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Abstract. This paper focuses on the analytical and numerical solutions of
dynamic models for dengue fever. The considered model consists of a sys-
tem of coupled non-linear differential equations. Homotopy Perturbation
Method (HPM) and Runge Kutta Method of Order 4 (RK4) are applied
to obtain analytical and numerical solutions, respectively. Moreover, the
positivity of the solution is proved. The results of the suggested methods
are validated with the exact solution for simplified model equations. Fur-
thermore, the proposed methods are applied to the considered model using
the real time data of Lahore (years 2011-2014), Pakistan. The results are
found to be in agreement with the available exact solution and real time
data. HPM results approach the exact solution by including higher order
polynomials. The parametric study of dengue cases are performed. More-
over, the synchronization between the simulated results and real time data
of dengue cases verifies the correctness of model formulation. On the
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basis of these results, it is concluded that RK4 and HPM are suitable tech-
niques to solve a non-linear dynamical system for dengue.

AMS (MOS) Subject Classification Codes: 35529; 40S70; 25U09
Key Words: Nonlinear dynamical models, Homotopy perturbation method, Reproduction
number, RK4.

1. INTRODUCTION

Infectious diseases have been the main cause of high mortality rate during the recent
decades. Average life span was reduced due to lack of health facilities. Infectious dis-
eases were controlled with the improvement in medical science. After the first half of 20th
century, it was expected that infectious diseases would disappear, because of achievements
in vaccination, antibiotics and better life conditions. However, with the start of 21st century,
many infectious diseases e.g. dengue, hepatitis spread fast, and mortality rates increased
in many developing countries. Many infectious diseases e.g. malaria, tuberculosis, AIDS,
yellow fever and Ebola are still not completely controlled [20].

Among the infectious diseases, Dengue Fever (threatening about 2.5 million people all over
the world, mostly in South Asia) spread in more than 100 countries, especially with the
tropical and warm climates. In many tropical and sub tropical regions, dengue spreads ev-
ery year, usually during rainy season, when population of Aede mosquito is higher. Dengue
was identified in 1779-1780 for the first time in North America, Africa and Asia. In 1998,
World Heath Organization, reported about 1.2 million cases in 56 countries. Every year,
dengue infects almost 50 million humans. Among the affected humans, almost 0.5 million
are affected by Dengue Hemorrhagic Fever (DHF)[S, 20].

Mathematical modeling is an effective tool to test and compare different strategies that
are useful in controlling and eliminating epidemics. Numerical computations have gained
a significant popularity to solve the nonlinear physical problems in the recent decades
[2, 16, 25]. Various epidemiological models have been developed to analyze the infectious
diseases. In epidemiological modeling, population can be divided into different groups
on the basis their epidemiological status: susceptible (S), infectious (I) and recovered (R).
The divisions in an SIR model are supposed to be mutually exclusive and number of in-
dividuals shifts from S to I and I to R. The variations in the compartments are based on
the disease types. Several forms of compartmental models have been used, for instance,
SI (susceptible-infected), SIS (susceptible-infected-susceptible), SIR (susceptible-infected-
recovered), SIRS (susceptible-infected-recovered-susceptible) and SEIR (susceptible-
exposed-infected-recovered) [5, 6, 17, 18, 23, 24, 26]. The dynamical models contain sys-
tems of nonlinear ordinary differential equations (ODEs). The exact solutions are only
possible for simplified mathematical models, and therefore numerical methods are used to
obtain reliable results [1, 3, 12, 14, 19, 22]. Analytical and numerical methods are effec-
tive in analyzing the transmission of infectious diseases. These methods are also helpful in
devising measures to eliminate the infectious diseases like dengue.

In mathematics, linearization is used to find the linear approximation of a function at a given
point. In dynamical systems, linearization is a method for assessing the local stability of
an equilibrium point of a system of nonlinear differential equations or discrete dynamical
systems. Linearization is used in engineering, physics, economics, and ecology.
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The purpose of this work is to solve the dynamical models for dengue fever and validate
through real time data of Lahore, Pakistan (years 2011-2014). The dynamical models can
predict how infectious diseases spread to the extent of an epidemic. The SIR model in-
cluding human and vector (mosquitoes) population is taken into consideration [23]. The
positivity of the solution for the considered model is also proved in this study. HPM and
RK4 is used to solve the SIR model. Numerical case studies are presented to validate the
analytical and numerical results. The simplified model having exact solution is verified
with the proposed analytical and numerical techniques. The results are compatible with
the real time data. The parametric study is also performed and various aspects of dengue
disease are highlighted.

The paper is organized as follows: In section 2, SIR model for dengue fever with model
parameters are briefly described. In section 3, stability analysis is presented. In section 4,
the positivity of the solution is discussed. Moreover, the procedure of HPM is explained
and implemented to the SIR model. In section 5, the numerical test problems employing
HPM and RK4 are presented. Finally, section 6 comprises the conclusion, remarks and
future prospectives of the current research.

