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ABSTRACT

Malaria mosquitoes, Anopheles, are well-known for carrying and spreading the malaria pathogens, known as Plasmodium. The
public health challenge it brings has remained a global health challenge, of which the most robust control measures include
mosquito-treated nets and electronic mosquito killer lamps. Due to health and cost problems, for example, in developing countries,
these methods are not suitable for controlling mosquitoes and their plasmodiumic pathogens. In this study, we propose the use of
two natural plant (e.g., Petiveria alliacea and Hyptis suavolens leaf) extracts that are cheap, ubiquitous, and effective for the control
of mosquitoes, especially in temperate regions such as sub-Saharan Africa. On top of that, the study uses memory, non-locality,
and fractal properties of fractal-fractional derivatives from compartmental modeling to capture susceptibility of infected persons,
wider coverage, and heterogeneous breeding of mosquitoes, respectively, to evaluate the effectiveness of the two leaf extracts as
natural larvicides against Anopheles mosquitoes. To measure the effectiveness of the two plant extracts in controlling malaria,
this study develops a basic reproduction number model of Anopheles mosquitoes and evaluates the endemic points of the model.
Comparing the results of larvicidal control with those of mosquito-treated nets, the proposed larvicidal control achieved 94.86%
efficacy when applied alone and 96.83% efficacy when combined with mosquito nets, each outperforming mosquito nets (83.33%).
These findings position compartmental fractal fractional-order modeling as an innovative tool for bioinformatic disease vector
control. The study also presents a smart mosquito-net model where data collected from the host nodes on the performance of
larvicides in mosquito and malaria control are transmitted via the Internet of Things infrastructure to the edge and cloud servers
for computation, processing, artificial intelligence analytics, and policy-making.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 | Introduction

Malaria, caused by Plasmodium parasites and transmitted by
female Anopheles mosquitoes, remains a major public health
challenge in tropical and subtropical regions. Endemic in over 80
countries, primarily in sub-Saharan Africa, Southeast Asia, and
parts of South America, it caused an estimated 249 million cases
and 619,000 deaths in 2022 [1]. More than 90% of malaria-related
deaths occur in sub-Saharan Africa, disproportionately affecting
children under five and impoverished communities [1-3]. Inci-
dence rates have declined over recent years due to interventions
such as insecticide-treated nets (ITNs), indoor residual spray-
ing (IRS), and artemisinin-based combination therapies. How-
ever, rising resistance in mosquitoes to insecticides and in par-
asites to antimalarial drugs has made malaria harder to con-
trol, especially in high-transmission areas [4]. These challenges
have shifted research towards new control strategies, including
malaria vaccines, gene-editing technologies, and eco-friendly lar-
vicidal approaches [3, 4]. The disease also imposes an economic
burden, with losses of up to 1.3% of GDP in severely affected
African nations, and it particularly endangers pregnant women
and young children [4].

Progress has stalled since 2017, especially in high-burden coun-
tries like Nigeria, the Democratic Republic of Congo, and
Uganda. Contributing factors include limited healthcare access,
humanitarian crises, and funding gaps. To address these, initia-
tives such as the “High Burden to High Impact” approach are
used to accelerate malaria elimination [2].

Although the most harmful diseases in the world [5-12], malaria
is curable with prompt and accurate diagnosis and treatment [13].
The primary culprits— Plasmodium falciparum and Plasmodium
vivax—invade red blood cells and are spread through bites from
infected female Anopheles mosquitoes [14].

Among promising interventions, larval source management
(LSM), including larviciding, habitat modification, and biologi-
cal control, targets mosquito immatures. Plant-based larvicides
offer an eco-friendly alternative to synthetic chemicals, with
several medicinal extracts showing potent larvicidal proper-
ties [15, 16]. Reducing larval habitats limits mosquito population
growth and transmission. Killeen et al. [17] modeled this by
incorporating reduced human bite rates. The World Health
Organization (WHO) recommends larviciding as a supplemen-
tary measure, particularly in urban or dry-season settings where
breeding sites are few and fixed [18, 19]. This study explores the
larvicidal potential of medicinal plant extracts, modeled using
fractal fractional derivatives. Compartmental modeling has been
widely used to understand different health problems and can
be extended to malaria transmission dynamics. It supports the
evaluation of interventions and the prediction of outbreak trends
based on biological, social, and ecological factors [20-24]. These
models, when fitted to real data, help estimate key parameters,
guiding the design of effective control strategies [25-40]. For
instance, [41] demonstrated how combining interventions can
enable elimination, while [42] introduced an agent-based model
to predict malaria peak seasons. The use of fractional orders
and their combinations for solving physical problems with real
data fitting, particularly using the Atangana-Baleanu (ABC)
operator, has been proposed [43, 44].

Recently, the combination of fractal and fractional deriva-
tives led to the creation of a new operator referred to as a
fractal-fractional (FF) operator [45-52]. The FF order models
outperform integer-order models, with [46] proving that these
operators are more suitable for fitting real-world problems. Addi-
tionally, the findings [45, 46] suggest that varying both the fractal
and fractional orders yields interesting results. Numerical anal-
ysis of this new operator is discussed [47-52]. The authors in
[53] introduce an operator called fractal-fractional derivatives,
which bridges fractal calculus and fractional calculus. Atangana
[53] also investigates fractal-fractional integrals. These deriva-
tives integrate the Mittag-Leffler law, exponential law, and power
law with fractal derivatives, comprising two components: frac-
tional order and fractal dimension. The idea of FF has been
used to study tuberculosis and diabetes mellitus with co-infection
of the COVID-19 virus model [54, 55]. Given the high accu-
racy of these operators in simulating fractal-fractional systems,
many researchers have focused on fractal-fractional models, for
example, in malaria problems [56].

This paper introduces an innovative model of malaria dynamics
using integer and fractal fractional order derivatives. The aim
is to raise social and academic awareness about using biologi-
cal insecticides (plant leaf extracts) in killing mosquito larvae
and controlling malaria. The fractal-fractional order larvicidal
model bridges mathematical modeling with practical public
health applications. By optimizing larvicide application, reduc-
ing environmental impact, and supporting sustainable policies,
the model offers a comprehensive approach to mosquito pop-
ulation control. This directly contributes to reducing malaria
transmission, improving environmental health, and safeguarding
public health in malaria-endemic regions. The model promotes
eco-friendly larvicide applications, sustainable bio-larvicides,
and targeting high-risk breeding hotspots for resource-efficient
interventions. It supports data-driven policymaking to mini-
mize environmental impact and insecticide resistance, ensuring
long-term vector control effectiveness. Additionally, the model
helps lower malaria transmission rates, improve health out-
comes, reduce healthcare costs, and promote public awareness
and community participation in environmentally conscious
control measures.

