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lemma and the Lyapunov-Razumikhin method. New criteria depending on these
factors are established to confirm that the disease-free equilibrium of the model is
stochastically asymptotically stable as the threshold parameter is less than unity,
which implies that the disease eventually disappears theoretically. Otherwise, the
disease persists weakly. Further, the main results show that the threshold values are
related to two types of noise and time delay. Pulse control strategies are then applied
to two types of the infected population, the susceptible population, and the infected
population, respectively. More precisely, the effects of each control strategy on the
stochastic solution of the model are evaluated to justify the relation between control
parameters and threshold parameters of the model. In comparison with the basic
reproduction number of the model with pulse control, it is easily found that the main
results in these references are improved and extended. Finally, four examples are
presented to support the main results, and one future research direction is suggested.
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1 Introduction

It is well known that the HIV/AIDS epidemic is still one of the major global public health
issues. It is reported by the World Health Organization that millions of people die of the
AIDS disease every year. Most people are at higher risk of acquiring HIV infection when
they keep sexual contacts with the AIDS patients [1]. Thus, it is an extremely complex
issue to prevent or control AIDS effectively.

In epidemic dynamics modeling, mathematical models play a significant role in research
into spreading and controlling the disease [2—6]. In particular, since the initial HIV/AIDS
models were proposed by May and Anderson [7], many various refinements have been
added to modify these models [8—10]. For instance, Saha et al. [11] modeled a compart-
ment HIV/AIDS model including treatment and pre-exposure prophylaxis, and analyzed
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local and global stability of equilibrium points. Hsieh et al. [12] developed new HIV/AIDS
models with commercial sex workers and sexually active male customers, and discussed
the global asymptotic stability of the disease-free equilibrium. Naresh et al. [13] incorpo-
rated both horizontal and vertical transmission into an AIDS epidemic model and studied
the dynamics of the model. By establishing the optimal control equations, condoms and
treatment regime have an important influence on the dynamics of HIV/AIDS models [14].

Traditionally, infectious disease model coefficients are assumed to be constant in time.
However, a more realistic approach is to suppose that these parameters are time-varying.
This is because the alteration of environment often leads to great changes in the host popu-
lation behavior, which causes the model parameters no longer to be constant. For instance,
researchers [15, 16] assumed that the epidemic model parameters could be abruptly vary-
ing in time and developed epidemic models with the term-time forcing. Besides, Liu and
Wang [17] incorporated switching into epidemic models and investigated their global sta-
bility. These models may be called switched systems. One main feature of a switched sys-
tem with unstable subsystems is that the system may be stable due to the included switch-
ing rule impact [18, 19]. We will utilize this technique to investigate the dynamics of epi-
demic models.

Moreover, in some practical models, their development trend is relevant to not only
current but past state. This phenomenon is usually called delay. Population dynamics is
inevitably influenced by time delay. The emergence of time delay could affect the stability
of equilibria, and delay systems exhibit more complicated dynamics behavior such as oscil-
lation, bifurcation, and other phenomena [20-23]. For instance, Cai et al. [24] introduced
a discrete time delay to an HIV/AIDS model and discussed the effect of the time delay on
the stability of the endemically infected equilibrium. Bera et al. [25] studied the dynamics
of a delay HIV infection model and described the influence of the delay on the stability of
the model. Muhammad et al. [26] considered a delay model for immune system—tumor in-
teraction and analyzed the stability of the tumor-free steady state and the tumor-persistent
steady state. To the best of our knowledge, there have been few works done to study the
global asymptotic stability of switched HIV/AIDS epidemic models with delay. Therefore,
it is urgent to incorporate delay parameters and switching parameters into HIV/AIDS epi-
demic models and investigate their dynamics.

On the other hand, the environmental factors and the immunological state of the host
have great influence on population dynamics, which causes that the disease-free equilib-
rium or endemic equilibrium is not a fixed status. Recently, stochastic epidemic models
have received increasing attention [27-29]. In stochastic AIDS models, noise is assumed
to be Gaussian noise [30]. However, in epidemic models, different populations vary enor-
mously in terms of growth and decay processes. Thus, it is very necessary to introduce
the combined Gaussian white noise and bounded noise into the HIV/AIDS models by
assuming that models’ parameters are replaced by different random excitation in this pa-
per. Furthermore, some diseases (for instance, small pox and measles) can be prevented
or contained by pulse vaccination. Thus, pulse vaccination is becoming a significant issue
in the study of epidemic models [31]. Samanta et al. [32] considered a stochastic chlamy-
dia epidemic model with pulse vaccination strategy. They found that the disease could be
eradicated when impulse vaccination rate is larger than some critical value. The research

results show that pulse vaccination strategy with high values of vaccination has gained
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more prominence than conventional continuous vaccination [33]. There has been a focus
in the literature on studying pulse vaccination epidemic models [34].

Motivated by the above discussion, we aim in this paper to formulate and investigate
new HIV/AIDS models including switching parameters, distributed time delay, and two
types of noise. More specifically, stability results ensuring the disease eradication or per-
sistence under new threshold conditions are developed by using stochastic It6’s lemma
and the Lyapunov—Razumikhin method. Pulse vaccination strategies are applied to two
types of the infected population, the susceptible population, and the infected population,
respectively. Compared with the existing models without pulse vaccination strategy, our
proposed models take into account the efficiency of vaccine and are more useful in eradi-
cating the disease. Therefore, this paper will improve the existing HIV/AIDS models and
will further extend current knowledge on HIV/AIDS model methods.

This paper is organized as follows. In Sect. 2, a new switched HIV/AIDS epidemic model
with two types of noise and distributed time delay is formulated. Stability theorems for the
disease extinction or persistence are given in Sect. 3. In Sect. 4, pulse vaccination schemes
are added into the above model. Threshold criteria involving pulse parameters are de-
rived by redefining similar basic reproduction numbers. Some examples are presented to
demonstrate the obtained results in Sect. 5.

