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COMPARISON OF RESEARCH METHODS FOR DISEASE MODELS
WITH TWO DIFFERENT RANDOM PERTURBATIONS UNDER THE
INFLUENCE OF SANITATION AND AWARENESS

Yaxin Zhou! and Daqing Jiang®'

Abstract Environmental hygiene and public awareness play a key role in controlling the
spread of infectious diseases, and they are also very effective health intervention measures for
the public. This paper studies the dynamical behaviors of a nonlinear mathematical model
with health and publicity which controlled by investment budget. We compared and analyzed
the research methods of two disease models generated under white noise and Ornstein-
Uhlenbeck process perturbations. At first, we discuss the local stability of the endemic
equilibrium by Lyapunov function method which avoids the tedious calculation process when
studying the local stability of the positive solution of the models with dimensions greater
than three. And then we conduct research on random models under the influence of white
noise, we study the existence and uniqueness of positive solution. We get a critical value
R* which corresponding to the control reproduction number R; of the ordinary differential
equation when we discuss the stationary distribution of the stochastic system. In addition,
constructing a Lyapunov function is a method to obtain some sufficient conditions for the
extinction of the disease. Finally, the numerical simulations illustrate our above theoretical
results and several parameters have a significant impact on the model are pointed out.
Specifically, we present the dynamic properties of the same model under Ornstein-Uhlenbeck
process perturbations in the Appendix.

Keywords Logarithmic Ornstein-Uhlenbeck processes, white noises, local stability, station-
ary distribution, extinction.
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1. Introduction

People keep at a distance from diseases as if it were defiling and most diseases are caused
by bacteria and viruses, which require us to pay attention to environmental sanitation. It is
estimated that inadequate sanitation leads to about 432000 diarrhoeal deaths each year, which
is the main factor in the outbreak of several neglected tropical diseases, including intestinal
worms, schistosomiasis and trachoma. Poor sanitation also contributes to malnutrition and it
is linked to transmission of diseases such as cholera, diarrhoea, dysentery, hepatitis A, typhoid
and polio and exacerbates stunting [27]. The rate of sanitation coverage plays a vital role for
better hygiene, similarly, safe drinking water is related to economic and social development.
Over the last decades, various government and non-government organizations have made efforts
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to improve sanitation coverage and clean drinking water in order to slow down the spread of
diseases [28].

In most developing countries, people face difficulties to prevent the spread of new and re-
emerging infectious diseases due to the inadequate of medical equipment. Thus, they focus on
the renewal of medical facilities to slow down diseases spread when the emergence of any new
infectious disease. Awareness, which brings the behavioral changes among the population, can
be seen as partial treatment at no cost. Apart from this, awareness regarding the spread of
any infectious disease also reduces the economic burden required for medication [21]. Kumar,
Srivastava and Takeuchi in [12] propose, the responses of person to the threat of disease are
often related to their perception of risk, which could be influenced by the public and the pri-
vate information disseminated widely by the media. Therefore, there are more interests among
researchers in studying the impact of those behaviour influencing factors on the spread of in-
fectious diseases. For other studies on epidemic models with media or awareness programs, we
have read [4,5,18,30] and the references contained therein in detail.

In addition, environmental noise is a key part of the ecosystem and an important factor
of the population system. Because the random interference in the environment is considered,
the random model with environmental noise is more suitable for describing the actual situation
than the existing traditional one. It is of great biological and mathematical significance to
consider both deterministic systems and stochastic infectious disease models. Many papers
[9, 16, 19,29, 37,39, 40] have studied the effects of white noises on the population models and
drew some reasonable conclusions. For instance, Jiang et al. obtained the stationary distribution
and extinction of a kind of Logistic equation with random perturbation in [10]. The dynamic
behavior of a disease model under random environmental noise interference was studied by Zhou
et al. in [36], while considering the conscious population under the influence of media. Zhou
et al. in [35] also considered environmental noise disturbances for disease models that can be
dimensionally reduced and included in the isolation phase. Some meaningful inferences are
reached in [8,13,15,25,33] and these papers provide some ideas for us to further discuss the
infectious disease model, and combine theory with reality to draw some conclusions about the
intention of disease transmission in the bargain.

In the following content of the paper, we introduce some mathematical models and main
lemmas used in the paper in Section 2. And we construct some complex Lyapunov functions
to prove our conclusions in the paper afterwards. Section 3 discuss the local stability of the
endemic equilibrium with Lyapunov function method method. Next is the study of random
models under white noise and Ornstein-Uhlenbeck processes interference, respectively. The
existence and uniqueness of positive solution of those stochastic models is showed in Section 4
and Appendix A. We mainly investigate the existence of stationary distribution of stochastic
systems in Section 5 and Appendix C, which obtains two critical values related to the basic
reproduction number Ry. In addition, in Section 6 and Appendix B, the sufficient conditions
for the extinction of diseases is derived. We finally verify the conclusion in this article through
some numerical examples in Section 7.

2. Mathematical models

Disease researches are relatively complex experiment and extensive experimentation would be
required to find the exact parameters, however, mathematical modelling can provide a predictive
tool and the capacity to adjust variables without experiments. Papers [1, 14, 17,23, 31, 32, 34]
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verified the viewpoint.

2.1. The ODE system and analysis

In this subsection, we consider a mathematical SIS model with immigration where infected
individuals recover from infection to the susceptible class after a certain time. Besides, the
protection information regarding the disease is disseminated through some social media. As a
result, we study the mathematical disease models with medium [22]:

(dS(8) _ \ (5 N 51"51]‘/-’(’5> S()I(t) — nﬂsa) FoI(t) — dS(t),

dt p+ k1M (t) L+ B(t)
T = (8- S ) SO0 + i s B(Q(t) (1)~ (v +a+ d)I(r), -
L = ol + 0B(0) — ouB(e) — oIV ),

dl\gt(t) _, ( _ M}é”) M(t) + 0I(t)M(t),

where S(t) is susceptible population and infected population at any time ¢ expressed by I(t). Let
B(t) be the density of bacteria shed in the environment. The variable M (¢) addresses the budget
allocation by the government to warn people and for sanitation coverage. And the meanings of
other parameters in this function are showed in the following table.
All of parameters in the Table 1 are positive and fi(M) = 3 p_liﬁ/[M, fa(M) = %

In this paper, for the feasibility of the system, we let ¢g > ¢, 0 < k1 < 1 and 1 < 5. Let N(t)
is the total population in the region under consideration, where N (t) = S(t) + I(t). We use the
following set to represent the feasible region of (2.1):

OSBﬁﬁ,

J— 4 N
Q—{(S7I7B7M)€R+' 0<§+1 (b0 — 9)

0<M<K<r+“>}.
r d

<A
=

The description of the feasible equilibrium point of this model is as follows:

e The disease and budget-free equilibrium is Ey (%,0,0,0) and it is always feasible but
unstable.

e The budget-free endemic equilibrium is Fy(Ss, Iz, Ba,0), this equilibrium is feasible if
Ry > 1 and it is unstable.

e The disease-free equilibrium FEs (%, 0,0, K ) is always feasible and it is globally asymptot-
ically stable in the region Ri of I and B plane if R; < 1.

