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Abstract: In this study, a vector-borne epidemic model with multi-edge infection on complex networks is
built. Using the method of next-generation matrix, the basic reproduction number R is calculated, and if
Ry < 1, the disease-free equilibrium E, is globally asymptotically stable; if Ry > 1, there exists a unique
endemic equilibrium i* = (if, i, ...,i,;) that is globally attractive. Moreover, three control strategies are
proposed to control the spread of infectious diseases. Finally, some numerical simulations are given to
illustrate our theoretical results.
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1 Introduction

Vector-borne disease is a kind of disease that spreads pathogens to people through animals (e.g., mosqui-
toes and fleas). Common vector-borne infectious diseases include avian influenza, malaria, plague,
Japanese encephalitis, rabies, schistosomiasis, etc. A vector-borne disease model was built by Cooke [1]
for the first time. Subsequently, this model was extended and modified by Marcati and Pozio [2], Volz [3],
Beretta [4-6], and Busenberg and Cooke [7]. Some traditional models consider only the propagation of
vector-borne disease in homogeneous mixing models. These models [8—-11] ignore the influence of popula-
tion structure on the transmission of infectious diseases, which is inconsistent with reality [12]. Actually,
population structure, personal behavior, geographical distance, and contact patterns may lead to diversity.
Therefore, it is more practical to study the spread of infectious diseases on complex networks. Pastor-
Satorras and Vespignani [13,14] established an infectious disease model on complex networks and obtained
the infection threshold, which is important for persistence, but they also found that there may be no
infection threshold on scale-free networks, which is a very interesting phenomenon. Then, they considered
immunization on complex networks. Their results laid the foundation for the future study of the spread
of infectious diseases on complex networks.

In recent years, the study of the spread of infectious disease on complex networks has attracted wide
attention [15-21]. Two edge-based epidemic models are proposed on heterogeneous networks [22,23]. Wei
et al. [24] and Guo et al. [25] studied the coupled epidemic model in two-layered interconnected network.
Wang et al. [26] and Bod6 and Simon [27] studied the epidemic model on adaptive networks. Wang et al. [17],

* Corresponding author: Yanlin Ding, School of Mathematics and Statistics, Southwest University, Chongqing 400715, China;
Department of Mathematics, Guizhou University of Finance and Economics, Guiyang 550025, China,

e-mail: 18275352729@163.com

Jianjun Jiao: Department of Mathematics, Guizhou University of Finance and Economics, Guiyang 550025, China

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.


https://doi.org/10.1515/math-2022-0580
mailto:18275352729@163.com

2 — Yanlin Ding and Jianjun Jiao DE GRUYTER

Wang et al. [28], and Zhu et al. [29] studied three SIS epidemic models on complex networks. Lately, the
model with vector-borne were studied widely on networks [30-34]. But most models ignored the assumption
that the infection rates of multi-edge interfere with one another in complex networks, especially for the
vector-borne diseases. Hence, few people pay attention to the vector-borne disease with multi-edge infection
on complex networks. Therefore, this article considers a new SIS-SI epidemic model (vector-borne disease
model) in complex networks under the assumption that the infection rates of multiple edges interfere with one
another. When k = 1, our model becomes the model of reference [28]. The method and conclusion used in this
article are generalizations of the study by Wang et al. [28]. Such an approach may provide new insights into
the construction of other similar epidemic spreading models on complex networks, such as SIR and SEIR
models with a vector.

The objectives of this article are as follows. First, a vector-borne model with multi-edge infection on
complex networks is built. Second, using the concepts of next-generation matrix, the basic reproduction
number Ry is calculated. In addition, some conditions for the existence and stability of the disease-free
equilibrium and the endemic equilibrium are given. Third, control strategies are proposed to control
the transmission of infectious diseases. Finally, some numerical simulations are implemented to illustrate
the theoretical results.