To the best of our knowledge, this paper offers an innovative
perspective on health informatics by integrating compartmental
modeling (CM) and fractal-fractional calculus to control malaria
using larvicidal plant extracts. The proposed CM framework
bridges traditional disease control methods with modern digital
technologies, including the Internet of Things (IoT) and Artificial
Intelligence (AI).

1.1 | Summary of Contributions

This study explores the larvicidal potential of medicinal plant
extracts and uses fractal-fractional modeling to evaluate their
effectiveness in reducing Anopheles mosquito populations and
ultimately curbing malaria transmission.

The main contributions of this paper are:

« formulating an integrated CM for managing mosquito
breeding and malaria spread among human populations
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FIGURE1 |

using larvicidal plant extracts (Petiveria alliacea and Hyptis
suaveolens), implemented through fractal-fractional models
(FFM) to capture memory effects and reinfection dynamics,
fractal and non-locality properties of mosquitoes;

adaptation of the memory property of the model to charac-
terize susceptibility and reinfection of hosts. This study also
models the non-local property of FFM to discuss wider cov-
erage of host interactions with the disease vector and envi-
ronment. The model uses the fractal property of FFM to
capture and evaluate the heterogeneous breeding and sur-
vival domains of the disease-bearing mosquitoes—the adult
female Anopheles;

formulating and evaluating the basic reproduction number
of Anopheles mosquitoes based on stability and control anal-
ysis principles of the Hyers-Ulam stability method, to deter-
mine the control efficacy of the proposed FFM-based model;

modeling, design, and simulation of the combined effects of
treating mosquito nets with plant-based extracts that contain
naturally occurring larvicides;

« design and modeling of a smart larvicidal-treated mosquito
net framework integrated with IoT-enabled data collection,
processing, and cloud-based CM using AWS EC2 instances.
Our approach demonstrates scalable, Al-ready solutions for
epidemic control and policy-making.

The remaining sections of the article are organized as follows:
Section 2 provides model formulation, Section 3 introduces the
fractal-fractional-order generalization of the proposed model,
Section 4 presents the numerical algorithm for the fractal frac-
tional derivative, while Section 5 includes graphical analyses and
discussions. Finally, Section 6 concludes the study and highlights
future directions for the model.

2 | Problem Model Formulation

We present the compartmental model of larvicidal plant extracts
for controlling malaria using Caputo-Fabrizio fractal-fractional
derivatives and focusing on two populations: humans and

(a—d) Petiveria alliacea plant (a), grounded Petiveria alliacea plant (b), Hyptis suavolens plant (c), grounded Hyptis suavolens plant (d).

TABLE1 | Description of the compartments.

Compartment Description

S, Susceptible human at time 7.

E, Exposed human at time 7.

1, Infected human at time 7.

T, Treated human at time .

R, Recovered human at time ¢.

S, Susceptible mosquitoes at time .
" Exposed mosquitoes at time 7.

I, Infected mosquitoes at time 7.

mosquitoes. A novel numerical method is employed to solve
these generalized operators. Lagrangian piecewise interpolation
was used to provide solutions with both fractal and fractional
parameters. Additionally, we propose a control strategy involving
Petiveria alliacea and Hyptis suavolens leaf extracts, leveraging
their larvicidal properties. In this context, Hyptis suavolens and
Petiveria alliacea leaf extracts are explored to reduce mosquito
populations (see Figure 1la-d).

This study investigates a compartmental model involving a set
of human beings mixing up in a community and another set of
mosquito populations also mixing up in the community. The set
human population includes the susceptible (.S),), exposed (E ,,),
infected (1), treated (T},) and recovered (R,) groups of per-
sons. The set of mosquito populations includes the susceptible
(S,), exposed (E, ) and infected (I,,) mosquito compartments.
Based on these compartments, the study sets out a compartmen-
tal model of five human parameters denoted as “SEITR” for the
host population and “SEI” for the vector population, analogous to
established frameworks [57-61], (see Table 1). Our model incor-
porates biting rate (6) and transmission rates g, for humans (i.e.,
host) and f,, for mosquitoes (i.e., vector), capturing the com-
plex dynamics of malaria transmission. We consider both human
and mosquito populations, with total populations denoted as
N, (t) and N, (t), respectively. For the host population, the SEITR
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FIGURE2 |

Compartmental flow diagram of how malaria spreads within a given population. It incorporates the use of larvicidal plant extracts to

mitigate the contraction and spread of the disease vector within a community by considering two populations: The human population (upper) and the

mosquito (lower) diagram).

model describes the total human population dynamics at time
t given by

N,@®) =S, + E,@®)+ I,t) + T,(t) + R, (¥)

While the SEI model captures the total mosquito population
dynamics at time ¢, given by

N, (1) = S,(1) + E, (t) + 1,,(1)

The following assumptions are made to formulate the equations
of the model:

« The prevention strategies contribute to the death rate of
the mosquitoes that bite and transmit malaria to humans
[62-64].

« Larvicides reduce the population of the adult mosquitoes,
thereby reducing the transmission rate [65, 66].

« The infected human population recovers after treatment
with temporary immunity.

« Mosquitoes do not die from the infection [67, 68].

« All hosts and vectors are susceptible to malaria infection
[69].