e The interior equilibrium is E*(S*, I'*, B*, M*), this equilibrium is feasible if R; > 1 and
it is globally asymptotically stable in €2 provided the following inequalities are satisfied
equation in Th5.3 of [22],

where,

BA no1A

B0~ doratd TdLvtatdde 9
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Table 1. Parameter description for the model system.
Parameters Description
A Immigrants from the susceptible groups
B Contact rate of susceptible with infected individuals in absence of funds
51 Efficacy of budget allocation to reduce the contact rate via propagating awareness
k1 Fractional constant determining the budget allocation to warn susceptibles via
propagating awareness
P Half saturation point for fi(M) as it attains half of its maximum possible
value 81 when budget allocation arrives at ,:41
n Transmission rate of susceptible to infected class due to interaction of
susceptible with bacteria present in the environment
L Half saturation constant
v Recovery rate of human population
«@ Disease induced death rate of human population
d Natural death rate of human population
01 Growth rate of bacteria due to increase in infected individuals
10) Self-growth rate of bacteria
o)) Natural death rate of bacteria
P Efficacy of sanitation coverage to reduce bacteria in the environment
due to budget allocation
q Half saturation point for fo(M) as it attains half of its maximum
possible value ® when budget allocation arrives at ﬁ
r Intrinsic growth rate of budget allocation
K Carrying capacity of budget allocation
0 Per-capita growth rate of budget allocation due to increase in infected individuals
Ry = (ﬁ - ﬁlpflfK> e +Aa R no1A T (2.2)
(v+a+d)(do— o+ 7R

and So, Is, Bj are the solution of dS = dI = dB =0 in (2.1) when My = 0. S*, I*, B*, M*
are positive and are the solution of dS = dI = dB =dM =0in (2.1).

The quantity Ry is the basic reproduction quantity without budget and R; is the basic
reproduction number with budget. It is easy to note that R; < Ry, indicating that the presence
of awareness and sanitation coverage lowers the epidemic threshold and reduces the infection
risk through budget allocation.

2.2. The stochastic model

As mentioned in the paper, compared with the deterministic infectious disease model without
considering environmental white noise and Ornstein-Uhlenbeck process, it is closer to reality to
consider the impact of environmental noise. After adding the inference of random white noises,
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we get the random system based on the system (2.1):

(4s(t) = [A _ <ﬁ _ 4 ]m> S(HI(t) — an(;)(t)S(t) +ol(t) — dS(t)] dt
+015(t)dBi (1),
- kM (1) B(1)
dI(t) = Kﬁ - ﬁlZM) SO0 + 1 eSO — (v +a+ d)I(t)] dt -
+ooI(t)dBs(t), '
B(t) = |0 + 08(0) ~ uB(0) - @ LTIV o) a4 aB(e)ia(e),
M (1) = [r (1 _ Aﬁ”) M) + Hl(t)M(t)] dt + oa M (1)dBa(1).

where Bj(t) are mutually independent standard Brownian motions and 0]2- >0, 5=123,4
represent the intensity of white noises.

Based on our research on logarithmic Ornstein-Uhlenbeck processes, we chose (52 as a variable,
and the perturbed model is

(dlog Ba(t) = w (log B — log Ba(t)) dt + o5dBs(t),

as(0) = [~ (B i Tp s ) SOI0) =02 80 +1(0) - asto)| ar

dI(t) = KﬂQ - m}m> S(HI(t) + an(;)(t)S(t) —(w+a+ d)I(t)} dt, (2.4
) (= k)M

4B(0) = |on1(0) + 05(0) - n(0) - 0TI B0,

M (t) = [r < - Aﬁ“) M(t)+ HI(t)M(t)] dt,

where log (3 is the average value of log (2(t), w > 0 is the symbol for the speed of reversion and
o5 > 0 means the intensity of fluctuation, Bs(¢) is Brownian motions.

We define (9, {F;}+>0,P) as a complete probability space with a filtration {F;}:>o satisfying
the usual conditions (i.e., it is increasing and right continuous while Fy contains all P-null sets)
in the paper. Denote

Ri:{(l’l,l’Q,-.. ,l’n)ERnZl'i>0,i:1,2,--. ,’I’L}.

2.3. Main lemmas

Lemma 2.1. [11] Let X(t) is a homogeneous Markov process in d — dimensional Eucidean
space, satisfying

dx dt+2gg )dB(t

We let A(x) = (aij(x)) be a diffusion matriz, and a;j(x) = Zle gf(m)gl] (). Assume there exists
a bounded open domain R? (d dimensional Buclidean space) with regular boundary T', having the
following properties:
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(1): In the domain G and some neighbourhood, the smallest eigenvalue of the diffusion matrix
A(z) is bounded away from zero.

(II): If x € R\ G, then mean time T at which a path issuing from x reaches the set G is
finite, and sup e E*T < o0 for every compact subset G € RY.

Then the Markov process X (t) has a unique stationary distribution m(-).

Remark 2.1. In Lemma 2.1, according to the Chapter.3 in [6], Chapter.6 in [26] and Rayleigh’s
principle, we get the assumption (I) equivalent to that there exists a positive number M satis-

fying
S ioaii(2)&& > MIEP?, 2 € K, € e RY

And according to the Theorem 3.13 in [38], the assumption (I7) holds if there exists a nonneg-
ative C2—function V satisfying

LV < —1, for any z € RY\ G.

Lemma 2.2. [24] Let V(xz(t)) be a scalar function with continuous first partial derivatives,
x(t) > 0. Assume that Q; is bounded and that within € :

V(z) >0 forz#0; V(z)<O0 forallz#0 in Q.

Then the origin is asymptotically stable, and above all, every solution in £ tends to the origin
as t — oo.

Lemma 2.3. [2,3,20] Consider the d-dimensional stochastic differential equation
dX (t) = b(X (t))dt + o.(X(t))dB,(t), t >0, X(t) € RY, (2.5)

where b(X(t)) and o.(X(t)) are Borel measurable, B,(t) is Brownian motion. Suppose that
there exists a bounded closed set T C R* and any initial value X (0) € R? satisfy the following
condition, for transition probability P(t, X (0),T") of X(t),

1 t
liminf/ P(s,X(0),I')ds > 0 a.s.
0

t—o00

Then system (2.5) exists a stationary distribution.