2. THE SIR MODEL WITH VECTOR POPULATION

In this research, the SIR model of Side and Noorani is considered [23]. The model iden-
tifies two populations: human population (N;) and vector population (N3). The human
population is further split into three subcategories: susceptible (S1), the group of people
who may potentially get infected with dengue virus; infected (I7), the group of people
infected with dengue virus, and recovered (R;), the group of people who came back to a
normal state of health after infection. The mosquito population is split into two categories:
susceptible (S3) and infected (I). The changes in human and vector population can be
expressed in mathematical form:

For the human population,

% =N, — %11()[251 — u151,

% _ %fIQSl — (1 + )11,

L @D
For the vector population,

% = 1o Ny — ﬁNilbllsz — p2Ss,

% = BNilbIlSz — pols, 2.2)

with the initial conditions

$1(0) >0, 1(0) >0, Ri(0) >0, Sx(0) >0, Lr(0)>0. 2.3)
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Moreover,
S1+11+R1 :]\/vl:>.R1:]Vl—51—117

A A
SQ+I2:N2:fiSQZNQ—IQZf—IQ. (24)
M2 H2

The parameters 11 N7 is the change in the total human population, 8 }\l,’f 2 is the probability

of susceptible individual being infected with dengue virus, 3, is the infection probability
from infected ones to a susceptible mosquito, b represents a mosquito’s average bites and
1151 denotes the deaths among susceptible human population. Moreover, the number
of deaths in the infected human population is represented by w117, whereas the infected
people who recovered from infection is represented by 71 I1. The parameter R; is the total
human population that has recovered from infection. The difference between the humans
recovered from infection (71 /1) and the total deaths in recovered human population (g1 R1)
is the rate of change for a healthy population.

The parameter ﬁ2N—b111 shows that each individual in the susceptible population has the proba-
bility of being bitten by mosquitoes infected with dengue virus, 35 is the transmission prob-
ability from infected human to virtually infected mosquito, (.55 is the death toll among the
susceptible mosquitoes. The number of deaths in the mosquito population is represented by
wals. The model given in Egs. (2. 1) and (2. 2) can be simplified by assuming following
fractions:

51 I1 Rl SQ o 12

_ S _ I _iu _ 2 -2 2.5
1 Nl’ x9 Nl, T3 Nl, Ty NQ’ Ts N2 ( )

Thus, the human and vector population is given below:

dx

7; = /,(,1(1 — .I‘l(t)) - awl(t)x5(t)7

dx

d—; = axy(t)zs(t) — Bra(t),

dx

dit?) = ’}/11‘2(t) — ,Ul-r3(t)7

dx

CT; = pa(1 — 24(t)) — Exa(t)za(t),

dx

where o = %, B=v+u, £=00.

3. STABILITY ANALYSIS

In this section the stability analysis is presented by using linearization method.
Equilibrium points
Let the set 2 be given by
Q={(S1,11,R1,52,12)/0 < Iy < Ny;0 < S1,11;0 < Sg,I5; 51 + 11 + Ry < Ny; Sa+
Iy < Ny} Then we have the following theorem.
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3.1. Theorem. The system Eq. (2. 6 ) admits two equilibrium points F; = (1,0,0,1,0)

and

(p1€+PBuz2) w1 (ag—PBu2) _

Fy = (210, %20, T30, Ta0, T50), Where x19 = “gar75%, 20 = “gagay s L0 =
Y1 (a€—Bus2)
(o) (a¢—Puz)
_ p2Blatp — mi(a€—Bus
Tao = 05(115-‘1-5#2)’ P50 = a(uie+Bpz) -
Proof:
The system Eq. (2. 6) is given as:
dx
cTtl = pa (1 —21(2)) — awy (8)x5(2),
dx
dTQ = aa (t)z5(t) — Baa(t),
d
% = 712(t) — mas(t),
dx
7; = p2(1 — z4(t)) — Exa(t)za(t),
d$5
el Exo(t)xa(t) — pows(t). 3.7
The equilibrium points satisfy the following relations:
dml,d@f%fdu,%:o' 3.8)

dt - dt At dt dt
Putting Eq. (3. 7) into Eq. (3. 8 ) yields,
pa (1= z1(t)) — azi(t)as(t) =0,
azq(t)zs(t) — Baa(t) =0,
Mx2(t) — paws(t) =0,
(1 — a(t)) — € (t)4(t) = 0,
Exo(t)xa(t) — poxs(t) = 0. (3.9

The first F; = (1,0,0,1,0) is trivial in the sense that all individuals stay healthy. Now to
find the second equilibrium point, we consider Eq. (3. 9),

1 (1 —xz1(t)) — azq(H)xs(t) =0, (3. 10)

0w ()25 (t) — Baa(t) = 0, 3.11)
s (t) — mas(t) =0, 3. 12)
pa(1l — z4(t)) — Ex2(t)za(t) =0, (3. 13)
€os()2a(t) — poms () = 0, (3. 14)

Adding Eq. (3. 10) and Eq. (3. 11),
p1(1 =21 (1)) — Baa(t) = 0,

£g = M 3. 15)
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Now adding Eq. (3. 13 ) and Eq. (3. 14),

p2(l —z4(t)) — p2z5(t) =0,

1'4:171’5.