The transition diagram for the proposed model is presented in
Figure 2. Tables 1 and 2 show the variables and parameters used
in the compartmental model and their interpretations. The sys-
tems of the following equations are obtained from the transition
diagram shown in Figure 2:

Consequently, a system of non-linear ordinary differential
equations is given below based on the descriptions:

ds, _ _30A-VS, L0

a ¥ + @, Ry (1) T+ay, 1,,() HpSi(®)
dE, () _ 0p(1-9)S,O1,(0) _

e T+ay 1, (1) ('uh + yh)Eh(t)
dr, (1)
T = 1 Ey() + &, T(0) = (py + by + 04) 1, (1)
dT),(1)

2 = Pl () — (uy + €5+ 7,) T (D)
S8 = 1, Ty(0) = (up, + @) R, (1)
L = p(1 = @) = (i +17) S, (1) =

r (D

3B, (1=V)S,, (D 1,,()
1+a, I,(1)

dE,®) _ 6p,1-v)S, 0O,@)
ar 1+a,,I,,(1) ('“m &t '71) E,®
dr,(1)

S8 = £ E, (1) = (4, + 17 +0,) L, (1)
with initial conditions

S,0) =Sy, E;(0) = E,, 1,(0) = 1,5, T,(0) =T, R,(0)

= Ry, S,,(0) = Sy, E,,(0) = E, 0, 1,,(0) = I,,6 @)
We used a saturated incidence of the form %‘W where
6p,(1 — v)S,(1)1,,() is a bilinear incidence that shows the rate at
which susceptible humans are infected by infectious mosquitoes
and l+a,,llm(t) represents a saturated feature that inhibits the
force of infection from infectious mosquitoes to susceptible
humans. In other words, it produces antibodies at a; € [0, 1]
in response to the presence of antigens (in the form of para-
sites) produced by infectious Anopheles mosquitoes. Similarly,
we have a saturated force of infection of the form: %ﬁ”’g;w
where 64,,(1 —v)S,,()1,(?) is the rate at which the susgehptible
mosquitoes are infected by the infectious humans, while W
denotes a saturated feature that inhibits the force of infection
from infectious humans to susceptible mosquitoes. Subsequently,
mosquitoes have DNA like humans [74]; they also develop anti-
bodies against the malaria parasites [75]. Thus, «,, € [0, 1] is the
rate at which antibodies are produced against the antigens con-
tacted by infected humans.
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TABLE 2 | Parameter descriptions.
Parameter Description Value Source
v, Human recruitment rate 0.000215 [61]
B Infection rate from mosquitoes to humans 0.1 [61]
B Infection rate from humans to mosquitoes 0.09 [61]
Uy, The natural death rate of humans 0.000548 [61]
) Reduction of infection rate due to the use of treated mosquito nets 0.53 [70]
Yh Progression rate of exposed human to infected human 0.05882 [61]
€ Treatment failure rate of the infected I, () due to the ineffectiveness of antimalarial drugs 0.0003 Fitted
or inappropriate dosage
by Progression rate of infected human to treated human 0.3 [38, 71]
oy Disease-induced death rate of humans due to malaria infection 0.001 [61]
o Disease-induced death rate of mosquitoes due to malaria infection 0.1 Fitted
Ty Progression rate of treated human to recovered human (expected recovery rate of T),(¢)) 0.05 [61]
o Waning immunity rate of R,,(f) 0.0001370 [61]
Ho The natural death rate of mosquitoes 0.067 [61]
p Mosquito recruitment birth rate 0.7 Fitted
@ Larvicidal activity that reduces the mosquito population 0.85 Estimated
nt Prevention effort that contributes to the vector death rate 0.0025 [72]
a, The parameter that measures the inhibitory effects of transmission from humans to 0.04 [73]
mosquitoes
a, The parameter that measures the inhibitory effects of transmission from mosquitoes to 0.06 [73]
humans
) The biting rate of the mosquitoes 0.12 [61]
- The progression rate of exposed mosquitoes to infectious mosquitoes 0.56 [61]
n Proportion of prevention rate,0 <n <1 0.05 [72]
2.1 | Analysis of the Model e {(Sh’Eh’lh’TmRh’Sm’Em’Im) er N, <N, < 1 -9)
211 | Invariant Region " . (6)

The invariant region is used to determine where the model’s
solution is bound. We therefore provide the following results,
which guarantee that the malaria model governed by system (1) is
epidemiologically and mathematically well-posed in the feasible
region I" given by:

=T, xT, SR} xR} 3
where

r,= {(Sh,Eh,Ih,Th,Rh) ERS :0<S, +Ey+ 1, +Ty+R, < %}

h
(C))

and

r, = {(Sm,Em,Im) ER:0<S,+E,+1,< w
m
©)
Is a positive invariant. Thus, all solutions for the human popula-
tion are confined to the feasible region I',, and all solutions of the
mosquito population are confined to I',,. As a result, the system’s
invariant region for the formulated model system (1) exists and is

given by:

Is a positive invariant set, and all the solutions of system
(1) are bounded in I'" within the region. It remains to show
that the solutions of system (1) are non-negative in I' for
all >0 since the model represents human and mosquito
populations.

2.1.2 | Positivity of Solution

Theorem 1. There exists a domain T" in which the solution
set of a system (1) is given by S,,E,;,1,,T),,R;, S, E, and I,
with non-negative initial conditions S,(0), E,(0), I,,(0),T,(0) =
R;(0), S,,(0), E, (0),and I,,(0) remains non-negative for all time
t>0.

Proof. By taking the first equation of system (1), we have

d.S; (1)
dt

6P = )S, (O 1, (1)
1+ a,l,(1)

=y, + 0, R, (1) — HpSp® (7

ds,0 < 68,(1 = V1,0

dt 1+4a,l,(0) + ”")S"(t) ®)
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Integrating Equation (8) for time and using the technique of vari-
able separation with the initial condition, we obtain

Sh(t)ZSh(O)exp{—<uht+/ (%))de} >0
0 h'm
©

This implies that .S, (#) > 0 for all 7 > 0. ]

Similarly, it can be proved that the other state variables
E,®), I,@), T,(t), R,(1), S, (1), E,(t) and I, (1) are solved using
the remaining sub-equations of the system (1) for all time 7 > 0
by the same procedure. Thus, we obtain

E, (1) > E,(0)exp {—(up +74)1} 20, I,(t) > 1,(0)exp {—(uj, + ¢, +0,)1} >0
T,,(1) > T, (0)exp { —(uj, + £, + 7)1} 20, R,(1) > R, (0)exp {—(m, + @)1} >0
(1) > S,,(0) exp {—(ym o +A’(%))d9} >0
E, (1) > E,(0)exp {—(n, + &, +nt)t} >0, 1,0) > I,0)exp{—(u, +nr+0,)1} >0
(10)
This completes the proof, and as a result, the malaria transmis-
sion model with larvicidal activity stated in System (1) is both

epidemiologically and mathematically well-posed in T".