2
Lemma 2.4. Let x = log f2(t) and we can see x ~ N(Z,5>). And then define n > 1 is an
integer,

L[ L[
lim / By (m)dm = lim = [ "™™dm
0

t—oo t t—oo t Jg
1 b au(z(m)—z) noy .
= lim — e 95 Vaw e dm
t—oco t 0
/+OO 1 y2 nosy
n _y*
=f e 2eVvdy
oo V27
_nos .2
too ] w-TEE? 2
:/8" e 2 e 4w dy
oo V2T
:Bne 4w s

V2k(z(t)—T) _

where y = =
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3. Local stability of disease-free equilibrium by LYP method

When we size up the local stability of the solution of the model, we generally determine whether
the characteristic roots of its characteristic equations have negative real parts by Routh-Hurwitz
criterion. However, for four dimensions models and other higher dimensions models, its calcula-
tion process is extremely complicated. Therefore, in order to avoid such problems, we consider
a new method to judge the local stability of the solution. It exists a endemic equilibrium
E*(S*,I*, B*, M*) of deterministic system (2.1) when R; > 1, at first, we introduce a theorem:

Theorem 3.1. On the premise of Ry > 1, if

a(a+d) bi¢g1B*  biayM*B* agr biasB*
a — — > 0, > 0,
2T ot 2d I+ 12 0K M*
_ (vtatd)Ir* _ nB*S* _ P1kipS*I* _ ®(1—k1)gB* -
are tTU@, and a; = g as = W, az = (;_’_]1‘17]\4*)2, aqs = W, bl =
%, then the endemic equilibrium E* is locally asymptotically stable.

Proof. For the proof of this theorem, our general approach is to linearize the model (2.1)
based on the positive equilibrium point at first, and then prove that the linearized equation
is asymptotically stable, thus obtaining that the original model (2.1) is locally asymptotically
stable. We first derive the linearized equation of model (2.1):

d(S—5%) _ Atul* . ki M* .
— (5 -5 - <(5 B ) —v) (I—1I%)
LS* k1pS*I*
BB e M
dI-T") (ta+dI*, . . aB'S . gL§*
T
k1pS*I*
kM)
d(B— B*) § leil (1 — k1)q®B” Ve
S = =) = T (B B - T s (M )
d(Md_tM) — OM*(I — I*) — ”\Ig (M — M*).

At this moment in time, the stability of the positive equilibrium of system (2.1) is equivalent to
the stability of zero solution of system (3.1). After calculation, we can get

_T%\2 *
5(12” — a1(S = S*)(I = I*) — ao(I — I*)? + (LT%*)Q(I _I)(B - BY)
—az(I —I")(M — M"),
=5 ;I L (S -5 — (@t d)(I—T)? — (o +20)(S — §7)(I — I)).
c(M_2M*)2 =OM*(I — I*)(M — M*) — %(M — M*)?,
£ BT gy -8 - A 5By e v - ),
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where
(v+a+d)I* nB*S* B1kipS*I* ®(1 — ky)gB*
M= = o 3= g, G4 = myE
S T+ B (0 + I 07) (@+ (1= k)M)
Define

W — (I —1%)? N a1(S—S*+1—-1%)?%  az(M — M*)?

2 dat2d) | 200
Using It6's formula, we get
LS* ard
LWy = —ay(I -T2 + —1=2__ (I —I*)(B— B*) — S — §%)?
V=l = I R (= I (B - BY) - (s - )
al(a+d) %\ 2 agr *\2
C T 2 - B - )2
a+2d( ) HK( )

To eliminate (I — I*)(B — B*), we deform the following equation

() ) ()]

— ay(M — M*)(B — BY).

B — B* 2

Thus we construct a radially unbounded function

b (B — B*)? nLS*
W=w+ 222 = 2
! 2 17 61(L + B*)?

And

_ et A S —1*2—@M—M*2
a+2d a+2d ( ) QK( )

nLS B [ I B . .
nLSTBS f L N (B (M — MY)B - B
T T 1B (I* ) (B* ) braa A )

(0 -0 -G)]

+d bio1B*
B [@_I_ a(a+d)  bigy

o2 ayd N *2_@ N *\2
a+2d I ](I Va2 ) g (M -

LW = —ap(I — 1?2 — 9L (g_ gz _arlatd)

+ blgblI*B*

~bin "B (7 — 5o | —bias(M — M*)(B - BY),

where

— (M - M")(B - BY)

M B
= - B*M* —1) (= -1
G ) (5 )

e () (2 )+ () ()
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M 2 pmMr /B I\? BM*[]I 2
< B*M* 1 = = — 1) .
=B (M* ) T (B* I*) T (I* )

Comprehensive factors were considered,

al(a—i—d) b1¢p1 B* biagM* B* " aird 19
< — - — -1
LW < <a2+ ot 2d I T2 ( )2 — +2(5 S)
asr biayB* 2 . ok b1a4B*M*
— = - M —M*)* — by I™B
<¢9K M* > ( ) < 1¢1 * )
* % biasM*B* P(1—k1)M*B*
where by [*B* — baadl"B% 5 SRR (1 o) > 0, and
a1 (a+d) B bip1 B* B biagM* B*
2T T 2d I 2
_ nB*S* (v+d+a)l*(a+d)  nLS*¢:B* nLS*B*2M*®q(1 — ki)
- (L+B*)I* S* (o + 2d) &1 I*(L+ B*)2 ¢ I*2(L + B*)?[q + (1 — k1) M*|?’
agr biasB*  PrkiprS*I* B nLq®(1 — ky)S* B*?
0K  M*  Ok(p+kiM*)?2  ¢1(L+ B*)2[qg+ (1 — k) M*]2M*
By Lemma 2.2, when the following conditions
a1 (a + d) b1p1 B* biaysM™*B* asr biasB*
T 2d IE [ SR VR
are true, the positive equilibrium of system (2.1) is locally asymptotically stable. O

Remark 3.1. When ¢, is as large as possible, the condition in the above theorem remains true.
That is to say, as the number of infected individuals increases, the bacterial growth rate ¢
increases, and the disease equilibrium point is locally asymptotically stable, which is consistent
with reality.

4. Existence and uniqueness of positive solution of random sys-
tem (2.3)

S, I, B, M in random system (2.3) are positive because they are different kinds of individual
numbers. Prior to studying the dynamic behavior of the model, we consider the existence and
uniqueness of positive solutions at first.

Theorem 4.1. For any initial value (S(0),1(0), B(0), M(0)) € R, the system (2.3) has a
unique global positive solution (S(t),1(t), B(t),M(t)) € RY for allt > 0 when r > o3.

Proof. For the proof of the existence and uniqueness of positive solutions, we have a relatively
mature demonstration method. For further understanding of this method, refer to the complete
proof in [35]. Here we give the construction of C?—function U(R% — R) bases on the specificity
of M(t):

U(S,I,B,M)=(S—1-8)+(I—-1-Inl)+(B-1-1InB)+ (]\1/[—14—1nM>.
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By

1
u—1—Inu>0forany u>0and — —1+Inv > 0 for any v > 0,
v

we can explain that the function is nonnegative. Applying It6's formula to U, we have

B 1 ki M B
LU(S,I,B,M)_<1—S>< (B b1 +kM>SI—nL+BS+vI—dS>

1 1M B
+(1—I> <<B b1 +k:M> SI+T]L+BS—(v+oz+d)I>

2 2

2
1 1 M 02 o2 o2
R 1—— | M+6IM 441

2

SA+n+2d4+ 5L, b ot at o+ O+ 1+ (6 +B+0)]

2
_rT%

M

<A+n+2d+ % 102 Fotatgo+ @t 4+ (61 +B+0)

:M1+(¢1+6+9) )

among above function

My=A+n+2d+5) 102 Fotatg @t

In addition, we can see that I < 2(I — 1 —log 1) + 2log2 < 2(U + log2), thus we have
LU <My +2(¢p1+8+0)(U+1log2) < A1+U),
where

A = max{M; +2(¢1 + B+ 0)log2,2(¢1 + B+ 0)}.