Further simplification of Eq. (3. 15 ) results in the following equation:

p1 — Baa(t))
231 ’

T =
Putting Eq. (3. 17 ) into Eq. (3. 11 ) yields,
— t
(=020 4) — pia(e) =

a(py — Pro(t))zs(t) — Bz (t) =0,
apnas(t) — Bra(t)rs(t) — Buaza(t) = 0.
Simplification of Eq. (3. 14 ) results in the following equation:

pas(t)
5(1 — LL‘5) '

Now putting the value of z5 into Eq. (3. 18),

Z‘Q(f) =

H2Ts iy H2Ts —0,

1Ty — aﬁ%@ M1€(1 o)
€5 = (o€ — 5#2).
o€ + Bps)
Now in Eq. (3. 16 ) replacing x5 by its value we get x4,
p(a — Bua)
BT G T Bre)
_peBla+ )
—a(mé+ Bua)

Similarly by putting the value of z5 into Eq. (3. 19), we get x2,
pi(a€—Bus)

Ty = pots  M2GGuetspg)
- _ B p1(a€—PBus)
€1 —2s) €(1 - atm@rﬂu;))
Ty = Hl(af - ﬂ#z)
EB(a+ pur)

Now putting the value of x5 into Eq. (3. 17 ), we obtain x4,

BHI(QE Buz2)

_ — Py 8ot
Ty = - )
M1 H1

~ mé+ Bus
r ==

Elad )’

@a.

3.

3.

3.

@a.

3.

3.

@a.

16)

17)

18)

19)

20)

21)

22)

23)
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Then giving the value of x5 into Eq. (3. 12), we get x5,

mnze — pixg =0,

- 71 (ag — 5#2)_
EB(a+ )

The second point is F» = (219, Z20, T30, 40, Z50) that corresponds to the endemic state

i.e. the case where the disease persists in the two populations.
The obtained values of 10, Z20, 30, 40 and x5g are given below:

(& +Bpz) _m(a€—PBpa) _ mlal— Bus)
Ea+p) 7T eBla+p) T EBlatm)
paBa+ p1) - pa(a€ — Buz)
a(m€+Bu2) " a(i€ + Bua)’
Hence it is proved that the system of Eq. (2. 6 ) has two equilibrium points F; = (1,0,0,1,0)
and Fy = (210, 20, 30, T40, T50)-

(3. 24)

10 =

Ty = (3. 25)

3.2. Theorem. 1 e The equilibrium point F; = (1,0,0,1,0) is a saddle point.
2 e The equilibrium point Fy = (219, T20, T30, X140, T50) is asymptotically stable.
_ (p1&4+Bu2) _ pa(a€—Bps) _ m(a€—Bus2) _ p2B(atpr)

Here, 210 = Yot 120 = “ghtatan ¥30 = “ghlatan) > P40 = alu€+hns)
e — ba(a&—Bus)

50 = a(ui&+Bps)"
Proof:
le To find the variational matrix we linearize the system given in Eq. (2. 6 ) at the the first

equilibrium point F;, we get the following matrix:

—u 0 0 0 -
0o - 0 0
0 Y1 — M1 0
0 =€ 0 —pe
0 13 0 0 —pe

Using MAPLE, Eq. (3. 26 ) leads to the following characteristic equation.
A%+ (B4 2p1 4 2u2) N + (o€ + 2Bpa — iy — p3)A? — (201 + apunf
— Bui — ABpaps — Bug — 243 o — 2pap3) A — (api€ + 20 o€ — 2Bt s
— 2B — )N — api poé + papn B = 0. (3.27)

The parameter values are given in Table 1. The eigenvalues for Eq. (3. 27 ) are as follows,
A1 = —0.00004000, Ay = —.55945061, A3 = 0.201167613, Ay = —0.00003990, A5 =
—0.0294100.

As one of the eigenvalues at the equilibrium point F7 is positive, so the equilibrium point
is a saddle point. The human population is free of dengue disease since the the number of
infected human is O as well as the number of infected mosquito is also 0. Over all human
population is healthy and there is no infected human in the population.

e
0 (3. 26)
0
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H Name of parameter Notation  Value H
Host to vector infected rate Y1 0.328833
Contact rate, vector to host bB4 0.75000
Contact rate, host to vector bBs 0.375000

Human life span 1 0.000046
Vector life span 2 0.0323

TABLE 1. Parameter Values.