22 |
Points

Existence and Stability of Equilibrium

Equilibrium points or steady-state solutions are the points at
which the proposed model system (1) is equal to zero. As
long as the recruitment term y; and p(1 — @) are not zero,
there will be no trivial equilibrium points, which implies
that (Sy, Ex, I;.T;. R;, S* E*. I*) #(0,0,0,0,0,0,0,0) and the
populations will not be extinct.

221 |
(DFEP)

Existence of Disease-Free Equilibrium Point

To obtain the steady-state solution or the disease-free equilibrium
point of the model system (1), we equate the left-hand side to zero,
and this implies there is no malaria infection in the population.
Thus, we obtain

1-—
E,= (ﬂ,o,o,o,o,u,o,0> (1)
Hp Hm
2.2.2 | Existence of Endemic Equilibrium Point
(EEP)

The potential existence of an endemic equilibrium point, rep-
resented by the notation E*, will be investigated below, and
denoted as

E* = (S50, E; (1), I;(0), T, (1), Ri(1), S(0), EX (D), I%(1))

Therefore, we compute the endemic equilibrium of system (1) as
follows:

" (wp+o, R (1+a, 1) w _ OB(A-w)SiIx
8B,y (1, 15) T h T (T 12) ()
« _ nEptedy % _ wlj Ty
h upt+py+o,)’ T h upte+my)’ h U+,
. _( hTPn p(lh—)(p)(1+aml;)( hTE€R h) ( h h) \ (12)
m = (g0t )(1+a, 1) +64, -1

E* = m 7‘/)5:1 Z * mE:x

m " (o 1) (e tnr)” M (uytntto,)

2.3 | Basic Reproduction Number (R,)

The basic reproduction number is the average number of sec-
ondary infections produced by a single infected individual in a
completely susceptible population over a given period. We there-
fore use the next-generation matrix method to obtain the repro-
duction number, R,. To get at R, at E,, we rewrite model sys-
tem (1) beginning with newly infective classes of human and
mosquito populations as

dE,® _ 86,d-v)S, 01,0 _ (”h + yh)Eh(t)

dt 1+ay 1, (1)
a1,
= = "nE ) + €, T, (0) - (Hp + dn + 03) I (13)
dE,(0) _ 64u(1-VS, (01, (0)
dt - 1+a,, 1, (1) (ﬂm +§m +’71)Em(t)
I, (1)

= ¢ E, (1) — (Mm +nT+ O'm)Im(t)
Let G = (E, (1), I,(t), E, (1), I,(1)) then % = F(G) — V(G), where

6P (1=v)Sy1,,

L+ay (#n+7n)Ep
0 —vnE, —€,T), + + ¢, +0,)1
Fe ! and v = | En el (Hp+ by +04) 1y
80, (A1-V)S,, I, (i + & + 1) E
T+ay, 1) Hm tom THT) By
0 _mem + (/”m +'77+6m)1m

(14)
The Jacobian matrices of F and V at the disease-free equilibrium
points give F and V, respectively, as

0 0 0 6Bwp(1-0)
Hha
_|o 0 0 0
F= 0 5ﬂmp(1;v)(1—<p) 0 0
0 0 0 0
and
A; 0 0 0
- A 0 0
V= Yh A2
0 0 A;; O
0 0 ¢, Ay
where Ay =p,+ v, Ay = Uy + by + 04, Azy = 1, + &, + 17,

and Ay = pu, +n7+0,.

P, 0 0 ©
Py Py 0 0
0 0 Py O
0 0 P, P,

yl= (15)
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Py =—.P L .

where = = P,=—
n (uptrn)’ 21 (un+7n) (up+dp+oy)’ 22 (up+dp+o,)’

— 1 _ . _ 1
P33 - (Mm+~fm+nr)’P43 - (ll,,,+§,,,+nr)(u,,,+rlr+0,,,)’P44 - (ty+n7+0,)’
0 0 Ky Ky
ppa_| 0 0 0 0 a6
K; Ky, 0 O
0 o0 0 0
- OPnWhén(1=V) _ 8B, (-v) _
where Ky = m.(um+§m+nr)(um+nr+am)’K14 T nGutnero,)’ 3L T
36, p(1-v)(1-9) _ 36,1-v)(1-0)
(i) (it baton)” 32 7w (uptdyton)
0 B wpén(1-v)
-1 (M +En7) (1, 01740,
FV= =1 spma—va—e 0 17)
(470 ) (Hn+dp+on)

The fundamental basic reproduction number, R, = A(F V‘l), is
the spectral radius of the product derived from the new infection
matrix and the inverse of the transmission or transfer matrix. The
basic reproduction number R, can be obtained from the trace and
determinant of the matrix by letting FV~! = G. Therefore

R, = A(G) = %(trace (G) + \/trace (G)? — 4det(G)) (18)

Observe that trace (G) = 0, so that we have

land R, <1(orRy<1) and unstable if Ry, >1and R, >
1(orRy>1).

The epidemiological suggestion is that malaria infection can be
eradicated from the population only when the basic reproduction
number is less than unity (i.e., R, < 1). This means that R, < 1
must be less than unity (R, < 1) and (R,,, < 1) less than unity
(R0 < 1), if the initial concentration of the model compartments
isin the basin of attraction of I". The local stability of the larvicidal
control of the malaria-free equilibrium point is computed with
the Jacobian matrix of (1) at E; and thus:

Jy 0 0 0 Js O 0 Ji
0 Jy, 0 0 0 0 0 Jy
0 Jy JizJyy 0 0O 0 O
0 0 JsJ 0 0 0 0
J(EU) — 43 Y44 (21)
0 0 0 Jy Js O 0 0
0 0 J;, 0 0Js, 0 0
0 0 J; O 0 0 J, O
0 0 0 0 0 0 Jy Jg
op,(1—v
where Jy; = —py, Ji5 = @), Jig = _M’Jzz = _(Mh + Vh)’

Hp
B,A=V)y,
s = T’Jsz =7 J33 = —(Hh + ¢, + Gh)’J34 =¢€pdy=

b Jaa = =y + €5+ 7). Jsy = 1y Jss = = (py + @), Jg3 = =

o1 4(82B,, Brwinrnénp( = V2(1 — @)
7 2\ st (4 72) (s + B+ 00) (i + &+ 17) (i + 17 + 0,,)

R - (82BuBrwnynnp(l — v2(1 — @)
N ettt + 1) (1 + S0+ 0) (s + & +17) (1 + 17+ 03,)

19)

From Equation (19), if we have that y“y
h

h
ability that a human will survive the exposed state to become
infectious; represents the average duration of the infec-

) represents the prob-

1
(up+dy+oy,)

tious period of the human n denotes the probability that

g ()

a mosquito will survive the exposed state to become infectious
and ———— denotes a state to become infectious; ————
(u,+n7+0,,) (up+dy+on)
is the average duration of the infectious period of the mosquito.