5. The existence of stationary distribution of system (2.3)

The existence of stationary distribution has always been an important part of the research on
stochastic epidemic models and population models, and it also shows the persistence of the
diseases. Denote

ABpr + Ak K (8 — B1)(r — o)
KA+ 2 — G+ 2w+ ot d+ 2)
Angy

0'2 0'2
(d+F)Lw+a+d+ ) (po— ¢+ LI 4 oy

R* =

_l’_
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Theorem 5.1. Let us suppose, R* > 1 and r > o2, then the system (2.3) has a stationary
distribution.

Proof. We prove the existence and ergodicity of stationary distribution need to verify the
conditions in Lemma 2.1. Firstly, we write the diffusion matrix of system (2.3),

diag(c1S?%, 021%, 02 B% 02 M?).

Since it is a diagonal matrix whose elements on the diagonal are greater than zero, it is positive
definite. Hence, condition () holds. Next, the key point is to verify the condition (I7).
Define a C?—function V (S, I, B, M) = WV} + Vs + V3, where

B 1
Vi=—(ag+a2+a3)lnS—Inl —aslnB+as—— + (ag + a7y + ag) In M + ag—

$o — ¢ M
+aiB,
1 1
=—WnS-mB+—, Vo= (S+1+anB)*’ + M
V5 nsS n —{—M,Vg 2+9(S+ +ai ) + M,
and the parameters W, 0, and a;, ¢ = 1,2,...,11 are given at soon. We can know that the

function V exists a minimum value me, then the C?—function V
V(S,I,B,M) =V (S,1,B, M) — Vi > 0.

With the It6’s formula, we obtain

A ki M B I o?
LV, = = T4+n—— —p= 71
V1 (a1+a2+a3)< +<5 B1—— s ) +nL—|—B vs+d—|—2>
Bp (8 = B1)ki M B S 3
— — = d+ 22
+< ik ik D "Lypr TUvtetdts
I (1— k)M o3
+a4< ¢>1B+ q—|—(1—k1)M+¢o o+ 5

o . (A-k)M
+a5<¢o—¢>l (L+B)+L ¢o—¢q+(1—k1>MB>

+ (ag + a7 + as) M—|—91+ o3 . r—04 9[+r
—r— _ = _
ag ay ag K r B as Vi M K

+ o (W ~ (¢o— ¢)B - ‘I’WB)

A Bp p+ kM % o}
< — = -1 Z4
= <als+ +k1MS+ TIK ) ( 2

2
71
2

A (B Pr)kiM +k1M S
<a28+p+k1M S+a7r le

)
)

2
r o rp A B S qb[
- _ 74 _ = 2 bl L
+agK+a7<r +k1K> <a35—|—77L+BI B —|—a5( )

B
o? (1 — k)M M
d+ 2L 5 P S ¥ - _
+a3< + 2>—|—CL4 o+ (L= k)M a9TK+a9r+a4(¢o o+ >
1

I
o — ¢

2 B
+asL + <v+a+d+022> + (a1 + az + a3) <ﬁf+77L> +as
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+ (ag + a7 + ag)0I + a1pp1l — aro(po — ¢)B

Let
_ ABpr o A77¢1
a1 = o—% 4 y A4 = o2 (1— k1)K o‘% 27
_ Ang, _ AB- 51)(7«_04)
4= 2 (1-k1)K o3\’ az = o2\9 2 )
(d+ 5 )L(¢O_¢+¢)W+7) (d+ )2 (r——+k1K)
_ Ang _ Appr
a5 = 2 5 (k1)K , Qg = U% 2 ,
(d+ I)L (QZ)O_Q[)“‘(I)m—F ) le(d‘{'?)(r—*‘Fle)
_ (5 ﬁl)(r—o'gl) ag = (ﬁ 51)(7‘—0'4)K
(d+7)(r_*4+k:11{) r(d+ 7)(7“—*4+k1x)
4y = a,b L FIK _ (a1 +az+ag)y

M a -
(q+ @ =k)K)? 77 (g — @)L
Due to the function

(1—k)K

M
- — + <hK)=a1b—————.
agr agr < h(K) = ay4 PR

g+ (1 —k)M K
In consequence we obtain

A Bp p+ kM o? o}

IVi<— (a2 21 _ %
W < (a15+p+k:1MS+ agr————— i >+a1<d+2 + ag 5
o2

L

A (B=B)kiM p+ kM r—o;
<GQS+M\4S+6L7T le +CL8 M +CL2

719

k1 K
,
K

2
o3 rp A B S ol
_ay P P 4 a5(L + B)
+a7<7“ —i—le) ( S+17L+Bl+a4 5 +as(L +
o2

)

p_L=FIK 4+ 3 L d
+ ay q+(1—k1)K+a4(¢O ¢+ 5 +asL+ |(v+a+d+ = 2

2
+ (a1 + a2 + a3)BI + as I+ (ag + a7 + a9)0I + a1op11 + a3 (d + Jl)

2
or)

+
Y4 T
> <7“ +k1K>+a8K

2
- : o1 (k)KL
4(asasasAng1)3 + as (d+ 5 ) + ay <<I>qJr T hR TP — o+ > +asL

$1
o — @

1
arasABprY 3 it -
3< ki I >+a1<d+2 e 2
1
_4 <a2a7a8A(ﬁ —Kﬁl)r(r - Ui)) ! + ag < ot

2

+ (U+Oé+d+a22) + ((a1+a2+a3)ﬁ+a5¢¢1d)+(a6+a7+a9)9—|—a10¢1>l
o —

_ ABpr + AR K(B - B)(r —oi) Angy
MEd+F) -5+ 25)  (d+ F)L(do — 6+ e U 4 o)
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0_2
+ (u+a+d+22) +AI

=— <v+a+d+02§> (R* —1) + AI
=—p+ Al,
where
A= (a1+a2+a3)6+a5¢0¢_1¢ + (ag + a7 + a9)f + a10¢1,

52
p = <v+oz—|—d+22> (R*—1).

In the same way, one can get

A M B I
LVo=— I —vg+d
Vo = +<B B +1Mr) g vgt + 2 ¢>1

(1—k)M o2 r—oj} I r
q—|—(1—l~c1)M+¢0 AN v M TE
A o? I o? r—o? T
<248 A =t Dt do—p+ 23— 44
< S+5 +n+d+ 5 ¢1B+ +¢o— ¢+ 5 M e
LetleS—l—I—i—anB,aH:ﬁand@—%l-%,then
1-— M
LV3 :N19+1 <A —dS — (Ol + d)I+ a11(¢ — ¢Q)B + a11¢>1f — allq)qj_(lkll)g
— k1

0+ 1)N?
2
§N19+1 (A — min{d, o+ d — anqbl, all(qbo — gf))}Nl)
(04 1)NI+2

5 1 (O’%\/O’%\/O’%)—%MQ—FTM—FQIM

M
(07S8% + 031% + af 03 B%) +r (1 - K) M +60IM

_ 0+1 r
AN (mln{d,an(gbo — @)} — — (0’% Va3V a§)> N2 _ ?MQ +rM

+0IM

min{d, ai1(¢o — 9)} o2
1

SAN?‘Fl . T

_ minid an(éo — 9} (8742 + 1742 4 af2B72) — T M? + 1M + 0IM.