The rest of the article is organized as follows: in Section 2, a vector-borne model with multi-edge
infection on complex networks is built; in Section 3, dynamics analysis is discussed, containing the basic
reproduction number and the existence and stability of the disease-free equilibrium and the endemic
equilibrium; in Section 4, three control strategies are proposed; in Section 5, some numerical simulations
are implemented to support the theoretical prediction; in Section 6, conclusions are given.

2 Model derivation

In [28], by the mean-field method, they proposed the following SIS-SIS model with vector-borne on
complex networks:

dsé(t(t) = —rkS()O(I(t)) — BS(OIM(t) + VI(t),
WO _ ks 000 + o1 - vi),

| dS:t(t) = —rSM(OI(t) + pIM(t), !
‘ﬂ:(t) = BSMOI(E) - uIM(0),

where Si(t) and I(t) denote the number of susceptible and infective nodes of degree k at time ¢, respec-
tively. SM(t) and I™(t) denote the number of susceptible and infective female mosquitoes at time ¢t. ; is the
transmission rate from infected humans to susceptible humans. r, is the transmission rate from infected
mosquitoes to susceptible humans. v represents the probability that an infected individual is cured and
becomes susceptible. r; denotes the transmission rate from infected humans to susceptible mosquitoes
through biting. u is recover rate of female mosquitoes.

Let Sy and I denote susceptible and infected individuals with degree k, k = 1, 2,..., n, respectively. If S,
is a susceptible individual with two neighbor, and if we suppose that two adjacent nodes are infected
nodes, then the probability of S, being infected is 1 — (1 — r)?, where n, represents the infection rate and
0 < n < 1. S3 is a susceptible individual with three neighbor, and if we also suppose that three adjacent
nodes are infected nodes, then the probability of S; being infected is1 — (1 — 1). As a result, we obtain that
the probability of Sy being infected is 1 — (1 — n)k.

Now we consider the spread of infectious diseases in heterogeneous networks. Let P(k) be a degree
distribution, k = 1, 2,..., n. P(k'|k) be the probability that any node with degree k points to an node of
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degree k'. Denote Ny, = Si + I; as the number of nodes with degree k. Then, ©(I(t)) = Zz,,“:i]kk = Y P |k)1f,—"k
k=1

describes the probability that any node with degree k is connected to the infection node of degree k'. Using
the above method, we obtain that the probability of S; being infected is 1 — (1 — n®(I(¢)))*. Motivated by
system (1), the following vector-borne infectious disease model with multi-edge infection is established:

dsglf” =—[1 - (1 - nOUO))) ISk(t) - SOIM(E) + VI(D),
dIgEt) =[1- (1 - nOUO) ISK(t) + RS(OIM(t) - VI(t),
1 dSM(t) (2)
L N - BSMOI) - ps(o),
e _ BSMOI(t) - uM(t),

where p is the birth (death) rate of female mosquitoes. I(t) = Y;_,P()L(t), N = SM(t) + IM(t), N = ¥} _,N;.
. M . M . .

Let s(6) = %2, i(t) = K2, sM(6) = T2, iM(6) = 552, B, = n, B, = pNM, By = BN, i(0) = T P(Oi(®),

and (k) = Y,_ kPr. If we suppose that the network is uncorrelated, namely, P(k'|k) = k'P(k")/(k) and

o3i(t)) = %ZZ:IkP(k)ik(t), then, by the normalization condition, equation (2) can be rewritten as follows:

d’;ﬁ” S (1 - BAGENK - () + By(l — iO)iM(E) - vi(©),
d'M(l’) (3)
: 2 = Bt = OO - pit(e).

Generally, the mosquito population is huge, so the number of infected mosquitoes depends on the
number of infected people. We further suppose that the number of infected mosquitoes is proportional
to the number of infected people [1,35]. Let i™(t) = ai(t), where a is the scale factor. Then, equation (2)
is further simplified as follows:

d"git) S 1 (1 - BOGONHA - i) + B, — i(O)i(O) - Vie(O), )

where B, = af,.

3 Dynamical analysis

In this section, we will study the dynamics of the new proposed system (4).

