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Research Title: Study the efficient of dengue vaccination in Thailand by mathematical model
Researcher: Assoc.Prof.Dr.Puntani Pongsumpun
Faculty: Faculty of Science Department: Department of Mathematics

King Mongkut’s Institute of Technology Ladkrabang

ABSTRACT

Dengue has Aedes aegypti mosquitoes which are carriers of the disease. This disease is a
public health problem in Thailand and still a public health problem worldwide. We found in children
under 15 years, especially between the ages of 2-8 years, but also found in adults with this disease.
There are 4 serotypes, DEN-1, DEN-2, DEN-3 and DEN-4. This disease found in rainy season. When
the female mosquito mosquitoes bite the person who has the virus, the virus will enter the mosquito's
stomach. The virus will increase in number more and more. Then it will travel to the salivary glands of
mosquitoes that are ready to enter the person who is bitten. During this shock phase, the fever will
begin to fall. In severe cases, they will have low blood pressure, shock and may be fatal. This period
lasts 24-48 hours. Various symptoms will begin to improve. The patient feels like eating. The pulse
beats harder and slower. In this research, we created a mathematical model to analyze the effectiveness

of dengue vaccination in Thailand.

Keywords : Mathematical model, vaccine, dengue fever
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T, () =Number of susceptible human population

who are unvaccinated at time t,

I5(t) = Number of infected humans population
who are unvaccinated at time .
Ry (t) = Number of recovered humans population

who are unvaccinated at time ¢,

54 (t) =Number of susceptible human population

who have been vaccinated at time t,

Tt} = Number of infected humans population
who have been vaccinated at ime t,
5t) = Number of susceptible vector at any time ¢,
IL(t) = Number of infected vector at any time ¢,
dy, dy = Death rat of human and vector population,
Ny Ny = Total human and vector population,
By By = Transmission rate of dengue virus from
vector to human, human to vector,

by = Birth rate of human population,
A = Constant recruitment rate of vector population
a = Vaccine efficacy, and

p= Fraction of newborns vaccinated

The total human and vector populations are assumed to be governed by the following conditions:

Sy +dy +Ry +Syy +1y, =Ny
S, +1,=N,

If total human and vector populations are constants, then the rates of change for total human and vector

populations are 0. As the results, we will have the following equations:

45, T, ARy S, | Ty
dt dt dt dt dt

=0

5, 4 _g
and
Ny :A/ﬂy}
by =dy
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Normalizing the equations by introducing the following normalized variables:

S, 1, R, S I
SH :7[{'1/-1 :7H’RH :7H'SHV = HV'[HV =
Ny Ny Ny Ny Ny
S, v
I [
Ny, Ny,

Introducing these normalized variables into equation (1) we get the new set of equations of states:

ds
77:(1_17)[711 =BuSuly Ny, —d Sy
dl
TH:ﬂHSH[VNV Ay —dyly
t
ds
dtH = pb, _(1_a@@-lSHVIVNV —dySyy
dl
%z(l_a)ﬁHSHVIVNV Ay —dyly,
dil
T;ZIBVSV(IH+IHV)NH _dV[V

The equilibrium states are obtained by setting the right-hand side of equation (6) to be 0. Doing this, we
obtain an expression for something known as the basic production number R This number is defined as
R = &(-(-=2+a)e,d, + N, (L~ pa)d, + &N, B,)p,)
)=
Vet (ateld} +2ae,d Ny (L p(-2+ @), +(-1+ 2p)esN, f,)B, + N2 (-L+ pa)d, + e, B,)B7)

When R, <] , the equilibrium state will be the disease-free state E1 defined as

E()=(Syg =1-p, Iy =0,Sgy = p. Iy =0,1y =0),

and when R > I, the equilibrium state is the endemic state defined as

Eo(t) = (Sg (), I3 (0, Spy (O, Ty (0), Iy (2)

where;

N g(ae,d, +e,8,)+65 g (ac,d, +([l+a—-2pa)e,)—&s .« & (~as,d, + 6,6,)+ ¢
SH(Z): 1 27y 3¢4 5 IH(t): 1 2™v 4 5 SHV(t): 1 2%y 3“4 5