4
By (5.1)-(5.3), then

A o? I o3
I % AN min{d, alil(qﬁo - )} (Se+2 L [0+ +aff239+2>

mm{d,mz(cbo — ¢)}N19+2 B %MQ M+ 0IM

>MB)

(5.2)
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é B I r—o? T,
S
~ min{d, a11(¢o — ¢)} (S(”Q Ny aﬁrzBeJrQ) el

=—Wep+ (WA+B)I —

4
where
ot o3 | T 0+1
C= sup  {n+d+—=+P+do -+ =+ — +AN;
(5,1,B,M)eR% 2 2 K
min{d, a11(¢o — )} \.o10 T .o
1 Ny 2KM +rM +60IM}.
There is a large enough M to satisfy the inequality,
—Wep+C <=2, (5.4)

And

€

1 1
D:{(S,I,B,M)eRi:e<s<,e<1<,
€ €

[\
IN
oy
INA
| —
I
IN
=
A
[ =
H—/

is a bounded closed set, where 0 < € < 1 is sufficiently small such that the following conditions
hold

A
Aren (5.5)
(WA+B)e—Wep+C < -1, (5.6)
1
7¢1€+F§71’ (5.7)
9
_ T 0'4 +F S _1’ (58)
€
min{d, a11(¢o — ¢)}
_ s L F< 1, (5.9)
min{d, a11(pp — ¢)}a§f2
B Sch+2 s (510
T
_ < — ’
ok TE=h o

and

F = max {(WA+B)I—mln{d7a11<¢0_¢)}19+2}—WSO—FC
I€(0,+00) 8

For convenience, we divide Ri \ D into the following eight domains, for (S, I, B, M) € R%,
Di={0<S<e},Dy={0<I<e},D3={0<B<eI>c},Dy={0<M<e},

D5:{Szl},D6:{Izl},D7:{Bz12},08:{M21}.
€ € € €

Next, we will prove that LV (S,I,B,M) < —1 for any (S,I,B,M) € Ri on the above eight
domains.

Case 1. With any (S,I, B, M) € Dy,

min{d, a11(¢o — ¢)}Ié)+2 _A
S S

LV <—We+C+ WA+ B)I —
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< —1 by (5.4) and (5.5).

Case 2. With any (S,I,B, M) € Do,

LV <-Weo+C+(WA+B)I < -Wep+C+ (WA+B)e < —1 by (5.4) and (5.6).

Case 3. With any (S,I,B, M) € Ds,

LV <—Wet+C+ WA+ g — 2inidano =0} o T

8 B
ol
'B
<-%p

< —1by (5.4) and (5.7).
Case 4. With any (S,I,B, M) € Dy,

LV <-Wep+C+ (WA+p)

8 M
2
7’—0'4
<-4 F
S Vi +
=,

- €
< —1 by (5.4) and (5.8).
Case 5. With any (S,I, B, M) € Ds, (5.4) and (5.9),

min{d, all(qbo — QZ))}
8

LV <—-Weo+C+ (WA+B)I —
min{d, a11(¢o — ¢)}

(19+2 + S9+2)

min{d, a11(¢o — ¢)}
= Re0+2 +F

<-1

Case 6. With any (S,I, B, M) € Dg, (5.4) and (5.9).

LV<-We+C+(WA+B)I - min{d, a11(¢0 = )} o+

4
<_ min{da118(¢0 - ¢)}Ie+2 s
min{d7a (¢ — ¢)}
< b 0]

<-1

s min{d, ai1(¢o — ¢)}I(9+2 _ ﬂ
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Case 7. With any (S,I,B, M) € Dr,

LV < — W+ O+ WA+ ) — 2idan(@o =)} or> | jor2poray

8
<_ min{d, all(ﬁo - )}an B2 L |
min{d, a11(¢o — ¢)}af}? +F
= 8ebf+2

< —1 by (5.4) and (5.10).

Case 8. With any (S,I,B, M) € Dsg,

LV <—WotCt WAt p— 2@ =90)} g T 0

8 2K
T
<— —M?*+F
ST o +
T
<_ F
- 2K€2+

< —1by (5.4) and (5.11).

Consequently, from above eight situations, we obtain that for a sufficient small ¢, LV < —1
for any (5,1, B, M) € R} \ D. Now the condition (II) of Lemma 2.1 is tested. Hence the system
(2.3) has a stationary distribution. O

6. The extinction of random system (2.3)

It is of great significance to study the extinction of diseases for the prevention and control of
infectious diseases. In this section, we will show the sufficient conditions for the extinction of
the disease.

Theorem 6.1. Let (S(t),I(t), B(t),M(t)) be the solution of the system (2.3) with any initial
value (S(0),1(0), B(0), M(0)) € Q. If Ry < 1, then

In(I(t) + aB(t) + bB(t))

lim sup

t—o00 t
1 o $o—¢ o3 o3
< _Z _ 7Y v 2 73
< 2(v+a+d)(1 Rp) min{1, qbl(a—i—b)} min{ 18 }
<0 a.s.,

that is to say that the disease will become extinct. And a = Wﬁ‘_(ﬁ), b= ﬁ(v—i—a—{—d)(l — Ry).

Proof. We first define function P(¢t) = I(t) + aB(t) + bB(t) and a =
a+d)(1 — Ry), with the Itd's formula and Ry < 1,

nA _ 1
ado=a) 0 = 26 (0

(8~ A1) ST+ 7258 — (v +a+ )T + (a+b) (417 + (6 — 60)B)
I+ (a+0b)B
—ki)M
(a+ b)cbmlg B O'%IQ + CL2O'§BQ + bQogB2
I+ aB+bB 2(I +aB +bB)?

LInP =
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<BSI ++BS — (v+a+d)I+ (a+b)piI — (a+b)(¢o — ¢)B
- I+ (a+b)B

031% + (a® 4+ b?)o} B?

2(I + (a+ b)B)?
(5% +ag1 — (v +at d)I + (fg — (a+b)(do — 9))B +bd11
I+ (a+b)B

031 + (a® + b*)o3 B

~ 4(I? + (a+0)2B?)

<

_ (v +a+d)(1— Ry —b(¢o— ¢)B _min{ig o3
- I+ (a+0b)B 4’7 8
1 . ¢o — ¢ .05 03
<= d)(1— 1,20 C v min{22, 231
< 2(v+a+ )(1 — Ro) min{ ,¢1(a+b)} m1n{4, 8}
For this reason,
1 : $o— ¢ . 03 03
InP<(—— 1— 1,222 3y min{22, 23
UQIdBQ(t) + (a + b)UgBdB3(t)
+ .
P
Integrating (6.1) from 0 to ¢t on both sides, one can see
InP(t) InPO) 1 ) b0 — & .03 03
< - d)(1—R 1,-20=% v ming22 28
t Tt 2(v—|—a+ I O)mm{’qﬁl(a—i—b)} m1n{4, 8}
Ms(t) + (a+ b)Ms(t)
+ P )

where

Ma(t) = /0 ";ESMBQ(S), Ms(t) = /0 ";’;i(;)ng,(s),

they are local martingales whose quadratic variation are (Ma, Ma); < o3t and (Mz, M3),

Applying the strong law of large numbers yields

lim Ma(t) =0 a.s. and lim

t—o00 t—o00

Ms(?) =0 a.s.