3.1 Basic reproduction number

Theorem 3.1. Rozé(ﬂ;gj) +%) +%\/K is the basic reproduction number of system (4), where

_ (ﬁ1<k2> _ g)z EAGY

v(k) v v2

Proof. Obviously, there is a unique disease-free equilibrium E, = (0, O, ...,0) for system (4). In the fol-
lowing, we use the method proposed by van den Driessche and Watmough [36] (the next generation matrix)
to compute the basic reproduction number, Ry = p(FV-1). The matrices F and V are denoted as follows:
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S RO R A "8, + PO,
1P(1 2P(2 P
S g, 2o+ PO, 28, + PO,
F= : : :
1P(1 2P(2 P
<k(>)(n 1B, + PR, <k(>)(n 1B, + PQB, - ”Ug” (n - 1B, + P(n)B,
1P(1 2P(2 P
(k(>)nﬁ1 + P(DB, <k(>)nﬁl + P(2)B, n<lf>n) np, + P(m)B,
and
v=[2 V0
00« v
Denote g(A) = |[FV-! — AE|, where E is identity matrix and |FV-! - AE|=
1P(1) P(DB, 2P(2) P(2)B, nP(n) P(n)B,
v(k) B+ v w(k) B+ v w(k) P+ v
1P() 5 P(B,  2PQ2) 2, + PQB, LAWY P(m)B,
v(k) v(k) v(k) v
wa) . PR, 2pQ), PQB,  nP(n) , PR,
0 np, + 70 np, + . 0 np, + -A

Whenl = 2, 3,..., n, the Ith column multiplied by [ adds to the first column, and we can obtain

k2 X
where
2P(2), P(2B, nP(n), P(mB,
v(k) B+ 1% v(k) B+ %
2P(2) P(2)B, nP(n) P(n)B,
g= |2 ot A T A
2P(2) np, + P(2)B, ~ nP(n) nB, + P(mB, 1
v(k) v(k)
and
) B+ P(2)B, nP(n) B+ P(n)B,
v(k) v v(k) v
2P(2) PQB, nP(n) P(n)B,
&) = o Bt o Pt
2P(2) nﬂl + P(z)ﬁ4 . nP(n) nﬁl + P(”)B4 2
v(k) v v(k)
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APO adds to the Ith column and the first row

v(k)

For the determinant g;(A), the first column multiplied by -
multiplied by -1 adds to the Ith row. When [ = 2, 3,..., n, the Ith column multiplied by I_Tl(/\ # 0) adds to

the first column. We have
Bk B )

N = o1

gl( )=(-A) ( + I v
BP()  BPD

W - AT adds to

For the determinant g,(A), when I = 2, 3,..., n, the first column multiplied by -

the Ith column, and expanding the determinant according to the first row, we obtain

s B, v,
&) = %%@% ﬁgm-A.“ Tgbﬂ |
%(';—l)ﬁl %5(3))(;:—1)51 %(n.—l)ﬁl—/l
which is equivalent to
L e
N R
. IO

2PQ) .
0 o VB

The first row multiplied by (1 — I) adds to the Ith row. When [ = 2, 3,..., n, the Ith column multiplied

by 1T_l(/\ # 0) adds to the first column, and we obtain

_ BkA B
— (_A\n-1 _
&) = (-A) (1 W + /lv)'

&)A N (Blﬁ4<k2> ) Blﬁ4<k>)].

Namely,
_ B (k%)
— (_A\n-2 2 _
gA) = (1) [A (v<k> : e -
Denote
2

2
—ﬁ1<k>+&)l+

— A2 Blﬁz,(kZ) B1B4<k>
f(/\)—/\—(v<k> v) ( - )

v(k) v

Then, f(A) is a quadratic equation, and its discriminant is
4 k
+ 7&&( ) > 0.

