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A COMPUTATIONAL STUDY OF TRANSMISSION DYNAMICS FOR
DENGUE FEVER WITH A FRACTIONAL APPROACH

SuNiL KuMmaARrY*, R.P. CHAUHAN!, JAGDEV SINGH?
AND DEVENDRA KUMAR?*

Abstract. Fractional derivatives are considered an influential weapon in terms of analysis of infectious
diseases because of their nonlocal nature. The inclusion of the memory effect is the prime advantage
of fractional-order derivatives. The main objective of this article is to investigate the transmission
dynamics of dengue fever, we consider generalized Caputo-type fractional derivative (GCFD) (CDg 7)
for alternate representation of dengue fever disease model. We discuss the existence and uniqueness of
the solution of model by using fixed point theory. Further, an adaptive predictor-corrector technique
is utilized to evaluate the considered model numerically.
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1. INTRODUCTION

Bacteria and viruses are the sources of many infectious diseases that are very dangerous for human health.
In infectious disease, dengue fever is one of the extremely serious diseases which is caused by a virus spread by
mosquitoes, threatening about 2.5 billion people specifically in tropical countries. Southeast Asia is the most
affected region by epidemic dengue fever [37]. This epidemic has seasonal patterns which often seen during and
after monsoon seasons and this can also explain climate change. So, there is a need for a mathematical model
to knowledge about the awareness of dengue fever. In the last few decades, increasingly study on mathematical
models including dengue fever disease (DFD) were found [8, 9, 11, 13, 21, 33, 34, 36].

The investigation of biological models is now becoming a growing area of research, the scientists and
researchers across the globe giving more importance to these models due to their impact on human life. The
biological mathematical models provide a better idea about the disease transmission and impact of disease in
the community. Many studies have been done on the stability theory and the existence and uniqueness results
of biological models [3, 14, 20, 23, 35, 40].
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In this article, we consider a Susceptible-Infected-Recovered (SIR) based DFD model [37]. The integer-order
model represented by three sets of equations is given as:

S(t) = v — (v + aR)S,
E(t) = aSR — 4E, (1.1)
R(t) = AE — (AE + )R,

where S is the population of susceptible people, E represents the infected people with dengue virus and R
represents the number of recovered people from dengue virus. The parameters used in model have their own
meaning given as follows: the parameter v denote the death rate of susceptible people, o denotes the average
number of bites per infected mosquito, v represents the rate of infection, the rate of recovery after the infection
is represented by A and the number of deaths among the susceptible mosquito is represented by 0.

The work in this article is based on alternate description of model in frame of GCFD which is given as:

CDg’”S(t) =v— (v+aR)S,
°Dy?E(t) = aSR — 1E, (1.2)
CDIR(t) = AE — (AE + 6)R,

with S(0) = Ny, E(0) = N3, and R(0) = N3 as initial conditions, where 0 < 5 < 1 and ¢ > 0. The total popu-
lation is denoted by N, and separated into three subclasses susceptible, infected and recovered people given as
N, = S(t) + E(t) + R(1).

Fractional calculus (FC) is rising as popular field of research in applied mathematics. In recent years, the
development of models with variable order derivatives from different fields is increasing rapidly. The reason
behind this is the competency of FC to capture memory and the hereditary nature of real-world problems. For
application range of FC we refer [2, 5, 15, 16, 24-28, 38, 39]. The non-local nature of fractional derivatives
gives them greater advantages over integer order. In literature different form of fractional derivative are exist in
them the Caputo derivative [7] is most famous and largely used by researchers. Recently, a generalized version
of fractional integral and derivatives are presented in [19, 30], this generalized Caputo-type derivative has been
used in investigation of many physical models [1, 4, 6, 12, 17, 31].

The rest of the article is arranged into many sections, which start with some new novel definitions of fractional
derivative given in Section 2. Existence and uniqueness for the fractional model are discussed via fixed point
theory, in Section 3. A new numerical scheme and its application to considered model is given in Section 4. In
Section 5, simulations are presented graphically. Lastly, the outcomes are given in Section 6.

