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Effects of Migratory Population and Control
Strategies on the Transmission Dynamics
of Dengue Virus

Md. Saddam Hossain!, Jannatun Nayeem?and Dr. Chandranath Podder®

Abstract

In this Paper we formulate a mathematical model of dengue virus
transmission in the human body to monitor the effects of migratory pop-
ulation and some control strategies at aquatic and adult stages of vector
(mosquito). The model has a locally asymptotically stable disease-free
equilibrium (DFE) whenever a certain epidemiological threshold, known
as the basic reproduction number (Rg), is less than unity. It is also
shown, using a Lyapunov function and Lasalle Invariance Principle that
the DFE of the dengue model is globally-asymptotically stable (GAS)
whenever the reproduction number (Ry) is less than unity. The model
has a locally-asymptotically stable endemic equilibrium point (EEP)
whenever Ry > 1. With the help of Lyapunov function and Lasalle
Principle (Goh-Volterra type), by considering special case, the EEP of
the model is shown to be GAS whenever Ry > 1. The model sim-
ulations reveals that the migratory infected individuals increases the
burden of the dengue disease and also precautionary measures at the

aquatic and adult stages decrease the number of new cases of dengue
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virus. Numerical simulation indicates that if we take the precautionary
measures effectively then it would be more effective then even giving

the treatment to the infected individuals.

Keywords: Aedes aegyptic; Dengue Fever; Mathematical modeling; Equilib-
ria; Local and Global Stability; Reproduction number; Migratory population;
Control strategy

1 Introduction

Dengue is endemic in more than 110 countries [26, 7, 37, 39]. It infects 50 to
390 million people worldwide a year, leading to half a million hospitalizations
[35, 38, 37, 36, and approximately 25,000 deaths [34, 39], For the decade of the
2000s, 12 countries in Southeast Asia were estimated to have about 3,000,000
infections and 6,000 deaths annually [34]. In the United States the rate of
dengue infection among those who return from an endemic are with a fever is
3-8% [39, 37].

Dengue fever, is an infectious tropical disease caused by the dengue virus.
Dengue is transmitted by several species of mosquito within the genus Aedes,
principally Aedes aegypti. The virus has four different types [7, 16, 9, 23],
but only short-term immunity to the others. Subsequent infection with a
different type increases the risk of sever complications. The incidence of dengue
fever has increased dramatically since the 1960s, Dengue has become a global
problem since second World War.

The incubation period (time between exposure and onset of symptoms)
ranges from 3-14 days, but most often it is 4-7 days [37, 21, 39]. Therefore,
travellers returning from endemic area are unlikely to have dengue if fever or
other symptoms start more than 14 days after arriving home [2, 39]. Accord-
ing to the World Tourism Organization, in 2004, 125.4 million international
tourists visited countries where they might be at risk for acquiring infection
7%-45% travellers [40]. With approximately two billion people living in tropi-
cal and subtropical regions of the world, and an additional roughly 120 million

people each year [40] travelling to these region, a large share of the world’s
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population is at risk of contracting dengue.

The burden of dengue in Africa remains poorly understood. Travellers and
military personnel visiting or stationed in Africa have been identified as having
laboratory-confirmed dengue infections, indicating that the virus is circulating
[39, 37]. One billion people(15% of the world’s populations) reside in India.
India’s population is twice that of south-east Asia, the region that currently
reports the most dengue related deaths [39]. According to the WHO, South-
East Asia Region, the majore public health problem in Bangladesh is dengue.
In Indonesia dengue is hyperendemicity with all four serotypes circulating in
urban areas [39, 2].

Several mathematical models have been developed in the literature to gain-
insights into the transmission dynamics of dengue in a community [23, 20,
21,22, 7, 6, 5, 25, 4, 24, 14, 41, 15]. In this paper we extended some of the
earlier models by considering the effects of migrated individuals and some other
control effects of the vectors. To control the dengue virus effectively and to find
the effects of migratory population , we should understand the dynamics of
the disease transmission and take into account all of the relevant details, such
as the dynamics of the human population and vector. For a realistic model, we
consider some special classes like migratory class, treatment class and vector
aquatic class. We also present and analyze some control rate parameters, that
will help to find the effective control strategies of the diseases. We present
and analyze a non-linear ODE model that incorporates ten mutually-exclusive
classes. Numerical simulations results are presented to support the analytical

conclusion followed by conclusion of the present work.

2 Model Formulation

The dengue virus follows two main modes of transmission: human to
mosquito and mosquito to human [8, 9, 35]. The model assumes a homoge-
nous mixing of the human and vector (mosquito) populations, so that each
mosquito bite has equal chance of transmitting the virus to susceptible human
in the population (or acquiring infection from an infected human). The total
number of individuals at time t, denoted by Ng(t), is sub-divided into six

mutually-exclusive sub-populations of susceptible humans Sy (t), exposed hu-
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mans FEy(t), infectious humans Iy (t), migrated population My (t), treatment
class Ty (t) and recovered humans Ry(t), so that Ny = Ng(t) = Sy(t) +
Ey(t)+ Ig(t)+ Mg (t) + Ty (t) + Ru(t).

Similarly, the total vector population at time t, denoted by Ny (), is subdivided
into aquatic class Ay (t), susceptible mosquitoes Sy (t), exposed mosquitoes
Ey(t), infectious mosquitoes Iy (t), so that Ny = Ny (t) = Ay (t) + Sy (t) +
Ey(t)+ 1y (t). The susceptible human population is generated via recruitment
of humans (by birth ) into the community (at a constant rate, mg). This
population is decreased following infection, which can be acquired via effective
contact with an exposed or infectious vector at a rate Ay the force of infection

of humans given by

_ Cuv(nvEv + 1Iv)

A
H N

;0 <ny <1 (1)

where the modification parameter 0 < 1y < 1 accounts for the assumed reduc-
tion in transmissibility of exposed mosquitoes relative to infectious mosquitoes
[7].

