz(l + hN)2/2(M+
y), then the disease will also die out a.s. For h = 0, system (5)
becomes the model discussed in [14] and the conditions for
the disease to become extinct we obtain here are in agreement
with those derived in [14]. If there exists no environment
noise, that is, 0 = 0, then Rj; = Rg is the basic reproduction
number of the deterministic model (1). In addition, the
half saturation constant also influences R, which shows
that increasing the saturation effect can reduce the value of
R;, and thus can reduce the disease spread. The following
simulations indicate these results.

Example 3. We assume that the unit time is one day. The
parameters are given by

N=100, f=0013,  u=04,
(29)
y=06, h=005  o=0.06.
Note that
N 2n72
R, = ﬁ+ T 0)2\1] g =08 <
gty + +
puty (30)
1+ hN)?
0% =0.0036 < /’“T) = 0.0047.
That is, condition (a) is satisfied and the solution I(t) satisfies
log (I (t IN?
=-02<0 as.

Hence, I(t) tends to zero exponentially a.s.; that is, the disease
will die out a.s.

On the other hand, for the deterministic model (1), the
basic reproduction number is

N
Ri= PN 1501 (32)
Uty
The solution I(f) obeys
N —
lim I (t) = BN-(u+7) 4.7619. (33)
£ 00 B+(u+y)h

Employing the Euler-Maruyama (EM) method in [23], the
computer simulations are given in Figure 1, which support
our results.

Example 4. We keep the parameters the same as Example 3
but increase o to 0.09. Note that

o = 0.0081

B(1 +hN)* B*(1 + hN)?
i Y,

=0.00468,
2(u+y)

>m = 0.00304}

= 0.00468.
(34)
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FIGURE 1: Computer simulations of I(t) for model (5) and the deterministic model (1), using the EM method with step size 0.001 and with

initial values (a) I(0) = 80 and (b) I(0) = 10.

That is, condition (b) is satisfied and

log (I
lim sup—og( ®)
t— 00

(35)
</32(1+hl\])2 0.624 <0
< ——————-u-y=-0 a.s.
202 “ov
Therefore, I(t) tends to zero exponentially a.s.; namely, the
disease will die out a.s. The simulations are shown in Figure 2
to support our results completely.

3.2. pth Moment Exponential Stability. Following (20), we
obtain

10 =1, exp<LtF(1 (s)) ds +M(t)>. (36)
AsW(t) ~ N(0,t), then [24]
s [ Bia)
< EeNWO) _ @' N/t
Using the fact that
F(I(s)) S BN —p—y, (38)

we find

EI(t) = EI, exp <Jt F(I(s)ds+M (t))

0

272
SIOexp(<ﬁN—u—y+oi\] >t)

(39)

Since

log (I ())? = plog (I (1))
< p(log(Iy) + (BN —pu—y)t+aNW (1)),
(40)

then

B () < (I)" - PN oo

po‘zNz ) t) (41)
5 .

Theorem 5. Assume that BN — u — y + (pa°N?/2) < 0;
the solution I(t) with initial value 1(0) = I, € (0,N) is pth
moment exponentially stable.

= (I,)" exp (P(ﬁN—#—V+
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FIGURE 2: Computer simulations of I(t) for model (5) and the deterministic model (1), using the EM method with step size 0.001 and with

initial values (a) I(0) = 80 and (b) I(0) = 10.

Next, we will make a comparison between the almost
sure exponential stability and the pth moment exponential

stability, since
BN -x)x B(N -x) 5
x<—1+hx —(Mﬂ/)x) (—1+hx —(u+y)>x

IN

(BN = (u+y))x"
(42)

From Theorem 5, we know that SN — (¢ + y) < 0; that is,

B(N—-x)x ) 2
x (BTS2 - y)x) < (BN - (ur ) <0
(43)
Moreover,
2N 2.2
G(N—x)zx < o*(N - x)’x* < 0’ N*x". (44)
1+ hx)
Let K = 6°N? be positive; then
B(N-x)x > o?(N = x)*x? 2
x| ———-(u+y)x |V ———— < Kx". (45
( T #FY) (1+ hx)? )

Therefore, the condition of Lemma A.4 (in the appendix) [22]
is satisfied, which suggests that the pth moment exponential
stability of system (5) implies the almost sure exponential
stability.