A (/31<k2> ) &)2
v{k) v V2
Hence,
C o b, = B B 1
/11 = 0,/12’3 = 2( v(k) + v)i 2\/K

Then, we can obtain



6 —— Yanlin Ding and Jianjun Jiao DE GRUYTER

R XSIVA
RO_Z(V(k) +v)+2\/K' =

2
Remark 3.1. If §, = 0, then Ry = & jgz)), which is consistent with the basic reproduction number in the
studies by [14,37]

3.2 The stability for E
In this part, we first provide a lemma.

Lemma 3.1. [38] Consider the following system
di . .
— = Ai + N(@i), 5
i + N(@) (5)

where A is an n x n matrix and N(i) is continuously differentiable in a region C € R". Suppose that

(1) the compact convex set D € C is positively invariant with respect to system (5) and (0, O, ...,0) € D,

(2) limeoN@Il/ il = 0,

(3) there existwy > 0 and a (real) eigenvector w = (Wi, W, ..., w,)T of AT such that (w - i) > wylli|| for alli € D,

(4) w-N@) <O0forallieD,

(5) i= (0,0, ...,0) is the largest positively invariant set for system (5) contained in H = {i € D|w - N(i) = 0}.
Then, either i = (0,0, ...,0) is globally asymptotically stable in D or, for any iy € D - (0, O, ...,0),
the solution @(t, ip) of (5) satisfies liminf;_,.[¢@(¢, io)|l = m > 0, where m > 0, independent of the initial
value iy. Moreover, there exists a constant solution of (5),i* € D - (0, 0, ...,0).

Denote @, = [],[0, 1].
Theorem 3.2. @, is a positively invariant set for system (4).

Proof. We prove that @, is a positively invariant set of system (4) by using the method in the study by Yorke
[39]. Set two sets
DL ={i = (if, iy, ...,1n)|ix = O for some k},
D2 ={i = (if, iy, ...,I)|ix = 1 for some k}.
k k
Denote 1, and 77 as outer normals, where 1} = (0, 0, ...,0,-1, 0, ...,0) and n? = (0,0, ...,0,1, 0, ...,0).
We have

. k-1 k=i
di ==Yl B YIPOit) | - B, Y PDit) <0, k=1,2,...,n,
dt ;-0 o (o = 1k
di )
— ‘N, =-v<0, k=1,2,...,n.
dtl,_, *

Therefore, any solution, starting in aCD}1 U E)CDfl, remains inside ®,, i.e., @, is a positively invariant set of
the system (4). O

Leti = (i, b, ...,i,) be a solution of system (4), then system (4) can be written as the compact vector
form as follows:

di
di _ . . 6
i Ai + N(D), (6)

where A = F — V, Ai is the linear part, and N(i) < O is the nonlinear part.
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Theorem 3.3. If R, < 1, the disease-free equilibrium E, is globally asymptotically stable; otherwise, there
at least exists a positive constant solutioni* € D - (0, 0, ...,0).

Proof. We will prove that system (6) satisfies all the conditions of Lemma 3.1. Let D = ®,, then condition (1)
of Lemma 3.1 is satisfied. Obviously, the condition (2) of Lemma 3.1 is satisfied.
Note that AT is irreducible, and a; > O is non-diagonal element. It is known from the study by Varga

[40] that there exists an eigenvector w = (wy, Wy, ...,w,)T > 0. If we choose wy = min;<x<,{wi}, then for any
i=(,i, ..., € ®,, we obtain

w-i) > wo(iik) > Wo(iilg)z’

k=1 k=1

namely, (w - i) > wlli|| for all i € ®,,. Condition (3) is satisfied.