20d € 208,84 2g,0d ,, &4
(0 = & (ag,d, +e,(-1+2pa)e,) — &
R 2¢,08,8, (5)
and
. &(—(-2+a)e,d, +&,8,) — &
IV (t) = 2 2 )
2&48,d, Ny, By
With
& =duN,p, & =(yr+dy) & =(-1+a) &, =NyN,S, By,

&5 = \/dleleﬂfZ/ (0!2(}/ + dH)zdlz + \/2(_1+ 2p)(-1+a)a(y +d,)d,NyN,S, B, B,
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L NNISIBL BT s = NuNES, Bipy
The equilibrium states are local asymptotically stable if all the eigenvalues have negative real parts. The
eigenvalues (}\,) are obtained by solving the eigenvalue matrix equation
Det|J -1 =0 @)
where
J is the Jacobian matrix of each equilibrium point,
Ais the eigenvalueand
1 is the identity matrix.

The Jacobian matrix of system (6) is as follows:

-B N, -d, 0 0 0 =BuSuN,
BN, -y-dy 0 0 BySyN,
J=l 0 0 -(-a)BfNy=dy 0 -(-a)BySy N,
0 0 Q-a)p, N, -y=dy (-a)fySyN,
0 B,S, 0 BiSy -4y

Constructing the Jacobian matrix from equation (6) and evaluating it at the two equilibrium points,
we obtain the eigenvalue equation
(A-y-dp )0t + ey 2 +ex)? +egit +e,)=0 (8)
for the disease-free state £, and the eigenvalue equation
(2 + ) + e + e/ +eqit +e5) =0 9)
for the endemic state £,.
The eigenvalues of disease free equilibrium state will have negative real parts when the coefficients of

equation (8) have values satisfying the Routh-Hurwitz criteria
e, >0,e;, >0,e, >0
ee.e, >ef +efe,

(10)

The eigenvalues of endemic equilibrium state will have negative real parts when the coefficients of

equation (9) have values which satisfy a different Routh-Hurwitz criterion
e, >0,e,>0,e,>0,¢,>0,e,>0
2 2
ey, =y —ej e, >0 (11)
(eie, —e5)(erepe; —¢; —efe,) —es(eie, —e;)” —eieg >0

a o Y " A o 9y v 9 1 dy
AR AYLBINIAY Gl“]f’)‘ﬁﬂﬁ“l’ﬂﬂ%“]f\‘l@’)m"ll]lﬂNﬁﬂ\isUNﬁNu
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The trajectories of dengue disease for disease free equilibrium projected onto

(SH, I[-])) (SH; SHV)’ (SH: IHV)a (SH, I(/)s (IH: SHV)a (IH, I[-][/), (IH, I(/)) (SHV’ [Hy)a (SHV’ [V) and ([HV’ I[/) planes
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The trajectories of dengue disease for endemic equilibrium projected onto

(SH: 11.[); (SH’ SHV)a (SH, IHV)a (SH: IV): (IH, SHV)’ (IH: IHV)’ (IH: IV)a (SHV’ IHV)’ (SHV’ [V) and (IHV’ IV) planes
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The trajectories of dengue disease for disease free equilibrium projected onto

Sy Ly Sy) Sy 1, 1), (S 1 1), Sy Sy L), (S, Sy 1) and (S, 1, 1)) spaces.

(a) Without vaccination

(b) With vaccination

The Infected human without vaccination (a) and with vaccination (b)

comparison by time series to disease free equilibrium point
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(a) Without vaccination

(b) With vaccination

Infected human without vaccination (a) and with vaccination (b)

comparison by time series to endemic equilibrium point

[

a T < 2
2. Wosan Usenng wag galasuiiaeonilu 4 serotypesAdil

(a) The transmission of dengue disease unvaccinated human population

o J
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(b) The transmission of dengue disease vaccinated human population

(c) The transmission of dengue disease mosquito population
The dynamic of human populations are given by

S, =@A-C)BN,~(a+¢+y+{1-a-¢-7)S,1,-d,S,(1)