Then, the basic reproduction number R, can be rewritten as

Ry = /Ry, R, (20)

where

BV )
Hon (i + v0) (i + by + 03)

5ﬂhllfh§m(1 -v)

and R,
(i + & +17) (1 + 17 + 5,

0h om =
We denote that Ry, is the number of humans that one infec-
tious mosquito infects over its expected infection period in a com-
pletely susceptible human population. Similarly, R, describes
the number of mosquitoes infected by one infectious human
during the period of infectiousness in a completely susceptible
mosquito population.

Theorem 2. The larvicidal control of malaria-free equilibrium
of (1) given by (11) is locally asymptotically stable if R, <

3f,(1-v)p(1—¢) _ _ 6B,(1-v)p(1—g) _
" s = = (p +17), Iy = P = —(y, +

&+ n0), Jg =&, Jgg =—(m, +n7 +0,). If we observe crit-
ically the form of the Jacobian matrix, we immediately see
that: Jyy = —py, Jss = —(u, +w,) and Jog = —(u,, +n7) are
eigenvalues. The remaining eigenvalues are those of the 5x 5
submatrix. ) .
Jy, 00 0 Jy
J32 J33 J34 0 0
J(E)=|0 Jys Jy 0 0
0 J; 0 J, 0
0 0 0 Jg Jy

The characteristic equation of J (E;) of (1) at E, is of the form
|J(E(’)‘) - /11| = 0 can be given as

JP+[A+C+D+G+ H]\* +[AC+AD + AG + AH + CD + CG
+CH + DG + DH + GH — ¢, |
+[ACD + ACG + ACH + ADG + ADH + AGH + CDH
+CDG + CGH + DGH — A€, — Gpe), — Hepe | 12
+ [ACDH + ACDG + ADGH + CDGH + (1 — R,) — AH¢e,, — GHep e, | A

+[(1= Ry) —AGH¢,e,| =0 (22)

with —A = Jyy, B=Jyy, —~C = Jy3,—D = Jyy, E = J 5, =G = J,
—H = Jg.

We can rewrite system (22) into

P+d 2 +d, P +d A +dA+ds=0 (23)
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where

dj=A+C+D+G+H

d,=AC+AD+ AG + AH + CD + CG + CH + DG + DH
+GH — ¢,¢),

d; = CD +ACG + ACH + ADG + ADH + AGH + CDH + CDG
+CGH + DGH — A¢e;, — Gde,, — Hoje),

d, = ACDH + ACDG + ADGH + CDGH + (1 - R;)
—AH¢,e;, — GHoey,

ds = (1- Ry) —AGHg,e,

(24

By the Routh-Hurwitz criterion, it follows that all roots of the
characteristic Equation (23) have a negative real part if and only if
dydydy > d? +djd, and (dyd, —

ds)(dydydy —di — d}d,)

> ds(dyd, — d;)” + dyd2 (25)
Therefore, from (24) we have that all roots of (23) will have a neg-
ative real part if and only if it satisfies (25) and R, < 1.

3 | Fractal Fractional-Order Generalization of
the Model

3.1 | Preliminaries

We will describe a few significant concepts in fractal-fractional

calculus. Additional information on this innovative use of calcu-
lus can be found in [76].

Definition 1. Atangana [77]. The fractal fractional derivative
of f(t)with order 7 — #in the Riemann-Liouville sense is defined
as follows:

FF—RL ﬂ %

o Dy trn}= /(I—S)" “f(syds  (26)

ﬁ) dt”

LO=f)

1—s th —sh N

whereg—1=4,%4<g €N anddﬂ” Lim

Definition 2. References [78-80]. The fractal-fractional
integral of f(f) with fractional order # and an exponentially
decaying kernel, assuming that f(7) is fractally integrable and
continuous over some open interval (x, y) with fractal order %, is
defined as follows:

A = O (1)
P&)

1
CDL ) = P( ﬁ) s rsds @)
are referred to as fractal-fractional integral operators. These
operators are mathematical tools that extend the concepts
of differentiation and integration to non-integer orders.
Fractal-fractional integral operators offer a robust framework
for analyzing complex systems characterized by self-similarity
or long-range dependencies. By integrating fractal geometry into
traditional calculus, these operators provide a deeper under-
standing of phenomena that display intricate patterns across
various scales. In essence, they bridge the gap between classical
calculus and the complex dynamics observed in many real-world

systems, paving the way for new analytical and interpretative
approaches. Consequently, the proposed nonlinear fractional
model, based on fractal-fractional operators, is presented with
the help of system (1) as follows:
FErii g o) = R 88, 1-V)S, (1, (1) St
0. s Sa) = v, + o, h(’)_w = UpSy(0)
b1 _ 0p,(A=-v)S, (01, (1)
D L E(1) = W - (P‘h + J’h)Eh(t)
D” 1,(1) = Y, Ep(0) + €,T3,(1) = (py + @y + 03,) I(0)

%Dngh(z) = ¢ L,(1) = (uy + €, + 7,) T)(0) >

F

Dy R, (1) = 1, T, (t) = (1 + @) Ry (1)

S DL S, (1) = p(1 = @) = (s +17) S, (1) —

FF ﬂﬁ 36,,(1-v)S,, (D1, (1)
D E,®) = 1+a1(t)h

5?1 (t)=¢&,E, (1) —

66, 0=-)S, (DI, ()
T+a,, 1,(1)

= (M + & +17) E,, (0
(/4,,, +nt+ o-m) I,()

0
28)

We have DM (+) as the fractal fractional derivative of order
0<6<1 and fractal dimension 0 < /% <1 in Caputo-Fabrizio
sense with exponential law, and the variables with the appropri-
ate initial conditions are supposed to be non-negative.