Because
‘Eci(—ﬁ19(i(t)))k‘f < kBOG(), 1-i(t) <1,
}:Ok—l
- X Gl BGONI = i) < KBOG(O).
Since ]

n
—B,ik(t) Y P(Dit) < 0,
I=1
we can have N(i) < 0. Condition (4) is satisfied.
Let H = {i € ®,lw - N(i) = 0}. Because w > 0 and N(i) < O, then for any i € ®,, we obtain N(i) = 0,
namely,

k-2 n
= Y CI-B OGN = (1)) — BkOEE®))i(t) — B,i()Y PDi(t) | = 0.
j=0 =1
Since wy, > 0 and
k-2 n
= Y CU-BOGONTA - ik(t)) < 0,  =BKOEEi(t) <0, =B, i(t) Y PDit) < 0.
j=0 I=1

We obtain that N(i) = 0 if and only if iy = 0, namely, i = (0, 0, ...,0). So condition (5) is satisfied.
Hence, all conditions of Lemma (3.1) are satisfied, and if Ry < 1, the disease-free equilibrium Ej is globally
asymptotically stable; otherwise, there at least exists a positive constant solution i* ¢ D - (0, O, ...,0). O

3.3 The uniqueness of endemic equilibrium
Theorem 3.4. If Ry > 1, there exists a unique endemic equilibrium i* = (i, i3, ...,i,) for system (4).
Proof. By Theorem 3.3, there at least exists a endemic equilibrium i* = (i, i, ...,1;) for system (4). Suppose

z* = (21, 25, ...,2z,) is another endemic equilibrium and i* # z*, then there exists ko = 1, 2,..., n such that
ir, # zx,- Without loss of generality, we assume that iy, > zg, and

iy i
—° = max{ -~ 1.
Zko 1<ksn | Z
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Since i* and z* are two positive equilibrium points of system (4), we have
[1-@-BoaEY](1-1i) +B,(1- i) iP(k)i,j - Vi, =0
and h
[1-a-B0E](1-2;) +B(1- z,jo)kiP(k)z,f -vzi, =0,
namely, i
[1-@a- o] (1-iy) +B,(1-ik) an:lP(k)i,j
= [1- @ -BoE)%](1- z,fo)% +B,(1- z,jo)lgp(k)z,:;%.

Two possibilities are considered.

@)

(8)

&)

Case (a): If 6(*) = 0(z*). Because i < i':ozi‘ and 1 - i, <1 - z, by equations (7) and (8), we have

*
Zkg

[1- - BoaEN](1- i) +B,(1-ii,) Y PG,
k=1
<[1-a- o] (1-2i) 2o+ B,(1 - z,) Y PloOz2,
Zko k=1 Ziko
which is in contradiction with (9).

Case (b): If 0(i*) + 6(z*). Suppose 0(i*) > 6(z*). We will prove

[1-Q- ﬁle(z*))k];ki >1-(1-B0OGEN, k=1,2,..,n.

*

ko

When k = 1, equation (11) holds. Assume that

1-a- B19(Z*))"’1]% >1- (1~ BOGE)<!

Zko
holds. Then,
[1-q- Ble(z*))k];"—: {1 - BOENI - (1 - BOEY] + ﬁle(z*)};if
ko ko

and

1-B6(z") > 1 - P0G, BOE)-L > B,OG).

+ 5
lko
2y,

0

Hence, equation (11) holds.
Especially, let k = ko, we can obtain

» %

[1- - BoGENR] 2 > 1- - ok
ki

0

By equations (7) and (8), we can obtain

[1-@-BoGE](1-1iF) +B,(1-if,) Y PUO
k=1

i

<[1-a-poEye](- z,:o);k—f v B(1 - 7i,) Y Pz
ko k=1

0
*
ko

which is in contradiction with equation (9).

Therefore, if Ry > 1, there exists a unique endemic equilibrium i* = (i}, iy, ...,i,) for system (4).

(10)

(11)

(12

(13)

(14)
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3.4 The global attractiveness of endemic equilibrium
Theorem 3.5. If Ry > 1, the endemic equilibrium i* = (i, iy, ...,1,) is globally attractive.