Then, we take the superior limit on both sides of (6.2),

In P(t 1 - 2 o3
h?iigp = t( ) < — 5(1}—1—04—}—(1)(1 —Ro)min{l,M} —min{%,%} a.s.
If Ry < 1, we can have
I(t In B(t
lim sup nI(t) <0, limsupLU < 0,
t—o0 t—o0

which shows that
lim I(t) =0, lim B(t) =0.

t—o00 t—o00

That is to say, when Ry < 1, the I(t), B(t) of the disease will tend to extinction.

(6.2)

< cr%t.



1342 Y. Zhou & D. Jiang

7. Numerical examples

In Sections 5 and 6, we have drawn the conditions for the persistence and extinction of dis-
eases. To make our conclusion more convincing, by using the Milstein’s Higher Order Method
mentioned in [7], we obtain the following discretization form of system (2.3),

k1M; B;
Sii1 S+< <5 5 +k1M>S nL+BS+v dS) t

+015:&1,: VAL + flSi(f%z' —1)At,

1M; B;
Iivi=1; i1 At
11 +<<5 B1 —i—klM)S +77L BS (v+a+d)l >
+021;&2i VAL + 7211'(53,@' — 1)At,

(1 — k1) M; )
Bit1 = Bi+ (11 + ¢(t) — poBi — ®————""_B; | At + 03B;€3,V At
+1 <¢1 o(t) — ¢o pER Ry Y3 o3Bi&s,

2
?3 (63 i ) ’

M; 2
Mi—l—l =M, + (7“ (1 — K) M; + HIZM,> At + U4Mi£4,i\/ At + %Ml(giz — I)At,

where At > 0 is time increment, &1 ;, §2,; are the Gaussian random variables which meet the
distribution N (0,1).

Given the initial value at first, (5(0), 1(0), B(0), M (0)) = (0.5,0.5,0.5,0.5), we consider the
value of the parameter as follows:

A=05, 8=03, /1 =02, p=05, r=05, K=05, k1 =05, L=0.5, ¢=0.2,
$o = 0.5, ¢p1 =0.5, ® =0.5, ¢=0.5, 0 =0.5.

In addition, we can get different results by changing the values of other parameters.

Example 7.1. d = 0.5, v = 0.9, n = 0.8, a = 0.1, 012 = 0.1, 1 = 1,2,3,4 and after some
calculations we obtain

R*=1.4312> 1.

Under this group of data, we get the Figure 1, which implies that the system (2.3) is stable. In
the left half of it, the blue lines represent the change trend of the random system and the red
lines indicate the change trend of the corresponding ordinary system, we can see the curve keeps
moving irregularly. The pictures on the right mean the density of the stochastic system (2.3).
This is consistent with our theorem.

Example 7.2. d=0.9, v=0.5, «a=0.8, n=0.1, a? =0.9, i =1,2,3,4. We calculate
Ry =0.1599 < 1.

For the time being, we can verify intuitively I(¢) and B(t) will die out in Figure 2. On the left, the
blue lines indicate the phenomenon under white noises and the red lines show the phenomenon
of ODE system. The pictures on the right mean the density of the stochastic system (2.3).
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Figure 1. The stationary distribution of system (2.3) with initial value (S(0),1(0), B(0), M(0)) = (0.5,0.5,
0.5,0.5).
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=1 P
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Figure 2. The extinction of system (2.3) with initial value (S(0), I(0), B(0), M (0)) = (0.5,0.5,0.5,0.5).

Example 7.3. In the process of data construction, we observe that the value of a, v, d have
a great influence on the model. So let’s focus on the change of the value of «a, v, d.

For Ry, R; and R*, when n = 0.5, 02-2 = 0.1, + = 1,2,3,4 are remain constant, then we
obtained the following three figures, with d = 0.9,d = 0.5 and d = 0.1 from left to right. It
can be concluded that as d increases, “Ry, R1 and R*” decreases, while as v and « increases,
“Rop, R1 and R*” increases.

Example 7.4. For system 2.3, we also consider three cases. We assume d = 0.5, v = 0.5, n =
0.8, 02-2 = 0.1, i = 1,2,3,4 are fixed values, with different values a, we obtain the influence
of I(t) and B(t) under the a in Figure 4. Second case, the phenomenon of system (2.3) when
a=0.5, v=20.>5, n=0.28, 01-2 =0.1, 1 =1,2,3,4 are unchanged and the change of d is indicated
in Figure 5. Similarly, Figure 6 express the variety of I(t), B(t) with d = 0.5, « = 0.5, =
0.8, JZZ =0.1, i = 1,2,3,4. We can observe the phenomenon of the blue lines and red lines
mean [(t) and B(t) will be persistent, but the the phenomenon of the yellow lines and green
lines shows I(t) and B(t) will become extinct.
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Figure 3. The trend of Ry, R1 and R* changing with v and a under the value d = 0.9, d = 0.5 and d = 0.1.
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Figure 4. The influence of system (2.3) under the different «, the blue lines, red lines, yellow lines and green
lines indicate the change of I(¢) and B(t) when a = 0.1, o = 0.4, o = 0.7, a = 0.9, respectively.

On the basis of the above research, we give a Remark:

Remark 7.1. For the disease models studied in the paper and based on the appropriate pa-
rameter values, changing the values of parameters «, d, v will affect the state of disease. In
other words, when other parameters are fixed, the larger d is, the more the disease will become
extinct, while the smaller the d is, the disease will last. And «, v have the same status.

8. Discussion and conclusion

In the artical, we consider the unpredictability of the environmental factors, white noises in-
fluence the transmission of the diseases. In this reason, we mainly investigate the dynamics
of a system with white noises. To begin with, by using the method of Lyapunov function, we
obtain the local stability condition of its positive solution of the deterministic model (2.1). This
method greatly reduces the complexity of operation. And then we obtain that the stochastic
model (2.3) has a unique global positive solution under the condition of r > &% by building
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Figure 5. The influence of system (2.3) under the different d, the blue lines, red lines, yellow lines and green
lines indicate the change of I(¢) and B(t) when d = 0.1, d = 0.4, d = 0.7, d = 0.9, respectively.
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Figure 6. The influence of system (2.3) under the different v, the blue lines, red lines, yellow lines and green
lines indicate the change of I(¢) and B(t) when v = 0.1, v = 0.4, v = 0.7, v = 0.9, respectively.

a suitable Lyapunov function. In addition, we verify this stochastic system has a stationary
distribution when

R*>1andr > o7,

illustrated in Figure 1. And the I(¢) and B(t) of the diseases will be extinction when Ry < 1
illustrated in Figure 2. In particular, for the systems (2.1) and (2.3), parameters «, d, v in
those models have a great influence on the disease when other parameters with suitable values,
illustrated in Figure 3 to Figure 6.