4. Persistence

We will investigate persistence in the mean for system (5)
in this section. The definition of the persistence in the
mean was initially proposed for the deterministic system
[25] and was also used for the stationary stochastic system
with ergodicity [19, 20]. According to the ergodicity for the
stationary process, the time average in the long time limit is
equal to the ensemble expectation over phase space, so we
introduce the notation

(@) = % JO 1(s)ds. (46)

Definition 6. System (5) is said to be persistent in the mean,
if

t
liminflj I(s)ds>0 as. (47)
t—oo f 0
Theorem 7. If
202
= )ﬁglV TR
+ + +
“ury ury (48)

< B(1+hN)*
N

then, for any initial value 1(0) = I, € (0, N), the solution I(t)
of system (5) has the following property:

>

I <liminf (I (t)) <limsup(I(t)) <I as., (49)
t—oo t— 00
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where

BN —u-y- (02N2/2(1 + hN)z)

! B - (o?N/(1 +hN)?)

(50)
BN/ (1+hN) - -y - (0’N*/2)

! B/ (1 +hN)

Proof. By (20), we obtain

log (I (t)) —log (1)
t

_CN-I1©) ) s

lt
S?L(ﬁN_/ﬂ(s)_“_y 2(1 + hN)?
LMW

t

2 N72

=ﬁN—#—Y—m—ﬁ(I(t»

o’N o N, M@
’ (1+hN)? T 2(1 + hN)? <I(t) >+ t

o’N
- (ﬁ  (1+hN)

o’N?

2(1 + hN)? ) e

<BN-u-y-
+ —M(t).

(51)
The inequality can be written as

o*N?
2(1 + hN)?

NS

1+ hN)?

log (I (t
BT gy -

M (1) N log (I,)

t t

) (1) +
(52)

Since Ry, > Ry, if condition (48) is satisfied, then
o*N? o*N

2(1 + hN)? >0 B (1 + hN)> 70
(53)

BN -u-y-

Together with Lemma A.2. in [20], we have

Jim sup (7 (1))

BN - -y - (0 N*/2(1 + hN)?) . (54)
< = O
B - (0?N/(1 +hN)?) o

7
On the other hand,
log (I (1)) — log (1)
t
1 (" (BIN=1I(s) 1, 2)
S (B oy AN
th()( Tean YT R NI s
L M©
t
BN I 5, 2 B M (t)
—u-y-=0’N* - —L 1 =
2N YO N e
(55)
That is,
1 BN 1 5.
I(t)) = —-u—y—-—-0°N
L2 2 <1+hN Hor=5°
M) log(I(1)) - log (1)
t t '
(56)
Since —oo < log(I(#)) < log(N), then
N/(1+hN)-u-vy-(c*N?/2
liminf (I (¢)) > P G ( )
t— 00 B/ (1+hN) (57)
=1€¢(0,N) as.
Moreover,
< BN — -y - (0’ N?/2(1+ hN)?)
~ B-(a®N/1 +hN)?)
(58)
; BN/(1+hN) = pu—y-(c’N*/2)
> =
T B/ (1 +hN)
Therefore, we complete the proof. O
Example 8. The parameters are given by
N=100, B=02  u=04,
(59)
y = 0.6, h=0.05, o=0.02.
Note that
N 2372
R, = o )ﬁ(l+hN) —2‘(”1 j= 133> L
Uty Uty (60)
1+hN)?
o’ = 0.0004 < [MT) =0.072.

Then the solution I(t) of system (5) satisfies

10 < litm inf (I (¢)) < limsup (I (t)) <95.2938 a.s. (61)
-0 t— 00



For the corresponding deterministic model (1),

ia_ PN
= =20>1,
"y .
. BN -(u+y)
S Fr

The simulation results are shown in Figure 3.