2. PRIMARY PRELIMINARIES

In this section, first we briefly review some novel definition fractional integral and derivative [22, 29, 32].

Definition 2.1. The Riemann-Liouville fractional integral of a function ®(¢) and order § is defined as:

TP (B(1) = / (t— )P B (), (2.1)
0

where T'(.) is known as gamma function.

Definition 2.2. Let the function ®(¢) be real and differentiable function of order § € [0,1), then Caputo
derivative is defined as:

m— m o 1 ¢ m—B—1xm
§DA0(1) = 1" PD"0() = s [ (=)™ e ), (2.2)
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Now, we briefly present some key definitions of generalized fractional operators that we will use in this work
given in [18, 19, 30].

Definition 2.3. For 8 € (

— 1, m], where m belongs to natural number, the generalized fractional integral
IS 27, of a function ®(¢), is defined by (if integral exist)
B 1p 1 B—1
ID2((t) = == Tt = n?)P T B (n)dn, t 2.
@) = [ e ) ean > (23)
where o > 0 and a > 0.

Definition 2.4. For § € ( 1,m], where m belongs to natural number and o > 0, a > 0, the generalized
Caputo-type fractional derivative of variable order f of a function ®(¢) is defined as
B—m+1 t d
Cn6,0 _ o o—1/40 oym—pB—1 1—0o m
DPPO(t) = —— 7 — —) ®(n)dn, t>a. 24
pra) = fo— [ e = e ) e, > (24)
3. EXISTENCE AND UNIQUENESS OF SOLUTION

Here, we will examine the existence and uniqueness of solution of the fractional model (1.2), by powerful tool
fixed-point theory. Now, we consider DFD system in view of definition (2.3), we obtain

wn
—~
~~
~
U)

SS)= T
B() - E(0)= 17

{v —[v+ aR]S},
{aSR — 7E},

(3.1)
R(t) —R(0) = %U{AE [AE + 0]R}.
For simplicity we consider following kernel
Vi(t,S) = v—[v+aR]S,
Vao(t,E) = aSR —~E, (3.2)
Vs(t,R) AE — [AE + ¢]R.
Thus

T3 Jo 7 — )PV (n, S)dn,
a=P rt o—1(10 o\8—1

E(t) —E(0) = %57 fo 17 (t7 = 17)7 =V (n, B)dn, (3.3)
ol =P o— o o\pB—

R(t) = R(0) = g7 Jo 171 (t7 = n7)P~ 1V (n, R)dn.

Theorem 3.1. The kernels V1, Vo and V3 satisfy the Lipschitz condition and contraction, if holds the following
inequality
0< Ql,QQ,Qg <1

Proof. Let S and S; are the two functions for the kernel Vi, then we have

Vi (t,§) = Vi(t, S1)| = || = (v + aR)(S = 1),

(3.4)
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by property of norm, we have

IVi(t,8) = Vit Sl < (v +alRIDIS = Sill,

<
S(V+Oéd3)||s S1ll, (3.5)
< WIS =54

We assume Q; = v + ads < 1. Here, we note that ||S|| < di,||E|| < d2 and ||R|| < d3 is the bounded function.
Thus, we have

Vi (t,5) = Vi(t, S1)[| < QullS = Saf]. (3.6)

Hence, the kernel V; satisfy the Lipschitz condition, and if 0 < Q < 1 then it is contraction for V;. Similarly,
the following inequality for remaining kernels can be obtained

[Va(t,E) — Va(t, E1)[| < Qof|[E— E4, (37)
[V3(t,R) = Va(t,R1)| < Qa]|R — Ra.

Now, we give the recursive formula by using equation (3.3), which is given as

Su() = S(0) + Sz / 0N = )V, S ),

n7 (7 —n7)P Vo (n, Enoy)dn, (3.8)

0" (7 = n7) " Vi (n, Ry1)dn,

with the initial conditions

S(to) = S(0), E(to) = E(0), R(to) = R(0).

