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Abstract: It is eminent that the epidemiological patterns of dengue are threatening for both the global
economy and human health. The experts in the field are always in search to have better mathematician
models in order to understand the transmission dynamics of epidemics models and to suggest possible
control or the minimization of the infection from the community. In this research, we construct a new
fractional-order system for dengue infection with carrier and partially immune classes to visualize the
intricate dynamics of dengue. By using the basics of fractional theory, we determine the fundamental
results of the proposed fractional-order dengue model. We obtain the basic reproduction number R by
next generation method and present the results based on it. The stability results are established for the
infection-free state of the system. Moreover, sensitivity of Ry is analyzed through partial rank correla-
tion coeflicient(PRCC) method to show the importance of different parameters in Ry. The influence of
different input factors is shown on the output of basic reproduction number R, numerically. Our result
showed that the threshold parameter R, can be decreased by increasing vaccination and treatment in the
system. Finally, we illustrate the solution of the suggested dengue system through a numerical scheme
to notice the influence of the fractional-order ¢ on the system. We observed that the fractional-order
dynamics can explain the complex system of dengue infection more precisely and accurately rather
than the integer-order dynamics. In addition, we noticed that the index of memory and biting rate of
vector can play a significant part in the prevention of the infection.
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1. Introduction

Dengue fever is a viral disease produced by a pathogenic agent and is spread through female Aedes
aegypti mosquitoes. Specific temperature areas of the world are affected by dengue infection and
are almost spread to 128 countries which brings much more losses in public health and economy
[1]. The symptoms include, muscle pain, nausea, red eyes, high fever, joints pain, pain behind eyes,
lower back pain, vomiting, severe fatigue and weakness, and mild bleeding etc. The carrier vector
becomes infected when they bit an infected host and transmit four different serotypes of dengue to the
host through their bites. Rare cases of vertical transmission in dengue infection are reported [2, 3].
Due to the increased prominence of dengue viral infection in the past few decades, much effort has
been made recently to develop a dengue vaccine. Yet, there is no fully effective vaccine although the
partially effective vaccine is accessible in several states of the world [4, 5]. Reduction of vector bites
and environmental domain for vectors are other adopted control policies for dengue infection.

Epidemiological models are of great significance to gain insight into the comprehensive dynamics
of infectious disease and to provide better control policies. To be more specific, analysis of these
models predicts critical factors that play a central part in the prevention and spread of infection [6, 7].
A number of the dynamical models have been established and approved to visualize the transmission
of dengue infection [8, 9, 10, 11]. The basic model of dengue infection was introduced by Lourdes
Esteva and analyzed the stability of the model with variable human population [8, 9]. Stability results
for the equilibria of dengue infection model were established by in [10, 11]. The role of vaccination
on the transmission dynamics of dengue is examined in [12, 13]. In dengue infection, asymptomatic
carriers are frequently reported in [14, 15] and are critical in the sense to increase the level of infection
in endemic and non-endemic areas of the world.

It is eminent that vector-borne disease posses information about its previous stages and associative
learning mechanism, to be more specific memory has a prominent role in the transmission dynamics of
vector-borne disease. The memory in the host population associated to the individual awareness which
reduces the contact rate between vector and hosts, while the mosquitoes use their prior experience
about the human’s location, blood selection, color, and the smell of humans sweat [16, 17]. These
types of phenomena can easily be captured by a fractional-order system in mathematical modeling of
infectious diseases.