I,®=aS, 1, —(d,+7,)], 2)
1,®)=¢S,1,-(d,+7,,)1, (3)
Ls©=7S,1,~(d, +7,5)1,5 4)
L,)=Q-a-¢-7)S,1,~(d,+7,,)\,, (5)
RO =t,0,+7,l,+7,l .+7,1,~dR, (6)

S, ®=CBN,~(1-p)a+g+y+(1-a-¢-7)S,1,-d,S, (7)

I,)=0-BaS,1,-(d,+7,)], (8)
L,()=-p)¢S, 1, -(d, +7,,)1,, ©
Ly)=-p)rS, I, ~(d, +7,), (10)
L,()=0A-p)A-a~¢-7)S,1,~(d,+7,,)1, (1
RO =r1,0,+7,1,+7515+7,1,~d,R, (12)

where N, = N, + N, be the total human population.
The parameters are defined as follows:
B denotes birth rate of human population, C is the Percentage of vaccinated human, d, is the death rate
human population, ¢ is the transmission rate of DEN1, ¢ is the transmission rate of DEN2, y is the

transmission rate of DEN3, (1—a —¢@—y) denotes the transmission rate of DEN4, g s the efficacy of
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vaccination , the recovery rate of unvaccinated person who be infected with DEN1, DEN2, DEN3, DEN4 are
represented by z,,,7,,,7,5,7,, and recovery rate of vaccinated person who be infected with DEN1, DEN2,
DEN3, DEN4 are represented by 7,,,7,,,7,5,7,; -

Let D=(S,,1,.1,.1,.1,,,R,,S,1,1,1,1,R,S,.1I)

be the solutions of model (1)-(14).for all non-negative for all time, from eq.(1)-(14).

vitTv21 531 v m'm

Let F(t)={(S”J,,lvl”z,fusylwRU-SVJ I, 101, RS, 1) el N, Sdﬁ'N gﬁ}ls a feasible region of model.
h

Ly
We have
dN,
—L=B- dh N,
dt
P —G-a,N,
dt

Where N, =S8, +1,+1,+15+1,+R +S, +1,+1,+I5+1,+RandN, =S, +/, and y, =

B
dh ! m
The results are:

Propositionl. The region F(t) is positively invariant for model (1)-(14).

N, _ G-d, N, whereB=d,andG=d,,.
t

Proof. Because dg" =B-d,N,and

From a standard comparison theorem

0= (N, (0N, () < N, 0™+ (L-e ™), N, 0+ (1-e™) as t> 0,05 (N, 0. N, 0) < ()
h m h m
. B . B
And lim__N,(t) < = and lim_,_ N, (t) < di , N, (t), N, (t) approaches i andg.
h m h m

dN’":O.

. dN,
From conditions N, =N,+N, and N, =S, +1,, we can have—" =0 and
t

and assumption B=d, and G=d,,.

We can be normalize our equation (1)-(14) by the introducing the new variable:

Su . Iul . ]z_¢2 . 11_13 . _[u4 R S . [vl . IVZ . [v3 . Iv4

u v

S =

R
— iy =i, = i,= i — S, =y =, =l =0, = r,=—"

u T ul 1 u2 **u3 T ud *u 1Py 151 1592 153 154 Ty
N TN TN TN TN TN NN TN TN NN

. S I . .
for human population and s, = N”’ ,i, =— for mosquito population.

m
h h

The reduced equations as follows;

s,))=(1-C)B-(a+¢+y+(L-a-¢-y)s,i N, -ds, (15)

l’ul‘ (t) = aSu im Nm - (dh + 7'-ul)iul (1 6)
iuZI (t) = ¢suimNm - (dh + THZ )iMZ (1 7)
l.us‘ (t) = ]/SMimNn1 - (dh + TMS)iuB (18)
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i O =C-a-¢-7)s,i,N, —(d,+7,4)i (19)
5,) =CB-(1-p)a+¢+y+Q1-a-¢-7)s,i,N, ~d,s,(20)
iy (© =1~ Pas,i,N, —(d, +7,)i, 21
i, (0=~ p)s,i,N, —(d, +7,)i, (22)
iy (O =@A=B)ys,i,N, —(d, +7,5)is (23)

ival(t) =1-pl-a _¢_7)Sv i,N, — (dh + Tv4)iv4 (24)

i O =0N, (=i Vi +i,+i,+i, +i,+i,+i,+i,)—d i (25)

m’m

Proposition 2. Equations (15)-(25) have two equilibrium points: for R, <lthe equilibrium points is the
disease-free steady state