The conclusions we obtained in the paper enrich the research of the deterministic one and
provide us new insights in controlling the spread of the diseases. For complex systems, con-
structing a suitable Lyapunov function is a difficult step in this paper and we discuss the local
stability of the endemic equilibrium by Lyapunov function method which avoids the tedious cal-
culation process when studying the local stability of the positive solution of the high-dimensional
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model.

Data availability statements. Data sharing not applicable to this article as no datasets were
generated or analysed during the current study.
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Appendix A

In this part, we investigate the existence and uniqueness of global positive solutions for model
(2.4), which can be compared with the Section 4 in the article.

Theorem 8.1. For any initial value (B2(0), S(0),1(0), B(0), M (0)) € R3, the system (2.4) has
a unique global positive solution (B2(t), S(t),1(t), B(t), M(t)) € R% for allt > 0.

Proof. Here we give the construction of C?—function F(R5 — R) bases on the specificity of
M (t):

F(B2,8,1,B,M)=(S—1—-InS8)+ (I —1—InI)+ (B—1—InB)

+ <Z\14 —1—|—lnM> + (B2 —1—1npo).

We can explain that the function is nonnegative. Applying It6’s formula to U, we have

B 1 ken M B

1 ey M B
+ (1—1_) <<62_ﬁlp—|—1k:1]\4> 51+nL+BS—(v+a+d)1>

1 (1 — k‘l)M
+ <1 — B) (gf)lf—l— ¢B — ¢poB — <I)—q+ = k‘l)MB>

11 M 1,
+ (M_W> <T‘ (1—K>M+91M> + B (wlogﬂ—w10g52+2a5>
— w(log 8 — log f2)
<A+n+2d+v+atdo+ @+ —+1+BiS+ (¢ +0)] + Bol

K
1
~llog 3 —log 52) + o (wlog s — wlog o + 302 ).
Define Ny = max {%, S(0) + 1(0)}, thereby
%, S(0) +1(0) < —,

S—i—ISNQ:

&'\> SHE

S(0)+1(0), S(0)+1(0) >
As a consequence,

£F§A+n+2d+v+a+¢o+q>+%+7“+(51+¢1+9)N0+52N0

—w(log 8 —log B2) + 2 <w log 8 — wlog B2 + ;(7%)

:A+77+2d+v+04+¢0+(1)+%+T‘+(51+¢1+9)N0+f(ﬂ2)a
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where f(B2) = B2Nog — w(log 8 — log fB2) + 52 (w log 8 — wlog Bs + %ag) and lim, o f(z) =

—00, lim, s f(2) = —00, so it is a function with a supremum.

EF§A+n+2d+v+a+¢o+@+%+T+(51+¢1+9)N0+ sup {f(B2)} := M.
B2ER

e And then we can define the feasible region I' of the stochastic system:

_ Y S
_{(BQ’S’I’B’M)GRJ“' Stisy Bgd(%—cﬁ)’ M= <T+ d>}

Appendix B

In this part, we investigate the extinction of system (2.4), which can be compared with the

Section 6 in the article.

Theorem 8.2. Let (B2(t), S(t),I(t), B(t),M(t)) be the solution of the system (2.4) with any
o2 o2

initial value (82(0), $(0), 1(0), B(0), M(0)) € T. If Ry = Ro + qrargBle™ — 2e3 +1)2 < 1,

then the disease will be extinct.
. A
Proof. We first define function G(t) = I(t) + c1 B(t) + coB(t) and ¢; = dL(Zo—¢>)’ co = ﬁ(v +
a+d)(1 — R§), with the Itd’s formula and R§ < 1, we have,
(82 = 12880 ) ST+ 07258 — (v+a+ A+ (1 + e2) (611 + (6 — 60)B)
I+ (Cl + CQ)B

LlnG =
(Cl + CQ)(I)%B
B I+ (Cl + CQ)B

_BoSI+ IBS — (vt at+d) + (1t )bl = (c1 +ca)(do — ¢)B

- I+ (61 —I— CQ)B

<(52%+C1¢1 —(WHa+d)I+ (B —(c1 +c2)(do — 8))B + catr I
- I+ (61 + CQ)B
30 +at+d)(1-Ro)l—cs(¢o—9)B A
d

1 Po — ¢ A
<= 1 ~1B8=8].
= 2(U+Oé+d)( RO)mln{ (cl+c)} d|/8 62|
Integrating above equation from 0 to ¢ on both sides, one can see
In G(t) ln G(O) 1 oo — &

PR 2( v+ a+d)(1 — Rp) min{l,

/w Ba(m) | dm.

On account of a equation: lim;_,o0 7 fg’ |B2(m) — Bldm < B(e
upper limit on both sides of the above equation (8.1),

, Gt _ 1 s $o— ¢
hﬁingS 2(v+a+d)( — R{) min{1, ¢1(01+62)}a.8.,

é1(c1 + ¢2) (8.1)

2
75
w

02
— 2eis + 1)%, then we take the
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2

where R = Ry + d(v+a+d)6(e o —2eis + 1)% < 1. If Rj < 1, we can have

nl(t) ) In B(t) <0
7 )

[

lim sup < 0, limsup
t—o0 t—o00

which shows that

lim I(t) =0, tllglo B(t) = 0.

t—o00

That is to say, when R§ < 1, the I(t), B(t) of the disease will tend to extinction. O

Appendix C
In this part, we investigate the stationary distribution of system (2.4), which can be compared
with the Section 5 in the article.

Theorem 8.3. Let us suppose R; > 1, ¢ > 0, then the system (2.4) has a stationary distribution
i I, where

2 2
pe__ eABp At — i)l K
V" (K +pdv+a+d) (B K+p)dv+a+d)
Angn
dL(go — ¢+ DT (v + o+ d)
1
p=5Ww+a+d)(Rf-1)

Proof. We prove the existence of stationary distribution according to Lemma 2.3. Firstly, we
define a C?—function H(f32,S,1, B, M) = W H; + Hs, where

1
Hy=—(b;+by+0b3)InS—1Inl —byln B+ b + (bg + b7 + bg) In M + bg—

$o — ¢ M
+ b1oB,
1
Hy=—-InS—-InB+-—+ 8 —1—1npo,
M
and the parameters W, and b;, i = 1,2,...,10 are given at soon. We can know that the function

H exists a minimum value Hmm, then the C’2 function H
H(Bstu-[vaM) :-H(B27SalvaM) _-E[min 2 0.