2 o To find the variational matrix we linearize the system given in Eq. (2. 6) at the
second equilibrium point F5, we obtain the following matrix:

- LT
o M2 M1 K2
K1 (#154—5#2) 7ﬂ 0 0 a E(atp)
0 Y1 — 1 0 0
paB(atp (€—Pp2)
0 _f Zﬂfiﬂu}) 0 —H2 —(/iél %(a‘;‘lt;) 0
M2 Oé M1 e 2
0 $alime+ona) 0 M1 Blatiz) ~H2
(3. 28)

Using MAPLE, Eq. (3. 28 ) leads to the following characteristic equation:
)\5 (—paa50 — &m0 — B — 2#2))\ — (ax10€x10240 — p1T50220 — Br1xs0 — BET20 —
im0 —2p1 plos0 — pal a0 —2Buz+pt — 3 ) N3 — (—aws0r10E2 220+ ax10E2010T 00720 +
apiaT10€x10T40 — BraTs0€ma0 — PiTs0ET20 — ppaTs0T20 — Bpizse — 2B poms0 —
ﬁuz&vzo—2u1uzxso+u1£xzo—umzxsoJrﬁul B 2413 12) N — (—api z10€w 10240 —
ﬁlhx 0€T20 — B paTs0ET20 — p3 HaT50ET20 — 25#1,&2%50 + 5#153720 — Buip3eso +
pip3eso + i peérao + 2Bu3 pe + pip3) X — apizaor10€3ra0 + apirioEirioza0220 +
o o0& 10840 + Bt pats0é a0 + Buiuaese — Buiuelra — Buis.

The eigenvalues for equilibrium point F5 are,
A1 = —.358318057, Ay = —0.0000234827 + 0.003537, A3 = —0.0000400, Ny =
—0.0002348 — 0.003533, A5 = —0.0294519.
The eigenvalues are all negative and complex, so the equilibrium point is asymptotically
stable. The second equilibrium point shows that if the number of susceptible human popu-
lation rises up to 0.07925 of the total human population and the number of infected vector
rises up to 0.001425, the infected human population increases up to 0.00011 and the value
of recovered persons becomes 0.9206. The equilibrium point F> would be stable, and there
would occur some cases of dengue fever.

4. NUMERICAL SOLUTION OF SIR MODEL

The exact solution is not always possible, therefore, we use different numerical tech-
niques to solve the problem. There are different numerical methods to solve initial value
problems such as Euler method, Bisection method, Newton method, Heun’s method and
Runge-Kutta methods. In this work, RK4 is applied to solve SIR model given in Eq. (2. 6).
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4.1. Algorithm. Suppose we have m differential equations:

yll = gl(ta Y1,Y2, 7fl/m)
yé = gZ(ta Y1,Y2, 7ym)

!
Ym = gm(ta Y1,Y2, -4 ym,)v
with the initial conditions,
y1(to) = 10, y2(to) = Y20, - - -» Ym(to) = Ymo-

There is no derivative on the right hand side and all of these m equations are of order one.
RK4 formula is as follows:

h
Yin+l = Yin + E(Lu +2L,0+2L;3+ L; 4), (4. 29)
tny1 =tn +h, 4. 30)
where,

Li,l :gi(tnvylnvy?nv'”vymn)v (4 31)

h h h h
Lio=gi(t, + 57 Yin + §L11, Yon + §L21, ooy Ymn + §Lm1), 4. 32)

h h h h
Lis=gi(t, + 52 Yin + §L12, Yon + §L22, ooy Ymn + §Lm2), 4. 33)
Lig = gi(tn + hyy1n + hliz, yon + ALz, oo, Ymn + hlm3). 4. 34)

where y; ,+1 is the RK4 approximation of y(¢; ,+1) and h is step size.

5. ANALYTICAL SOLUTION OF SIR MODEL

Positivity of solutions:
The solution of the systems given in Egs. (2. 1) and (2. 2 ) with positive initial conditions
are positive for all £ > 0.

5.1. Theorem. Consider the initial conditions, given in Eq. (2. 4 ), then the solutions
(81, I, Ry, Sa, I5) of the systems in Egs. (2. 1 ) and (2. 2 ) are positive, for all ¢ > 0.
Proof: We consider,

t* =sup{t >0:5; >0,1; >0,R; >0,52) >0,I, > 0}.
So t* > 0. Now for the first equation of system (2. 1),

S, B1b
—L — Ny — 1S — 1S
di H1iV1 N, 201 — H191,

b
= 1Ny — (%Iz + p1)S1,

1

We let g(t) = %”Ig and ¢ = p1 N1, where c is a constant, the above equation becomes,

Gieapt [ g+ mt)) = cean( [ gludu+ .
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Now taking integration on both sides from ¢ = 0 to ¢t = ¢*

exp{/ w)du + i t*} — S1(0) = / cemp{/ r)dz + py}dy.

Multiplying both sides by exp{— fo uw)du — pit*},

S1(t*) =51(0 exp{/ du—uﬂ}—&-exp{/ w)du — pqt*}
x/ cexp{/ x)dx + py}dy > 0.

Since S1(t*) is the sum of positive terms, so it is positive. Similarly we can prove for the
quantities (I1, Ry, Se, I5) are positive for all t > 0.