Fractional order system posses information about its previous and present stages to provide more
realistic information about the dynamics of viral infections. Therefore, the dynamical behavior of epi-
demic diseases can be conceptualized and explore more accurately through non-integer order deriva-
tives. A number of fractional-order models are introduced in the literature and successfully showed
their positive role in different areas of physics, engineering, mathematics, and biology. For instant, a
Maxwell model in fractional derivative is studied in [18]. Dengue dynamics in fractional derivative is
considered in [19]. Application of fractional calculus to subdiffusion-reaction process is explored in
[20]. An SIR model in fractional derivative is considered in [21]. The wave equation in a delay type
fractional derivative is considered [22]. Recently, researchers proved that the fractional-order model
can effectively handle the crossover behavior and complexity of communicable diseases, and offers a
preferable fit for real data of the infection [23, 24]. These properties make fractional-order systems
more efficient than integer-order systems. For more related research on fractional order derivative and
their applications to science and engineering problems, the authors investigated many practical prob-
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lems. For example, the author in [25] studied the fractional derivative and its applications to epidemic
models. The corona virus model with lockdown is discussed through a mathematical model in [26].
The CoVID-19 and its impact on HIV and their future observation has been investigated in [27]. The
corona virus model with fractional derivative is studied in [28], where the fractional operator is con-
sidered the Atangana-Baleanu type. The authors in [29] studded a corona virus model with nonlocal
operator and using a power computational method. The M-fractional derivative and its applications
to differential equations is discussed in [30]. An engineering problem with a new numerical results is
studied in [31]. A fractional Schrodinger-Hirota equation and its optical solution is analyzed in [32].
The computer virus model in fractional derivative is considered in [33]. A review article that describing
the harmonic wavelets and its fractal extension is studied in [34]. The solution of heat and diffusion
equation with new technology is considered in [35]. A vector-host model with saturated treatment
function and its optimal control analysis is discussed in [36]. The solution of Telegraph equation in
new fractional operators is considered in [37]. The boundary value problems in fractional derivatives
are studied in [38]. A fractional SEIR type model with treatment is studied in [39] while he dynamics
of HIV with different transmission rates are analyzed in [40]. Therefore, motivated by these extraor-
dinary properties, we analyze the dynamical behavior of dengue infection in the framework of the
fractional-order derivative.

The article is structured as: In the second section, we put forward a brief summary of the basic
concepts of fractional calculus. In the third section, we construct a fractional-order model for dengue
infection with new assumptions, in addition, we proved basic results for our proposed fractional-order
model. We established stability results for the steady-state in section four and carried out sensitivity
analysis through the PRCC technique to point out the importance of input parameter on the output
of Ry. We have shown the influence of different input factors on the basic reproduction number Ry,
numerically. The fractional-order system is inspected numerically to observe the influence of ¥} on the
dynamics of dengue in Section 5. In the last section of the article, ending remarks and conclusion of
the overall analysis is presented.

2. Basics of fractional calculus
Here, we will present a brief summary of the Caputo fractional derivative for further analysis of the

dengue model. Caputo fractional derivative has the benefit of dealing with initial value problems and
involves integration which posses information about the previous state of the system.

Definition 2.1. Let g : R* — R, then the fractional integral of g is given by

1 !
I(gt) = e fo (t—y)" ' g(y)dy. 2.1)

where ¥ indicates the order of fractional integral and Gamma function is indicated by T'.

Definition 2.2. The fractional derivative of order & for a given function g in the Caputo form is given
by

C o _ =9 _ 1 ft =1 n
«D; (g() =1""D"g(t) = To—9 J. (r=y)"" g (dy, (2.2)
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wheren—1 <93 <n,neN.
Let 171, 1, be two positive numbers, then the Mittag-Lefller function is given by

Ey o (s) = (2.3)

Z F(mk +1)

Let gD}9 be the Caputo fractional derivative (CFD) of order #, then its laplace transform is define by

n—1

LI§Dg(®)] = u'Gw) - ) g 0", (2.4)

further, for the function r»'E, , (wt?), the laplace transform is given by

un| -

LI E,, (xwt")] = (2.5)

un + w’

The following equation hold true by Mittage-Lefller function given in [41]:

E =s.E +—
man(8) = S-Ep 5145, (8) T(n)

Lemma 2.1. [42]. Consider a function g : R* X R> — R°, which fulfills the conditions:

The function g(t, Y(t)) is Lebesgue measurable in R* with respect to t;
The function g(t, Y(1)) is continuous on R> with respect to Y(t) ;

The function w is continuous on R> with respect to Y(t);

and ||g(t, Y()|| < X +A||Y||,Vt € R*,Y € R®, where N, i are positive constants.

Then the fractional order system

C b
DY) = gt Y()), 06
Y(0) = Y,
where 0 < 9 < 1, has a unique solution.
Lemma 2.2. [43]. Let a function g(t) € C(r, s| such that CDﬂg(t) € C[r, s] for ¥ € (0, 1], then we have
g(t) =g(r) + % Dl’g(e)t—r)", r<e<tVte(rs].

Remark 1. Let a function g € C(r, s, such that €D? g(t) € Cl[r, s] for § € (0,1]. Then by Lemma (2.2)
ifD’g(t) < 0, YV t € (1, 5), then g(t) is non-increasing function for all t € [r, s], and if <D?g(t) > 0, V¥
t € (r, s), then g(t) is non-decreasing function for all t € [r, s].