5. Stationary Distribution

Applying Lemma A.5 (in the appendix) [26], if we can
show that conditions (B.1) and (B.2) are satisfied, then
system (5) has a stationary distribution. Obviously, the
square of the diffusion coefficient of system (5), that is,
X (N - I)*I?/(1 + hI)?, is bounded away from zero for I €
(a,b) c (0,N)); then, condition (B.1) is satisfied. Next, we
will prove that (B.2) is also valid.

Theorem 9. Assume that Ry, := BN/((u + y)(1 + hN)) —
’N*/Q2u +y) > 1 and o> < QB/(N*(1 + hI*)
I*)) min{(I*)?, (N = I*)?}; then, there is a unique stationary
distribution of system (5). Here, 1" is the unique endemic
equilibrium of system (1); that is, I* = (BN — (u + y))/(B +
h(p + y)). Moreover,

t
lim 1EJ P (I(s)-1I")ds < %I*GZNZ. (63)

o 1+hI*

Proof. If R}, := BN/((u + y)(1 + hN)) = 6*N*/2(u +y) > 1,
it is clear that Rg = SN/(u + y) > 1; then, model (1) has a
unique endemic equilibrium I*; that is,

N-TI* . BN-(u+
B( *):w% BNy o
1+hl B+h(u+y)
Define
% P 1
V) =T-1"-1 log<1—*>. (65)
Then V is positive definite. By It formula, we yield
av = (1 - i)dI+ d dI)*
I 217
(66)

o(N-I)(I-T%)

=LV dt
" 1+hl

aw (1),
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where

LV=<’8$\+]—;II)—(M+V)>(I—I*)+

I*6*(N - I)?
2(1 + h)?

_(BN-D BIN-T)\ . TI'I’(N-I)
_< 1+hl 1+ hI* (I I)+W
_ B +hN) (1-1°) N I*6*(N - I)?
© (L+hI)(1+hIY) 2(1 + hI)?

B

1+ hI*

(I-17) + %I*O'ZNZ.
(67)

Note that if o> < (28/N2(1 + hI*)I*) min{(I*)*, (N - I*)*},

then the neighborhood U : —(B/(1 + hI*))I - I*)* +

(1/2)I*6*N?* = 0 lies entirely in (0, N). Hence, for I €

(0, N)\ U, LV < —k (k is a positive constant), which implies

that condition (B.2) is satisfied; for more details, we refer to

[27]. Therefore, system (5) has a stationary distribution.
Moreover,

0<E jtdva (s)) = E ItLV(I (s)) ds
0 0 (68)

B #1\2 I« 2.2
<-E I(s)-1")ds+—-I"0°N"“t.
,[ol+h1*( (S) ) $ 2

Then

. 1 ! ﬁ *\2 1 * 2272
tlgr;O;ELHM*(I(S)—I)dssEIaN. (69)
O

Next, we will give the expressions for the mean and
variance of the stationary distribution.

Theorem 10. If R}, := AN/((u + y)(1 + hN)) — 0> N*/(2(u +
) > Land o* < 2B/(N*(1+hI*)I*)) min{(I*)*, (N - I*)*}.
Let m and v denote the mean and variance of the stationary
distribution of model (5). Then,

mz([o’N—‘u—y—%ozNz)

2,15 BN -u-vy
x((ﬁh+(/4+y)h +30 )—ﬁ+(,u+y)h
o (70)
—(ﬁ(hN—l)—Zh(y+y)+02N)> ,
_BN-p-y e
PR A
Proof. Multiply both sides of (5) by 1 + hI(t); that is,
(1+AI(t)dI(t)

=(BIN-I@)I®) = (u+y)I®) A +hI®))dt (71)
+o (N=I@®))I()dW (t).
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F1GURE 3: Computer simulations of I(¢) for model (5) (red line) and the deterministic model (1) (blue line), using the EM method with step
size 0.001 and with initial values (a) I(0) = 80 and (b) I(0) = 10. I = 10 and I = 95.2938.