2 Formulation of the model

In this section, we develop a switched HIV/AIDS epidemic model with distributed time
delay and bounded noise and Gaussian white noise. The total number of high-risk indi-
viduals N(t) at time ¢ are partitioned into the following compartments: the susceptible
individuals S(t) who are uninfected, the asymptomatic infected individuals /; () who have
been infected but have no symptoms of the disease, the symptomatic infected individ-
uals I5(¢) who have been infected and have symptoms of the disease, and the full AIDS
individuals A(¢), i.e., N(¢) = S(¢) + I, (¢) + I,(¢) + A(¢).

Moreover, the vital dynamic and epidemiological assumptions are made as follows [35—
37]. Since different individuals experience different growth and decay processes, assume
that bounded noise and Gaussian white noise are incorporated into an HIV/AIDS model
based on the parameter perturbation method. Suppose that the incubation time is a dis-
tributed parameter over the interval [0, 7], in which 7 > 0 is called an upper bound of
the incubation time in the infective individuals. Assume that the nonnegative and contin-
uous function f is a distribution function of incubation times and satisfies the following:
(1)f:[0,7) — [0,00) is nondecreasing; (2) [, f(h)dh =1, [ hf (h) dh < co. Noting that the
spread of AIDS changes over time, the model parameters are assumed to be switching pa-
rameters which could switch their functional forms. Suppose that a switching signal o (¢)
controls these switching parameters and satisfies the following conditions: (1) It is a piece-
wise continuous (from the left) function; (2) o (¢) : (tx-1,t] — {1,2,...,m}, k=1,2,...,in
which m is the number of subsystems, t; > tx_1, and £ — oo as k — oc. The set of all
switching rules is represented by 7.

In this paper, A denotes a recruitment rate of the susceptible individuals from the larger
embedding population. The switched parameter p,, is a transmission rate between the
susceptible individuals and the asymptomatic infected individuals, and the force of infec-
tion is p, S(£) fot I, (t — h)dh; The switched parameter ¢, is a transmission rate between
the susceptible individuals and the symptomatic infected individuals, and the force of in-
fection is g, S(¢) for I,(t — h) dh. Denote the natural death ratio of all human classes by a.
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The asymptomatic infected individuals become the symptomatic infected individuals at
arate of e, 7, by a screening method. The asymptomatic infected individuals become the
full blown AIDS individuals at a rate of (1 —e,)7,; o2 denotes a disease-caused death ratio
of the asymptomatic infected individuals; b, is a disease-caused death rate of the symp-
tomatic infected individuals; and ¢, is a disease-caused death ratio of the full blown AIDS
individuals. The symptomatic infected individuals become the full blown AIDS individu-
als at a rate of p2.

Under the above assumptions, a switched HIV/AIDS epidemic model with distributed

time delay and bounded noise and Gaussian white noise is presented as follows:

ds(e) = {h = psS(0) [y Ii(t — h) dh — g, S(¢t) [ I(t — h)dh — aS(t)} dt
—S(@)dM(p),

dal(t) = {psS(t) fOT Li(t—h)dh + q,S(¢) for L(t—h)dh—(r, +a+ p})L(¢)} dt W
— @11 () AW (1),

dL(t) = {es 1511 (t) — (a + by + p2)L(2)} dt — p215(8) AW5 (1),

dA(t) = {(1 - ex)ro11(t) + p212(t) — co A(E) — aA(8)} dt — g3 A(t) AW (2),

in which the initial conditions satisfy
S(to) >0, Ii(t)) = 0, L(ty) = 0, A(ty) = 0. (2)

From physical considerations, all quantities A, ps, 4o, @, 75, ,o;, ey, by, ,og, and ¢, are
positive and continuous functions of time for o € {1,2,...,m}.
””gt(t) is of the form dA;t(‘) = Asin(Q + o Wo(t) + U), in
which A, ©, and ¢ are positive constants; A is an amplitude of bounded noise and 2 is its

In system (1), bounded noise

center frequency; U is distributed in [0, 2] as a random phase uniformly. The standard
Brownian motions Wy (£), Wi(£), Wa(¢), and Ws(¢) are defined on the probability space
(€2, F,P), in which {F;};>¢ satisfies the following conditions: (1) It is increasing; (2) It is

right-continuous as Fy contains all P-null sets. Moreover, n; = % (i=0,1,2,3) is in-
dependent Gaussian white noise with the intensity of noise ¢; (i =0, 1,2, 3) characterized

by
(mi®) =0, (mitni(R)) =8t - ), and () (R))=0 (i 7)),

in which (-) denotes the average over the ensemble of the stochastic process, and §(¢) is the
dirac delta function. Note that Qy = (A/4,0,0,0,0) is a disease-free equilibrium of system
(1) without noise compartments. Since system (1) is affected by a fluctuating environ-
ment, it is necessary to investigate that Qo is stochastically asymptotically stable to exhibit
whether the disease dies out or not.

As the expected number of secondary cases produced by a typical infective individual
in entirely susceptible population, the basic reproduction number can be computed by
defining the spectral radius of the matrix FV~! [38, 39]. In the following section, we derive
the basic reproduction number of system (1) and then investigate stochastic asymptotic

stability of the system.
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3 Global dynamics of system (1)
In this section, we first extend some notations and propositions of system (1) and then
investigate its global asymptotic stability.

Definition 1 ([40]) The population Z(¢) will go to extinction with probability 1 if
limsup,_, ., Z(¢) = 0.