Proof. Define two functions

G:D,—>R, g:d,—-R,

. i . ]
G(i) = max —’i , g() = min —t R
1<ksn | I 1<ksn | I

i=(,i, ..., is a solution of system (4). Obviously, G(i) and g(i) are continuous, and the right-hand
derivative exists along solutions of (4).
Define

where

G/(i) = limsup CEL+ 1) = GUO)

h—0 h
Assume that
Gy = 42,
ko
then
., ik, (®) . . ik, ; c ) ik, .
i l.}’;( o = [1-a-podo](1- lko(o)iko% +B,(1- lko(o)kzﬂp(k)zk(t)%% - Vi,
Suppose that 8(i(t)) > 6(i*), then G(i(t)) > 1.
Since
LM ey S . : o
o [1- @ - BBGEE) ] (1 - it(®)) ol B.(1 zko(o)glp(k)lk(t) oV
— llto . . ko—l . 3 . c : ll)(ko %
0 [BOGEN](1 - ik (D)) ]Zl (1 - BB + B,(1 - zk()(t))kZ:lP(k)zk(t)iko( 5~ Vi
and
ikl"(ot) BLOG(D) < B, 1 - ik(t) < 1 - i, 1 - BOG(L) < 1 - B,OG").
Then,
+! t n
i, l,"O( ) < [1-a-poaNk](1- i) + B (1 - i) Y P - vi, = 0.
i, (6) k=1

That is to say, G'(i(t)) < 0. Similarly, we can obtain G'(i(t)) < 0, if 6(i(t)) = 6(*).
Suppose 0(i(t)) < 6(i*). By the above method, we have g'(i(t)) > 0. If 8(i(t)) = 6(i*), then g'(i(t)) > O.
Define two functions

U() = max{G(@i) — 1,0}, u(i) = max{l — g(i), O}.
Then, for any i € ®@,, functions U(i) and u(i) are non-negative and continuous and

U'i(t)) <0, u'@i(t)) <o0.
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Denote
Vu={i e @U@ =0}, V,={i e DJu'(i)=0}.
Then,
Ww={ie®0<ir<ig}, V,={iedif <ixr<1}{(,0,...,0)}.

Therefore, Vy (| V;, = {i* = (if, &3, -..,i;} U {(0, O, ...,0)}.

According to the LaSalle invariant set principle, any solution of system (4), starting in @,, will tend to
@,. By Lemma 3.1, if i(t) # O, then liminf;_,.|i(t)| > m > 0. For arbitrary i, € D — (0, O, ...,0), we obtain
lim,_,i(t) = i* = (if, ij, ...,1), where i(t) = (iy(t), i(t), ...,i,(t)) is a solution of system (4). Hence, if Ry > 1,
the endemic equilibrium i* = (if, i3, ...,i,) is globally attractive. O

4 Control strategies

In this section, we will propose three control strategies to prevent the spread of the disease.

4.1 Uniform immunization strategy

A uniform immunization strategy is the simplest immunization strategy. Let p be immunization rate in
the network. Then, system (4) becomes

% 1 (1 - BAGONKA - ) — i) + B,(1 - PYA — k(O)iCE) - Vik(D).

Using the same method as in Section 3.1, we can calculate the basic reproductive number

RU - 1((1 -pBIA [ —p)&,) g

© 72 v(k) 1% " 2

A-pBd  a-pB N | 40-p)BBk)
whereAlz( V<k>1 - “) + VZ“‘ .

4.2 Drug treatment strategy

The drug treatment strategy is to control the spread of disease by increasing the cure rate. Assume that
the improved cure rate from drug treatment is r € (0, 1 — v). Then, system (4) becomes

% 1= (@ = BOGONKI - i) + B (L - iEIE) - (v + D).

Using the same method in Section 3.1, we can calculate the basic reproductive number

RM—l( ﬁ1<k2> + B4 )+l\/A72,

0_§(V+r)(k) V+r 2

2
where A2 = ( pl(kz) ﬁ) + 4B,B, (k)

k)  v+r w+r?"
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4.3 Targeted immunization strategy

A targeted immunization strategy is to immunize the nodes with high degree. We give lower and upper
thresholds k and k, and define the immunization rate 1, as follows:

1, k> ko,
=10 k<k<lk,
o, k < kl.