By =8, i i v 8, g i i i) = {dio,o,o,o,i—c,o,o,o,on]

h h

lu3 ’lu4 ’sv ’lvl

For R, >1, The equilibrium point is the endemic steady state £, = (s, i, ,i,, iy vig vig o0)

* *
1 l

and satisfied

su ’lul ’lu2 ’lu3 7lu4 ’Sv ’lvl ’lv2 ’lv3 ’lv4 i >0’

m

Where

o_ (B .. _ (1-CBaN,i,
“d, +N

S K

win Ay TN 4T,

. (1-C)B¢N, i, . (1-C)ByN,i,

2, +N,i)d,+7,) " d, +N, i )d,+7,)

Pl = (1-C)B(1—oi—¢—7)Nmi; s = BC _ (26)

(d, +N,i)d,+7,) d, +-p)N, i,

. BCa(l—ﬂ)*Nmi; Qe BC¢(1—ﬂ)jV”,i; ,
©(d, +@-AN,i)d,+7,) T (d, + (@-B)N,i,)(d,+7,,)
e BCy(1-B)N, i’ . BC@-a-¢-y)1-B)N,i,

YT, A=B)N, D)+ 7,) T (@, + (= AN, L), 4 7,)

wherei of the positive function of the following equation
O-Nh (1_ im )(iul* + iuz* + iu3* + iu4* + ivl* + l.vz* + l.v3* + iv’4*) - dmlm* = O
Proof. Let the right hand side of equation (15)-(25) equal to zero. Then we have

From equation (15)

We have 1-C)B-(a+¢+y+{Q-a-¢-y))s,i, N, —d,s, =0

~__(oB
“d, +N_i

m-'m

From equation (16)
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we have  as,i, N, —(d,+7,)i, =0

.« _aN,is.  (1-C)BaN,i,

m-m"u

M, (A, N7

m-'m

From equation (17)

we have ¢s,i N, —(d, +7,,)i, =0

u

.« _@N,is. (1-C)B¢N i

m mSu m_m

" Td,+r,) (A, +N,2)d,+7,,)

From equation (18)

we haVC J’Su*im*Nm - (dh + Tu3)iu3* = O

. _yN,is,  (1-C)ByN,i

m_m-~u

“Tdtr,) (A N )d +7)

m-m

From equation (19)

we have A-a-¢-y)s, i, N,—(d,+7,)i, =0
;o (-a-¢-y)N,is, (A-C)BU-a-¢-y)N,i,
w4 d,+z,,) (d, +N,i,)(d,+7,,)

From equation (20)
we have CB-(1-B)(a+¢+y+Q-a—¢-y))s, i, N, —d,s, =0
-___ BC
" d, *@- BN, i,
From equation (21)
we have (1-p)as,i, N, —(d, +7,)i, =0
.« _a(-p)N,is, BCa(l-p)N,i

m- m=~v m-m

*

i =
! d,+7,) d, + A1-p)N i )d,+7,)
From equation (22)
we have  (1-B)gs, i, N, —(d, +7,)i, =0

;- _$U-PIN,i,s, __ BCH(-pN,i,
2 (dy+r,)  (d +@-PN,Nd,+T,)

From equation (23),

wehave  (1-B)ys, i N, —(d, +7,4)i; =0
e y@A-=B)N i s BCy(1- f)N, i

m mSyv m-m

d,+75)  (d, + Q=B)N, i )(d,+7,,)

From equation (24),

we haVe (1_ﬁ)(l_a _¢_7/) Sv* im*Nm - (dh +Tv4)iv4* = 0
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L _(-a-4-9)A-PN,is. _BCU-a-¢-1)A-H)N,i,
. (d,+7,0) (d, + A= BN, )d,+7,,)

we have oN,(1-i )i, +i, +i, +i, +i, +i, +i, +i, )—d, i =0wherei is the positive function of

eq. (25).