The functional forms of the incidence functions associated with the trans-
mission dynamics of dengue disease will be derived. The derivation is based
on the basic fact that for mosquito-borne diseases (such as dengue), the total
number of bites made by mosquitoes must equal the total number of bites
received by humans [1]. Since mosquitoes bite both susceptible and infected
humans, it is assumed that the average number of mosquito bites received by
humans depends on the total sizes of the populations of mosquitoes and hu-
mans in the community. It is assumed that each susceptible mosquito bites an
infected human at an average biting rate, bg, and the human hosts are always
sufficient in abundance, so that it is reasonable to assume that the biting rate,

bs, is constant. Let,

Cuv = puvbs, (2)
be the rate at which mosquitoes acquire infection from infected humans (ex-
posed or infectious), where pyy is the transmission probability from an infected

human to a susceptible mosquito and bg is the biting rate per susceptible

mosquito, so that C'yy is a constant. Similarly, let

Cva = pvabr (3)
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be the rate at which humans acquire infection from infected mosquitoes (ex-
posed or infectious), where pgy is the transmission probability from an infected
mosquito to a susceptible human and by is the average biting rate per infected
mosquito. Thus, for the number of bites to be conserved, the following equa-

tion must hold,

CuvNy = Cpyv Ny (4)
so that,
NV _ CVH(]\gfaNV)NH (5)
HV
therefore,

_ Cuv(nvEy + 1Iy)
Ny

Similarly, it can be shown that the force of infection of mosquitoes (denoted

Am

0 <y <1 (6)

by Av) is given by,

_ Cuv(naEn + In)

A
1% N

0<ne <1 (7)

where the modification parameter 0 < ny < 1 accounts for the relative infec-
tiousness of exposed humans in relation to infectious humans.

Let 7y is the recruitment of humans into the population (assumed suscep-
tible), Ay is the infection rate of susceptible humans (which results following
effective contact with exposed or infectious mosquitoes) and py is the natural
death rate of humans. Exposed humans develop clinical symptoms of dengue
disease, and move to the infectious class, at a rate oy. We also consider that
7 is the migratory humans come into the population from which p; is the rate
at which this added to the exposed class and s is the rate at which this added
to the infectious class. Infectious humans recover and move into the Ry class
at a rate 7, and suffer disease-induced death at a rate dy. It is assumed that
recovered individuals acquire lifelong immunity against re-infection.

The vector population is generated by birth at a rate m, and 7, is the
mean aquatic transition rate. The aquatic state will move into the susceptible
class at a rate v, and Ay is the infection rate of the susceptible vector at
which they move in to the exposed class. Exposed vectors develop symptoms
of disease and move to the infectious class at a rate oy and 6, is the extrinsic
incubation rate of the vector population. Since vector (Aedes aegypt) popula-

tions can be controlled in two stages (aquatic stage and adult stage); here C, is
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considered as the controlling parameter in aquatic stage and C), is considered

as controlling parameter in adult stage. Infections vectors die due to disease

at a rate dy.

The model for the transmission dynamics of dengue in a population is given

by the following system of non-linear differential equation:

dSy
dt
dEy
dt
dly
dt
dMpy
dt
ATy
dt
dRpy
dt
dAy
dt
sy
dt
dEy
dt
Iy
dt

7y — AgSy — uuSy,

AaSu + My — (pu + on)En,

onEn + peMp — (ta + pu + 0m)Ln,

w1 — (p + pio + porr ) Mg,

Ty — (pa + 7)1,

MTu — pu Ry, (8)
v — (Ym + by + Co) Ay,

YAy — (Av + py + Crn) Sy,

AvSy — (ov + 6.+ py + Cp) By,

(ov +0:.)Ev — (py + 6v + Cp) Iy

In summary, the model (8) is an extension of some earlier standard models for

vector-borne diseases transmission, such as those in [3, 31, 7, 17, 14, 6, 5, 23,
20, 21, 22, 41, 25, 13, 4, 15], by

(i) introducing the migrated class Mpy(t) to monitor the impact of the mi-

gratory human population in dengue transmission dynamics (where the

exposed migratory population is added to the exposed class Ey(t) at a

rate p1, and the infected migratory population is added to the infective

class Iy(t) at a rate puo;

(ii) incorporating the treatment class Ty (t) in dengue transmission dynam-

ics;

(iii) considering the vector-aquatic class Ay () to find the effects of the control

strategies at the aquatic stage;
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(iv) additionally incorporating the controlling rate parameters C, and C,,
which will monitor the effects of precautionary measures at the aquatic

stage (C,) and adult stage (C),), respectively.

The variables of the models (8) are described in Table 1 and the parameters
value of the model are given in the Table 2. Schematically the model (8) can

be shown as follows:

Figure 1: The diagram of the model(8)

2.1 Properties of the Model

Here the basic dynamical feature of the model (8) will be explored. We

claim the following.
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2.1.1 Positivity and boundedness of solutions

Lemma 1. The closed set Q@ = {(Sy, En, Iy, My, Ty, Ry, Av, Sy, By, Iy) €
RI: Sy +Ey+1Iy+ My+Ty+ Ry < i Ay 4+ Sy + By + Iy < Z-:i} is

positively-invariant and attracting with respect to the basic model (8)

Proof. Adding the first six equations and the last four equations in the

model, respectively, gives:

dN,
d—fZWH_NHNH_éH]H+7Tl 9)
and,
dNy
7 =Ty — CaAV - (SV + [V + EV)Cm - ILLVNV - 5‘/[‘/ (10)
Smce A < qmyg—pugNyg+m and VY < 7 — v Ny, it follows that dZH >0
and v > 0 if Ny (t) < PLE™ and NV( ) < 5t respectively.

Thus, a standard comparison theorem [33] can be used to show that Ny (t) <
Nu(0)

ea:p‘“H(tLl—”’L—:”[l exp 4 ®] and Ny (t) < Ny (0) exp#v® +%[1—exp‘“v<t)].
In particular Ng(t) < ”H+m and Ny (t) < v if Ny (0) < ”H+”1 and Ny (0) <

THTTL
By HH
Ny (t) < Z—“j, then either the solution enter € in finite time, or Ny (t) approaches
”L% and Ny (t) approaches %, and the infected variable Ey, Iy, My, Ty, Ev, Iy

approaches zero. Hence, (2 is attracting (i.e., all solution in R}FO eventually en-

v respectively. Thus, Q is p031tlvely 1nvar1ant Further, if N H( ) < and

ter © ). Thus, in 2, the basic model (8) is well-posed epidemiologically and
mathematically [11]. Hence, it is sufficient to study the dynamics of the basic

model in .

2.2 Stability Analysis of the Model
2.2.1 Disease-free equilibrium (DFE)
The basic model (8) has a DFE given by

Ey = (S}iﬁ EE? ]Ev MI’TI7TI§> R?{a A)\k/a SX*/» E\*/a I\’;)
(% TmTVv

(ny + Co + Vm)’ (Ym + pv + Ca)(NV +Cn)

The linear stability of Ej is studied using the next generation operator tech-

= [ .0,0,0,0,0, ,0,0)
KH

nique in[32]. The associated non-negative matrix, F', for the new infection
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terms, and the non-singular M —matrix, for the remaining transfer terms, are

given, respectively, by

CuvnvSy  CrvSy]

0 0 00 “m "
0 0 0 0 0 0
P 0 0 0 0 0 0
0 0 0 0 0 0
CW;V";S@ CV]%IS? 0 0 0 0
0 0 00 0 0 |
and i i
kl 0 — U1 0 0 0
—O0H ]{32 — M2 0 0 0
0 0 k
v — 3 0 0 0
0 —TH 0 k4 0 0
0 0 0 0 ks 0
0 0 0 0 —(ov+6.) kel

where, k1 = ug+op, ke =Tu+pg+ou, ks =p1+petpn, ki=pa+m
ks =0y + 0.4+ uy +Cp, k= py + oy + C.