3. Formulation of the model

In construction of the model, we represent the mosquitoes and humans population by N, and N,,.
The total mosquitoes size is divided into susceptible (S,) and infected (/,) compartments, while the
total humans size is divided into susceptible (S ), infected (1), carrier (1,4), partially immune (P ), and

recovered ( R,) compartments.
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We indicate the natural birth (or death) rate of mosquito and human by p, and y;,, respectively,
and assumed that the disease-induced death rate to be negligible. Furthermore, we assumed that a
fraction v of susceptible hosts goes to partially immune class after implementation of vaccination and
7 indicates treatment of infected host. The symptomatic fraction of infected class from susceptible and
partially immune classes are indicated by ¢ and w, respectively. the parameter p denotes the fraction
of treated humans which join the partially immune class P while remanning enter to recovered class
R;. Parameter vy, is used for recovery of symptomatic and asymptomatic humans while ¢ denotes the
fraction of recovered humans which join the partially immune class P. The terms (bN%‘IV) and (b]\%lv)

indicate the infection rate per susceptible host and partially immune host, respectively, while (bNLijIh)
denotes the infection rate of per susceptible vector. In these terms b accounts the bitting rate, 8; and
B, are the rates at which infected vectors transmit disease to susceptible and partially immune humans
respectively, whereas S5 represents the disease transmission rate from infected human to susceptible
vector. The dynamics of dengue infection is given by

Lo = N, - BA‘,—fShIV —US ) — upS s,

b = YBSuL + BEPL — (uy + T+ ),
Ui = (1= )88 4L, + (1 = 0)BLPL, — (y + y)ia,

L= uS,+ptly + ¢yu(ly + In) — 2P, — P, 3.1)
d% = (I =p)l + (1 = @)y + Ina) — unRy,

Lo = N, =82Sy + ) — S,

e = B2 (I + ) - ol

with the following initial condition
S§1(0) > 0,1,(0) > 0, 1,4(0) > 0, P(0) > 0,R,(0) > 0,5,(0) >0,1,(0) > 0.

We denote the total human population size by N;, and vector by N, so that, N, = S, + I, + [ 14+ P+ Ry,
and N, = S, +I,. As the system (3.1) is independent of the state-variable R;, thus, the proposed model
(3.1) of dengue infection can be re-written in the following form without R;:

% = /«LhNh_’;]l_fShIV_USh_/’thSh’

Do = YRS L, + WBPL, — (uy + T+ yi),
% = (1- lﬁ)"?\}—fshlv +(1 - W)%_I?Plv - (Hh + Yh)IhA, (3.2)
dpP .

= vS, +ptlh + ¢yl + Iha) — %Pl\/ — UnP,
7 = ,quv - ’;\z/_fsv(lh + IhA) - ,quva

% = ’?\3}_:‘5\/(111 + IhA) - ,uvIVa
further, assume that
S 1, Ina P 1 J S,
X1 == V) = -5 = —,X5 = —ana X = —,
YTNSTTONSTTNTTTNT y ¥ v
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then, we have x; + x, + x3 + x4, = 1 and x5 + x¢ = 1. After replacing x¢ = 1 — x5 in the last equation of
normalized system we obtained the following five dimensional reduced dengue model:

dX1 bﬁlNL

o T e T TN AAs T UX [k,

% = l//'Bl Lxx +CU'BZILX4X5—('uh+T+7h)x2’

d N,y N bB,N,

= - 2 Biraxs + (1= )R = (uy + y)xs, (3.3)
d v

ddif = ux; +p7x + dyn(x2 + x3) — '62 X4Xs5 — MUpX4,

f = bB3(1 — x5)(x2 + x3) — iy Xs.

As fractional-order models describe the non-local behavior of biological systems and posses heredi-
tary property, moreover, it provides information about its past and present state for the future, therefore,
we represent the dynamical system (3.3) of dengue infection in the framework of fractional order Ca-
puto’s derivative to conceptualize the transmission of dengue fever in a more accurate way. Thus, the
system consist of fractional derivatives is presented by

SD?x; = pl —baxixs —v'x — ule,

SD?x, = yb’axixs + wb’cxsxs — (U + 17 + y))xs,

gD?x3 = (1 - l//)bﬂax1x5 +(1 - a))bﬂcx4x5 - (,uh + ’)/h))C3, (3.4)
gD?x4 = vWx; +pt’x + ¢y (% + x;) — b’ cxyxs —uhx4,

§Dxs = b"e(l — x5)(xy + x3) — il x5,

where gD}9 indicates Caputo’s fractional derivative of order , the order ¢} indicates the index of mem-
ory in the system. In addition, the values
_ ﬁ 1 N, v ﬁ2N v

, € = 5 d = .
th N, and e = f33

In Caputo’s sense, the derivative of constant is equal to zero which is another advantage to make the
system more reliable and flexible for analysis. Next, we will analyze the biologically feasible region
of the fractional-order dengue model (3.4).