Through difference between successive terms, we have following expression

t
0u(t) = Su(t) = Suca(0) = Ty [ 07 HE 1) (Va0 Sam) = V(. Sa-o))ebn,
0
t

n” (X7 —n7)P ! (Va(n,En—1) = Va(n, En—2))dn, (3.9)

J
Yn(t) = Rn(t) = Ru1(t) = S5 /O 77 (t7 =) (Va(n, Ru1) = Va(n, Rp—s))dn.

It is clear that

=300, E)=3 60 Ral) =3 wilt)

Performir;g the norm on equati:)n (3.9) and using theitriangular inequality, we get
[0 (@) =[ISn(t) = Sn—a@)]|

o ] / n"-1<t“—n“>ﬂ—1(v1<n,sn1>—v1<n,sn2>>dnH. (310

=T || o
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As earlier we have shown that the kernel satisfies Lipschitz condition, we obtain

O ol-8 t -
[Sn(t) = Sn—1(t)|| < ;(5) /0 n’ l(ta _770)5 1HSn,1 — Sp_2l/dn. (3.11)
Thus we have
Q 0175 K o— o o\[B—
e Rt CIDIED (312)

Similarly, we can obtain the expression for

t
alfﬁ o— o o —
6,000 < 25557 [ e =y s (lan

t (3.13)
ol=# o— o o\B—
()] < K2 / 7 = 7)o (1) .

Theorem 3.2. The solution of the system exist, if there exist t2 .. such that

max

(t&?)ﬁr(f}im <L

Proof. As we know that the S(¢), E(¢), R(¢) are the bounded functions and kernels hold the Lipschitz condition.
The following succeeding relations can be obtained using equations (3.12) and (3.13) given as:

1601 < 150l (%) 2]

9wl < 1Bl [ ()" iz ] (3.14)
In)] < NRoll [ ()" 2] "

Therefore, the solution of the model exists and is smooth. To prove that the above functions are the solutions
of the system, we consider that

)
) = Fn(2), (3.15)

Here, the aim is to show that when n — oo the term ||C,(¢)|| goes to zero. Now, considering the norm and
Lipschitz condition for the kernel Vi, we get

1-5

t
Fo | T V1 08) = Vit S, )|

o1-8

t
f [ P I S) Vi Sa )l

0
N oy
t?) r(1+8) HS - Sn—IH-

ICa ()l

IN

(3.16)

IA

IA
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Repeating the same process, we obtain

IC.01 < ISOI[(5) wreg) oM, (317)
at tmax, We have
el < IS () 5] e (3.18)

Apply the limit on equation (3.18), when limit n — oo, we obtain ||C,(¢)|| — 0. Similarly, we can establish
[Fn ()] = 0, and [|Zn (8[| — 0.

Another significant aspect is to establish the uniqueness of solutions of the model. To show the solution is
unique, we assume that Sq(¢), E1(¢) and Ry (¢), be another solutions of the model (1.2), then

ol=8

S(t) —Si(t) = T(8)

/0 nafl(ta _ 770),371(\/1(7]’ S) _ Vl(n’ Sl)>d77 (319)

Using norm on equation (3.19), we get

[S(2) =S1 (@) < i /t 1”7 = 07) Va1, S) = Va(n,S1)lldn (3.20)

— T(B) Jo ’ ’ ’

because the kernel satisfies the Lipschitz condition, we get
to\F
I8() =810 < () 5715150 = 10, (3.21)
7\

186 =011~ () treg) <© (3.22)
1S(t) = S1 ()| = 0, = S(t) = Sa(t). (3.23)

Thus, we achieved the uniqueness of the system solution. In similar manner, we can prove that

E(t) = Ei(t),  R(t) = Ri(t). (3.24)

4. NUMERICAL TECHNIQUE

Numerical techniques are taken for solutions when all the existing analytical technique are fails. Numerical
schemes are considered as best tool for biological model solutions modelled with fractional operators. Here,
we describe the new adaptive predictor-corrector (P-C) method proposed in [30], this method is extension of
predictor-corrector method proposed in [10]. Let’s consider an initial value problem of the form