From equation (24),

The disease free steady state:
iul = 0' iu2 = 0‘ iu3 = 0’ iu4 = 0' ivl = 0‘ in = 0’ iv3 = 0’
iv4* = 0’ l.m* = O

then we have

E =(S, vig 1ip i

u2

) ud

s ) =(§,0,0,0,0,%,0,0,0,0,0J for R, <1.

h h
The local asymptotic stability of E, can be using next generation matrix. The disease free steady state

ke e e e
E =(S, vl vy vBg g oS, o0y 0,
h

. ) ,*’1_"3*’1.“4*’1.;):[ B 10.0.0,0, BC ,O,O,O,O,OJ.Where F for the new infection and » 1is the

. . OF, (X oV, (X
transfers of infections from one compartment to another. Where F = OF(Xo) and V = %) ,
oX, oX,
J i J
X, is the disease free equilibrium state are respectively given by.
[ 0 0 0 0 0 0 0 0 M
d,
0o 0o 0 0 0 0 0 ©0 7(1'02 BIN,
o 0 0 0 0 0 0 0 4-0ByN,
d,
0o 0 0 0 0 0 0 © 7(176)(1’“;‘”’7)5““
h
F=lo o o o o 0o o o 7(1'@5(:“ N,
0o 0o 0 0 0 0 0 0 @-p)BCEN,
d,
0o 0 0 0 0 O 0 © 7(1‘/3):” N,
o o o o o o o o (1—ﬂ)(1—a;¢—r)BCN,,
|[No No No No No No No No 0
[d,+7, 0 0 0 0 0 0 0o 0]
0 d+r, O 0 0 0 0 [
0 0 dy+r, O 0 0 0 0 o0
0 0 0 d+z, O 0 0 [
y=| o 0 0 0 dy+r, O 0 0o o0
0 0 0 0 0 d+r, O [
0 0 0 0 0 0 d+r, 0 0
0 0 0 0 0 0 0 d+r, O
| o 0 0 0 0 0 0 0 d,|

Then we have R, is the dominant eigenvalues of matrix G = FV' ™
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y 1 1 1 1 1 1 1 1 1
P . | ———+ b4 | - + +
dy+ty dyrr, (dirrny d, dy+ry dyrr, d+ry dirr, dy+7y dyrr,

I 7(77 1 1 1 [7 1,1 ]]7
d_red | A dir, d+1, dy4r, d+T, d4T, d 47, d T,
7, dytT, [ 3 BN, ~7.)p- Bld, +7.,)
d,+1, d,+7, (d,+1 )d, +7,,)

The local stability of different equilibrium point can be determined from Jacobian matrix. If all
eigenvalues have negative real part, then that equilibrium point is local stable

Theorem 3.1 The disease-free state E, is locally asymptotically stable when R < 1.

.. . .. . B BC .
Proof. The characteristic equation of stability matrix at E, =| —,0,0,0,0,—,0,0,0,0,0 | is defined by
d, d,
[-d, 0 0 0 0 0 0 0 0 0 4
0 —(d,+7,) 0 0 0 0 0 0 0 0 Aa
0 0 —(d, +7,5) 0 0 0 0 0 0 0 4¢
0 0 0 —(d, +7,3) 0 0 0 0 0 0 Ay
0 0 0 0 —(d,+7,) O 0 0 0 0 AQ-a—p-y)
JE)=| 0 0 0 0 0 -d, 0 0 0 0 ~G(1-B)
0 0 0 0 0 0 —(d,+7,) 0 0 0 Ga(l-B)
0 0 0 0 0 0 0 —(d, +1,)) 0 0 Go(l- B)
0 0 0 0 0 0 0 0 —(d, +7,1) 0 Gy(1- )
0 0 0 0 0 0 0 0 0 —(d, +7,) Gl-a—g-y)1-pB)
Lo oN, oN, GN, oN, 0 oN, oN, oN, oN, -d,

The characteristic equation of the above Jacobian matrix is

(=d, = 2)* (=GN, (1= B)o(d,? +2d, A+ A* +d, 7, + ATy +d,T,, + AT, +T,47,,)(~d, = A—1,5)(~d, — A—-7,,)

(~d, = A-1,)(=d, = A—1,)(~d, = A—1,)A-a~y - @)+ (~d, - A1 ~1,,)(~GN, (1~ B)yo(d,? +2d, A+ ?