Definition 2 ([40]) The population Z(t) is weakly persistent with probability 1 if
limsup,_, ., Z(¢) > 0.

Proposition 1 If (T (ty), [1(t), L(t), A(to)) € R* is any initial value of system (1), then there
exists a unique solution (T(t),[,(¢), I(t), A(t)) on t > ty and the solution will remain in R?
with probability 1, where R* = {x € R | x;>0,i=1,2,3,4}.

Proof The proof is similar to Dalal et al. [27] and hence is omitted. O

Proposition 2 Assume that a > A. The solution (T (t),1;(t), I,(t), A(t)) of system (1) with

initial conditions (2) satisfies

A
limsupN(t) < x with probability 1, (3)

t—00

,,,,,

Proof By Proposition 1, we can compute the derivative of N(¢) along system (1) as follows:

dN(t) = dS(t) + dI,(t) + dI(t) + dA(t)
<{r—(a+N)SE) - (a+py)L(8) = (a+bo)(t) - (co + A)A(t)} dt (4)

— {11 (8) AW (2) + 0212 () AW (2) + @3 A() dW3(2) ).

We take the expectation of N(¢) for Eq. (4), then

A
limsupN(t) < X with probability 1, (5)

t—00

,,,,,

sition 2. O

Denote p' = Minge(1,,...m {Ps}, and q' = MiNge1,2,...m {gs }. Then we have the following
proposition.

Proposition 3 Assume that a > A. For any € > 0, the solution (T (t),11(t), I(t), A(¢)) of sys-
tem (1) with initial conditions (2) with probability 1 satisfies
A A

s vy <liminf S(t) flifnsupS(t) = ——x (6)
A — 00 -

where A is given in Proposition 2.
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Proof From the first equation of system(1), we have

ds(t) = {)\ —pS@®) fo L(t = h)dh - q,S(t) /0 L(t—h)dh - aS(t)} dt

_ S(8) dM(2) @)

<Ai-(a-A)S()dt.

It follows that limsup,_, . S(£) < 2.

On the other hand, from Proposition 2, for any € > 0, there exist large sufficient ¢; > 0
and ¢ > #; such that I;(¢) < % +eand L(¢) < % + €. Hence, based on the first equation of
system(1), we obtain that

ds(t) > {A— |:(p1 +q1)<%+e>r+a+A]S(t)}dt. (8)

A
% +€)T+a+A

It follows that liminf;_, o, S(£) > Ta) Since € can be sufficiently small, the re-

sult is valid. This completes the proof. g

In the following, an approximate basic reproduction number of system (1) is presented,
and then it is shown that the disease will be cleared out with probability 1 when the ap-
proximate basic reproduction number is less than one; the disease will persist weakly with

probability 1 when the approximate basic reproduction number is greater than one.

Theorem 1 Assume that (T(t),11(¢), 1>(t), A(t)) is any solution of system (1) with the initial
value (T(to), 11 (to), b(t), A(to)) € RY, and a > A. Assume that

ds )

- 1 (tAtq,B, +ests(a— A)D,
Ry = sup —
p a-A

t>1 0

_ a—A — | S R
for some | > ty, B, = e T 0, and D, = pr—" 0. If Ry < 1, then

Qo = (A/a,0,0,0,0) is stochastically asymptotically stable, which implies that the disease in
system (1) will go to extinction with probability 1.

Proof Define the set of Lyapunov functions:

T t
Vi = Bo11(t) + Dy I5(t) + By por / / S(u+ h) L (u) dudh
0o Je-h (10)

T t
+ Baq(r / / S(u + h)]z(u) du dh,
0 Jit-h

where B, and D, are defined in the theorem.
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According to Proposition 3 and taking the derivative of along system (1), we obtain the

following expression:
dV, =B, dI(t) + Dy dI;(t) + B, p, /0 ' {S@+m(t) - SOL(t - h)} dhdt
+Byq, /OT {S(t+ mL(t) - SO L(t - h)} dhdt
=B, {—(r(7 +a+pg)L(t) +po /OT S(t+ h)I(t)dh

+qq /OT S(t + h) L (t) dh} dt + Do {esro11(t) — (a + by + p2)Lr(2) } dt

(11)
— B, ¢111(t) dW1(t) — Dy 215(t) dWs(t)

A
= {Ba (paﬂ_TA — Ve —ad— ,0;)11(1‘) +Daeara}11(t) dt

A
+ {ngaa_—TA - D, (a + by + ,og)lz(t)} dt

— B, @111 (t) dAW1(t) — Dy @2ls(t) dWo(t)

< (Ry = 1)(11(2) + I(t)) dt — By @111 (£) AW1(t) — Do 212 (£) AW5 (2),

. . Atqo B, —A)D
in which R, = “*2 ”+Z”_r[(\’(“ Do,

Then integrating the above inequality over [fx_;, k], we have

t

Vo (6) < Vo (tr) + / {(Ro () = 1)11() ds - Bo (s)ga 11 () AW (s))
k-1

t (12)
+ / {(R(7 (s)— l)Iz(s) ds —Dawzlz(s)dWZ(t)}.

te-1

Taking the expectation for Eq. (12), we have that
E[Vo(t)] < E[ Vo ()] + E[/ {(R(s) = 1)11(s) ds — B5 (s)@111(s) AW (s) }]

+ E[/ {(R(T (s) - l)Iz(s) ds — Dggozlz(s)sz(t)}:| (13)

k-1

<E[Vo(ti-1)] + / (Ro(s) = 1)E[L1(s) + I (s)] ds.

te-1

Thus, it can be calculated

E[d;;” ] < (R, - DE[Li(2) + L,(1)]. (14)

,,,,

d avs

] < (R, - DE[L(8) + L(®)], (15)

