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Abstract: This work presents a quantitative analysis of the transmission dynamics of dengue using
the Caputo—Fabrizio fractional-order derivative. It presents an extensive framework for modeling
a dengue epidemic, including the various stages of infection and encompassing a wide range of
transmission pathways. The proposed model is subjected to a rigorous qualitative study, including
the determination of a non-negative solution, the assessment of the basic reproduction number, and
an evaluation of local stability. Numerical solutions are obtained using the Newton method. The
fractional-order operator, developed using the Caputo—Fabrizio approach, provides a refined per-
spective on the transmission dynamics of dengue. This study contributes to a deeper understanding
of the disease’s transmission mechanisms, considering both fractional-order dynamics and diverse
transmission routes, thus offering insights for enhanced disease management and control.

Keywords: dengue epidemiology; mathematical modeling; fractional derivative; stability analysis

1. Introduction

Dengue, an infectious disease caused by the dengue virus and transmitted by Aedes
mosquitoes, is a significant public health issue due to the absence of definitive therapeutic
interventions and its rank as the most prevalent arboviral disease worldwide. It remains
a significant global health concern, with an approximate annual incidence of 390 million
infections [1]. The estimated number of apparent cases in 1990 was 8.3 million, ranging
from 3.3 million to 17.2 million. This estimate increased to 58.4 million by 2013, ranging
from 23.6 million to 121.9 million [2]. Following infection, there is a variable period of
incubation lasting between 3 and 10 days before the appearance of distinct symptoms,
including severe headaches, joint pain, muscle pain, skin rashes, and hemorrhagic manifes-
tations [3]. Comprehending the extensive influence of dengue on worldwide health and
acknowledging its clinical manifestation is crucial in formulating efficacious preventive
strategies and potential therapeutic interventions. Most instances present as uncomplicated
dengue fever (DF), but some individuals may advance to the more severe form known
as dengue hemorrhagic fever (DHF). Plasma leakage characterizes DHF and typically
manifests shortly after the febrile phase. In certain instances, the disease has the potential
to progress to dengue shock syndrome (DSS), a potentially life-threatening condition char-
acterized by severe plasma leakage resulting in hypovolemic shock [4]. The current global
fatality rate associated with dengue fever is below 0.4% [5].

Nevertheless, obtaining precise data regarding global mortality rates is challenging.
Approximations indicate an annual average of 9221 deaths attributed to dengue between
1990 and 2013 [5]. It is worth noting that dengue outbreaks demonstrate unpredictable pat-
terns, further intensifying the burden on healthcare facilities and resulting in overcrowded
hospitals and strained resources. It is imperative to comprehend dengue fever’s diverse
clinical manifestations and worldwide ramifications to develop efficacious approaches for
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managing and preventing this disease. There needs to be more established methodolo-
gies for forecasting dengue outbreaks. If these outbreaks could be reliably predicted, it
would be possible to implement suitable preventive measures proactively. Furthermore,
it is crucial to notify health services in advance, allowing them to proactively implement
essential measures to accommodate the anticipated surge of individuals seeking treatment
for dengue during these outbreaks. Multiple meteorological variables, such as tempera-
ture, humidity, precipitation, and wind speed, substantially impact mosquito population
density [6]. Favorable meteorological conditions contribute to an upsurge in mosquito
population density, as heightened precipitation exacerbates the accumulation of sewage
and overwhelms waste management systems in numerous geographical areas. As a result,
the optimal breeding habitats of dengue mosquitoes are in regions characterized by water
accumulation, particularly in periods of increased precipitation.

Furthermore, a dense human population amplifies the challenges associated with
waste disposal, thereby leading to additional breeding sites. The presence of the dengue
virus in the environment, in conjunction with the density of mosquitoes, significantly
influences the prevalence of mosquitoes capable of transmitting the virus [7]. Elevated tem-
peratures have the dual effect of promoting the desiccation of running water sources and
facilitating the formation of stagnant water reservoirs. The ideal conditions for the dengue
mosquito to complete its life cycle are found in these stagnant ponds. On the other hand,
some mosquito larvae may become vulnerable in too-hot environments [8]. This observa-
tion suggests that temperature can positively and negatively influence mosquito density
and the incidence of dengue cases. Comprehending these intricate interactions is imperative
in formulating efficacious strategies for predicting and preventing dengue outbreaks.