+d, T, A AT+ d, T, + AT, + 1T, (—d, —A—1,)(-d, - A-1,)(-d, —A-7,)(-d, - A-1,)+(-d, - A-1,)

(-GN, (- B)o(d,? +2d, A+ A% +d, T, + AT, +d,T,, + AT, +T,7,,)(~d, — A—1,5)(~d, — A—1,,)(~d, —A-1,)

¢+(=d, —2—1,)(~GN,a(l- B)o(d,? +2d, A+ A +d, 7, + ATy +d,T,, + AT,5 +T,47,,)(~d, = A—1,5)(~d, - A-7,,)

+(=d, —A—1)(~AN,0(d,? +2d, A+ 2> +d,1, + AT, +d, T, + AT, +Ta7,)(—d, —A—T5)l—a—y—§)+

(~d, - 2-17,)(~47(d,*N,c +2d,N, Ao+ N,A*c +d,N,ot,, + N,Act,, +d,N,07,, + N,AoT,, + N,0T,.7,,) + (=d, = A —1,3)
((d,d, +d,A+d A+2*—AN,ac +d, 7, + A1, )(~d, — A—7,,)—a(-d,N,c —N,Ac—N,o7,)$))))) =0 (27)

We used Routh-Hurwitz criteria check the sign of all eigenvaluse to have negative real parts for disease-free
equilibrium point. When the R <1 the disease-free equilibrium state is local asymptotically stable.

Where 4=N,B(1-C)/d, G=N,BCld,

Theorem 3.2 The endemic state E, is locally asymptotically stable when R >1.

Proof. The characteristic equation of stability matrix at E, = (S, i,y 1i,y iz 1iys +S, shy vivy 1hyg shys 1iy) 1S

defined by

*“V'u(lf/fb;' \
Nal-f)s;

0
0
0
0
0 N,(-a
0
0
0
0
+

The characteristic equation of the above Jacobian matrix is
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~Q-i)N, (=d, =N, = D)o (~d, = 2=1,)(~d, —A-7,,)(~d, = A~7,5)(~d, = 21, )(~d, = A =7, )(~d, — A —7,,)

(-d, = 2=7 )i, N, (U= B U-a -y =@+ N, s, (L= f)-d, ~i,N, (- f) - A-a -y =) +(~d, — A-7,,)
(-@-i)N,(~d, i, N, = A)(~d,N, s, y +d,N, s By =N, s yA+N, s prl)o(-d, - A-1,)(~d, ~A-1,,)

(~d, = A=7,5)(~d, = 2= 1, )(~d, = A= 1,)(~d,, = A~ 7,,) + (~d, = 2~ 1,3 )(~A~i} )N, (~d, — i’ N,, = Ao (~d, —A~17,,)
(~d, = A=1,,)(~d, = 2~7,,)(~d, = 2~ 7, )(~d, ~ A7, )(~d,N, s, §+d,N, s, fp-N,s ip+N,s’ pig)+

(~d, —A-1,)(-~i,)N,(-d, —A)(d,N,s a+d,N,s ap-N,s al+N,s apl)o(-d,—A-t,)

(~d, = A=1,)(~d, —2=1,5)(~d, = A—1,) + (~d, —’N, (= B) = 2)(=d, — A~ 7, )(~(~i,)N,0(~d, = A —7,))