Page 7 of 20
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ie,
0% E[10) + b(o)] = R, - VE[L© + h(0). (16)

For t € (tx_1,tk], we obtain that E[[;(¢) + L,(¢)] < %E[ll(tk_l) + I (t-1)] exp[fti_l(Rg (s) -
1)ds]. Then it follows that, for ¢t € (0,211, E[1(¢) + L(¢)] < (11 (t0) + L (%)) exp[[é)(&7 (s) —
1)ds). Similarly, it can be shown that ¢ € (¢1,5], E[L(£) + L,(t)] < 1(I1(to) + L (to)) x
exp[ tf)l (Ry(s) = 1)ds + f:l (R, (s) — 1) ds]. Generally, for ¢ € (£x_1,t], it can be shown that

E[Il (t) + [Q(t)]

1 31 t (17)
< 1w + 1) exp{ [/ (Ro(5)—1)ds+ -+ / ®0-1 ds] }
Since Ry < 1, it can be obtained that ¢ = exp{[ft:)1 Ry (s)-1)ds+---+ f;{il (Rs(s)—1)ds]} < 1.
Note that I;,1; > 0, and hence I; and I, converge to zero exponentially. Furthermore, we
can get that A converges to zero. As a consequence, Qg = (1/4,0,0,0,0) is stochastically
asymptotically stable, which implies that the disease in system (1) will go to extinction
with probability 1. O

Remark 1 From Theorem 1, it can be shown that if I; and I, approach zero exponentially
with probability 1, then A converges to zero with probability 1, and S converges to j—l with
probability 1, which implies that Qo = (A/a,0,0,0) is stochastically asymptotically stable
even if some subsystems are unstable.

Remark 2 In the special case that two types of noise and distributed time delay are absent
and all coefficients are constants, system (1) degenerates into the following:

das(t) = {» - pS()L(t) - qS(O)L(¢) — aS(t)} dt,

dli(2) = {(pSONL(D) + gS(O)L(8) - (r + a+ p)L (D)} dt,
dlL(t) = {erl;(t) — (a + b + p>)L(¢)} dt,

dA(t) = {(1 - e)rL1(t) + p%Lx(t) — cA(t) — aA(t)} dt.

(18)

Obviously, the basic reproduction number R of system (1) is reduced to Ry given in some
references (see [14, 24, 35]). From Theorem 1, it is easily found that the main results in
these references are improved and extended in this paper.

Next, we study the eradication of the disease with probability 1 when a switching signal
for system (1) is periodic. Assume that the periodic switching signal is constructed the
same as that of ref. [41]: (1) & — tx-1 = wr With wgy, = wg, in which w = w1 + -+ + w,, is
one period of the switching signal; (2) z, (z=p,q,1, oL p%eb,c)isa switching parameter
which satisfies z; = z for t € (-1, t], Zkem = zi; and zi(t) = zi(t + ®). Lperiodic is the set of
periodic switching rules and Zeriodic C Z. Hence, we obtain the following theorem.

Theorem 2 Suppose that the switching signal o is periodic, and a > A. Suppose that

. J e By + e515(a - A)D, ] ds

Ro= (@a- Ao ’ (19
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with B, = a-A >0, and D, = % > 0. IfIAQO <1, then Qo =

A (qo—po ) +(a—N)(rg +a+pt) eo T +a—bg—p2

(Aa,0,0,0,0) is stochastically asymptotically stable, which implies that the disease will

go to extinction with probability 1.
Proof By the proof preceding Theorem 1, it suffices to show that, for ¢ = £, + w,

E[Il(to + a)) + Iz(to + CL))]

A

E[[l(to) +12(t0)] exp{ |:/ 1(R1 —Dds+---+ / : Ry —1) d5:“ (20)

to tm-1

IA
D= D=

Ii(to) + L(to)¢,

in which ¢ = exp{[ tf)l (Ri - 1)ds+---+ ti:’_l (R, — 1)ds]}. Taking integer i = 1,2,..., it
follows that E[I1(¢y + hw) + L(ty + hw)] < %;E[[l(to +h-Dw)+Ltg+(h-1w)] <--- <
é{hE[Il(to) +I5(%0)]. Thus, when & approaches infinity, the sequence {E[[1(fo + hw) + I (fo +
hw)]} converges to zero. In general, for ¢ € (1, %] and £y + ho < tx <ty + (h + 1w, we
can obtain that E[[;(¢) + L(t)] < LE[L(ty + ho) + L(ty + hw)] exp[ftg+hw(R,, () = 1)ds] <
OlME[Il(to +hw) + L (ty + how)], where M = maxy, ho<t<ty+(h+1)o exp[ftg+hw (R, (s)—1)ds]. Note
that ,I; > 0, and hence I; and I, approach zero exponentially, which implies that A con-
verges to zero, S converges to A/a. Therefore, Qy = (A/a,0,0,0,0) is stochastically asymp-

totically stable. In other words, the disease will die out with probability 1. O
Remark 3 Given an amplitude of bounded noise A, the condition Ry<1lin Eq. (19) defines
atime delay 7, such that 7 > 7, guarantees the disappearance of the disease. Similarly, given

a time delay 7, the condition Ry < 1 in Eq. (19) defines an amplitude of bounded noise A..

Next, we present some threshold conditions to show that the disease is weakly persistent

in system (1).