The associated basic reproduction number, denoted by Ry, is then given
by
Ro = p(FV 1), where p is the spectral radius of FV 1. Tt follows that

(kokr1 kskeCr ST CoSyA{nuny koke + nukaoy + nkeb. + ounyke + ovon + O'Hec}]%

R pr—
‘ Kok kske N7,

where, Cl = CHV and Cg = CVH-

Lemma 2. The DFE, Ey, of the system (8), is locally-asymptotically stable
(LAS) if Ry < 1, and unstable if Ry > 1.

The threshold quantity, Rg, measures the average number of secondary
cases generated by a single infected individual (or vector) in a completely sus-
ceptible human (vector) population [11, 27]. The above result implies that a
small influx of infected individuals (or vector) would not generate large out-
breaks if Ry < 1, and the disease will persist (be endemic) in the population

if Rp > 1. However, in order for disease elimination to be independent of the
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initial sizes of the sub-populations of the model when Ry < 1, a global stabil-
ity property must be established for the DFE when Ry < 1. This is explored

below.

2.2.2 Global Stability of the DFE of Model (8)

We claim the following:

Theorem 1. The DFE, Ey, of the model (8), is globally-asymptotically stable
(GAS) in Q if Ry < 1.

Proof.Consider the Lyapunov function

F = fiBu + folu + fsMu + f1Bv + f51v,

where,

_ OQSV(T]H]CQ —+ UH)(T]V}% —+ oy + QC)]{ZG

S Ro(krkokskNy) ’
fg _ CQSV(??VkG + oy + 90)/{?1/{56
Ro(k1kakskeNpr) 7
£ = CoSy (e pks + poky + o) (nvke + ov + 0.)ke
Ro(k1kokskeNpr) ’
f4 = 07
fo = nvke + oy + 0.
5 k5 )
f6 = 17

with Lyapunov derivative given by (where a dot represents differentiation with
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respect to t)

F= flEH + f2fﬁ + f3MH + f4TH + fSEV + f6fv7
= filAuSu + My — k1Eg) + folonEn + peMpy — kol y| + fa[m — ksMpy]
+ f3lm — ksMy] + fs[AvSv — ksEv] + fslov Ev + 0.Ev — kelv],

. [SeCi(wEv + Iy)
=N N
H

+ My — klEHl + fo |:0'HEH + poMp — kQIH:|

CsS Eg+1
+ f3 [Wl_k3MH} +f5[ 2 V(m]{V n+ 1n)
H

_ CQSV(nHkQ + UH)(ndG + gy + ec)k‘g
Ro(k1k2k5k’6NH)
(ndfi + oy + 90)

ksNu
CQSV(T]VkG + oy + 90)k1k6
E My — kol
Reo(knkeakiskg Nor) oglig + poMyg olg

L CoSv(nmpks + psky + o) (vks + ov + be)ks [77 k MH}
o
Ro (ks kakskoNa) ’

= k¢(nvEv + Iv)Ro + oy Ey + 0.Ev — k¢Iy — Evnuks — oy Ev — 6.Ey

CoSv(nvke + oy + 6.)
RO(klk’ngkE,kG)NHNH

+ Rokikoksks Ny Egng + Rokikakske Ny ly + kikske NuEgon + kikske N g M pio

- k5Ev] + f6 [O'VEV +0.Ey — kGIV} ;

|:CISH(77VEV +1y)+ MygNy — klEHNH}

+ UvEV + QCEV — k’ﬁfv +

|:k75EVNH + CoSy(nuEu + IH):|

[k:s/fﬁ(??HkQ +oy) (i MyNy — k1EgNy)

— kikskekoNuIy + Nu(mupaks + poki + opgpn)ke(m — k:sMH)}

By considering only the exposed and infectious migrated populations, we
get the following algebraic manipulation:
F= ke(nv Ev + Iv)(Ro — 1)

OQSV(nva + oy + 90)
R0<k1k2k3k5k6>NHNH

+ kokske Mg Npnmpn — kikekske Eg Nugng + kske Mg Ngogpn — kikske Eg Ny
+ klkSkGEHNHUH + k1k3k6NHMHM2 - kflk‘kakGNHIH - k2k3k6MHNHl/J177H

[Rok’1k2k3k6NHEH77H + Rokikakske Nuln

— kikske My N po — k3k6MHNHUHN1]

CoSv (nvks + oy + 0,)
Roks Ny

In|Ra 1]

= kﬁ(nva -+ ]V)[Ro — 1] + T]HEH |:'R,0 — 1:|

OQSV(nva + oy + 90)
RoksNy
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Thus,f<OifR0<lwithf:OifandonlyifEH:IH:MH:
Ty = Ey = Iy, = 0. It follows, from the Lasalle Invariance Principle [18], that
Ey —0,lg - 0,Myg — 0, Ty — 0,Ey — 0 and Iy — 0 ast — oo (i.e., the
disease dies out). Thus, (Ey, Iy, My, Ty, Ev,Iy) = (0,0,0,0,0,0) as t — oo.

Now, for any € > 0 sufficiently small, there exists a ¢t; > 0 such that if
t > t1, then

EH<€, [H<6, MH<E, TH<€, Ev<€, Iy <e (11)

Now it follows from the equations for Sy and Ay in (8) that for ¢ > ¢; (and
noting (11))

dSy Crv(nv + 1)e

— = — A\gSy — Sy > — — S
i TH HOH — MHOH = TH Ny HHOH

dAy
dt
Thus, by a standard comparison theorem [30]

=Ty — (Ym + v + Cy) Ay

. 1
lim inf Sy (t) > “ Cav(ny + Ve (12)

liminf Ay () > v (13)
Since € > 0 is arbitrarily small, letting ¢ — 0 in (12) gives

lim inf Sy (t) > 2 (14)
t—o0 1232

Similarly, it can be shown that
limsup Sy (t) < — (15)

and

limsup Ay () < v (16)
t—o0 Hv

Hence, it follows from (13), (14), (15) and (16) that

lim Sy (t) = i and lim Ay (t) = v
t—oo /’LH t—o0 /’I’V

Thus,

M (Sy (8), B (t), Lu (1), Mu (1), Tu (1), R (t), Av (1), Sv (1), Ev (¢), Iv (1))
(17)
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v ImTvV 0,0) = E
(v + Ca+5m)" (Y + pv + Co) (v + Cra) "
The epidemiological implication of theorem (1) is that the classical epidemi-

= (22,0,0,0,0,0,
129: 4

ological requirement at Ry < 1 is necessary and sufficient for the elimination

of dengue virus in the community.