Theorem 3.1. The proposed fractional-order dengue infection system of equations (3.4) has a unique
solution.

Proof. For the required result, we first prove that the fractional system (3.4) has a unique solution for
all initial conditions in R>. Clearly, the first three conditions of Lemma (2.1) are hold by the vector

function g of the system (3.4). Next, to prove the last condition of Lemma (2.1), we rewrite system
(3.4) as

gD?x(t) =N+ A1x(t) + Ax1 () x() + Azx2(1)x(t) + Agxz(H)x(1) + Asxa(£)x(2) + Aexs(£)x(1),

where
! —(! + ") 0 0 0 0
0 0 -ttty 0 0 0
N=| 0 |.A = 0 0 ey 00,
0 v pt’ + by, $7h m, 0
0 0 b’e b’e 0 —u
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5273

2

[\

[
oo o oo

000 0 000O0 O 000O0 O
000 wb’a 000O0 O 000O0 O
0 00 (1-y)p’a|,A3=10 000 0 |,Ay=|0 000 0O I,
00O 0 000O0 O 000O0 O
000 0 0000 -be 0000 -be
0 00O 0 -b’a 00 0 O
00O0O wb’c 0O 00 0 O
As=10 0 0 0 (I1-wb’c |,A¢= 0O 00 0 O
0 00O 0 0 00 -b’ 0
00O0O 0 0O 00 0 O

Symbolize the above

8(t, x(1)) = N + A1 x(1) + Apx1 (D) x(1) + A3 x2(D)x(1) + Asx3(D)x(2) + Asxa(D)x(1) + Apxs(0)x(0),

and taking norm, we get

IA

IA

g, x()l

IIN + A1 x(2) + Ay x1 (1) x(2) + Azx2(0)x(2) + Agx3()x(1) + Asxg(t)x(t) + Aexs()x(2)|]
NI+ (1A O + A2 I+ A3 [ OO + A4l Ollx@I
HIAsll[lxaOIIx@I + (1 As]lllxs @)l

NI+ [IA HxOI + HA2x@I -+ IAs[IxXOI + [[AsllxOI + AsIx@I + [|Agl (Il
NIl + (||A1|| + [|Azll + [|As]] + llA4ll + [|As] + ||A6||)|IX(t)|I

N + 7llx()|l.

Hence, the requirements of Lemma (2.1) are fulfilled, therefore the system of equations (3.4) has a
unique solution. O

Theorem 3.2. The closed set Q = {(x1, x2, X3, X4, X5) € Rfr 0L x1+x+x3+ x4 <M,0< x5 <M}
is a positive invariant set for the proposed fractional order system (3.4).

Proof. To prove that the system of equations (3.4) has a non-negative solution, the system of equations

(3.4) implies

OCD?xl |x1=0 = /JZ >0,

OCD?)Q l,=0 = wb?ax x5 + wb’cxyxs > 0,

OCD?X:; =0 = (1- Wb?ax;xs + (1 — w)b’cxsxs > 0, 3.5
SDVx4 g0 = Vx4 pt"x%0 + ¢yl (X + x3) 2 0,

SDxs =0 = b’e(xy + x3) > 0.
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Thus, the fractional system (3.4) has non-negative solutions. In the end, from the first four equations
of the fractional system (3.4), we obtain

SDY(xy + 2+ x3+xg) < pl —phxy — (1 =)0 + (1= @)y +u)xa — (1= @)yh + pi)xs — phxa,
< W — W)+ x + x5+ Xy) (3.6)

where W = mm(,uh, (1 -p)r? + (1 - qS))/h + Wy, N, (1 - ¢)yh + yh) M, ). Solving the above inequality,
we obtain