Integrating (71) from 0 to t and dividing by ¢ on both sides,
then

1 t
7 L (1 + kI (s))dI (s)
1 t
) ?L (BN =T(S)I() = (u+y)I(s)(1+RI(s))ds

+1Jto(N_1(s))1(s)dW(s).
t Jo

(72)
Since
— t —
I(t)flo < %J (L+hI(s)dI(s)<(1 +hN)I(t)fIO,
0
(73)
lettingt — o0, we have
1 t
Jim s [Qrrd© =0 as. 00
— 00 0

Then, applying the ergodic property of the stationary distri-
bution and strong law of large numbers, we get

(BN —p—y)m—(B+(u+y)h) (I’) =0. (75

Here, (I(t)*) denotes the second moment of the stationary
distribution [14].

In a similar way, multiplying both sides of (19) by (1 +
hI(t))*, we obtain that

(1+hI )’ dlog(I(t)) = (1 + kI (t))°F (I (t)) dt

+ o (N =1(t)(1+hI®)dW (t).
(76)

Then, integrating (76) from 0 to t and dividing by t on both
sides,

1 r (1+hI (s))zdlog (I(s))
t Jo

1 r (1+ R (5)F (I (s)) ds 77)
t Jo
+1 jta(N—I(s))(l +hI(s))dW (s).
t Jo
Since
M < % Jt (1+ hI(s))’dlog (I (s))
’ (78)
<+ hN)zlogI (t)t— log 10’
then
lim % r (1+hI(s))’dlog(I(s)) =0 as.  (79)
t— 00 0
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FIGURE 5: Normal quantile-quantile plots of the solution I(t) for model (5) for I(0) = 10 and differing values of ¢ = 0.005, o = 0.001, and
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Namely, From (75) and (81), we can get

1t
limy [, 0 mOPFa s m= (BN -u-y-0'N?)
1 t
+lim—| o(N=I(s)(1+hI(s)dW(s)=0 as. 2 1o\ BN-u-y
HML (30) X<<ﬁh+(“”)h +20>/3+(M+V)h )

-1
_(ﬁ(hN—l)—Zh(y+y)+02N)) ,

Therefore,
yo PNZBTY e

B+(u+y)h
,BN—‘u—y—%02N2+(ﬂ(hN—1)—2h(y+y)+02N)m

O
- <ﬁh +(u+y)h + %02> (1) =o.

Example 11. We keep the parameters the same as Example 8
(81) but reduce o to 0.005, 0.001, and 0.0005. Note that Ry, is
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FIGURE 6: Plot the mean 1 and variance v against 0. The endemic equilibrium I” of the deterministic model (1) is 76.

3.2083, 3.3283, and 3.3321, respectively, and all of them are
bigger than 1. Furthermore,

o PN (ury)

T Bih(uty) -7

(83)
_ % ("), (N =1")*} = 0.000063
N2(1+hI*)I* ’ ' '
The values of o are satisfied for the conditions of Theorem 10.
The histograms of I(t) are shown in Figure 4, respectively,
for different values of ¢ = 0.005, ¢ = 0.001, and ¢ =
0.0005. The simulations were run for 100,000 iterations with
step size 0.001, and the first 90,000 iterations were discarded
to allow I(t) to reach its recurrent level. The distribution is
slightly negative skewed for o = 0.005 and positive skewed for
o = 0.001 and o = 0.0005. Additionally, the corresponding
sample skewness coeflicients are —0.00067, 0.0016, and 0.0017,
separately. These simulation results illustrate that the distri-
bution of I(¢) has reached the stationary distribution. When
o = 0.005, from (70), the mean and variance of the stationary
distribution are 75.9710 and 2.2016, respectively, while the
sample mean and variance are 76.3754 and 0.3209. For ¢ =
0.001, the mean and variance of the stationary distribution
are 75.9988 and 0.0876, compared to the sample mean and
variance which are 75.9285 and 0.0157, separately. When o
reduces to 0.0005, the mean and variance of the stationary
distribution are 75.9997 and 0.0219 and the corresponding
sample mean and variance are 76.0248 and 0.0050. As ¢
decreases, I(t) becomes more symmetric about I* = 76 and
the perturbations become much weaker. What is more, the
normal quantile-quantile plots in Figure 5 suggest that these
data are not far from being normally distributed.