For several years, epidemiological research has utilized significant mathematical
models [9,10]. In order to make the elements involved in the interactions among hosts,
vectors, and pathogens more clear, these models serve as formal frameworks. Epidemic
models are essential tools used to understand and forecast the dynamics of infectious
diseases in different scenarios. They are commonly utilized to evaluate the effectiveness of
public health interventions in disease control. In the scientific literature, dengue fever’s
epidemiological dynamics have been represented mathematically since 1970 [11]. Dengue
fever is a prominent illustration of a viral infection transmitted by mosquitoes, presenting
a significant global public health issue. Most instances of the disease present with no
symptoms or only mild symptoms [12,13]. However, severe cases of the disease are caused
by various serotypes, and a significant mechanism contributing to this severity is antibody-
dependent enhancement (ADE). Antibody-dependent enhancement (ADE) refers to a
phenomenon in which pre-existing antibodies are unable to effectively neutralize a novel
infection and instead exacerbate its effects.

The goal of dengue fever mathematical models is to correctly capture the intricate epi-
demiological dynamics of the illness while taking into account a variety of aspects related to
the disease and its vectors. Consequently, even the most basic dynamical models have been
found to exhibit a vast diversity of dynamic behaviors. These models have been specifically
developed to assess crucial factors, including the simultaneous presence of multiple strains
or variants, the immunological mechanisms contributing to the disease’s severity, and the
potential effects of vaccination. This concept resembles the current approaches employed
in comprehending the epidemiology of COVID-19. Mathematical models are crucial in
informing public health policies and strategies for controlling and preventing dengue fever
by integrating various aspects of the disease. Fractional calculus, an extension of classical
calculus, introduces the concept of fractional derivatives, which proves valuable in enhanc-
ing our understanding of diverse phenomena. Models incorporating non-integer-order
operators offer improved precision in capturing phenomena characterized by disintegrating
memory and inversion behavior. Particularly in the context of diseases under investigation,
including fractional derivatives provides additional insights [14-19]. Within the existing lit-
erature, various fractional operators featuring both nonsingular and singular kernels have
been proposed [20-23]. A comprehensive examination of these fractional-order operators
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and their applications is available in [24-27]. Using fractional calculus in mathematical
models offers a promising avenue for advancing our comprehension of intricate biological
processes and disease dynamics. This paper extends the prior research conducted by the
author [28], which centered on a mathematical model exclusively addressing the dengue
class. In contrast, the current investigation incorporates novel variants within the dengue
class and assesses the consequences of their co-infection.

2. Mathematical Modeling
2.1. Preliminaries on Fractional Derivatives

In this section, we provide a concise overview of key concepts pertaining to fractional
derivatives, with the aim of facilitating comprehension for our audience. A comprehensive
analysis of this novel facet of calculus can be found in [29].

Definition 1. Suppose a function g: Rt — R for { > 0. Then, the upper and lower Riemann—
Liouwille fractional integrals for the closed interval [w, B] are defined by

t
Rip/ ¢ =RL Ig F(lg)/,x(t_x)g lo(x)dx, for t>ua,

b
REDg® =fL 15 = r(lg)/t (x — 5 g(x)dx, for t <,

where I is the gamma function.

Definition 2. Suppose a function g: Rt — R. Then, the upper and lower Riemann—Liouville
fractional derivatives are defined as [30]

dar dar -
FDEg(t) = KD g = TR (),

d C(n— dan e
RLDég() RLpy (n g)g(t) _ RLy gg(t),

dmt b

Definition 3. Caputo [31] proposed an alternative definition of the Riemann—Liouvile derivative to
address certain limitations, which is given by

1t gy
cDCg() F(n—é)/o (tqu)g_ﬁld‘}’,

where { € (n—1,n) and n € N. Obviously, CDgg( t) — Dtgg(t) whenever { — 1. Thus,

CDgg( t) and Dtgh(t) exist almost everywhere. Let 1,5y € R. Then, ng [s1g(t) + sah(t)] exists
almost everywhere with

§Df[s18(1) + sah(1)] = s1[§DFg(1)] + s2[§ DFA(E)].
Definition 4. The equilibrium point, denoted as C*, for the Caputo system can be defined as
ngC*(t) =g(t,C*(t)) © g(t,C*(t)) =0, where 0 < ¢ > 1.
Definition 5. Consider the Sobolev space H' (a,b) and g € H'(a,b),b > a, € [0,1], defined as

H'(a,b) = g € L*(a,b) : Dg € L*(a,b).