9 9
(x1 (1) + x2(1) + x3(0) + x4(t)) < (xl(O) T 21(0) + 1:(0) + x4(0) — %)Eﬁ(—wﬁ) ; #Wh
so by the asymptotic behavior of Mittag-Lefller function [44], we obtain
u?
(x100 + 220 + 30+ xa(0) < 25 = M,
bleM,

taking the same steps for the last equation of system (3.4), we get xs(t) < M,, where M, = Py il
Hence, the closed set € is a positive invariant region for the fractional-order dengue model (3.4). O

4. Reproduction number and stability analysis

The biological meaningful equilibria of fractional system (3.4) are DFE and EE, depending on in-
fected classes in both the populations. To obtain the infection-free equilibrium, we set the fractional
derivative § DY x5 DY x,,5 D! x3,5 DY x4, and § DY x5 to zero of the fractional system (3.4) without infec-
tion, and get
1, v’
W+

Eo(xl’x27x37x4’ ) (

The detailed concept of the basic reproduction number is presented in [45], and is normally denoted
by Ry, and is calculated as

Wb’ ax; xs + wb”cx4xs W+ 7"+ yx,
F =1 (1 =)b’ax;xs + (1 — w)b’cxsxs |and V = (1 +y)xs ,
b’e(1 — x5)(x + x3) ,fos

this is because of three infected comportment in the system, i.e., m = 3, which provides

0 O l//bﬂax(l) + a)bﬂcxg (,uh +17 4+ yh) 0 0
F=| 0 0 (A-yb’ax)+(1-w)b’cx |and V = 0 W+yhH 0|,
b’e b’e 0 0 0 u’
which gives
0 0 wbﬂax?-t?wbﬂcxg
FV—] — 0 0 (l—zﬂ)b"ax(ﬁr(l—w)bﬂcxg
be be Ig

W+t )
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The Ry of the fractional-order dengue model (3.4) is obtained by using the next generation matrix

as
FV) bPe [(1 —blay) + (1 —wb’cv®  yb’apl) + wb’cv’
P = +
My + %) Ha+ % M+ v+
R b’e [(1 —blapl + (1 - wb?cv’  yb’ap + wb’cv’ ]
e = + .
Nkl o) 7 My vy + T
Assume a fractional-order linear homogenous system of the following form
(D)0 = By, @l
y0) = o, '

where B € M,,,,(R) and 0 < ¢ < 1. The following theorems are on the stability of linear homogenous
system (4.1).

Theorem 4.1. [46]. The origin of the fractional dynamical system (4.1) is asymptotically stable < |
arg(4;) |> is fulfilled for all eigenvalues A; of matrix B.

Theorem 4.2. [47]. The steady state of fractional system (2.6) is locally asymptotically stable (LAS)
if | arg(A;) |> %” for all eigenvalues A;’s of g(y) at steady state, otherwise unstable.

In order to prove the LAS of infection-free steady state E| it is sufficient to confirm that all of the
eigenvalues of the matrix of dynamics given by J(E)) lie outside the closed angular sector as shown in
[46]. We state the following theorem for the desired result.

Theorem 4.3. The DFE of the fractional-order system (3.4) is LAS if Ry < 1 and | arg(A;) |> %for
all eigenvalues A;’s of the Jacobian matrix J(Ey) at steady state, otherwise it is unstable.

Proof. To obtain the demanded result for the fractional system (3.4), we take the Jacobian matrix of
the system at infection-free equilibrium as

—@" +ud) 0 0 0 —b’ax!
0 -l + ) +17) 0 0 yb’axt + wb’cx)
J(Eo) = 0 0 —(,uh + )/h 0 1- lﬂ)bﬂax? +(1 - a))bﬂcxg
v’ pt” + ¢y oy ) —b’cx]
0 b’e b’e 0 —u’

The characteristic equation in term of A of the above matrix Jg, which is given below:
A+ DA+ W + ") + a1 > + apd + a3) = 0, (4.2)
where the associated coeflicients are as follow:

=y +y) +70)+ () +7h)+ﬂv,
a = (,u;l9 + yZ + Tﬂ)(yh + yh) + (/Jh + )/h + Tﬂ),uv + (yh + 7h)/1v b%eB — bUeA,
az = () + 0 + 1)l + yHul[l - R3],

, where A = yb”axd + wb’cx§ and B = (1 —y)b’ax’ + (1 — w)b”cxy. From (4.2) it is clear the argument
of the first two eigenvalues 4 = —u! and A = —(u) + v”) satisfy the necessary condition given (i.e.,
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| arg(A;) |> %’r for all ¥ € (0, 1)). Furthermore, if Ry < 1, then all @; > 0, fori = 1,2, 3, and it is easy
to show that a,a, — a; > 0 Thus, following [46], the arguments of all eigenvalues satisfy the necessary
Matignon condition. Consequently, the infection-free steady-state is LAS . O

Theorem 4.4. The infection-free steady state of the fractional-order system (3.4) is GAS without vac-
cination, if Ry < 1.