From (70), we know that when o = 0, the mean value
m equals the value of the endemic equilibrium I* and the
variance v is zero. Furthermore, if o increases, the mean value
m decreases and the variance v increases as shown in Figure 6.
Obviously, the greater the intensity of the noise is, the larger
the variance is, that is, the stronger the fluctuations of the
distribution are. And this is in accordance with the actual
case.

6. Conclusion

In this paper, we established a stochastic SIS epidemic model
with saturated incidence to investigate the effect of environ-
ment noise. After proving the existence and uniqueness of
the positive solution, we considered two kinds of stabilities:
almost sure exponential stability and pth moment exponen-
tial stability. Our deduction shows that the pth moment
exponential stability implies the almost sure exponential
stability. As for the extinction of the disease, our results
indicate that when the noise ¢ is larger than S(1 + hN Y /NV
/32(1 +hN)2/2(y + ), the disease will die out a.s. If the
noise is small, the disease will also die out a.s. when Rj; <
1, instead, the disease will be persistent in the mean when
Rj, > 1. Our investigation shows that the conditions for
the disease to become extinct are much weaker than those
in the corresponding deterministic model; that is, even if the
disease dies out for the stochastic model, it may still persist for
the corresponding deterministic model. Additionally, the half
saturation constant influences the threshold value Ry, which
is not obtained in the deterministic model. Increasing the
saturation effect by changing the behavior of the susceptible
individuals and taking effective control measures of the
government can reduce Rj; and thus can reduce the spread
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of the disease. Finally, we proved the existence of a stationary
distribution and derived the expressions for the mean and
variance when the noise is small and Ry, > 1. Our theoretical
results were further verified by computer simulations.

Appendix

First, we give some theory in stochastic differential equations.

Let (Q, F,{F,};50, P) be a complete probability space
with {#},. satisfying the usual conditions (i.e., it is increas-
ing and right continuous while {& )} contains all P-null sets).
We use a V b to denote max(a, b), a A b to denote min(a, b),
and a.s. to denote almost surely.

Definition A.1 (see [22]). Consider the d-dimensional
stochastic differential equation

dx(t) = f(x(@),t)dt + g(x(t),t)dB(t), fort=>t,,

(A])

with initial value x(¢;) = x, € R? and B(t) being the
m-dimensional standard Brownian motion. The solution is
represented as x(¢;t, x,). Assume that, for any t > t,, there
is

£(0,t) =0, g(0,t) = 0.

So (A.1) has the solution x(¢) = 0. This solution is called the
trivial solution.

(A.2)

Definition A.2 (see [22]). The trivial solution of (A.1) is said
to be almost surely exponentially stable if

lim sup% log |x (t;£9, x0)| < 0 as., (A.3)

t— 00

forall x, € RY.

Definition A.3 (see [22]). The trivial solution of (A.1) is said
to be pth moment exponentially stable if there is a pair of
positive constants A and C such that

Elx (t;t, xo)|” < Cloco[Pe ™™ on t =,  (A4)

for all x, € R?. When p = 2, it is said to be exponentially
stable in mean square.

Lemma A.4 (see [22]). Assume that there is a positive constant
K such that

X f(x,1) Vv |g(x,t)|2 <K|x]* V¥ (xt) eRx [ty 00).
(A.5)

Then, the pth moment exponential stability of the trivial
solution of (A.1) implies the almost sure exponential stability.

Next, we give some theory about stationary distributions
[26].

Let X(t) be a homogeneous Markov process in E; (E;
denotes Euclidean /-space) described by

dX (t) = f(X)dt+ Y g, (X)dB, (). (A.6)

s=1

Abstract and Applied Analysis

The diffusion matrix is A(x) = (a;;(x)), a;(x) = P gi(x)
gi(x).

Assumption B. There exists a bounded domain U ¢ E; with
regular boundary I', having the following properties.

(B.1) In the domain U and some neighborhood thereof, the
smallest eigenvalue of the diffusion matrix A(x) =
(a;;(x)) is bounded away from zero.

(B.2) If x € E; \ U, the mean time 7 at which a path issuing
from x reaches the set U is finite and sup, . E, T < 00
for every compact subset K C E,.

Lemma A.5 (see [26]). If (B.1) and (B.2) hold, then the
Markov process X (t) has a stationary distribution.
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