Fractal Fract. 2024, 8, 207 40f14

The Caputo fractional derivative in this case is defined as [32]

t—x
1-¢
where M(Q) is the normalization function such that M(0) = M(1) = 1.

Dfs(0) = T [ Dfg(penpl-¢1 =)y

Definition 6. The Caputo—Fabrizio fractional derivative for the function g(t) is defined as

CFg. o _ M(Z) /'t B L t=x
o Drst) =37 J, 8() —gx)expl=03—
2.2. Mathematical Model of Dengue
2.2.1. Classical Integer Model

The classical integer model of co-infection epidemic between humans and mosquitoes

is given below:
Human populations

Jdy.

DSy, = Ay, — B(I,Sy,) — dpSy + 6Ry, + €V, (1)
DEy = B(1oSy) — (yn +dn +1)En, (2)
DIy = ynEp — (7 + g1+ dy) 1, (©)
DV, = v,Sp — (e +a+4dy,)Vy, 4)
DP, =nl, +nE, — (6 + g2 +dp,) Py, (5)
DRy, = q1I, + q2P, — dy Ry, — 0Ry, + aVj,. (6)
Vector populations

DS, = Ay — B(I,Sy) — dyuSo, (7)

DE, = B(I1Sv) — (70 + do) Eo, 8)

DI, = yyEy — dyl,. 9)

The initial conditions are
S, =S,(0),E,=0,1,=0,V,=0,P, =0,R, = 0,5, = 5,(0),E, =0,[, =0

2.2.2. Caputo-Fabrizio Fractional Derivative

In this subsection, we modify the classical integer model into the fractional-order
model in the Caputo—Fabrizio sense.
Human populations

SEDESy = Ay — B(1oSy) — dSy + ORy, + €V,
S DS Ey = B(LSy) — (v +dy + 1) En,
SEDSL, = 1B — (7 + g1 +dy) I,

SFD;:Vh =75, — (e+a+d,)V,

SEDE Py = il + yEy — (5+ g2+ dj) Py,
CFDERy, = g1, + 2P, — dy Ry, — ORy, + aVj,

Vector populations

gFDtg“gU =Ny — ﬁ(lhsv) — dySy,
SFDEE, = B(14S0) — (7o + do) Eo, (10)
SFDEL, = yoEy — doly,
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The description of the parameters is given in Table 1.

Table 1. Description of parameters and their values (see [12] for more details).

Symbol Definition Values
Ay Rate of human recruitment (per day) 0.02-0.05
B Parameter (per day) 0.7-0.9
dy Death rate of humans 0.11-0.26
Vi Incubation rate of humans 0.2-0.9
Yo Incubation rate of mosquitoes (per day) 0.01-0.06
1 Humans who are hospitalized 0.002-0.006
1) Disease-related human rate (per day) 0.06-0.09
Ui Recovery rate of infected (per day) 0-0.1

q1 Recovery rate of infected and hospitalized (per day) 0-0.06

92 Recovery rate of hospitalized (per day) 0-0.008
Ay Recruitment rate of mosquitoes (per day) 0.2-0.4
dy Death rate of mosquitoes (per day) 0-0.04

3. Numerical Simulations and Analysis of the Model
3.1. Existence and Uniqueness

For the given model’s well-posedness, the theorem stating that its solution is never
negative is shown below.

Theorem 1 (Non-Negativity Criteria). The solution of the proposed dengue model is contained
in the interval [0, 00) and {Sy,(t), E,(t), I (t), Vi, (t), Py(t), Ry, (t), Su(t), Eu(t), In(t) } > 0 for all
values of 0 < t < co.

Proof. All the right-hand sides of the proposed model are completely continuous and locally
Lipschitzian on R]. The solutions of {Sy (t), E;(t), I, (), Vi,(t), Py (t), Ry, (t), So(t), Eu(t), Lo (£) }
with initial conditions exist and are unique in the interval [0, o) [33].