{ DITB(t) = (1D (1)), (4.1)

t
O"(a) = Df, n 1. 8],
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where 5 € (m —1,m],a >0 and o > 0 and ® € C™([a, T]). The equation (4.1) is equivalent, using ([30],
Thm. 3) to Volterra integral equation

0175 i o— o o\B—
B(0) = o)+ F [ 070 =) 00, (42)
m—1 1 d i
_ o o\k 1—0o
where, v(t) = ];) M(t —a”%) [(y @) @(y)} |y:a.
The first step of our method, according to the hypothesis that the function ® such that a unique solution exists
on some interval [a, T], the interval [a, T] divided into N unequal subinterval {[t,,tn41], n =0,1,...,N —1},

using mesh points

tO a,
4.3
{tml = ({2 +h)7, n=0,1,..., N—1, (4.3)
where h = nga”) and N is a natural number. Now, we are going to develop the approximations ®,, n =
0,1,2,..., N, to solve equation (4.1). The basic step, assuming that we have already calculated the approxima-

tions @y &~ P(ty),£ = 1,2,...,n, is that we want to get the approximate solution @, 1 ~ ®(t,, + 1) with the
integral equation

Blbngr) = vltnia) + Ofw? / 0400 — 1), (). (4.4)
Making the substitution
p=n’, (4.5)
we get,
B(ta41) = vltasn) + I‘f(;) / ?“(zfzﬂ — )P (7, (7)) dp (4.6)
then
B(tni1) = (tnsn) + ;'(B) ; / (601 — )P F (a7, B (")) d (4.7)

Next, if we use the trapezoidal quadrature formula with respect to the weight function (7., — )1 to
approximate the integrals on the right-hand side of equation (4.7) replacing the function f(u'/?, ®'/7) by its
piecewise linear interpolant with nodes chosen at the t7 (¢ =0,1,...,n+ 1), then we get

toi1
A (R T
4

hp

~ m{(m — 0P — (n— €= B)(n— L+ 1)7) f(te, ®(te))

(0= £+ 1) = (0= £+ B+ 1) (n = OF) flter, D(tesn) },

(4.8)
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with the help of equations (4.7) and (4.8), we obtain the corrector formula for ®(¢,41), {n =0,1,...,N =1},

o PRf & o PRP

P(tn1) = v(tny1) + T(3+2) Z Apnsrf(te, ®(te)) + mf(tnﬂ» P(tnt1)), (4.9)

where the weights Ay 1 is defined as:

nft — (n = B)(n+1)7, if £ =0,

A“”lz{(n—é+2W“4wn—wml—2m—é+1wﬂ,if1§é§n. (4.10)

The final step of our method is to replace the quantity ®(t,41) present on the right side of the equation (4.9)
with the quantity ®%(¢,41) is called predictor value which can be obtained by using one-step Adams-Bashforth

method to the equation (4.6). For this, the function f(u'/?, ®(u!/7)) is replaced by f(t;, ®(t;)) in equation (4.7)
at each integral, we get

O (tny1) ~ V(tnt1) Z/Hl o — WP (e, D(te))dp,
(4.11)
t o O 1-0)pf 0811 (te, B(t
U(n+1)+m;[(n+ =07 = (n—0)"]f(te, ®(te))-

Therefore, the adaptive P-C technique, for calculating the approximation ®,1 &= ®(t,41) is fully described by
the formula

o PR & o B8RP

Dpp1 = v(tys1) + TG+2) Z Ap i1 f(te, @) + mf( it ®h ), (4.12)
=0

where ®; ~ ®(t;), £ =0,1,...,n, and the predicted value ®_; ~ ®"(t,41) can be determined as expressed in
equation (4.11). When o = 1, the adaptive P-C technique is reduced to P-C technique given in [10].