Lemmal. Let f becontinuousonany openinterval (x, y), then
the following fractal fractional derivative

L DL (1) = () (29)
has a unique solution

A=)

" g
@ s f(s)ds  (30)

S0 =70+

P&) Jo

For V" = C(7,R®), under the norm for 0 < t <, < co the Banach
space represented by B=U XU XU XU XU XU XU XU
under the norm given by

IM|| = sup,e,|M@®)| for M eU
where |M®)| =S, +E,+1,+T,+R,+S,+E,+1,|.and
SpEp 1. Ty, Ry, S, E, 1, € C(#,R?).

m>-m

Therefore, the model system (28) can be transformed into the fol-
lowing:

FFCF FFCF

DG { Sy} = AW (1,5, 0),
D {1, (0} = AWy (1, T,0)),

DS {R,(1)} = A7 (1, R, (D)),
Dg‘,{Em(t)} = #1"7IW, (1, E, (1)),

Dg’r{E,,(t)} = AW, (1, E, (1)
Dg‘,{Th(t)} = ATIW, (1, T, (1)
D5 {8, (0} = A7 Wy (1, S, (1))
Dy (1,0} = A" W (1, 1,,(1))

FFCF. FFCF.

FFCF. FFCF

FFCF. FFCF.

where

6P, (1=v)S, (D1, (1)

Tta, 1, () HpSp(0)
6B, (1=v)S, (1)1, (1)
W, (2, Eh(’)) = ﬂhH;—I"(o (Mh +7h)Eh(f)

Wy (1. 1,0)) = v, E,(0) + €, T5,(1) — (up + by + 04) I, ()

Wi (1,8,(0) =
(
(
W, (£, T(0) = ¢y 1, (1) = (uy + €5, + 7,) T, (1)
(
(
(
(.1

v, + o, R, (1) —

Ws(t, R, (1) = 7, T,(1) = (u), + wp,) R, (1)
Wi (1,,(0) = p(1 = @) = (uy, +17) S, (1) = ==
W, (1, E, (1) = —"”’"(L;)S;'Eg’h(’) (Hyp + &, +17) E,(0)

w®) = E,E, (1) = (4, + 17 +0,) 1,0

08 (1=v)S,, (D1, (1)

W
(31
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Introducing Caputo-Fabrizio integral in the system (31), we
obtain the following:

_ A1 g =
(1) = 5,(0) + LD W, (1,.5,(0) + $5 [y " Wi (9. Su(9))d g
_H)h1 _

Ey(0) = Ey(0) + Z5S—W, (1. Ey0) + 35 [19" W, (9. Ey(9)dg

—A)1 .
1,0 = 1,0) + 2502, (1, 1,0) + 2 [ 4" Wi (9. 1,(9))d g
—ay1 3 —
Ty(0) = T,(0) + Z5—W, (1.T,(0) + 35 fy-¢" " Wi( 9. Tu(9))dg
—U A1 vn =
Ry(1) = Ry(0) + 5T Wy (1, R, (1)) + i Jo 7" Ws (9. Ru(9))d g
j24 -
(1) = 8,(0) + ZLEZ— W (1,.5,(0) + 75 Jo 77 We (9. Su(9))d g
174’71

P P&
E, (1) = E,(0) + 2222 W, (1, E,,(1) + £ [ 4" W (9. E,(@))dg

AQ=6)" 1

P() P(a)
£Q=6)" 4t G-
L) = 1,0) + X5 Wy (1.1,(0) + 55 [y 4" Wy (9. 1(9))dg

(32)
The Picard-Lindel'f method and the fixed-point theory will be
used to illustrate the qualitative characteristics of the solution for
the model system (28). Therefore, we rewrite the model system
(28) and get the following;

FF__ sz

o Dot M@ =Wt M), 0< 6,/ <1 } 33)

M(0) = My >0, te€0,1;] and (¢; < o)
S, (1) S5,(0) = Sy Wy (1,.S,(0)
E,@®) Ep(0) = E W, (1, E, (1))
1,(0) 1,000 = I Ws (1. 1,0)

M) = T, () MO = T,(0) =Ty, — My, WMD) = W, (1. T,(0)

R, (1) R,(0) = Ry, W (1, R, (1))
S, (1) S,,(0) =S, W (1,.5,(1))
E, () E,(0)=E,, W, (1, E, (1))
L, 1,,0) =1, W (£, 1,,(1))

From Lemma 1, we have system (33) as

A1 — o' !
2A=D0 yp My + 22 [ 45 Wi, Mg g

M) = M0
0 =MO+ == P& J,

Consequently, W satisfies

[M(g.W1(9) = M(9.W9)) | < KW@ - Wa@)|. Ky >0
(34)
Theorem 3. If the assumption of System (34) holds, that is,
P= el K,y <1, we assume that syst h
= ) 0 w <1, ystem (33) has

a unique solution.

Proof. Let us consider the Picard operator denoted by the sym-
bol A : U — U, with the definition

- /=1 !
PLD o, My + 22 [ g1 Wig. Mgndg (35)

AM() = M(0
O =MO+ == @ Jy

Finally, we set sup,, W(¢,0) = W),. Therefore, it is important to
note that the solution of system (33) is constrained, that is,

|AM = My || =sup,c,|AM — M|

A1 - G "
2A-D0 o man + 22 [ 45 Wi, Mg g

=M | TP P& o ‘

/(1 — Gyt 2
WW(L M@®) + ) A 7" W(g. M(g))dg

/(1 — ﬁ)zf-l ﬁfzrf A — ﬁ)r’;-l ﬁfzrj
SSUpe,| —— o+ Ky, s\ —7— +

< sup,,

P(%) P&) P&) P&)

Ky < 9Ky

where 9K, < 1. Consequently, from the definition of the Picard
operator in the system (35) for any M;, M, € U", we have

[|AM; = AM, || =sup,e, |[AM, (1) = AM, ()|

6h [ s

A = Ayt
ZGY/

5 [ A,0) = (e M) +

= SUp;e,

(2. 41.090) = W(a. Ma90) |9

A0 — Gyt

Ssupe, =

o [ 4
Ky | My (1) = My (0] + %A 7" Ky

M, (9) — My(g)|dg

A=y dh) A=y dh)
SS“Pra(W + %>ICW.§ <W + W)’CW <IK)y
This implies that || AM; — AM, || < P||M, — M,]||. AsPisacon-
traction, the model system (33) has a unique solution under the
Banach contraction principle. O

Definition 3. Suppose that W € C(» x R®,R), then for 0 <
4, 7% <1 system (29) is said to be Hyers—Ulam-Rassias stable if
there exists Cy,, > 0such that, for each solution Q € U satisfies

forallr € »
(36)

FF_ 474 A PN :

o Dor Q)= wi, Q(O)H <HF@)",

There exists a solution Q € U of the system (29) with
|10(t) - Q)| < Cy o F(H)  forallte»  (37)

where Cyy p = max(Cw”F)tf and F = max(F,-)’f, i=1,2,...,8.