Proof. Let v = 0, and (x1, X3, X3, X4, X5) be the solution of system (3.4) with suitable initial conditions
(x1(0), x2(0), x3(0), x4(0), x5(0)) in Q. Here, it is clear that the fractional system has only one equilib-
rium E, on the boundary of Q. Therefore, to achieve the target, it is enough to prove that the solution
(x1, X2, X3, X4, X5) tends to the infection-free equilibrium as time tends to infinity. Since x; < x?, for
i = 1,4, then the system implies that

OCD?xz < :,l/bﬂax(l)x5 + wbﬁcxgx5 - (,uZ +70 4 yZ)xz,
OCD?X3 < (1- w)bﬂax?)g +(1- w)bﬂcx2x5 - (pz + yZ)x3,
OCD?xs < ble(xy + x3) — ,ufo.

Taking the auxiliary system
cD/yi = yb’axlys + wbexgys — (i, + 7" + ¥y,

§D’v, = (1 =y)b’axly; + (1 — w)b’cxy; — (i +y)ya,

SD?}@ = bﬂe(yl +y2) — ,Uf)’3,
this further implies
DY = (F - V)Y
the coefficient matrix of the above fractional system is F — V, and if Ry = p(FV~') < 1, then the

eigenvalues of F' — V lies in the left half plane. Consequently, each positive solution of the fractional
system (4.3) fulfills limy; = 0, limy, = 0 and lim y; = 0 by Theorem 4.1. By the comparison theory

t—00

of fractional differential equations [48], we have lim x, = 0, lim x3 = 0 and lim xs = 0. Then from
t—00 t—00

system (3.4), we have

oDix =y —pyx,

gD’?x4 = 0- ,uzx4,
this can be further converted into

SDYX = A - BX,
having the solution
X(1) = t"Egp1(=Bt")A + Eg,(-=Bt")X°,

taking the asymptotic behavior of Mittag-Leftler function [44] as
/9

Egy (—wt” R oo —————
91 (—wt”) =, o= D)

O0<¥<1 and w>0,
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also the real parts of eigenvalues of —B are negative, so it can be observed that X(f) — X° as t tends to
infinity. Hence, the infection-free steady-state of the system (3.4) is GAS without vaccination.

Next, we will demonstrate the persistence of infection in the fractional-order system. It describes
the level of endemicity of infection in the system. Biologically speaking, the infection persists in the
system if the level of infected fraction stays at a higher level for t large enough.

Theorem 4.5. In the fractional-order system (3.4), the dengue infection is uniformly persistent at ¥ = 1
l'fR() > 1.

O

Proof. The threshold parameter Ry is of high significance, which measures the level of infection in the
system. If Ry less than one then the asymptomatic stability of infection-free equilibrium(E,) prevent
the system from the persistent of the infection. If R greater than one then the sufficiently close solution
of fractional system (3.4) to Ey moves away from it due to its instability in the interior of Q2 by Theorem
(4.3). For uniform persistence of our system (3.4) at = 1, we will prove that it fulfills the criteria of
Theorem 4.3 in [49] for Ry > 1. Select X = R’ and E = Q. Here, the maximal invariant set on the
boundary of Q is the set {Ey} and is isolated. So, the criteria of Theorem 4.3 in [49] satisfies for the
system. Thus, the system (3.4) is uniformly persistent if E is unstable for Ry > 1. O

4.1. Sensitivity analysis and numerical results

In the section, we present the global sensitivity analysis in order to determine those model param-
eters which are most influential on the disease dynamics. The main goal of this analysis is to detect
and measure the influence of input parameters on the output of the system. To be more specific, it is
used to know how the input parameters and initial values contribute to the output of a system. Mostly,
when there is a little uncertainty in initial conditions and input parameters partial derivative of output
functions are computed with respect to the input factors around the base values. This method is named
as the local sensitivity analysis and relies on the variations of parameters close to the base values. This
technique is not most suitable for epidemiological models due to the uncertainty in the input of the
system. Therefore, global sensitivity analysis is preferred to perform this analysis and to provide more
accurate results.