Now, we apply the above adaptive P-C approach on DFD model (1.2). Taking the iterative solution form
given in equation (4.12), approximations S, 11, E, 1 and Ry, 41 are defined as:

o PR &
Sun * SO+ a7 > Avni1Gilte, Se, Be, Re)
ﬁeﬁ()
o Ph
+mg 1ty 1, Shy B Ry ),
Ent1~ E(0)+ = ZAE n+1G2(te,Se, Ee, Re)
(5+2 (4.13)
U[%ﬁg SP.EP. R |
ﬂ(5+2) (n"rl’ n+1» n41> n+1)’
o
Rnp1 =~ R(0) + T(6+2) Z Apn11G3(te, Se, Ee, Re)

o Bhﬁ
+mg3(tn+lv Shi1 Enin Ri4),
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where h = N , and Sn+1’En+1 and RY | are defined as:

o
Sh41 2 S(0) + NCE) Z Orn+1G1(te, Se, Ee, Ry),
E, 1 ~E(0)+ %Z@z n+1G2(te, Se, Ee, Re),
P o n’ I
Ry 41 ~ R(0) + NCES) Z Or,n+193(te, Se, Ee, Re),

where Oy, 11 = [(n+1— €)% — (n — £)?], and G, G> and G3 are given as:
t,S,E,R) :=v — (v + aR)S,

G2(t,S,E,R) := aSR — 1E,
£,S,E,R) := AE — (\E + §)R

5. NUMERICAL RESULTS AND DISCUSSION

(4.14)

(4.15)

In previous subsection, as we obtained the solution form of model (1.2). Now, we have presented the obtained
numerical results via plots. In computation, all the parameters data are taken from [21], which are given as:

v = 0.0045, o = 0.006, v = 0.333, A = 0.375, § = 0.02941.

Total population N, = 5071126, using this the initial values are defined as

5070822

:N = ——————— = U. 4 2

5(0) = Ny = o = 0.9999400528,
E(0) = Na = 2 _ (0000599472, R(0) = N = 0.1
TP T R071126 0 ’ e

0.998

0.996

0.994

0.992

0.99

0.988

0.986

Susceptible people population (S)

0.984

0.982

FiGURE 1. The dynamics of susceptible population at arbitrary § and ¢ = 1.1 for DFD

model (1.2).
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.
=
= \
.S
= 1 - =
=
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=
S
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=
=
S
D
=9
= 0.5 H —
= =1
D B3=0.9
= =03
3=0.7
| 3=0.6
3=0.5
o ‘ ‘ ‘ ‘ ‘
o] 10 20 30 40 50 60

o.1

0.09

0.08

0.07

0.06

0.05

0.04

Recovered people population (R)

0.03

0.02

0.01 : :

FiGURE 3. The dynamics of recovered population at arbitrary g and ¢ = 1.1 for DFD
model (1.2).

All the plots Figures 1-6 are display the transmission dynamics of dengue fever in various subclasses, when
T = 60 days and N = 600 for various values of the orders $ and o.

6. CONCLUSION

In this article, we analyzed an arbitrary order DFD model using generalized Caputo derivative. The existence
of model and its uniqueness have been investigated with fixed point theory. Further, a new adaptive P-C
algorithm was implemented for the solution of the DFD model. The simulations were presented at various
fractional-order through graphics. The presented graphics show that the results depend on the fractional-
order parameters 8 and o. Finally, we can say the considered generalized fractional operator provides a better
explanation of the system dynamics and can be applied for the analysis of other infectious diseases model.
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0.998 -
S
= 0.996 -
=
= 0.994 | e
=
=
o
= 0.992 - B
=
=
% 0.99 =
<= —_— =1
= 0.988 o=0.9 S
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=3 L o=0.7 _|
Z 0.986 5=0.6
(o o} &=0.5

0.984 -

0.982 . . . . .

o 10 20 30 40 50 60

F1GURE 4. The dynamics of susceptible population at arbitrary ¢ and g = 0.99 for DFD
model (1.2).

<1073

Infected people population (E)

F1GURE 5. The dynamics of infected population at arbitrary ¢ and g = 0.99 for DFD
model (1.2).

o.1

0.09

0.07

.06

0.05

0.04

Recovered people population (R)
o

FIGURE 6. The dynamics of recovered population at arbitrary ¢ and f = 0.99 for DFD
model (1.2).
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