Lemma 2.
which satisfies

If TI > 0 and if there exists a function £(t) € U

@ rrn<M, forallter

o FFopn A A .
(i) 0 Dy Q) = W, 0@1) + £*(t), forallt € » ¢* =max

(¢x)7,i=12,...,8

then the function QevU satisfies the system (36).

3.2 | Hyers-Ulam Stability Analysis

We shall at this point use the Hyers-Ulam and Hyers-Ulam-
Rassias stability to examine the stability of the model.

Lemma 3. If M satisfies the integral inequality given in the sys-
tem (38), then M € U satisfies the system (33).

A1 = a1 ah [
‘M(I) - My - WW(%MW)) + %/0 7" W(g, M(g))dg| < Bl
(38)
_ ﬂ(l—ﬁ)t’}‘l ﬁfir’}
where © = <W 0 |-

Proof. From (ii) of Lemma 2, we have that system (38) exists;
that is,

VDO MO =W MO+ 1er

M) = My >0
and has a unique solution

(1 — )t

M@ = Mo+ ——

W(g, M() + f (1)
an [

on 4-1
+ @ J, 7" W(g, M(@) + f(1)dg
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It continues to follow from (i) of Lemma 2 that:

A1 = Gy’
LD vy, Mign + 22

'M(') =Mt W @ Jy

ﬁ'IW(%M(@)d@‘

A= B)L

R s S
) JAORS p(ﬁ)/‘]f} Wfndg

o PG,

' /(1 - ﬁ)tj*‘ mr”
tzﬁ’ldf}),s — L +_Lln<en

'
=SUpe, < SUpre, 9" dg

s Al—O" Gk
=Per\ Tp@) P@) Jo

P(%) P(ﬁ)

Theorem 4. Suppose that W € C(» x R®,R) and the system
(34) satisfies condition 1 — OKy,, > 0, then the system (33) is said
to be Hyers-Ulam stable.

Proof. Let M € U be aunique solution for the system (33) and
M € U by (36). Then, by taking Lemma 2 into consideration, for
any IT > 0,7 € » we have

1M = M| = sup;e,.| M - M|

A1 — g1
Q=D (g, Mgy - 22

M=Mo= =50 P@ Jo

=supe, wa, M(a»da‘

A1 = on*
BA—DOT\y  Rign - L2

M=Mo= =50 P& Jo

< SUpse,ye

1
277 W(q. M(zz))d«z‘

Al = o1

+ SUpre, W(W({l M(9) - Wig, M) - %/ 2" Wig. M(9)

- Wig, M(t;)))dtz‘

A0 =t
2AZO yiiy, Rilg) - Wig, Migh| - 22

1
261 v
P 2@ Jo IW(g, M(9)

<OIl+ sup,g,,<

-W(g, M(f;))ld¢>

_ai-l
A=D1 Fi(g) - Mig)| - 22

< ®H+sup,€,,< ) 2@ Jo

q”‘llcwlﬁm - M(«z)\dtz)

A= g
P(%) P) Jo

1
<o+ sup,E,,< «/H)lcw 1¥(g) - M)

A1 — ﬁ)sz-l mr”

s®n+sup,er[ ]KWIMG}) M(g)| < O+ OKyy | M - M|

RCERZ0)
]
Which implies that
M= M| < Cyll
_ e
where Gy, = —— Yo

Theorem 5. Suppose that W € C(» x R®, R) satisfies system
(34)and F € C(» x R*) be an increasing function implies that the

system (33) is Hyers-Ulam-Rassias stable concerning Fon #, such
that

VDL F @) < CpF (), cr>0 (39

provided that 1 — ©K,,, > 0.

Proof. We assume that there exists exactly one solution M €
U to the system (33). Thus, with

A — a1 6% S
1) = —_— W, M) + —— W(g, d
M) = My + PG Wiz, M( ))+p(ﬁ) (. M(@))d g
o

Thus, considering system (36), we obtain

VR B ' 41
'M(r) My = =55 W M) % W(g. M(@))dg| <TIC, F(1)
This gives
IM = M| = sup,e, | M(t) = M, — %W( M) ~ W 2" W(g, M(g)dg

the finite
[Sh. Ep. 1,. T}, R, S, E,, I]

NI 1 _ G ! S G
< supie ¥ - My = 2Dy, Koy p(ﬁ) Wi, M(g)dg
A =G ~ t _
+sup,e, (,,Tfmw, F) - wa, M) - % / 2L FAW) - W M) d g
0

A1 = O B ! e —~

<TIC,F() +sup,a<7p(ﬂ) W, F0) - Wat, M@ - p(ﬁ) W, Fi)

-wa, M(t))ldtz)

AL = dyt! .y U e O

<TIC,F(1) +Sup,E,‘<WKW|M(1) M@)| - P( f) 2"y | M) — M(r)|d¢>
AQ=" gh 1 Sion

<TIC, F(1) +Sup,e,(W w6 ), 7 ) Rnl ¥ - Mol

71— ﬁ)t;’" ﬂfir’

<TIC,F(1) + <W o

IM= M| <1Cyy, ;F(0)

)ICW |M(@) = M) < TICH F(1) + ©Ky | M — M|

(40)

where Gy f = 5 g;“c .
- w
4 | Numerical Algorithm

The numerical scheme developed for simulating the model sys-
tem (28) is detailed in this section. At time step, ¢,.,,, we have:

Sn(tr1) = Sul10) + 250, (1,05, (1)) + 22 i 97 IW (9. 54(9)d g
Ey(tn) = Eyltg) + ’“,;sz Wt B (1)) + 2 fy 0 W9, En(9)d g
i) = (i) + 225 (11, (0)) 4 2 [, (. 1))
Ty (11) = Tit0) + 252800, (1,7, (1) + 12 [ 9" Wa( . Ti(9)d
Rh(tn+l):Rh(I0)+ﬂ(1pf¥) Ws (1, Ry (1,)) + p(ﬁ)/()’ W5 (¢ Ry(@))dg
Snln) = Sul10) + W (1,5, (1)) + 25 [0 Wil . S,(9))d g
Em<rm>=Em<zo)+"“pi:f W (1, B (1)) + Fli 0B
Ln(te2) = 1) + S50 W, (1,1, (1)) + 22 fi 9" Wal 9. L)) dg

(41)

If the gap between two successive terms is taken as a starting

point, we obtain the following.