2.3 Existence of Endemic Equilibria of the Model (8)

To find the conditions for the existence of the endemic equilibria of the
model (8) (that is, equilibria of the model (8) for which the disease is endemic
in the population), denoted by

o o sk Tk sk TRk sk ARk Qrkk Tkk Tk
El - (SHaEHalHaMH7TH7RH7 V7SV7EV>IV>

the equations in the model (8) are solved in terms of the associated forces of

infection at steady-state, namely

Crv (v Ey + 1)) Cuv(na Bt + Iy)

Setting the right-hand sides of the equations in (8) to zero gives (in terms

Ay = and Ay = (18)

of S3f > 0) the following expressions for the state variables of the model:

TH
S** — ,
" i+ n
1
M** — _7
H ks
B — )\*H*Sﬁ(kg + H17T1
H - k ]{: )
1K3
[ oA St ks + oppmi 4 pomik
H key ok ’
e oy TS ks + THO T + KT e TH (19)
" Ferkaksky ’
R — Yog N TH ST ks + THY 10 HIM T + poTikiTEY
" k1l€2k33k?4,uH ’
%
A** = —
v Ym + My + Ca
o 'VmAﬂ{/*
V - EX3 Y
)‘V + py + Cm
A**S**
E** — V&~V ’
v —k5

. (ov + 0 )\ Sy
Ly = kesk ’
5
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Thus using (19), from A} in (18) we get:
Crv (Mg Sit ks + mumi) (nuke + on) + Cry pemiky

A** — 2
v kikoks N7 (20)
Now, substituting the value of A} of (20) in Ajf of (18), we get:
kk G

kske [(Aﬁsﬁ% + 1) B + kikokskapum SiF + D

where,

B = kokspg + kapiy + pHOHTH + OHTH Y,
D = mikikypug (koks + po) + Tk kopom (e + 1),

G = {CHV/\}? 1 koksng + Cruypnmiog + Cay Ny S kson
+ Cpvinmngks + CHVPJ277'1]€1:|

|:CHVS;‘/*77V]{56 + OHvs{k/*(CTV + 96):| .

It follows that the endemic equilibria of the model (8) satisfy the following
polynomial (using (18), (20) and (21), then simplifying, we get:)

PS5k | (f -+ Dk + i + 1)
+ 2kaprTro (ko + ko) + o + ’h}
+ ()\j-_}k)z |:2]€5]€6]€3S§/1,17leB2 + 2(5?]{?3)2Bk1k2k4]€5]€6/£]{ —+ 2DBSE7€3/€5]€6

+ Ao [k5k6N17TIB2 + kske(krkoks)? + (kapp S3p)? + D?
+ 2k kokskykskepym Bup Sty + 2D By kskg
_ (CHV)QSES{'}*IC?)(I{?QT/H + O'H)(nvkiﬁ + oy + Qc):|

— (Cuv)*Sy (kanu + om) (nvks + oy + 0.) (i1 + pamiky) =0

ie.,

XNEP4HYN5)2+ 2N —P=0 (22)
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where,

X = (S5 ks)?kske | (k2 + Dkapr)® + (ouTa(pn +n))?

+ 2kypgrron (kepy + ko) + g + 71|,

Y = 2kskeks Sty pumbB? + 2(S5 ks) Bk kokkskepig + 2D BS} kskske,

Z = kskepimi B? + kske(kikoks)? + (kaprr Si)* + D? + 2k kokskykskepm Bug Siy
+ 2D Bumiksks — (Crv)* St Sy ks(kanm + om) (nvks + ov + 0.),

P = (CHV)2ST/*<k2TIH +ou)(vks + ov + 0.)(pm + pomik),

Now according to Routh-Hurwitz criterion if we look at the equation (22),
then there is only one sign change, thus there is only one real root exists for
the equation. Therefore the system (8) has a unique EEP, of the form

*k k% TRk *x Kk *x *x *x Kk TRk
El - (SHﬂEH7IH7MH7TH7RH7AV7SV7EV7]V)7

We claim the following:

Lemma 3. The model (8) has one positive (endemic) equilibrium whenever

Ro > 1, and no positive equilibrium otherwise.

Hence, the above mathematical analysis show that the basic dengue model
(8) has a globally-asymptotically stable disease-free equilibrium whenever R <

1, and a unique endemic equilibrium if Ry > 1.

2.3.1 Local Stability of Endemic Equilibria

The local stability of EEP, Fy, of the model (8) is consider for the special
case where we use Ny = Njj, disease-induced mortality is zero(dy = dy = 0)
and the definition SH = N;[*_EH_[H_MH_TH_RH and SV = N;*—Ev—lv
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in (8), gives the following reduced basic model:

(23)

dE C By + T
#o_ Gl . Y Nt~ By — Iy — My — T = R | + juMut — (ur + o30) B,
dt N
dIy
o = onEy + peMy — (ty + po)In,
dM
TH = m — (1 + po + pu)Mpy,
dT
d_zf{ = 7tuly — (g +7)TH,
dRy
— = Ty — ugR
dt Nig — pEH,
dE C Eg+1
- o= 2B + 1) Ny =By —Iy| — (ov + 0.+ pv + Cn) By,
dt N}
dI
d_;/ = (ov+0.)Ey — (pv + Cp)ly.
Now we can rewrite the model (23) as
dE C By + T
L il Ev v) Ny —FEy—Ig—My—Ty — Ry | + My — ki1 Eg,
dt N3
dI
d_f = ogEy + poMy — koly,
dM
TH = T — k3MH,
dT’
—df = THIH — ]{Z4TH7 (24)
dRy
— = Ty — ugR
dt Nty — pHH,
dEy ColnpEy + Iy)
= N —FBEy —Iy| — kF
7 N v v — 1y 5LV,
dI
Y = (ov +60.)Ey — kely.
dt
where,

ky=pm+omg, ko=71g+pg, k3= p1+po+ pm,
ky=pm +vm, ks=ov+0.+puy+Cn ke=py+ Cuy.
It is easy to show that the system (23) has a unique EEP, of the form
By = (B3, I, My, Ty, Ry, EX* I¥), whenever Ro; = Rolsy=s,—0 > 1. We

()

claim the following theorem:

Theorem 2. The unique endemic equilibrium, E1, of the reduced basic model
(23) is LAS whenever Ro1 = Rolsy=s,—0 > 1.
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Proof. The proof of theorem is based on using a Krasnoselskii sub-linearity
trick (see [10, 12, 28] and also [19, 22]). Linearizing the system (23) around

the endemic equilibrium, £, gives

dFE

_dtH = ayvbv +azly + (—a1 — k1) Eg — ay(Ip + My + Ty + Ry) + puMy,
dI

d_f = onEpg+ paMpy — kalp,
dM
TH = m — ksMpy,

dT

d—f = Tuly — kaTH, (25)
dRy

Y Ty — un R

dt iy — B,

dE

d_tv = amupEy + aydyg + (—as — ks) By — a1y,

dl

—V = (O'V + OC)EV - k?@]v.

dt
where,

_ Cilwhkv+1Iv)  Co(muEwu + In)
ap = , o = ,
Ny Ny
C1SyH Sy
as —

——,a4 = .
BRI *ok
NH NH

It follows that the Jacobian of the system (25), evaluated at F, is given
by

—ay— ki —ay p—ay —a; —a asny as
oy —ko o 0 0 0 0
0 0 —ks 0 0 0 0
J(E)) = 0 TH 0 —ky O 0 0
0 0 0 Y1 —UH 0 0
asny a4 0 0 0 —as—ks —a
0 0 0 0 0 oy +0. —kg

Assume that the system (25) has solution of the form

Z(t) = Zoe™, (26)

with Z_O = (Zla ZQ, Zg, Z4, Z5, Z67 Z7), 9, Zl < (C(Z = 1,2, 7) Substltutlng a
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solution of the form (26) into the system (25) gives

072, = asnvZs+ azZy+ (—a1 — k1) 2y — a1(Zy + Zs + Zy + Zs) + (1 Zy,
072y = opZi+ pets — koZs,

02y = m —ksZs,

02y = TuZs— kiZy, (27)
0725 = mZs— pus,

0Z¢ = amuZi+ asZs+ (—ay — k5)Zg — as 27,

0Z; = (o +0.)Z — keZn.

System (27) is simplified as follows. Firstly, all the negative terms in the
2nd, 3rd, 4th, 5th and 7th equations of (27) are moved to the respective left-
hand sides.

oz H2T

0tk Ot k)01 k)

2

T

A=
3 9+k33’

oHZ\TH WoTHT

R e R R R A R IR )

oHZ1\THY1 M2 THT1V1

Zs = (0 + ko) (0 + ka)(0 + 1) * (04 k3)(0 + ko)(0 + ka) (0 + pr)’

_0v+90
T kR OO

Secondly, the (resulting) equations are then re-written in terms of Z; and
Zs and substituted into the remaining equations of (27), and all its negative

terms are moved to the right-hand side. Doing all these lead to the following

equations:
1 i 94‘@1 i a10g Oga1 Ty i OHgA1THY1 Zl
ky Fr(@+ ko) (04 k)0 + Kok (04 ko) (0 + kg) (0 + pm) By
LT - asny s + a3y + p1 3

ki
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[ 0 OH M1
14+ —\|Zy=—7,+—=7
_+k2_ 2 s 1+k2 3
i 0 ] T
1+ —\|Z —
TR T R
_1+ Q_Z _ g
i ]C4_ 4 — ]{34 2,
1+ i] Zs =Lz,
L HH HH
[ 0+ as a2<0'v+(90):| asnp 21 + a4 25
1+ Jg = ,
i ks ks (0 + ko) | 7° ks
[ 0 (oy + 0.)
14+ — |24, =~—27;.
i +kJ ! ke °
Now we can rewrite the equations as:
Zs[1 4+ F5(0)] = (MZ)Q,
Zs[1+ F5(0)] = (MZ)s,
L1+ Fy(0)] = (MZ)4, (28)
Zs1+ F5(0)] = (MZ)s,
Zsll+ F5(0)] = (MZ)s,
L+ BO) = (M2)r.
where,
J 0+ ay a10H OHTH " T THY1
! ky ki(0 4 k) (0 +ko)(0+ ka)ky (0 + ko) (0 + ka)(0 + g )k |’
0
F = =
2 kf27
0
A
3 ]{33’
0
F, = =
4 ]{747
F5 - i7
HH
0+ay ax(o,+06,)
FG = )
ks ks(0 + k)
o

ke
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with,
00 B0 o0 omeop
e 2.0 0 0 0
0 0 0 00 0 0
M=| 0o 2 0 00 0 0],
0 0 0 X0 0 0
[22:4
g0 0 0 0 0
0 0 0 0 0 {=fd g

ke
The notation M(Z); (with i = 1,2,3,4,5,6,7) denotes the ith coordinate
of the vector M(Z). It should be noted that the matrix M has non-negative
entries, and the equilibrium E; satisfies £, = M Ej.
Furthermore, since the coordinates of E; are all positive, it follows then
that if Z is a solution of equation (28), then it is possible to find a minimal

positive real number, s, such that [19, 22]
| Z |< sk, (29)

where,
Z=(Z1 | Z2 || Zs || Za |,| Zs5 || Zs || Z7 |)

with the lexicographic order and | - | is a norm in C.
The goal is to show that Ref < 0. Assume the contrary (i.e., Ref > 0).

We consider two cases: § = 0 and 0 # 0.

Assume the first case § = 0. Then, equation (27) is a homogeneous linear
system in the variables Z; (i = 1,2, 3,4,5,6,7). The determinant of this system
corresponds to that of the Jacobian of system (25) evaluated at F;, which is

given by
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A = —kokskskearaopy — kokskskskearjig — kokskyarazoy
— koksksaraopip 0. — kikokskskeaspig — kikokskakskepir
— kikokskaasoyum — kikokskaaspigle — kskaksasaippon
- k3k4k5k6010H#H - k3k’4a1020H0qu - k3k4a1a20H9cHH
— kskearaxTyoppy — ksksksarTnoppn — ksaraaTyo g pioy
— ksaraatrogpable — ksksaraaTnony — ks KsksarTHopm
— kzayasTgogyioy — kskaiastrogy . + ksksazasopppoy
+ kskyazasogppbe + kskiksasasompany + kokskiazaso e
+ koksksazasOcppnu + kokskskazaspignany .
= _k2k3k4k6a1a2,uH - k?2k33k34k?5k6a1MH — koksksaiazoy
— koksksaraopip 0. — kikokskskeaspig — kikokskakskepir
— kikokskaasoy g — kikoksksaopgte — kskskeasarpigon
- k3k4k5k36a10HuH - k’3k’4a1a20HUvﬂH - k3k4a1a20H9cMH
— kskearaxTyoppy — kskskearTnoppn — ksaraaTyop oy
— kzarasTgogpal. — ksksaraaTrogy — k3KskeaiTrogm

- k3a1azTH0H’V1UV - kgka1azTH0H’V19c
+ kskyazagpipg |ogoy + ol + opny + keoyng + k0cng + kokenany | -