Theorem 3 Assume that

t
Ry = sup/ (XoqsGT + €57, Yy) ds (21)
t>1 Jity
for some | > ty, in which G is given in Proposition 3, Xy = ——————— >0, and Y, =

- T Gt(qo—po)+latre+pl)
L5 0.IfRy > 1, then the disease is weakly persistent with probability 1.

egro+a—bg+pg

Proof Let us consider the following set of Lyapunov functions:

T t
Vo =X, 0 (t) + Yo Ir(8) + Xops / / S(u + h)(u) dudh
0 Jt-n (22)

T t
+Xaqa f / S(M + h)]z(u) dudh,
0 Jt-h

where X, and Y, are defined in the theorem.
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Then we can compute the time derivative of V, (¢) along system (1) as follows:
AdVy =Xy dl(8) + Y, dI(8) + Xopo /OT {S@+ ML) - S(OL(¢ - h)} dhdt
+ X, g, /()I {S(t + WL(t) - S(O)L(¢ - h)} dh dt
= Xa{—(ra +a+pp)li(t) + po /OT S(t+ W), (t) dh

‘g, /0 " S(t+ W) dh} dt + Y, {esro Iy (8) (23)

—(a+bs +p2)L(0)} dt - Xe o111 (£) AW1(2) — Yo 0215 (£) AW ()
> {Xo (Po GT — 16 —a— py)11(8) + Yoeoro } 1 () dt + {Xoq,GT

~ Y, (a+b,+p2)L@)} dt - Xoo1 1 (£) AW1(2) = Yo 0215 () dW(2)
> (Ry = 1)(11(2) + I(8)) dt — Xe 1Ly (£) AW () = Yo 2l () AWi(2),

where R, = X, qsGT + e, Y,. Then, integrating Eq. (23) over [#;_1, ], it can be calculated
that

V(t) = Viteo) + /t {(Ro () = 1)11(s) ds — X ()1 L1 (5) AW (5)}

-1

24
+ /tk t_l {(R5(s) = 1) I(s) ds — Yo 2 La(s) AW (8) }. o
Taking the expectation for Eq. (24), it follows that
E[V(0) = E[Vio)] +£| / (R )= 100 ds = X, G101
; E[ / {(Ro ()~ 1) 1) ds - YagozIz(s)sz(t)}] 25)
- E[V(t)]+ /k tl (Ro )~ 1)E[L(5) + 1(5)] ds.
Hence, we obtain the following results:

E[%} > (R, - DE[L;(2) + L(1)]. (26)
Letting 8 = maXoc(1,2,..m {Xo (25 Po — 1o —a = pb) + Yobot0, Xoqo 25 — Yo (a+ by + p2)}, it
follows that

(R, - DE[L(2) + L(1)] < E[#} < 3%15[11(:) +5L(1)], (27)

ie.,

a%g[[1 () + L(1)] = (Ry = DE[I1(2) + I ()] (28)

Page 10 of 20
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Moreover, we have that E[I (¢) + I,(¢)] > E[I1(¢x_1) + I (tx_1)] exp ft R (s)—1)ds]. Then
we obtain that, for ¢ € (0,%], E[[1(£) + ()] = (I1(ty) + I (o)) exp[ft R, (s) — 1)ds]. For
t € (t1,1], it can be derived that E[I1(¢) + L(£)] > (L1(ty) + L(fo)) expl ft‘ LR, (s) = 1)ds +

tg &
f: 1(Ry(s) - 1)ds]. In general, for ¢ € (f,_1, ], it can be shown that

E[L(t) + L(2)]
1 51 B t B (29)
> (L(t) + I(t0)) exp{g[/ (Rs(s)- 1) ds+---+/ (R (s)-1) ds“.

0 7]

On the other hand, R, > 1 implies that ¢ = exp{3| tgl( o (s) —1)ds + - + ft (R (
1)ds]} > 1 such that lim;_, o E(I1(¢) + I(£)) — o0 as t — oo. Therefore, the disease weakly
persists with probability 1. d

Remark 4 1t is worthy to point out from Theorem 3 that the disease is weakly persistent
with 1~30 > 1.

Theorem 4 Suppose that the switching signal o is periodic. Suppose that

_ to+w
Ry = / (XoqsGT + €575 Yy) ds, (30)

to

with Ggiven in Proposition 3, Xa’ = m > 0, and Ya = m > 0. [f

R{ > 1, then the disease is weakly persistent with probability 1.
Proof From the proof preceding to Theorem 3, we have that, for £ = £, + w,
E[]l(t() + (,()) + Iz(t() + a))]

E[Li(t) + L(to)] exp{ % [/tl (Ry —1)ds+---+ / " R - 1)ds]} (31)

> I (to) + Ir(to)s.

For someinteger 1 = 1,2,..., E[I1(ty + hw) + L(to + hw)] > cE[L (¢ + (h— D)w) + L(to + (h -

)w)] > --- > ¢"E[I1(ty) + I(t)], which implies that when / approaches oo, the sequence

{E[L1(to + hw) + I)(ty + hw)]} converges to co. Thus, for t € (&1, ] and £y + hw < g <

to + (h +1)w, we derive that E[ (£) + I,(£)] > E[I1(¢y + hw) + I (tg + hw)] exp[fmhw é(R (s)—
1)ds] = ME[L(t + hw) + I (¢ + hw)], in which M = ming s ne<e<t+(r+1)0 €XP ft0+hw 3 Ry (s) -

1) ds]. It can be derived that lim;_, o E(I1(£) + I5(£)) — oo. Therefore, the disease is weakly

persistent with probability 1. d

Remark 5 It has been shown in Theorem 4 that the basic reproduction number Ry is re-
lated to the transmission mechanism of disease, and the disease is weakly persistent even

if the basic reproduction number of some subsystem is less than one.

Remark 6 We observe from the results of Theorem 2 and Theorem 4 that two types of

noise and time delay have an important effect on the dynamics of the proposed model.
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4 Pulse control schemes

In this section, we develop pulse control strategies to eliminate the disease. New thresh-
old conditions are established to guarantee that pulse control strategies are successful in
clearing up the disease.