5.2. Homotopy Perturbation Method. HPM, introduced by J. He, has been widely ap-
plied to obtain approximate series solution of linear and nonlinear differential equations
[7, 8]. These articles comprise the relevant literature on the application and convergence of
HPM [1, 3,9, 10, 11, 12]. Firstly, we write the general system of differential equations as
follows:

% + hi(t, 1,72, ey ) = f1(2),
% + ho(t, 11,72, ooy T ) = fa(2),
dry,
ar + hm(t, 11,72, s i) = fin(t), (5.3%)
with initial conditions,
ri(to) = k1, 7ro(to) = ka,..., Tm(to) = km. (5. 36)

We can write Eq. (5. 35) in the operator form as:

L(Tl) + Al(rlvr25 ...,’I"m) - fl(t) =0
L(TQ) + AQ(T17T25 "'7Tm) - fQ(t) = O’

L(Tm) + Am(rl7r27 -~-7Tm) - fm(t) =0. (5 37)

subject to the conditions in Eq. (5. 36 ), where L = 1s alinear operator and Ay, Ao, ..., A,
are nonlinear operators. Now based on the standard HPM, we present the solution for model
equations given in Eq. (5. 37 ).
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We construct a homotopy for Eq. (5. 37 ) that satisfies the following relations:

L(r1) — L(r1,0) + pL(r1,0) + plAi(r1, 72, ...;rm) — f1()] = 0,
L(’I"g) — L(’I‘g’o) —l—pL(Tg,o) +p[A2(T1,T2, ...,Tm) — fg(t)] =0,
L(rm) — L(rm.0) + pL(rm0) + p[Am (1,72, ..., 7m) — fm(t)] = 0. (5. 38)

where p € [0, 1], is a parameter and 71, 72,0, ..., 7'm,0 are initial approximations satisfying
the given conditions. Eq. (5. 38 ) becomes a linear system when p = 0 and a nonlinear
system when p = 1.

’/’1(75) = ’/’170(0 +p1“171(t) —|—p2r172(t) + ceny
To(t) = r2,0(t) + proa(t) + pPraa(t) + ...,
Tm(t) = Tm,0(t) + prm.1(t) +p2rm’2(t) + . (5. 39)

where 7; ; (¢ = 1,2,...,m; j = 1,2,...,m) are unknown functions which we have to
determine. Now we apply the inverse operator on the above system of equations to obtain
the values of unknown r; ; (i = 1,2,...,m; j =1,2,...,m).

L) = /Ot () dt. (5. 40)

n—1
P1,n(t) =711(t) = limpari(t) = ) r1k(t),

k=0

n—1
G20 (t) = ra(t) = limpsara(t) = > rok(t),

k=0

n—1
Gmn(t) = rm(t) = limp_ 1y (t) = Z Tk (1) (5. 41)
k=0
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5.3. Implementation of HPM. In this subsection, the proposed HPM is implemented on
the SIR model. The simplified form of the model with initial conditions is given below:

% = 1 (1 — 21(t)) — axy (t)zs(t),
B2 — by (t) — s(0)
% = a2 (t) — pzs(t),
% = pa(1 = w4(t)) — Exa(t)za(t),
% = g (t)za(t) — paxs(t). (5. 42)
with initial conditions,
21(to) = K, walto) = ko, walto) = ks, @alto) = ku, as(to) =ks.  (5.43)

According to HPM, constructing a homotopy for Eq. (5. 42 ) satisfies the following rela-
tions:

xy — xy9 + p(xho — pa (1 — 21) + axy25) = 0,
— ahy + p(ahy — azyxs + Prg) =0,

50 — N1%2 + pyxs) =0,

f

!

5

aly (
3 (

xy — o + p(xhy — pa(l — x4) + Exawy) = 0,
5 (

/ /
T3 — T3g + plx

— x50 + P59 — ax1x5 + poxs) = 0. (5. 44)

/
Z

with initial approximation:

r10(t) = k1, w20(t) = ko, w30(t) = k3, w40(t) = ks, z50(t) = ks. (5. 45)
and @1 (t) = 210(t) + pr11(t) + Py a(t) + poya(t) + ...,
To(t) = 2,0(t) + pro(t) + p*w2o(t) + pPas(t) + ...,
x3(t) = 23,0(t) + pr3(t) + pPasa(t) + pPoss(t) + ...,
24(t) = 24,0(t) + prag(t) + p’zaa(t) + pPaas(t) + ...,

x5(t) = x570(t) + pxs.1(t) + pPas 2(t) +p3x5’3(t) + . (5. 46)