From Equation (1), where [A — h — B(L,S),) + 0R;, + €V},] > 0, we obtain the following
viable inequality

dasy,
- > —
= —diSi, a
This implies that
Si(t) > Sy(0)e~ ) > 0. (12)

This guarantees that its derivative exhibits an upward trend whenever the solution ap-
proaches the axis, and the function Sy () remains in the positive domain. From Equation (2),
we have

By o

T (¢2)Ep, (13)

En(t) > Ep(0)e” @) > 0. (14)
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This guarantees that its derivative exhibits an upward trend whenever the solution ap-
proaches the axis, and the function Ej (f) remains in the positive domain. Similarly, when
we solve the remaining equations, we obtain

I,(t) > L(0)e” ) > o, (15)
Viu(t) > V,(0)e=@)(®) > o, (16)
Py(t) > pp (O)e >0, 17)
Ry (£) > Rh<0>e*<dh+‘”<f> >0, (18)
Su(t) > Sy(0)e~ @ (1) > 0, (19)
E,(t) > Ey(0)e~@s() >0, (20)
Io(t) > Ip(0)e™ * (1) > 0. (21)

Hence, I;(t), Vi, (t), Py(t), Ry (t), Su(t), Eo(t), In(t) is a function that is non-negative for all
valuesof t € [0, € 00). O
3.2. Stability Analysis

The concept of stability by the disease-free equilibrium is used to examine the co-
infection of the model.

3.2.1. Disease-Free Equilibrium Point

We calculate the following equilibrium point:

Ap(e+a+d A
EO - (Sh/ Eh/ Ih/ Vh/Ph/Rh/ SU/EU/ IU) :( h( h) 275N hr)/h 2/0/0/
€y + €dy + ady, + dj, €y + €dy + ady + dj,
Ay
E/ 0/ 0)
3.2.2. Reproductive Number
The next-generation matrices are calculated as
0 0 0 0 BS Y +dy+1 0 0 0 0
0 0 00 O —Yh n+ql+dy 0 0 0
F=10 0 0 0 0 ]|,V= -1 -1 0+ q2+dy, 0 0
0 BSy 0 0 O 0 0 0 Yo+dp, O
0 0 00 O 0 0 0 —Yo  dy
The reproductive number can be calculated as
Ry =p(FV1),
A Ay T,
Ry = B d o Yh Yo An 144 - 22)
T3 T Tss (dj, + (a + €)dy, + vpe)ds

where Tpp = (v, +dy +17), Tss = (7 + q1 +dp), Taa = (€ + a + dy,), and Tgg = (70 + do).

Theorem 2 (Stability Analysis). The disease-free equilibrium point (Ey) is locally asymptotically
stable if Ry < 1 and unstable if Ry > 1.

Proof. The Jacobian matrix at (Ey) is given by
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. Ah (€+Dé+dh)
dh 0 0 € 0 o 0 0 ey +edy+ady, +d%
_ _ Anlefatdy)
0 T22 0 0 0 0 0 0 e'yh+edh +0¢dh +dﬁ
0 9, -Tiz 0 0 0 0 0
0 0 -T 0 0 0 0 0
oj _ | Tn 44
J O 4 4 0 -Ts 0 0 0 0 / (23)
0 0 ql 44 q2 - T66 0 0 0
0 0 —p% 0 0 0 —dy 0 0
0 0 B4 0 0 0 0 —Tgs 0
0 0 0 0 0 0 0 7 —dy |

where Tss = (5 + g2 + dh), Tee = (dh + d-u), Tgg = (’)/v + dv) According to [34], if all
eigenvalues of the Jacobian matrix are strictly in the left-half complex plane, the equilibrium
point is locally asymptotically stable. The eigenvalues of the given Jacobian matrix are
as follows

M = —dy, Ay = =Ts5,A3 = —Top, Ay = —T33,A5 = —Tgg, Ae = —dy,

_ Tudy — ey —TeoTaady — Tesevn — 2By
4 P Taady, — €y ’

Ao = B2y YoM AoTas — ToaTsa T (d + (€ + a)dy, + ey )d>.