Here, we used the PRCC method [50] for sensitivity analysis to point out the input parameters that
highly influence the results of Ry. It is an effective method and can successfully measure the monotonic,
nonlinear relationship between input and output values of the system. PRCC analysis provides PRCC
and p values for each factor involve therein, with which we can measure the contribution of each factor.
More specifically, the input factors with sizeable PRCC and negligible p-values are considered to be
highly effective factors in the system. In our analysis, we investigate all the parameter presented in
Table 1 to know their contribution to the outcomes of R, and listed all the associated PRCC and p-
values provided by the PRCC significance test. Figure 1 and Table 1 demonstrate that the parameter b
is highly influential with PRCC value 0.7022. After that, the parameter §;, and ¢} are highly influential
with PRCC values 0.6427, and -0.5112, respectively. Sensitivity analysis illustrated that b, 8, and ¢
are critical parameters in Ry, which can remarkably influence the infection. Therefore by controlling
these factors can greatly decrease and prevent the level of new dengue cases in the community.

Next, we illustrate the influence of vaccination and treatment in on the threshold R, of the proposed
system 2 (a). We noted that vaccination and treatment decrease the threshold parameter, moreover,

Mathematical Biosciences and Engineering Volume 17, Issue 5, 5267-5287.



5278

PRCC of basic reproduction number R,

-0.8 b

Figure 1. Sensitivity test for input factors of Ry and PRCC outcomes for Ry.

Table 1. Sensitivity results of Ry with PRCC and corresponding p values.

Parameter  Interpretation PRCC values  p values
9 index of memory or fractional order -0.5112 0.0000
m recruitment rate of humans host 0.1095 0.0023
v vaccinated fraction of susceptible host + 0.3133 0.0000
17/ fraction of incidence rate from S, to I, + 0.1804 0.0010
B transmission probability from vectors to susceptible host + 0.6427 0.0000
B2 transmission probability from vectors to partially immune host + 0.5094 0.0000
T treatment fraction of infected host individuals -0.2110 0.0000
Vi recovery rate of host individuals -0.3361 0.0000
B3 transmission probability from infected hosts to susceptible vectors ~ +0.2320 0.0000
Uy recruitment rate of mosquitoes vector -0.3197 0.0000
w fraction of incidence rate from P to [, +0.3596 0.0000
b bitting rate of vectors +0.7022 0.0000

we observed that vaccination reduces the susceptibility of host individuals in the system while the
treatment reduces the infectivity of host individuals. In Figure 2 (b), we showed the influence of 83 and
v, on the basic reproduction number R, of the proposed system of dengue fever.

5. Numerical scheme for fractional model

We present in this section the solution of the model (3.4) by using the algorithm presented in [S1].
To have a numerical scheme, we write the model (3.4) in the following form:

Dlg(t) = G(1.2)), (5.1)
g0)=go, 0<T < oo, .

where g = (x, %2, X3, X4, X5) € R, g(t, g(t)) is used for a continuous real valued vector function,
which additionally satisfies the Lipschitz condition and g, stands for initial state vector. Taking Caputo
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Figure 2. Illustration of basic reproduction number R, (a) with the variation of vaccination
v and treatment 7, (b) and with the variation of 85 and ;.

integral on both sides of (5.1) we get

g0 =g °+Tﬂ) f (t=0"'G(A, g(D))dA. (5.2)

In order to formulate an iterative scheme, we consider a uniform grid on [0, 7] with h = — 9 is the
step size and m € N. Thus, the equation (5.2) gets the structure as follows after make use of the Euler
method [52]

8t = 80+ s Zieol(n— j+ 1) = (n = )Gt} (1)),
(5.3)
n=0,1,2,---,m

Thus, utilizing the above scheme (5.3), we deduced the following iterative formulae for the corre-
sponding classes of the model (3.4)

X1, = X+ F(ﬁ ) Z (n—j+ DY —(n - ])ﬂ ,u bﬂaxljx5j - vﬁxlj —,ule_,,),
3 n

X3 = X h— Z ((n - j+ 1) —-(n—1j) )(lpbﬂaxl Xs. + wb’cxy x5, — (ﬂz +70 4 yZ)xz.),

n+l 0 1"(19 1) ]_o i 70 J

X3, = X3+ F(ﬂ ) Z (n—j+1)" - ((1 Wb’ ax; xs, + (1 — w)b’cxy x5, — (uj, +7}?)x3j)’
X