where z; ; (¢ = 1,2,...,m; j = 1,2, ...m) are the functions to be determined. Substituting
Eq. (5. 45) and Eq. (5. 46 ) into Eq. (5. 44 ) and equating the terms of same powers of p,
we have:
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57
55/1,1 —p1+ p1w10 + oz pzs0 = 0, z1,1(0) =0,
Ty — x10T50 + frao =0, 22,1(0) =0,
Ty — %20 + 30 =0, x3.1(0) =0,
Ty — P2+ paTao +Ex 0240 = 0, x4.1(0) =0,
x5y — Exa,0Ta0 + fi2250 = 0, x5,1(0) =0,
Ty o+ 1 4 aryprs) + ow 1250 = 0, z1,2(0) =0,
35/2,2 —ax1,0251 — ax1 1250 + a1 =0, x2,2(0) =0,
333,2 — 7121 + p1ws1 =0, x3,2(0) =0,
9521,2 + Hoa 1 + Ex2,0%a1 + Ex21240 =0, x4,2(0) =0,
95,5,2 —&x20T4,1 — ET2,1Ta0 + poTs5,1 =0, z5,2(0) =0,
Ty 3+ T2 + aryoxs1 + axy w51 + oz w50 =0, x13(0) =0,
50/2,3 — Q1 ,0T5,2 — QT11T51 — AL1,285,0 + Br22 =0, 23(0) =0,
93%,3 —Y1T22 + 1232 = 0, x3.3(0) =0,
Ty 3+ potan + Ex202a2 + Ex2 1241 + Exa0a0 =0,  x43(0) =0,
55/5,3 —E€x90%a0 — X211 — EX29Ta 0 + 252 =0, 253(0) =0. (5. 47)
Solving the above mentioned differential equations, we get:
t t
L1,1 = /0 (11 — 1210 — xy 0T5,0] de, 21 = /o [ax1 0250 — Brao] de,

t t
xr3,1 = / [’711”2,0 - M1$3,0] dx, Ty41 = / [,uz — H2Z4,0 — 5332,0174,0] dl”,
0 0

t t
51 = / [§22,0%4,0 — poxs ) de, x12 = / [—p121,1 — ax1,085,1 — ax1,1T5,0) dz,
0 0

t t
X22 = / [a$1,0$5,1 +axy1250 — 5152,1] dz, 32 = / [71332,1 - ,u1l"3,1] dz,
0 0

t
Ta2 = / [—/i2$4,1 - 5962,0554,1 - §$2,19€4,0] dz,
0
t
T5,2 = / [Ex2,0T41 + ET2124,0 — p2Ts51] dz,
0
t
x1,3 = / [—M1$1,2 — Q¥1,0T5,1 — Qr1,1T5,1 — axl,le,O] dez,
0
t t
To 3 = / [axy 05,2 + 11251 + ax12@50 — fros]de, 33 = / (V12,2 — p1w3,2] da,
0 0
t
T4,3 = / [*M2$4,2 - §£U2,0=’E4,2 - f$2,1$4,1 - §$2,2$4,0] ds,
0

t
53 = / [Ex2,0%a,2 + Ex21T4,1 + ET20T4,0 — pa®s 2] da.
0
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The parameter values are taken from [13], k1 = ;gggggg, ko = 76?2293, ks = 0.0,
ky = 0.944, ks = 0.056 as well a = 0.2925, 5 = 0.328879, v, = 0.328833, £ = 0.375
yields:

1,1 = —0.0163790t, 97 = 0.0163593t, w37 = 0.0000197¢t, x4 ; = 0.0017876t¢,
x5, = —0.0017876t, 12 = 0.0003959¢2, Too = —0.0030857¢2, T390 = 0.0026897¢2,
Ty = —0.0029245¢2, Ty = 0.0029245¢2, 13 = —0.0002901¢3, To 3 = 0.0006284¢3,
233 = —0.0003383¢2, T4z = 0.0003920t3, z53 = —0.0003920¢3.

The 4-term solution of HPM is

1 (1) = 0.99994 — 0.0163790¢ + 0.0003959£> — 0.0002901£%, (5. 48)
25(t) = 0.00006 + 0.0163593¢ — 0.0030857¢> + 0.0006284¢%, (5. 49)
z3(t) = 0.00 + 0.0000197¢ + 0.0026897¢2 — 0.0003383%,

24(t) = 0.944 4 0.0017876¢ — 0.0029245¢> + 0.0003920t>,

5(t) = 0.056 — 0.0017876¢ + 0.0029245t> — 0.0003920>. (5. 50)

Here, we calculated the HPM up to 10th term in order to obtain a reliable solution.
In order to obtain numerical results, RK4 is employed to solve the non linear system of
ODEs [4].

6. NUMERICAL TEST PROBLEM

In this section, the proposed analytical and numerical schemes are applied to solve the
model equations. The results are verified for two different models: (1) SI model, (2) SIR
model including human and vector population. The results are compared with the exact
solution owing to the availability of exact solution for simplified SI model equations. The
solutions of the SIR model are validated with real time data of dengue cases in Lahore.

6.1. Problem 1: SI model. The purpose of this problem is to validate the results of our
proposed HPM and RK4 techniques with the exact solution. The exact solution can only
be attained for simplified model equations. Recently, Shabbir et. al [21] extracted the exact
solution to the SIR model, which is a particular case of the model given by Kermack and
Mekendrick. The model is as follows:

dS

d—tlz,u—usl—aSlIl,

dI;

— =aS1I; — ul 6. 51
i o1l — pdy, ( )

with the conditions S1(0) = Sy, , I1(0) = I, and S1(t) + I1(¢) = Ny.

The human population (/N7) is taken as constant and is divided into two categories: Sus-
ceptible (S7) and Infected (I).