Then, system (4) becomes

d’;;ff) S 1 (1= BOGONHA - 1A — i) + B(L — n)( — iECE) - virD).

Using the same method in Section 3.1, we can calculate the basic reproductive number

k(1 - 1-
RI = %(IM ‘E<k> ) . Bi(( . ﬂk))) . %\/A—E,

21 _ B 2 .
where A; = <ﬁ1<k a-n)  Bla nk)>> L BBKA )

v(k) v v2

5 Numerical simulations

In this section, we give two examples to support the theoretical prediction. Assume that the degree dis-
tribution is P(k) = mk=3, k = 1, 2,..., 100. The value of parameter m satisfies the equation Zl,gimk*3 =1.

Example 5.1. Choose B, =0.08, B, = 0.07, and v =0.5. Then, Ry = 0.058 < 1. Let the initial value
i=1-0.2h,i,0=1- 0.2h,ig0 =1 - 0.2h, and igo = 1 — 0.2h, h = 1, 2, 3, 4, 5. By Theorem 3.3, the disease-
free equilibrium Ej is globally asymptotically stable (Figure 1).

1 1
0.9 1 0.9
0.8 1 0.8
0.7 1 0.7
0.6 |- 1 0.6 [

t/g 0.5 t:or 0.5
0.4 1 0.4
0.3 1 03
0.2 1 0.2
0.1 1 0.1
0 0
o 5 10 15 20 25 30 o 5 10 15 20 25 30

1 1
0.9 1 0.9
0.8 1 0.8
0.7 1 0.7
0.6 |- 1 0.6 [

= osf = osf
0.4 g 0.4
0.3 1 03
0.2 1 0.2
0.1} 1 0.1 F
0 0
o 5 10 15 20 25 30 o 5 10 15 20 25 30

Figure 1: The disease-free equilibrium is globally asymptotically stable.
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Figure 2: The endemic equilibrium is unique and globally attractive.
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Figure 3: The density of infected nodes under uniform immunization strategy.

Example 5.2. Choose B, =0.8, B, =0.7, and v=0.5. Then, Ry =5.773 > 1. Let the initial value
bo=1-0.2h,i,0=1- 0.2h,igp = 1 — 0.2h, and igo = 1 — 0.2h, h = 1, 2, 3, 4. By Theorem 3.5, the endemic
equilibrium * = (if', 15, ...,1;) is globally attractive (Figure 2).

We consider three control strategies. In Example 5.2, let p = 0.5, the numerical simulation results are
given in Figure 3. Let r = 0.5, then the numerical simulation results are given in Figure 4. Letn, = n = 0.6,
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the numerical simulation results are given in Figure 5. When R, > 1, the endemic equilibrium
i*=(f, i, ...,iy) is globally attractive. At this very moment, the numerical simulation results show that
the density of infected nodes with a control strategy is smaller than that without a control strategy. In this
sense, the control strategy is effective. Especially, using a uniform immunization strategy and a drug
treatment strategy at the same time, the numerical simulation results are given in Figure 6, which demon-
strate that the density of infected nodes decreases significantly and indicates that the combination of
the two strategies is more effective.
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Figure 4: The density of infected nodes under drug treatment strategy.
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Figure 5: The density of infected nodes under targeted immunization strategy.
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Figure 6: The density of infected nodes under uniform immunization strategy and drug treatment strategy.

6 Conclusion

In this study, a vector-borne epidemic model with multi-edge infection on complex networks is proposed.
Using the next generation matrix, the basic reproduction number is obtained, which is an important
threshold. If Ry < 1, the disease-free equilibrium is globally asymptotically stable. If Ry > 1, system (4)
has a unique positive equilibrium, which is globally attractive. Moreover, three control strategies are
studied to control the spread of epidemic disease.

It is worth noting that vector-borne diseases may be affected by environmental changes, which is a very
interesting topic. A vector-borne disease with periodic infection rate on complex networks may be con-
sidered in the future.
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