4.1 Pulse treatment of two types of the infected individuals

In this subsection, we discuss the case that the pulse treatment strategy is applied to the
asymptomatic infected individuals and the symptomatic infected individuals in a relatively
short time period compared with the dynamics of the disease. Immediately after each
pulse treatment, the disease evolves from its new initial state without being further af-
fected by the treatment scheme until the next pulse is applied [17, 31]. At each treatment
time, assume that the asymptomatic infected individuals and the symptomatic infected
individuals are provided with pulse treatment at the same time, and v (0 < v < 1) is a frac-
tion of the asymptomatic infected individuals and the symptomatic infected individuals
who are in pulse therapy, respectively. And assume that two types of the treated popu-
lation can become died out. Suppose that we ignore the effect caused by drug to other
individuals. When pulse treatment strategies are incorporated into system (1), the system
may be rewritten as follows:

ds(t) = {, = poS(8) [y Ii(t — h) dh — g, S(¢t) [ L(t —h)dh — aS(t)} dt
- S@®)dM(t), t+#ty+ now,

an(t) = {psS(t) for L(t-h)dh+q,5(¢) for Lt —h)dh—(r, +a+ pl)L(¢)} dt
— o1l (£) AW (2),

dly(t) = {es 7o 11 (t) — (@ + bs + p2)a(t)} dt — 2 L5(2) AW, (2),

dA(t) = {(1 - e)ro 1y (t) + p2 Ix(t) — co A(t) — aA(t)} dt — p3A(t) AW3(t),

S(t*)=8(t), t=ty+no,

L(t) = (1 - v)L(2),

L(t") = (1 -v)L(2),

A(th) = A1),

(32)

in which all parameters A, p,, g5, a, 15, p;, ey, by, ,og, and ¢, are defined the same as those
of system (1). The switching rule ¢ € Zjeriodic-pulses Where Zperiodic-pulse iS the set of periodic
switching signals of the above model, and one period is denoted by w = w; + - - - + w,, and
i = tx — tr-1. Suppose that S(¢5) = S(to), [1(2)) = L1(t0), L2(2]) = Ix(t0), and A(t]) = A(to) are
the initial condition of system (32). When there are no noise terms and pulse treatment
terms, system (32) has a disease-free equilibrium Qq = (A/4,0,0,0,0). In the following, we
investigate that the disease in system (32) will die out with probability 1. That is, if /; =0
and I; = 0, then it is obtained that A approaches zero, which means that the disease could
be eradicated theoretically.

Theorem 5 Suppose that the switching rule o € Iperiodic-puise> @nd a > A. Suppose that

k 111(1 - l)) tf)0+w [}‘rana t €51 (ﬂ - A)Dc] ds
= +

0 w (a—MNw

) (33)
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: _ a-A _ 1 D _
with B, = PP PRI AT LY and D, = pr— IfRy <1, then Qg = (A/a,0,0,0,0)
is stochastically asymptotically stable. In other words, the disease will go to extinction with

probability 1.

Proof From the proof of Theorem 1, we have that, for ¢ € (£x_1, ],

E[L(t) + L(t)] < éE[ll(tk—l) +(tr1)] GXPI:/ (Rs(s)-1) d5i|: (34)
k-1

where 6 = minge1,2,.,m){Bo, Doy} and R, = W%. Then it can be shown that, for
te(0,t1], E[Li(t) + L(£)] < é(fl(to) +1>(tp)) exp[ftg (R, (s)—1) ds]. Moreover, we can observe
that, for £ € (b1, ], ELL(0) + B(0)] < LU (to) + B(to) expl [ (Ro(5) — s + [(Ro (s) -
1)ds+---+f:kil(Rg(s)—1)ds}.

Immediately after the pulse switch time ¢ = £ + w, it follows that

E[Il(t() + Cl))+ + Iz(t() + CU)+:|

=(1- V)E[]l(to +w) + Ltk + a))]

=

(1 =) (hto) + B (to)) exp{ / " (Ro) = 1)ds+ -+ | " (Re()-1) ds} (35)

0

D =

=

(I (%) + I(t0)) exp{ln(l -+ / ’ w(RU(S) -1) ds}.

0

D =

to+w
to 3
is periodic, we can derive that E[I;(fo + hw)* + L (to + hw)*] < -+ < (I (to) + 2 (t0))¢ " for

some integer 1 =1,2,.... Thus, it can obtained that when % approaches 0o, the sequence

Ro<1 implies that ¢ = exp{In(1 —v) + (Rs(s) — 1) ds} < 1. Since the switching signal o

{E[L,(to + hw)* + L(ty + hw)*]} approaches 0. In general, for ¢ € (tx_1, ] and £ + ho < i <
to+ (1 +1)w, it follows that E[[; () + I,(¢)] < %E[Il(to +hw)* + L(ty + hw)*] eXp[f,f)+hw(Ra (s)-
1)ds] < éME[Il(tO +hw)* +I(ty + hw)*], where M = maxy, ho<t<tg+(h+1)o exp[/;g+hw(Ra (s)—
1) ds]. It can be shown that I; and I, approach zero with probability 1. Furthermore, we can
get that A approaches zero with probability 1. Therefore, Qy = (A/a,0,0,0,0) is stochasti-
cally asymptotically stable, i.e., the disease will go to extinction with probability 1. O