The exact solution of Eq. (6. 51 ) is given as:

w
Sl(t)zl—'_(N_]')(]'_ﬂ’t)_ w—aly a(N—1),’
Igexp(W)exp(_Wt Iz )
w
I(t) = where w = aN; — p. (6. 52)
w—al _ a(N—1)y’
+ 7106117(&(7(}1))6961)( wt==—)
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FIGURE 1. Comparison of exact solution with RK4 and HPM.

TABLE 2. Problem 1: Errors of HPM and RK method

t Susceptive Human S Infected Human 71
|Slexact - SlRK‘ |Slewact - SlHPM' ‘Ilexact - IIRK‘ |Ilexact - IlHP]W
0.10 | 40x 104 4.0x 101 4.0x 101 4.0x 101
0.015 | 1.8 x 103 1.6 x 1073 1.7 x 1073 1.6 x 1073
0.020 | 4.6 x 10—3 3.5 x 1073 4.4 x 1073 3.4 %1073
0.025 | 9.2 x 1073 5.1 x 1073 8.9 x 103 4.8 x 1073
0.030 | 1.6 x 102 4.0 x 103 1.5 x 10~1 3.6 x 1073
0.035 | 2.5 x 102 2.7 x 1073 2.4 x 1072 3.6 x 1073
0.040 | 3.6 x 102 1.8 x 102 3.5 x 1072 3.3x 1073
0.045 | 5.0 x 102 4.6 x 1072 4.9 x 1072 1.9 x 102
0.050 | 6.5 x 10~2 8.7 x 1072 6.4 x 1072 4.7 x 1072

The exact solution of SI model given in Eq. (6. 52) is compared with the solution ob-
tained by using HPM and RK4 methods. The Matlab software is used to solve the above
mentioned model.

The initial conditions, S, = 1000, I;, = 200 and parameter values, o = 0.04 and ¢t = 0.5
are considered. The results are shown in Figure 1.

The solution of HPM is calculated up to the third term. Figure 1, depicts that solutions
obtained by HPM and RK4 methods agree well with the exact solution, for step size
At = 0.03. Numerical errors of both the methods are presented in Table 2. Therefore,
it can be concluded that both methods produce reliable results to solve simplified non lin-
ear dynamical models.

6.2. Application of the model for Lahore. Lahore is the capital of Punjab Province. It is
Pakistan’s second largest metropolitan and 16" most populated city in the world. In July
2014, as per one estimation, the population of Lahore was around 7.566 million. Heavy
summer monsoon rains in Punjab province provide suitable environment for the spread of
dengue as vector population spreads fast in stationary waters. Annual average tempera-
ture during 2011 remained on higher side in most part of the country, which added to the
spread of dengue (Climate of Pakistan, 2011). In this study, four years (2011 to 2014) data
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of dengue disease has been obtained from District Health Office (DHO) Lahore. The pa-
rameter values for host population are extracted from the obtained data, while approximate
parameter values are used for vector population.

The SIR model given in Eq. (2. 6 ) for Lahore is simulated by using RK4 with the condi-
tions S (0) = 285090 "1, (0) = 0, R1(0) = 0, S2(0) = 0.944 and I5(0) = 0.056, and the
parameters pq = 0.00004, b5, = 0.75, b8y = 0.375, v1 = 0.328833 and po = 0.02941.
The comparison of HPM and RK4 is shown in Figure 2. The solution of both methods
shows good synchronization with each other. The solution obtained through HPM is ac-
quired using 10th order polynomial to obtain reliable results. The higher accuracy can be
achieved by increasing the order of polynomial in HPM. On the basis of results, it can be
concluded that both techniques (HPM and RK4) produce reliable solutions and can be used
to solve the nonlinear dynamical system to predict the behavior of infectious diseases. As
a classical technique, the solution obtained through RK4 is taken as a benchmark to solve
the models used for infectious diseases in the current research.

Figure 3 (Left) shows the number of dengue cases reported in Lahore while Figure 3 (Right)
shows the results obtained by RK4. According to Figure 3 (Left), the number of dengue
cases reach the highest level in 11 months. Figure 3 (Right), acquired by using the model
Eq. (2. 6), depicts that the number of infected human population rises up to 11 percent
of the total human population in 13 months. Moreover, the number of infected persons
reduce after 20 months. The difference between real data and simulated results is because
of the use of approximate parameter values. The simulated results further indicate that the
humans are completely recovered in 38 months, that is consistent with the obtained data in
Figure 3 (Left), as no dengue case is reported after these particular months. Moreover, the
susceptible vector population initially starts decreasing and reach its lowest level where the
infected mosquito population is on its peak and after that the susceptible population starts
increasing. The number of infected mosquitoes takes 26 months to reach its highest value
that is 47 percent of the mosquitoes’ total population and it takes more than 60 months to
reach its lowest level i.e. zero. It is important to mention that when the number of infected
mosquitoes rises, the number of infected human beings also rises.