(~d, - A-1,)(~d, = A-1,)(~i,N,?s, A-a~y-#)+N,s, (-d, ~i, N, —~A)L-a—y—§)) +(~d, - A—7,,)(-1-i,)N,
(-d,N,s, y=2iN,?s "y =N, s, yA)o(-d, - A-1,)(~d, —A-1,,) +(~d, = A—7,,) (-0, )N,(-d,N, s, «
=2N,’as, i, ~N,aAs, Yo+ (~d, = A= (i, +i, +i, +i, +i) +i, +iy +i, IN,0)d,’ +d,iN, +2d, A+

i N A+ A2 +de, +i N, 7, +Ar,))-d, - A-1,)~(1-i,)N,0(-d, - A-7,.)(~d,N,¢s, = 2i" s, N,’¢~ N, Ags, ) =0 (28)

The endemic equilibrium state is local asymptotically stable when the R >1 we have the negative real part

when the coefficients in the characteristic to equation (28) satisfied to the Routh-Hurwitz criteria.

Stability of disease-free state; the parameter values are obtained from real life observations as
follows; d, = B=1/(70x365) corresponds to the life cycle of 70 year for human populations. 7, =1/7 per
day corresponds to the 7 day of recovery for unvaccinated human population who be infected with DEN1.

7,, =1/ 20 per day corresponds to the 20 day of recovery for unvaccinated human population who be infected
with DEN2. 7 , =1/50 per day corresponds to the 50 day of recovery for unvaccinated human population who
be infected with DEN3. 7, =1/13 per day corresponds to the 13 day of recovery for unvaccinated human
population who be infected with DEN4. 7, =1/30 per day corresponds to the 30 day of recovery for
vaccinated human population from DENI1. 7, =1/60 per day corresponds to the 60 day of recovery for
vaccinated human population from DEN2. 7, =1/20per day corresponds to the 20 day of recovery for
vaccinated human population who be infected with DEN3. 7, =1/20 per day corresponds to the 20 day of
recovery for vaccinated human population who be infected with DEN4. d, =1/7 per day corresponds to the
life cycle of 7 days for mosquito populations

N,=0,N, =1,C =0.0025,« =0.002,¢ = 0.01, y = 0.04, B =0.0003,0 = 0.9are arbitrarily chosen.
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H

] ERE) % o w _m  m @ w —
Timeldays) Timidays)

Time series solutions of unvaccinated human populations,vaccinated human populations and mosquito
population for R ;=0.0102869.

Stability of endemic state;

the parameter values are obtained from real life observations as follows; B =1/ (75x365) corresponds to life
cycle 70 year of human populations.d, =1/(70x365) corresponds to the life cycle 70 year of human
populations. 7, =1/10 per day corresponds to the 10 day of recovery of unvaccinated human population who
be infected with DEN1. z,, =1/5.88 per day corresponds to the 5.88 day of recovery of unvaccinated human
population who be infected with DEN2.7, =1/100 per day corresponds to the 100 day of recovery for
unvaccinated human population who be infected with DEN3. 7, =1/5.9 per day corresponds to the 5.9 days
of recovery for unvaccinated human population who be infected with DEN4. 7, =1/5 per day corresponds to
the 5 day of recovery for vaccinated human population who be infected with DEN1. 7, =1/6.4 per day
corresponds to the 6.4 day of recovery for vaccinated human population who be infected with DEN2.
7,, =1/ 6.6 per day corresponds to the 6.6 day of recovery for vaccinated human population who be infected
with DEN3. 7, =1/3.8 per day corresponds to the 3.8 day of recovery for vaccinated human population who
be infected with DEN4. d, =1/7 per day corresponds to life cycle 7 day of mosquito populations[2-3,6-

15].and N, =150, N, =100,C = 0.005,« = 0.002, ¢ =0.01,y =0.0025, 8 =0.0003,c = 0.0002 .
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Time series solutions of unvaccinated human populations, vaccinated human populations and mosquito
population for R = 3.19279.

Ey = (8, iy iy iy vig S, iy iy i i1 ) =(0.008,

7.1902x107,2.1151x10°°,8.9562x10°°, 0.000212,3.9210x10°°,1.8069x10™° ,1.1582x10°°,3.0113x10°°,
6.8493x107", 0.5x10™*) for R, = 20.0566.
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