Remark7 Theorem 5 shows that the disease can be eradicated when the basic reproduc-
tion number related to two types of noise, time delay, and pulse treatment is less than
one. Given an amplitude of bounded noise A, the condition Ry < 1 in Theorem 5 defines

a vaccination 7, such that v > v, guarantees eradication of the disease, where

ve=1—-expjw— (36)

ftgom [ATqoBy +esrs(a— AN)D,]ds
a-A }
4.2 Pulse vaccination of the susceptible individuals and the infected individuals
The subsection deals with pulse vaccination applied to the susceptible individuals and the
infected individuals at the same time. Suppose that the susceptible individuals are pro-
vided with pulse vaccination at each vaccination time, and a fraction 6 (0<6<1) of the

susceptible individuals are offered a pulse scheme. And suppose that the vaccinated sus-
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ceptible individuals have permanent immunity. Applied to system (32), the pulse vaccina-
tion system is modeled as follows:

dS() = (= poS@) [, h(h) dh - g, S(2) [ L(h) dh - aS(#)} dt
- S@)dM(t), tH#ty+now,

dly(t) = {poS®) [, (W) dh + q,S(t) [ L(h) dh — (ry + a + p})L ()} dt
— @11 () AW (8),

dL(t) = {es 1511 (t) — (a + by + p2)L(2)} dt — 215 (8) AW5 (1),

dA(t) = {(1 - ex)ro11(t) + p212(t) — co A(E) — aA(8)} dt — g3 A(t) AW (2),

St =(1-0)S(t), t=ty+nw,

L(t*) =1 -v)L(D),

L(t") =1 -v)L(1),

A(th) = A®),

37)

where all parameters are defined the same as those of system (32) and are nonnegative. The
switching signal o € Zperiodic-pulses Where Zperiodic-pulse is the set of period switching signals
of (32), and the period is denoted by w = w; +- - - + w,, and wy = tx —tx_1. Assume that S(£}) =
S(to) > 0, [1(z5) = L1(to) = 0, Ir(t3) = I(tp) = 0, and A(£j) = A(Zo) > O are initial conditions
of (32). When the average of oscillation for both the asymptomatic infected individuals
and the symptomatic infected individuals is zero, it is deduced that A approaches zero.
Then system (37) can be simplified to the following limit form:

ds(t) ={r —aS(t)}dt — S(t) dM(t), t#to+no,

. (38)
SE)=(1-0)S(t), t=to+no.
According to Lemma 2.2 of [42], Eq. (38) has a stochastic solution S. So that system (37) has
a stochastic solution 6 = (§, 0,0,0). Next, threshold conditions are derived to show that
system (37) is stochastically asymptotically stable, which means that the disease could be
cleared out theoretically.

Theorem 6 Suppose that the switching rule o € Lperiodic-pulse> @1d a > A. Suppose that

A In(1 - v) tf)om [AtqoBs + es1o(a— A)D,]ds
R() = +

w (a—Nw ’ (39)

. _ a-A _ 1 > . N _
with B, = e PN and D, = P —_ If Ry < 1, then the solution Q =

(5,0,0,0) is stochastically asymptotically stable, which means that the disease will go to
extinction with probability 1.

Proof Suppose that the switching rule o € Zyeriodic-puise- From the proof of Theorem 5, it
follows that 7 (¢) and /7 (£) converge to zero with probability 1 in infinite time, respectively.
Moreover, A(f) converges to zero with probability 1 in infinite time. Thus, the limit sys-
tem with I;(¢) = 0, Ir(¢) = 0 and A(t) = O is given by system (38). Therefore, the solution
6 = (§, 0,0,0) is stochastically asymptotically stable. In other words, the disease will go to
extinction with probability 1. O
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5 Computer simulations

This section gives four examples to illustrate the effectiveness of the theoretical results.
Suppose that one period is @ = 1, the number of subsystems is m = 2, and £, = 0, and most
of the values are taken from those in [7, 12, 14, 23, 24].

Example 1 Consider the dynamics of system (1) with the initial conditions S(0) = 10,000,
[,(0) = 1000, I5(0) = 10,000, and A(0) = 1000. Assume that the activity time in the 1st sub-
system is w; = 0.8 and the activity time in the 2nd subsystem is w, = 0.2. Choose constant
parameter values A = 10® and a = 0.3. Take the switching parameters p; = 0.01, ¢; = 0.07,
r1 =07, p} =0.7, 1 = 0.02, by = 1074, p? = 0.7, ¢; = 0.02, py = 0.04, g5 = 0.05, rp = 0.025,
,012 =0.015, e, = 0.4, by = 1073, p% = 0.5, and ¢; = 0.05. We will investigate the dynamics of
the model, and show the effect of distributed time delay and two types of noise on system
(1).

(I) Taking the time delay parameter t = 0.01, the amplitude of bounded noise A = 0.1,
the center frequency of bounded noise €2 = 0.2, and the intensity of noises ¢ = ¢; = ¢ =
@3 = 0.5. It can be calculated that the basic reproduction number of the first subsystem
is 0.7915; the basic reproduction number of the second subsystem is 1.5870. From The-
orem 2, we have Ry = 0.9506 < 1, then the disease in system (1) will go to extinction with
probability 1. It is worth noticing that the entire system (1) may be stochastically asymptot-
ically stable although some subsystem is stochastically asymptotically unstable. Figure 1
shows that the disease eventually disappears under the influence of distributed time delay,
switching, and two types of noise. Therefore, the simulation results of system (1) guarantee
the theoretical results.

(IT) In the absence of two types of noise, and taking the time delay parameter 7 = 0.01, it
can be derived that the basic reproduction number is 0.7769 (< 1), and solutions of system
(1) without two types of noise are plotted in Fig. 2. It can be shown from Fig. 1 and Fig. 2
that solutions of system (1) fluctuate randomly around the deterministic solutions of the

model without two types of noise.