X4,,, = X4t F(ﬁ R Z (n—j+1)"- J)19 (Uﬁ 1 +PT19X2_, + ¢)’Z(x2_, +X3,) — bﬁcx4,-x5, —IIZM,),
X

S = ST Z (= j+ 1y - ( e(1 — x5)(xa, +13,) — ,Lle5j). (5.4)
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Table 2. Interpretation of input parameters with values used in numerical simulations.
Parameter  Interpretation Values Reference
My natural mortality and recruitment rate of vector 0.032300 & 0.029410  [53, 54]
B transmission probability from vectors to susceptible host 0.75 [10]
B2 transmission probability from vectors to partially immune host ~ 0.375 Assumed
9 index of memory or fractional order variable Assumed
b bitting rate of vectors 0.50 [10]
T treatment fraction of infected host 0.40 Assumed
U vaccinated fraction of susceptible host 0.20 Assumed
B3 transmission probability from infected humans to mosquitoes 0.75 [10]
W fraction of incidence rate from S, to [, 0.48 Assumed
Vi recovery rate of host individuals 0.3288330 [53, 54]
w fraction of incidence rate from P to [, 0.54 Assumed
m natural mortality and recruitment rate of humans 0.004500 & 0.000046  [53, 54]
P fraction of treated humans enter to P class 0.6 Assumed
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Figure 3. Illustration of the path moment of (a) Infected host I,, (b) Carrier

host(Asymptomatic) 7,4, (c) Partially immune P and (d) Infected host 7, individuals with
different values of fractional-order 9, i.e., ¢ = 0.6, 0.8, 1.0.
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We used the above approximation for the solution of our fractional system. In Figure (3), we
demonstrate the dynamics of infected host (/;), asymptomatic host (1;,4), partially immune (P) host and
infected vector (/,) with the variation of fractional-order ©}. We noticed that the variation of fractional-
order ¢} has a great influence on the infection level of dengue in both the population. In other words, it
can highly reduce the level of dengue fever in the community. In Figure (4) and Figure (5) , we repre-
sent the dynamics of dengue fever with the variation of vaccination and treatment. In these simulations,
we observed that vaccination and treatment decrease susceptibility and infectivity of the host popula-
tion, and have a slight influence on the level of infection. We demonstrated the effect of biting rate b
of the mosquitoes on the dynamics of dengue and observed that the peak of infection can be greatly
decreased by decreasing the biting rate b in Figure (6). The mosquitoes biting and its generation further
can be decreased by spraying or wasting the standing water around home or inside the home, which has
great influence on population of mosquitoes that end up biting humans. Using bed-nets, avoid to visit
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areas prone to mosquitoes, using mosquito repellent, covering legs and arms by wearing long-sleeves
and long pants are useful to prevent himself from the biting of mosquitoes. These scenarios predict
that the infection can be controlled and prevented by decreasing the index of memory and biting rate
of vectors in the community.
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Figure 5. [Illustration of the path moment of (a) Infected host I, (b) Carrier
host(Asymptomatic) 1,4, (¢) Partially immune P and (d) Infected vector /, individuals with
different treatment rates 7, i.e., 7 = 0.4, 0.6, 0.8.
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6. Conclusion
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In this article, we constructed a new epidemic model for the transmission of dengue infection with
non-integer derivative. Basic results of the suggested fractional system are investigated through an-
alytic skills. The basic reproduction number of the system is calculated through the next-generation

Mathematical Biosciences and Engineering

Volume 17, Issue 5, 5267-5287.



5284

method, indicated by R,. We established stability results of infection-free steady-state of the system.
Sensitivity analysis of Ry is carried out in order to know the contribution of input factors in the re-
sults of R, and observed that b, u,, and 83 are the most critical parameters that highly contribute in the
control and subsequent spread of dengue infection. We showed that the dengue infection is uniformly
persistent in the system for Ry > 1. We obtained feasible results for the dynamics of dengue infection
with the variation of memory index ¢} and suggested that the index of memory has a dominant influence
on the system. We concluded that the fractional-order model can explore more accurately the dengue
epidemic disease transmission model rather than the integer-order derivative models. The numerical
results for the suggested parameter can be considered useful for the possible eliminations of dengue
infection in the community. We suggest that fractional-order(index of memory) ¢ and biting rate b can
remarkably control and greatly decrease the level of disease in the society.
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