In SIR model, parameters can be acquired by two ways: 1) extracting from real time data
2) using parameter estimation methods. In this work, we obtained real time data of Lahore
and used it in SIR model. Afterwards, we solved SIR model and predicted the situation
of dengue spread in Lahore. The considered SIR model can be applied to analyze the
transmission of dengue disease in other regions.

6.2.1. Reproduction rate, Ry. The reproduction rate (Ry) is used to measure the possible
communication of a disease. The Ry shows the number of infection among the humans as
a result of infected mosquitoes [23]. It can be defined mathematically as

7%2]2/]\[1 S1(0).
71
If the value of R is greater than 1 (R > 1), DF become epidemic [15].
The use of initial and parameter values from the data of dengue cases in Lahore can be
rewritten in mathematical form as:
For Lahore, the value of Ry is %51(0) =1.137515.
For different values of I5, the values of Ry are given in Table 3. From Table 3, we find that

Ry =
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FIGURE 2. Approximate Solution of SIR model using 10** term HPM and RK4.

if the number of infected mosquitoes are less than one (/> < 1), then Ry < 1, and cases
of dengue fever are not worrisome, since the obtained results show that dengue virus has
no potential to infect healthy humans. The sketch of the dynamics for Lahore (Pakistan) is
given in Figure 4 (upper figures). For Ry < 1, Figure 4 (lower figures) depicts the typical
behavior of the SIR model and shows the trivial state where the whole human population
remains healthy. If the number of infected mosquitoes is more than one (I; > 1), then
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FIGURE 3. Left: Number of cases reported in Lahore, Pakistan, from
2011 to 2014, Right: DF For Lahore with initial conditions S7(0) = 1,
I,(0) =0, R1(0) = 0, S2(0) = 0.944 and I5(0) = 0.056.

Ry > 1 as indicated in Table 3. The results show that the infection rate is very high, and
the transmission of dengue virus can infect more than one persons. Figure 4 (lower figures)
shows the non-typical behavior and the number of infected human rises with the rise in
infected mosquitoes.

H TIyvalue Ry values H

0.056 0.0637
0.1 0.11375
1 1.1375

5 5.6875

TABLE 3. Re-breeding value Ry of infected mosquitoes.

6.2.2. Parametric study of dengue cases. Effects of different parameters are discussed in
this subsection. In the numerical experiments, we change one parameter, while keeping all
the other parameters fixed.

In Figure 5, the value of bf3; is varied and all the others parameter values are kept fixed.
The solution is found for three different values of human to vector contact rate i.e. b3
(0.65,0.75,0.85). The variation of susceptible human, infected human and infected vec-
tors population are shown in Figure 5. It is found that as the quantitative values of contact
rate from vector to human increase, the number of infected human population also increases
along with the increase in number of infected mosquitoes. The susceptible human popu-
lation decreases more rapidly and approaches close to zero. The decrease in the value of
contact rate from vector to human shows a decline in the number of infected human pop-
ulation due to less number of infected vector population. There also occurs a decrease in
susceptible to infected human population. Figure 6, presents the results for different val-
ues of b8 (0.3,0.375,0.46). The results show that when interaction between vector and
human increases, the number of virus infected humans also increases. Moreover, the ratio
of susceptible individuals also increases. When the value of contact rate (vector to human)
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FIGURE 4. Upper figures: For Ry < 1, Lower figures: For Ry > 1.

decreases, the number of infected individuals also decreases. Similarly with the increase
in the value of recovery rate v, presented in Figure 7, the virus-infected human population
and infected mosquito population will decrease. There is also a decrease in the number of
susceptible individuals.

7. CONCLUSION

In this study, SIR model including human and vector population was solved analytically
and numerically. The model contains system of coupled non-linear differential equations
which incorporate the human population (Susceptible, Infected, and Recovered) and vec-
tor population (Susceptible and Infected) dynamics. HPM was applied to obtain analytical
solution, whereas, RK4 was employed to acquire numerical solution. The results were val-
idated with the available exact solution in the literature. Furthermore, HPM and RK4 were
implemented to the considered model using the four years (2011 — 2014) data of dengue
cases in Lahore, Pakistan. Both schemes were found to be in agreement with available
exact solution and real time data. HPM results approach to the exact solution by including
higher order polynomials. Synchronization between the simulated results and the real time
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FIGURE 5. Variation of the susceptible human population, infected hu-
man population and infected vector population with time for differ-
ent rate of contact, vector to human (b3;), where other parameters are
1 = 0.000046, o = 0.0323, bz = 0.375 and 1 = 0.328833.

data of dengue cases verified the correctness of model formulation. Furthermore, the para-
metric study was performed. The reproduction rate (Rg) results showed that dengue virus
largely depends upon the infected mosquitoes which have the potential to infect healthy
human population rapidly. The study recommends that serious measures should be taken
for the reduction of mosquitoes’ breeding. We also conclude that the considered SIR model
can be applied to analyze the transmission of dengue disease in other regions.

Future researches may explore parameter estimation, inclusion of climate in the SIR model
and solution of the optimal control problems to develop the control strategies for the elim-
ination of dengue disease.
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