= _k2k3k4k6a1a2,uH - k2k33l€4k‘5k6a1uH — koksksaiasoy

— kokzkyaragppt. — kikokskikeaopn — kikokskaazoy iy

— kikoksksaopip 0. — ksksksasar oy — kskikskeaioppn

— ksksarazogoypn — ksksaraaoulepin — kskearasTuonpn
— kskskearTHoppn — ksaraeTpoppnoy — ksaiaoTyon b

— kgkﬁalagTHUH’}/l — k3K5k6a17'Hanyl — kgCLlCLQTHO'H’)qO'V

— kskayaatropyi0. — kikokskikske {1 - (R0)2:|

Since the model parameters are non-negative, and by algebraic manipula-

tion, we finally get:



64 Effects of Migratory Population and Control Strategies ...

=N = —koksksksaraopiy — kokskikskear g — koksksarazoy
— koksksayagpipOe. — kikokskikeaspm — kikoksksasoy pim
— kikgksksaopip0c — ksksksasarpgoy — kskskskeaiopgpn
— ksksarasogov g — ksksarazogOcpig — kskearaoTHO gty (30)
— kskskearTuonpn — ksaraeTuoppuoy — ksaraaTuom im0,

— ksksaiaoTHo Y1 — ks KskearTHory1 — ksaraatgogyioy

- k3ka1a2TH0H71@c — kikokskykske [1 - (Ro)z} 7’é 0

Therefore the system (25) has a trivial solution Z = 0 (which corresponds to
the DFE, Ej.)

Now we consider the case 6 # 0. In this case, by assumption, Re ¢ > 0.
Thus, | 1+ F;(0) |> 1 for i = 1,2,3,4,5,6,7. Now, define F(f) = min |
1+ F;(0) ], 1=1,2,3,4,5,6,7. Then, F(6) > 1. Therefore, ﬁ < s. Since s is
a minimal positive real number such that | Z |< sEj, then

_ S _
Z|>——F. 1

121> i (31)

Taking norms on both sides of the third equation of (28), and using the

fact that I is non-negative, gives
F(0) | Z2 |[<I(1 Z )2 < s(1| B [)2 < sy (32)

Then, it follows from the above inequality that | Z; |< Tyl which
contradicts the equation (31). Hence, Re 6 < 0, which implies that F; is LAS,
if Rop > 1.

The epidemiological implication of Theorem (8) is that the disease would per-

sists in the community if the basic reproduction threshold Ry > 1.

2.3.2 Global Stability of EEP of the Model (8)

The global stability of EEP of the model (8) is consider for the special case
where the dengue induce mortality is very negligible (so that, éy = dy = 0)
and at the endemic stage Sj; > Sy, Eff > Ey, Si* > Sv, By > Ey.
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Theorem 3. The unique EEP, E,, of the model (8), is globally asymptotically
stable in Q whenever Ry > 1.

Proof. Consider the non-linear Lyapunov function

Su Ey
F=|Su— Sy —S"In S**} + { H E**}
[ Iy M
tay |y — I = In ] + as [MH — M} — MfIn H]
! I M7
[ Ty R
i TI*{* R**
[ A S
tas| Ay — A — AFIn=L| + | Sy — S — SiFin=Y
I A** S‘*/*
Eyv I
+ |By — B — ES¥In—2| 4 ag | Iy — I} — I In-2
with Lyapunov derivative of (33) given by
. S** . E** I** .
F=|1--£|8 1— E 1--207
{ SJ H+{ EH} H+a1{ ]H}H
r ** T** X R** .
+as|l— MH+a3 1— 2Ty +a,|1 = =2 | Ry
IM TH RH
1— A VI Sy + |1 - E
i Av} V+{ SV] V+[ Ev} Y
M ]** .
1— 4|1
+ ag i .[V :| Vs
where,
M1
a1 =0, ay= , a3 =20,
' ’ (1 + p2 + pr) ’
ay = 07 as = T ag = 07

('7m + py + Ca)’
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Substituting these value in to the equation (34), we get

Ci(nvEy + Iy) Sy n Ci(nv By + I)

F =7x N H — MHOH — TH Sy Nz H
C Ey+ 1 C EY + I3 B
+ ,UHS;I* + 1<T]VNV V) SH N (HH + UH)EH . 1(77V N\:* \% )S;f; EH
H H H
B3 1 My
+ My — M7 =+ (g + o) E5 + -
H1AE = 158 Ey ('uH H) a (,u1 + U2 + ,MH) { ! ! My
sk f)/m
+ (g1 + po + pg) My — (g + pe + ,UH)MH:| + {Wv
" (Ym + v + Ca) (35)

A**
_mvg_*“+”V+QW%+VM+Mv+@V$]+%Av—wv+aﬁ%
Sv Ny N

C Eg+1 C By +Iy) By
o En H)SV_ (o + 0.+ pv + C) By — 2(nuEY i) BV
Ny Ny Ey

+ (ov + 0. + py + C) EY,

+ Sy

In the above equation (35), we will use the following relations:

Ci(v By + 1Y)

H
(1 + o) Ejy — 2O g
1 = P ;
M
1
M** — ,
B ( + 2+ )
Ym
A** — ,
v (’7m + Ky + sz)
Y Ay + L) Gox
m N**
(v +Cp) = =

*ok ’
SV

Ca(nv E\*/*‘f‘lé/*) S**
— Ny oV

Hk
EV

(ov+60.+py+Cp) =
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Now from equation (35), we get

H 1 (v B V)SH H+M1MH—/L1M H o My

F <y — —
=TT Nz Ey L
M 2 Axx 2
+2/~L1MI§* _,ul( H) —f'f)/m*A*Vik _/VmAV +7mA*V* _’Ym( V)
MH AV
S C. E I C B+ I
§ Ay — Ay SV CelnnBn ) o OBl ¥ 1if) gee (3
Sy Ny N

E 1
O2<77H Ht H>SV _ (UV + 9@ —|—ILLV + Cm)EV

— Cn)S
(kv + Cr) Sy + N,
T (v + Co) S + (0w + 6o+ puy + Co) By — 220 e H)EV g
N Ev
Finally,
- Sif\_ Clw By + 1) .. i i
< 7h( SH) N Hp + p M ( EH)
M MH AV A**
M** 9 _ H mA** 9 o V
T H{ My M}‘f‘}+7 V{ Ay AV] (37)
mA 1— |4 H H S 1 — |4
+ ’y V( SV ) + N;'—k]* 174 EV Y

Since the arithmetic mean exceeds the geometric mean, it follows then that

My My
AV A;*
p R <
|: A*V* AV:| - 07

Also since, Sy, Ey, My, Ay, Sy, Ey, approaches S}, Eff, Mj, AV, Sy, B
asymptotically, or Sy, Ex, Mj; Ay, Sy, By becomes, and remains, less than
Sy, B, My, A, Sy, BV in finite time, then from equation (37), we get

Sy — S <0, Eyg—FE;f <0,

Sy — 8, <0, Ey—Ey <0,
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ie.,

Sy = Sv, EY > Ey,

Therefore from equation (37), we can finally say that

.7;"§O for Rp > 1

Thus, by the Laypunov function F, and the LaSalle Invariance Principal [18],
every solution to the equations in the model (8) approaches E; as t — oo for
Ro > 1.