Ay =

This shows that the disease-free equilibrium is locally asymptotically stable if Ry < 1 and

unstable if Ry > 1. A3 = =Ty, Ay = —T33, As = —Tgg, Ag = —dj, Ay = —%ﬂ, and
— _ TecTuady—Tese vy —aAy, ‘el 0] :
Ag = Tad, e, L. So, the six eigenvalues of |,"' are negative The last one also

includes a negative sign if Ag = B2, Yo Ay Ao Tas — TooT33Tss (d2 + (€ + a)d), + €7,)d% < 0

B Yo AnAoTas s . .
and \/ Toa T Tos (421 (e-+a)dy €70 < 1. Hence, it is locally asymptotically stable if Ry < 1. [

3.3. Discrete Scheme for Caputo—Fabrizio Fractional Derivative

The Cauchy problem is given as
57 DEh() = gt h(),1(0) = ho 1)

where the derivative is the Caputo—-Fabrizio derivative. We use the Newton method to
solve Equation (24). For this, we first transform Equation (24) into

(1) = h(0) = 3758t hO) + 3 [ (X h(x))ax, 5)

Attiyg = (i+1)At, we have

hltien) = h(0) = o8t b)) + oo [ s(nCoNx. @9

At t; = iAt, we have

) = 0) = sl b)) + g [ sehO)x. @)
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From Equations (26) and (27), we obtain

1-¢ 7 & ortin
i) = h(t) = s Gt g 1 [ (X000, @8)
and
htisa) = h(t) = 755Ga+ 3 /t " (X h(X (29)

We use the Newton polynomial to approximate the function g(t, h(t)), as follows

Gy
A(t)

Gs

Qi(X) = g((ti_a), h(ti_2)) + —c (X — ti_2) + N

(X —tio)(X—ti_1), (30)

where

Gs =g(ti2, h(t;)) — g(ti—1, h(ti-1)),
Gy =g(ti1, h(ti1)) — g(ti—2, h(ti-2)),
Gs =g(ti, h(t;)) —2g(ti—1,8(ti—1)) + g(ti—2,g(ti—2))-

Thus, using Equations (29) and (30), we obtain

. 1-— g g i gt _ G G
W =56 / b, H72) + 2L X (X —
M(Z) EerM(C)nZ by {gltu )+Atx( "2)+2At2
X (X = ty2)(X = ty1)}dX. (31)
After simplification, we obtain
. i _ tn n+1 G
B0 = @ e g L 820" 2)/t 2 / (X ty )X
1 i »1+1
i s 2At2 /t — ty-2)(X — ta-1)dX}. (32)
The calculations for the above integrals in Equation (32) are as follows
tVl
/ X =ty 0)dX = gAtz, (33)
tn
tﬂ
[ = ) (X )X = 2 (34)
tTl

Now, by substituting the expressions from Equations (33) and (34) into (32), we obtain

. 1— g g i ] _ 5 23
i+1 _ 10 n—2 e =
W= S Gt e /t {82, 1"2) + a3 + Gs o JAIX,  (35)
and we can arrange it as
. 1-¢ o 4 - 5 -
i+1 _ 1.0 ny = n—1 ~ n—2
W =R Gt /t (28w ")~ 38(ta 1,8 ) + a8t 2, H"2))

X (bps1 — tn)}dX. (36)
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By using the above equation and applying the Caputo-Fabrizio derivative, the proposed

model has the following discrete scheme [35]

(38)
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3

23
i

Ep(tit1)

(39)

5
ﬁ521)Af}-

(512 +

4
3

23
5%~

I,(t;) +

Iy (tiy1)

(40)

5
15922) At}

(513 +

4
3

23
%

= Vu(ti) +

Viu(tiy1)

(41)

4 5
5(514 + E(523)At}~

23
e —
127°

(42)

5
E524)At}.

515 +

4
3

06 —
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5
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12525) t}
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23
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5
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015 = Ry1 (ti—1, Su(ti—1), En(ti=1), In(tic1), Vi(tiza), Pu(ti=1), Ru(tiz1), So(ti—1), Eo(ti—1), Io(ti—1)),
016 = So1(ti—1,Su(ti—1), En(tiz1), In(ti—1), Vi (ti=1), Pu(ti=1), R (ti—1), Su(tiz1), Ev(tiz1), Io(tiz1)),
017 = Ep1(ti—1, Sn(ti—1), En(ti—1), In(tic1), Vi (ti21), Py (ti—1), Ry (tiz1), So(ti—1), Eo(tiz1), Io(ti—1)),

o158 = vl( i—1,Sn(ti=1), En(ti=1), In(tiz1), Vin(ti=1), Pu(ti=1), Rp(ti=1), So(ti—1), Eo(tim1), Lo(ti-1)),