12000 T
Susceptible
Asymptomatic
10000 Symptomatic |
——— AIDS

8000

-2000
0 5 10 15 20 25 30

Figure 1 Simulations of system (1) with T =0.01, A=0.1,and ¢ = ¢ =@, =3 =05

Page 15 of 20



Wang Advances in Difference Equations (2021) 2021:150 Page 16 of 20
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8000 — AIDS 5
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= 4000 8
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2000 i
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0 . .
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Figure 2 Simulations of system (1) with T =001, A=0,and ¢ =1 =@, =3 =0

10000 T
Susceptible
9000 Asymptomatic |4
Symptomatic
8000 — AIDS R
7000
’_-—
S 6000
= 5000
= 4000
%)

3000

2000

1000

t

Figure 3 Simulations of system (1) with A =0.1, ¢ =¢1 =@y =¢3 =05,and T =0

(III) In the absence of time delay, the amplitude of bounded noise A = 0.1, the center
frequency of bounded noise €2 = 0.2, and the intensity of noises ¢ = ¢1 = ¢ = 3 = 0.5. It
can be derived that the basic reproduction number is 0.0270 (< 1), and numerical simula-
tion results are given in Fig. 3. From both Fig. 1 and Fig. 3, it can be shown that time delay

could affect the dynamic behavior of the disease.

Example 2 Consider the persistence of the disease in system (1) with the initial conditions
§(0) = 10,000, I;(0) = 1000, I5(0) = 1000, and A(0) = 1000. Assume that the activity time in
the 1st subsystem is w; = 0.2 and the activity time in the 2nd subsystem is w, = 0.8, and fix
constant values A = 103 and a = 0.3. Take the switching parameters p; = 0.01, q; = 0.003,
r1 = 0.015, pi = 0.0025, e; = 0.3, by = 1073, p? = 0.0015, ¢; = 0.002, p, = 0.04, ¢» = 0.05,
ry = 0.025, p? = 0.0015, €3 = 0.4, by = 1074, p5 = 0.0025, and ¢, = 0.005. Take the time delay
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Figure 4 Simulations of system (1) with T =0.01, A =0.01,and ¢ = ¢ =@, =3 =0.1

parameter 7 = 0.01, A =0.01, 2 =0.2, and ¢ = ¢; = ¢ = @3 = 0.1. It can be computed that
the basic reproduction number of the first subsystem is 0.1904; the basic reproduction
number of the second subsystem is 1.4706. From Theorem 3, it can be derived that Ry =
1.2146 > 1, which implies that the disease persists weakly with probability 1. It can be seen
from Fig. 4 that the disease in system (1) does not appear.

Example 3 Consider the dynamics of system (32) with the initial conditions S(0) = 10,000,
L(0) = 1000, I5(0) = 10,000, and A(0) = 1000. Suppose that the other parameters are the
same as those of Fig. 4, and the pulse treatment v = 0.8. It can be calculated R, = 0.7460 < 1
by Theorem 5. In comparison with Fig. 4 without pulse treatment, it can be clearly shown
from Fig. 5 that the disease can be eradicated with probability 1 due to the effect of the
pulse treatment.

Example 4 Consider the dynamics of system (37) with the initial conditions S(0) = 10,000,
1;(0) = 1000, I5(0) = 10,000, and A(0) = 1000. Assume that the activity time in the 1st sub-
system is w; = 0.8 and the activity time in the 2nd subsystem is w; = 0.2, and fix con-
stant values to be A = 103 and a = 0.3. Take the switching parameters p; = 0.01, ¢; = 0.07,
r1 =07, p} =0.7, 1 = 0.02, by = 1074, p? = 0.7, ¢; = 0.02, py = 0.04, g5 = 0.05, rp = 0.025,
p? =0.015, e; = 0.4, by = 1073, p3 = 0.5, and ¢, = 0.005. Take the time delay parameters
7=0.01, A=0.1,2=0.2,and ¢ = ¢; = @3 = 3 = 0.5. Assuming that the pulse vaccination
parameters 6 = 0.1 and v = 0.1, we can obtain that Ry = 0.8453 < 1 by Theorem 6. Figure 6

shows that the disease eventually disappears under the conditions of Ry<1.
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Figure 5 Simulations of system (32) with pulse vaccination parameter v = 0.8
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Figure 6 Simulations of system (37) with pulse vaccination parameter € = 0.1 and v =0.1

6 Conclusions

Pulse vaccination schemes for switched HIV/AIDS epidemic models with distributed time
delay and combined bounded noise and Gaussian white noise are developed and investi-
gated in this paper. The model parameters are assumed to be switching parameters, and
two types of noise are incorporated into the model on the basis of the method of stochastic
perturbation, a switched HIV/AIDS epidemic model with distributed time delay and two
types of noise is presented. Novel threshold criteria are developed to check the stochas-
tic asymptotic stability of the disease-free equilibrium of the models via stochastic Ito’s
lemma and the Lyapunov—Razumikhin method. The results show that the disease is elim-
inated theoretically under the condition of Ry < 1 (given by Theorem 1) or Ry < 1 (given
by Theorem 2), which implies that the system is stochastically asymptotically stable re-
gardless of the subsystems being stable or unstable. And the disease could be permanent
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weakly when R, > 1 (given by Theorem 3) or R} > 1 (given by Theorem 4). Our mathe-
matical analysis suggests that switching parameters, two types of noise, and distributed
time delay have significant effect on the spread of the disease. Furthermore, pulse control
strategies are applied to two types of the infected population, the susceptible population,
and the infected population, respectively. New threshold conditions are derived to exam-
ine whether two types of control strategies succeed in the disease elimination or not, i.e.,
whether Qp or Q is stochastically asymptotically stable or not. More precisely, a vaccina-
tion 7 is defined to guarantee eradication of the disease if v > v.. These results extend the
existing work for the corresponding HIV/AIDS model. Simulation examples are provided
to verify these results. One future research direction is to study an optimal vaccination
strategy for the disease eradication.
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