At the end of the discussion, we can say that, the model (8) has a globally-
asymptotically stable DFE whenever Ry < 1 and a unique EEP for Ry > 1.
It is shown that the unique EEP of the model (8) is globally-asymptotically
stable, for the special case whenever disease-induce mortality is very negligible
and the threshold quantity that is the basic reproduction number greater than
the unity (R > 1).

3 Numerical Simulations and Discussions

The model (8) is simulated, using the parameter values given in Table 2
and Table 3 (unless otherwise stated).

Figure 2 presents the simulations of the dengue transmission model (8),
showing a contour plot of the reproduction threshold Ry which depicts that if
the rate Cy = Cy g at which human acquire infection from infected mosquitoes
(exposed or infectious) and the rate C; = Cyy at which mosquitoes acquires
infection from infected humans (exposed or infectious) decreases then the bur-
den of the dengue disease decreases (in line with theorem 1). However if the
rates C; and Cy increases then the burden of the disease increases (in line with
Theorem 3).

Figure 3 presents the simulations of the dengue transmission model (8),
showing a contour plot of the reproduction threshold Ry which indicates that

if the rate oy at which the vector individuals transfer from exposed class to
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infected class increases and at the same time if we have the effective precau-
tionary measures the we would be able to control the disease spread and no
endemic will occur (in line with Theorem 1), otherwise the disease burden will

increases.

Figure 4 depicts that if the rate oy at which the exposed human popu-
lation developed clinical symptoms of dengue disease move to infectious class
decreases and the rate oy, at which the exposed vectors developed clinical
symptoms of dengue disease move to infectious class decreases, then the total
number of infected human population also decreases, otherwise burden of the

disease increases.

Figure 5, 6, 7, 8 and 9 monitor the effect of the effective vector control
rate C,, and C,. If we do not have any necessary precautionary measures,
then the total number of vector population increases rapidly (Figure 5) and
persist in the community ultimately. If we take the precautionary measures
in the aquatic stage (i.e., if the control rate C, increases), the number of total
infected vector Iy, decreases rapidly as like figure (7). However if we take the
necessary precautionary measures in the adult stage (i.e., if the control rate C,,
increases), the total infected vector Iy also decreases, (Figure 6). Additionally
if we take the precautionary step in the aquatic and adult both stage, then
the total number of infected vector decreases drastically (Figure 8). To see
the total changes in the vector population after some necessary precautionary
measures, we have, from Figure 8, that the total vector population Ny de-
creases rapidly. Figure 5 and 6, present the comparative situation before and

after the precautionary measures have taken.

Figure 10 and 11 present the effect of the migratory infected individuals.
From Figure 11 we see that if the rate pu; at which the migratory population
added to the exposed class Fy and the rate po at which the migratory individ-
uals added to the infected class Iy varies, then the number of new infectious

cases varies as well.

From Figure 10, we see that, small rate of increase in p; and in ps can
increases the total number of infection and can create an endemic. From Figure
10, we can also see a comparative presentation of the model (8) simulation
where, if p11 = po = 0, then the number of new infected population decreases.
If 3 = po # 0, then the number of new infected individuals increases rapidly

and converges to the endemic situation.
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4 Conclusion

A deterministic model for dengue transmission dynamics presented and
rigorously analysed. The disease-free equilibrium, FEy, is shown to be locally
asymptotically stable when the associated epidemic threshold known as the
basic reproduction number, R, for the model is less than unity. This equi-
librium (DFE) is shown to be globally-asymptotically stable whenever R is
less than unity (Theorem 7). The model has a unique endemic equilibrium
(EEP), Ei, is shown to be locally asymptotically stable whenever Ry is greater
than unity (Theorem 8). By considering special cases EEP is shown to be
globally-asymptotically stable whenever Ry > 1 (Theorem 9). Numerical sim-
ulation reveals that if the rate at which human acquire infection from infected
mosquitoes (Cyg) and the rate at which mosquitoes acquires infection from
infected humans (Cyy) increases then the burden of the dengue disease in-
creases. Numerical simulations indicates that if the rate of migratory exposed
(1) or migratory infected (i) individuals increases then the rate of cumula-
tive number of new cases increases. Numerical simulations suggest that proper
treatment decreases the rate of infectiousness. Numerical simulation depicts
that if we take the precautionary measures more seriously then it would be
more effective then even giving the treatment to the infected individuals. Nu-
merical simulations reveals that the spread of dengue virus can be controlled
more effectively, if we take the precautionary measures at the aquatic and

adult stages.
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Table 3.1: Description of variables of the dengue model (8):

Variables Description

SH(t) Susceptible humans

Eg(t) Exposed humans

Iy(t) Infected humans

My (t) Migrated class of individuals comes from different parts of the

world to the host country and contains the virus of dengue

Ty (t) Treated humans

Ry (t) Recovered individuals
Ay (t) Aquatic class

Sy (t) Susceptible mosquitoes
Ey(t) Exposed mosquitoes
Iy (t) Infected mosquitoes
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Table 3.2: The value of the parameters of the dengue model (8):

Parameter Description Baseline values
TH Recruitment rate of humans 20day " [7]
TV Recruitment rate of vectors 5000day ~1[20]
u%y Natural death rate of humans 67years [20]
‘%V Natural death rate of vectors [4, 14]days[20, 41]
Cuy Contact rate from host to vector 0.75day ~1[24]
Cvu Contact rate from vector to host 0.375day ~1[24]
o Exposed individuals with develop clinical symptoms

of dengue disease move to infectious class at that rate (0, 1)day~! [29]
oy Exposed vectors develop symptom of disease and

move to infections class at this rate (0,1) assumed
TH Rate of treatment Variable
om Disease induced death 10~ 3day1[5]
o Migrated population Variable
1, 42 Transition rates between Ex and [y classes Variable
Y1 Transfer rate from treatment class to recovery class 0.1428day~'[5, 24]
oy Disease induced death rate for infectious negligible
Ym, The mean aquatic transition rate Variable
C, Control effect rate Variable
N, NV Modification parameters (0, 1][7]
Cn Control effect rate Variable
0. Extrinsic incubation rate of vector Variable