019 = Sp1(ti—2, Sp(ti-2), En(ti-2), In(ti-2), Vin(ti-2), Pu(ti-2), Ru(ti-2), So(ti—2), Eo(ti-2), Lo(ti-2)),

020 = Ep1(ti—2,Sp(ti—2), En(ti—2), In(ti2), Vi (ti—2), Pu(ti—2), Ri(ti—2), So(ti—2), Eo(ti—2), o (ti-2)),

0o1 = Iy (ti—2, Sp(ti—2), En(ti—2), In(ti—2), Vi (ti—2), Pu(ti—2), Ry (ti—2), So(ti—2), Eu(ti—2), In(ti—2)),
(

022 = Vi (ti—2, Sp(ti—2), En(ti—2), In(ti—2), Vi(ti—2), Pu(ti—2), Ru(ti—2), So(ti—2), Eo(ti2), Lb(ti2)),
523 = Phl( i— Sh(tz Z)IEh(tl Z)rlh(tz 2)/ Vh(t172)rPh(t172)rRh(ti72)/ Sv(ch)rEU(tsz)rIv(t172))/
024 = Ry1(ti—2, Su(ti—2), En(ti—2), In(ti—2), Vi(ti—2), Pp(ti—2), Ru(ti—2), So(ti—2), Ev(ti—2), In(ti—2)),
025 = Su1(ti—2, Sp(ti—2), En(ti—2), In(ti—2), Vi(ti2), Pu(ti—2), Ru(ti—2), So(ti—2), Eo(ti—2), Lo (ti—2)),
526— (1 ZISh(tz Z)IEh(tz Z)IIh(tl 2)/Vh(ti—Z)rPh(tl—Z)rRh(tl—Z)/Sv(tz—Z)rEv(tz—z)rlv(ti—Z))r
07 = Iv1(1 2, Sn(tio2), En(ti2), In(ti—2), Vi (ti—2), Pu(ti—2), Ri(ti—2), So(ti—2), Eo(ti—2), Io(ti—2))

4. Result and Discussion

Using MATLAB, the given mathematical model was simulated, and the results are
shown graphically. A dengue pandemic’s distribution of susceptible and exposed human
populations is significantly affected by raising the fractional order, as shown in Figure 1.
This graphical representation plays a pivotal role in enhancing our comprehension of the
complex patterns observed in disease transmission and offers valuable insights into the
effects of fractional-order variations on epidemiological dynamics. Surprisingly, contrary
to conventional expectations, higher fractional orders in this model lead to an unexpected
increase in the susceptible human population, challenging established beliefs and necessi-
tating further investigation into the underlying dynamics.
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Figure 1. Graphs showing susceptible and exposed humans with different values of {. (a) Graph
showing susceptible humans with different values of {. (b) Graph showing exposed humans with
different values of .

Conversely, Figure 1 shows that as the fractional order increases, the number of
exposed persons drops accordingly. These people are not yet infectious even if they have
been exposed to the virus. The decrease in the number of exposed persons suggests a
delayed transition from susceptibility to the exposed state, prompting questions about the
mechanisms driving this delay. Additionally, the figure highlights the significant influence
of the fractional order on the rate of transition from susceptibility to the exposed state,
emphasizing the intricate relationship between the fractional order and the evolution of
the dengue epidemic.

The dynamic correlation between fractional-order variations in populations of dengue
patients and those who have recovered from the disease is shown in Figure 2. Interestingly,
the number of infected persons decreases significantly as the fractional order increases,
suggesting a drop in active dengue virus carriers. This reduction reflects the effectiveness
of disease control measures and offers insights into the potential impact of interventions
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such as vector control, treatment, or vaccination. Conversely, the figure shows a significant
increase in the number of recovered individuals with decreasing fractional order, suggesting
a faster recovery rate from dengue infection under certain conditions.