With the It6's formula, we obtain

+k,

Pap (Bo — B1)ki M B S
(p+k1MS+ vikM T BT

01 1 — k)M
— bs <M+M_K)+b4<_¢13+q)q—§—1(l—lil)]\4+¢o_¢)

Lle(bl+bQ+b3)<—A+<,32—,31 1M >I+ B—Ul-i-d)
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+ b1o (¢1I — (o —¢)B— @ 0~ k)M B>

q+ (1 —Fk)M
o (1- k)M )
po—dq+(1—k)M

+b5<¢0¢i¢I(L+B)+L

M
+(b6+b7+b9) (T—TK-F@I)

A Bap p+ kM rp
< — - . Lz L
< <blS+p+k1MS+b67’ le +bld+bﬁ 7“+le

A (52 — Bl)klM P+ klM r r
(b + 2T g PR L e ) - byd + by
<25+ P v Ty R T R T
A B S I
+ by <7‘—i— k“;) - <b3 +N—s +b4le +b5(L+B)> + bsd
1

S L+ B1I B
1— k)M M
( 1) —bg?“f-i-bgr

A S Sl el
et A —k)M K

+ b4 (po — @) +bsL + (v + a + d) + (by + bz + b3) (ﬁzIJrn]j) +b5¢0¢_1¢1

+ (bs + by + bg)0I + biop1I — bio(¢o — ¢)B.

Let
po— PP e ABpl K (et i - i) AR K
(k1K +p)d*’ (k1K + p)2dr’ (ki K +p)d®
02
by AP = Bk KE Anér
rd K +p) T @L(o— o+ oI
bs = Angr by = by ® (1 —k)Kq bio = (b1 + by + b3)n
dL2 (g — ¢+ @ Lm0 (g + (1 —k1)K)?’ Ligo—¢) '
02
by — Ang: by — Alets 8 — Br) k2 K>
dL(go — ¢ + DL 7)? (k1K + p)2dr
Due to the function
(1 — k)M M (1-k)K
h(M) = by®—————— — byr— + bor < h(K) = by® ,
(M) 4q—|—(1—/<:1)M 97“K o7 < h(K) 4q—|—(1—k:1)K

0_2
and (b + by +b3)€8e ™ 52 = L(R] — 1) (v + a +d),
1
A of bibgApr\3 [ o2 1
hi(B2) = (b1 + by +b3)£E (53 - 65ﬁ2> +3 < L6 pr> <el5w6§ —/823>

kK
1
bobrbgAr? Y o3
ra () (s - o)

NG

— (B2 — 51)‘11) ;
we obtain

L 1
A 3 A _ 2\ 1
LH, S_g(hbﬁﬁzw“>3 b b (H p >_4<b257bs (B2 — Bu)r >

k1K k1K K
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+bgd+b7 <T+)

kK
T 1 (1—/{1)K >
+ bg— — 4(bsbsbs A 1 4+b3d+by | O—--"t—— + g — + b5 L
8% (b3babsAner) 3 4< PR $o — ¢ 5
+(v+a+d)+<(b1+bg+b3)/32+b5¢¢1¢+(b6+b7+bg)9+b1o¢1>1
0 —

1 1
o2 3 o2 1
bibge s ASpr babrbgA(e1w B — By)r?
< g | A2eCATPY Py
< 3( i + bid + bg T+k1K %

T 1
+ bod + b7 (7" + M) + b8? — 4(b3b4b5A’l7¢)1)411 + bsd + bsL

(1— k)
+ by <<I>q+(1k1)K+¢o—¢>+(v+a+d)
+<b1+bz+bs P1

T T

1
A o2 A 3 o2 1
+ (b1 +by+03)E (B —ew B) +3 bibApr ) * e12: 33 — 83
d ki K
1
babrbg A2\ 4 o2
() ()

(e&AMa A@%ﬂ—BQhK+ Any )
)

(1-k1)K
(k1K +p)d (k1K +p)d dL(go — ¢ + @ UG

A o2
+ (bg + by + bg)0 + b10¢1> I+ (b1 + by + 63)5567552

N
N

— (B2 — 1)

+ (U+a+d) —l—AI—i—hl(ﬁz) + (bl + by —l—bg)fge%ﬁQ

:7%@+a+®Uﬁ*D+AI+MWﬂ

= — @+ Al + hi(B2),

where

b1 + by + b3 h1
A= +b
TR

Lotatad r -1

+ (b + b7 + b9)0 + biop1, ¢ = 5

In the same way, one can get

A

ley M
LH, = —+<Bz B —

>I n B —v£+d ¢1*+¢0—¢5

p+aM) T"TyB S
(1—k)M r I r 1,
SV log § — wl -
kM M M+K—|—B wlog 3 w0g52+205

— w(log B —log B2)
A I

1 A
<-g-hg- ® I log f —wl 2%t
< o1 M+n+d+ +¢0+K+Bz<wogﬁ wogﬁ2+2ff5+d>

- W(10g5 —log 32).
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Let ha(52) = 52 (w log 8 — wlog By + %0’% + %) —w(log 5 —log B2). Therefore, it can be seen that

A
LH < — Wgo—l—WAI—*—¢>1§—%+77+d+<1>+¢>0+E+Wh1(52)+h2(52)
A I r

- (/827 S7 IvaM) + Whl(ﬁQ);
where

C’:77+d+<1>+¢o+i+ sup {ha(B2)}.
K BaeRL

There is a large enough M to satisfy the inequality,
—-We+C < -2 (8.2)
And

1
D= {(BQ,S,I,B,M) ERS :e<fBa<—,e<Se<I,é gB,egM},
€

is a bounded closed set, where 0 < e < 1 is sufficiently small. With (8.2) we see

(

A
24+ WA= < —1, as B2 = 0" or By — o0,
m

A
—2+WA———H —00, as S — 0T,
m

g(B2,8,I,B,M) <{ —2+WAe< -1, as [ — 07,
A

—2—|—WA——%—>—OO, as B—0"and I » 07,
U

A
—24+WA——L = —co, as M — 0" and I - 0%,
\ H
In the final analysis, for a sufficient small €, g(82,S,I,B, M) < —1 for any (f2,S,1,B,M) €
'\ D. So we can easy to see that for any (52, 5,I,B,M) €T, g(p2,S,1,B, M) < Cy, which C;
is a positive constant.
In the same instant,

) SE(H(t))
1 /t
_EH©) 1 E(L
t Jo
1/t W[t
<PEO 2 [ wtgmyam+ T / E(ha (Ba(m)))dm,
0 0
t ot o2 o2
and by Lemma 2.4, limt_wo%fo By (m)dm = en wﬁ and limy_,o0 7 fo B3 (m =ew (2 In
this reason,
. JE(H0) o 1t
< —_— /7 —
0 _htrgg)lf ; —|—htrg£f t/o E(g(m))dm
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t—o00

1 t
—liminft/ E(g(m))dm
0

.1t
=lim inf - /0 (E(9(m))1(8,,5.1,8.:m)ep + E(9(m)) (8,518 3)eDe) dm

t—o00

t
§hm1nf1/ (CﬂP’D—]P’Dc)dm
0

t—o00

1 t
§—1+(1—|—Cl)liminf/ Ppdm.

The moral is that

0<

1 t
< Taminf &
e _htrgg)lft/o Ppdm,

where Pp is the transition probability of (82, 5,1, B, M) € D. Consequently, the stochastic
system (3.1) on I' has a stationary distribution by the Lemma 2.3. This completes the proof.

O]
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