Table 3.3: The values for variables for the figure (3.2-3.11)
Su | B |Iy | My | Ty |Be | Ay |Sv | By |Iv
6000 | 500 | 300 | 50 | 290 | 280 | 1000000 ‘ 10000 | 5000 | 3000
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Figure 2: Simulations of the model (8) showing a contour plot of Ry as a
function of contact rate from vector to host (Cy = Cyp) and contact rate from
host to vector (Cy = Cpy). Parameter values used are as given in table (3.2),
(3.3), with Iy = 20, oy = 0.0130, éy = 0.0001, dy = 0.01, oy = 0.0230,
v = 0.0428, ~,, = 0.00575, C, = 0.850, C,, = 0.650, m; = 7, 7y = 0.190,
ng = .03902, ny 0.0129, 6. 075, puy = 0.0, po 0.0, my 5000,
g = 0.01492537, uy = 0.363
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Figure 3: Simulations of the model (8) showing a contour plot of Ry as a
function of control rate at the adult stage (C),,) and transfer rate from exposed
to infected class (o). Parameter values used are as given in table (3.2), (3.3),
with Iy = 2, C; = 0.75, Cy = 0.375, 6y = 0.0001, 6y = 0.01, ;3 = 0.001428,
Ym = 0.003575, C, = 0.450, my = 7, 7y = 0.190, ng = .02902, ny = 0.0129,
0. = .075, py = 0.0, py = 0.0, Ty = 5000, pgy = 0.01492537, py = 0.363
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Figure 4: Simulations of the model (8) showing the total number of infected
human population (Eg + Iy + My + Tx) as a function of time (for reducing
values of oy and oy ), using the parameter values in table (3.2) and (3.3) with
Iy =20, Cy = 0.035, Cy = 0.0375, oy = 0.0130, oy = 0.01250, §5 = 0.0001,
oy = 0.01, v; = 0.01428, ~,, = 0.013575, C, = 0.0, C},, = 0.0, m = 7,
i = 0.0, 7y = 12902, nyv = 0.073, 8, = 075, p1 = 0.0, ps = 0.0, my = 5000,
wr = 0.01492537, py = 0.363333, Ry = 0.5337.
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Figure 5: Simulations of the model (8) (without precautionary measures C, =
Cyn = 0) showing the total number of vector population (Ay + Sy + Ey + Iy)
as a function of time, using the parameter values in table (3.2) and (3.3) with
Iy = 20, C; = 0.75, Cy = 0.375, oy = 0.135, oy = 0.125, 05 = 0.0001,
oy = 0.01, 34 = 0.1428, ~,, = 0.035, C, = 0.0, C,, = 0.0, my =7, 7y = 0.0,
ng = .02902, ny = 0.037103, 0. = 0.75, 1 = 0.0, puy = 0.0, 7y = 5000,
pr = 0.01492537, py = 0.363333, Ry = 2.1326.
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Figure 6: Simulations of the model (8) (with precautionary measures at the
adult stage C,,, # 0 and aquatic stage C, = 0) showing the total number of
infected vector individuals (Ey + Iy ) as a function of time, using the parameter
values in table (3.2) and (3.3) with IIy = 20, C; = 0.75, Cy = 0.375, oy =
0.135, oy = 0.125, §y = 0.0001, 6y = 0.01, v, = 0.01428, ~,, = 0.03575,
C. =00, C, =089, m =7, 7y = 0.0, ng = .129, ny = 0.171, 6. = .0075,
p1 = 0.0, g = 0.0, my = 5000, py = 0.01492537, py = 0.363333, Ry = 0.7455.
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Figure 7: Simulations of the model (8) (with precautionary measures at the
aquatic stage C, # 0 and C,, = 0) showing the total number of infected vector
individuals (Fy + Iy) as a function of time, using the parameter values in table
(3.2) and (3.3) with [Ty = 20, C; = 0.75, Cy = 0.375, oy = 0.135, oy = 0.125,
o0y = 0.0001, 6y = 0.01, v; = 0.01428, ~,, = 0.03575, C, = 0.89, C,,, = 0.0,
m =17, 7g = 0.0, ngy = .12902, ny = 0.17, 6. = .01175, uy = 0.0, pus = 0.0,
my = 5000, pg = 0.01492537, uy = 0.363333, Ry = 0.6637.
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Figure 8: Simulations of the model (8) (with precautionary measures at the
aquatic stage C, # 0 and both adult stage C,,, # 0) showing the total number of
infected vector individuals (Ey +1y) as a function of time, using the parameter
values in table (3.2) and (3.3) with IIy = 20, C; = 0.75, Cy = 0.375, oy =
0.0135, oy = 0.125, 6y = 0.0001, oy = 0.01, y; = 0.01428, ~,, = 0.013575,
Co=0.89, C, =089, m; =7, 7y = 0.42, ny = 0.129, ny = 0.173, 6. = .01175,
w1 = 0.0, o = 0.0, my = 5000, py = 0.01492537, uy = 0.363333, Ry = 0.6304.
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Figure 9: Simulations of the model (8) (with precautionary measures at the
aquatic stage C, # 0 and both adult stage C,, # 0) showing the total number
of vector individuals (Ay + Sy + Ey + Iy) as a function of time, using the
parameter values in table (3.2) and (3.3) with Iy = 20, C; = 0.75, Cy =
0.375, oy = 0.01130, oy = 0.01125, 6y = 0.0001, &, = 0.01, 7, = 0.01428,
Ym = 0.013575, C, = 0.889, C,,, = 0.89, m; =7, 7y = 0.42, ny = .02902, ny, =
0.01137103, 6. = .01175, py; = 0.0, pus = 0.0, m, = 5000, puy = 0.01492537,
wy = 0.363333, Ry = 0.3093.
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Figure 10: Simulations of the model (8) (with p; = o # 0) showing the total
number of infected human population (Ey + Iy + My + Ty) as a function of
time, using the parameter values in table (3.2) and (3.3) Iy = 20, C; = 0.75,
Cy = 0.375, oy = .130, oy = 0.1250, 65 = 0.0001, oy = 0.01, 7, = 0.01428,
= 0.03575, C, = 450, C,y, = .650, m = 20, 75 = 0.19000, 75 = 012902,
nv = 0.0137103, 0, = .075, 1 = 0.050000, ps = 0.69000, 7wy = 5000, g =
0.01492537, puy = 0.363333.

Figure 11: Simulations of the model (8) by considering different values of 1
and g9, where Iy = 20, C; = 0.75, Cy = 0.375, oy = 0.0001, 6, = 0.01,
~v1 = 0.01428, ~,, = 0.03575, m; = 20, 6. = .075, my = 5000, pugy = 0.01492537,
py = 0.363333, and other parameters are as in table (3.2) and (3.3).