The impact of decreasing the fractional order on vector population dynamics is shown
in Figure 3, which primarily highlights the susceptible and infected vector compartments.
A key observation is the substantial reduction in the population of susceptible mosquitoes
as the fractional order decreases, indicating fewer mosquitoes susceptible to dengue virus
infection. This decrease in susceptibility has implications for vector control strategies.
Similarly, decreasing the fractional order results in a decrease in the population of infected
mosquitoes, reducing the potential transmission of the virus from mosquitoes to humans.
These findings underscore the dynamic interplay between fractional-order adjustments
and mosquito populations, influencing the overall transmission of dengue.

250 T T T T T 500
—(=0.75
200 f 400 |
g
E E
E1s0f 2300t
= =
:
210} 2200}
= S
-
50 100}fF /
0 . . . . - 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (days) Time (days)
@ (b)

Figure 2. Graph showing infected and recovered humans with different values of {. (a) Graph
showing infected humans with different values of {. (b) Graphs showing recovered humans with
different values of .

Infected Mosquitoes
Susceptible Mosquitoes

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time (days) Time (days)
(@ (b)

Figure 3. Graphs showing susceptible and infected mosquitoes with different values of {. (a) Graph
showing susceptible mosquitoes with different values of {. (b) Graph showing infected mosquitoes
with different values of .

It is critical for the efficacy of a predictive model to accurately forecast experimental
data. We obtained the data of confirmed dengue cases in Makkah, Saudi Arabia, in the
year 2017 from [36]. We extracted the data from [36] using the MATLAB function "GRABIT’.
The proposed fractional-order model for dengue infection was validated by comparing
its predictions with the actual cases reported in Makkah. We plotted the infected cases
predicted by the model and the confirmed cases in Makkah with 7, = 0.288 and { = 0.95,
as shown in Figure 4. Successful validation entailed the model closely aligning with the
observed data points, indicating that the model captured the underlying dynamics of
dengue infection transmission in Makkah. The validation process provided confidence
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in the model’s ability to accurately predict dengue infection trends in Makkah through
rigorous comparison and analysis, thereby supporting its utility for public health planning
and intervention strategies.

60

—o— Actual Cases

[9)]
(=)
T

——Simulation

Infected Human
w A
[—] [—]

(o]
<

10

0 5 10 15 20 25 30 35
Time (weeks)

Figure 4. Comparison of infected humans with actual cases reported in Makkah, Saudi Arabia.

5. Conclusions

In our comprehensive analysis of the dynamics of dengue transmission using a
fractional-order approach, we have identified significant associations between fractional-
order changes and the dynamics of susceptible and exposed human populations, infected
humans, and mosquito populations. These findings challenge conventional assumptions
and provide valuable insights into disease transmission, control, and management. The
study focused on investigating the influence of the fractional order on several populations,
including susceptible, exposed, infected, and recovered individuals within the human
population, as well as susceptible and infected mosquitoes. This counter-intuitive rela-
tionship between the fractional order and the population’s vulnerability underscores the
complex nature of dengue transmission dynamics. It prompts further investigation into the
underlying mechanisms driving these effects and offers a basis for reevaluating disease
control strategies.

Building upon these findings, future research in the field of dengue transmission
simulation could include the following:

e  Parameter Sensitivity Analysis: A thorough sensitivity analysis could be conducted
to identify critical model parameters and their effects on disease dynamics. This
will provide valuable insights into the robustness and stability of the model under
different conditions.

*  Optimization of Control Measures: To better understand the influence of control
techniques on disease transmission and to inform resource allocation for disease
management, the model could be used to optimize vaccination campaigns, vector
control, and therapeutic interventions.

¢  Spatial Considerations: Given that dengue prevalence varies greatly across locations,
the model could be extended to consider spatial differences in disease transmission.
The integration of spatial dynamics will facilitate the customization of control strate-
gies to particular regions.
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*  Climate and Environmental Factors: The effect of the environment and climate on the
spread of dengue could be examined, as these conditions are essential to the growth of
mosquito vectors.

*  Multi-Pathogen Modeling: In order to investigate possible interactions and co-infections
and provide a more complete picture of the disease landscape, other vector-borne
illnesses could be included in the model.

In summary, our study contributes to a better understanding of the dynamics of
dengue transmission and emphasizes the important influence of fractional-order modi-
fications on the epidemiology of the disease. The future directions outlined above aim
to enhance the model’s applicability and its potential to inform evidence-based decision
making in dengue control and management.
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