AQ-syt L

AQ-pyult=1 -
Sh(n-H) Sh( ) TI;; ( Sh(ln))_T;'lW(n 1’Sh(n 1))
+%/,;ﬂ71¢ﬁ 1W1(¢’ Sh(¢))d¢,
(L1 Sty
Ey(ty) = Ej(t0) + % o (ts En (1)) = #Wz(’nflth (tae1))
Gk fin-1 61
5 [ I (9, En())d g,
P&
_ n)‘z(l—ﬁ)r{} 1 A=ty
Iy(tasn) = Iy (t0) + =57 —=Ws(t,. I (1)) = W"\%( et dn(tar)
+22 [T 5, (g, (@) dg
P@) /i NS Th ’
_ap/i1 A(1—4)
Ty (tar1) = Tu(t0) + %WAt(tn’Th(tn)) - T;)Wa( 1o T (fam1))
+2 [ G0 IW, (9, Ty(9))d g
P&t ANSTh ’
i1 A=ty
Ry (111) = Ry (1) + %Ws( o R(1)) = st( 1 Ry (1,1))
Gk fin-1 61
5 [ g T Ws (9. Ry(9))d g,
PG in
i(1-4 7 (1=0)
Su(tusr) =Sm(fo)+M We (1> S (1)) = T;W«s(n 1> S (ta-1))
+ai I T We( 9, S(9))dg
P(6) 6\ Zm ’
1 #(1-6)
Em(tn+1) = Em(to) + %V\%( n m(tn)) - #V\%( n=1> m(tn—l))
24 In 1_,6-1
+55 [ "W (9. E(9)d g,
P(&)
> A=)
Ly(tia) = 1 (1) + %W&:(’nslm(f")) - #Ws( oL (ta1))
tos I g Wy (9. 1)) d g
(42)

interval

Tis ti+l

If the function ¢“'W(g, M(g)) is approximated over
|fori=1,2,....8

and M=

, using the Lagrangian piecewise

10 of 22

Engineering Reports, 2025



interpolation such that

(1) —1 A=y’ —1
Su(ts1) = Sn(12) + 5250, (1,05, (1)) = oW (1,85 (11))

+% [%(Ax)rj‘lwl(tn,sh(rn)) - %(At)tf’jllwl(rn,l,Sh(rn,l))]

s (17 —1 AQ-gy?=1
Ey(tu1) = B (1) + “50— W, (1, B4 (1,)) = Sl Wy (1,00, B4 1,01

+ A |2 (AN, (1, By (1)) = §<At)tf:fwz(tn_1,Eh(rn_l))]
(

P& [
Ayl aa-ayf7l
Ly (tan) = 14 (1) + [(17)(;)” Wt (1)) = == Ws (11 T (121))

+% [%(Ax)rj‘lw3(tn, 1,(1,)) = 20 Wy (1,00 1, (1,1

)
AQ=ay/i=1
AR ACIEE S AUSE ()
)

A—gi-1 AQ-oyfiL
Ry, (tn+1) =R, (tO) + (17)(1;;1 WS(IN’Rh (tn)) - P(ﬁ;] ! WS (tn—l*Rh (tn—l))

+% [%(A’)’j_lws (ts Ry (1)) = %(A’)’ffllws (tuets Ry (11 )]

-1
Ty (1) = Ty (o) + ﬁ(lp:;r;'

+ % [%(At)tf’lw4 (10 T (1)) = 3 QDI (1,20, T (1,1)

b(1-ayl =1 Aq-aifil
S (tas1) = Su(t0) + ﬁ(lp,:)/,t)n We (15 S (1)) = p(g;'_l We (ty-15 S (10-1))

+ [;morf’*lwﬁ(r,,,sm(rn)) - §<At>rf:fwﬁ(r,,_l,Sm(t,,_l))]

A—gi-1 AQ-oyfiL
Em(tn+1) = Em(to) + (17)();;1 W7(tn’Em(tn)) - P(ﬁ;] ! w7(tn—1’Em(tn—1))

+24 [%(Ax)rj‘lw7(rn, E,(t,)) = (a0t Iwy (1, Em(rn,l))]

Z0)
11—yl A==}
Ly(tnsa) = 1 (10) + ﬁu;;;‘ Wy (14 L (1)) = p:ﬂ)n_l Wy (tets L (11))

2 A0 (1 1 (1)) = SO (1,1 T (111))]

43)

5 | Numerical Simulations

This section presents numerical simulation experiments con-
ducted on an EC2 instance [81], based on the system model
described in Equation (43). Our objective is to investigate the
behavior of the mathematical model for disease spread, utiliz-
ing the scalability of cloud EC2 machines to examine the impact
of fractal-fractional order derivatives and larvicidal control on
malaria transmission dynamics. Figure 3 depicts the conceptual
system integrations for malaria vector control.

5.1 | Simulation Design

In this experiment, we investigate the behavior of the model
representing the spread of disease within a population. We used
the AWS EC2 cloud Shell to run the simulation, relying on
the scalability of the cloud engine resources. The focus is on
examining the basic reproduction number and system dynam-
ics under the influence of a fractal-fractional order model, as
outlined in Equations (20) and (28). Our Step-by-step outline of
the experimental outline involves setting up the environment
as follows. First, we launched an AWS EC2 instance (c5.xlarge)
on Amazon Linux 2 AMI, configuring it within a default virtual
private cloud (VPC), subnet, security group, and key pair. We
then connected our local machine to the EC2 instance via the
SSH protocol and installed necessary dependencies, including
Python and scientific libraries (e.g., NumPy, SciPy, and Mat-
plotlib). Next, we cloned the repository containing the core
simulation code, defining initial parameter values (Table 2) for
the fractal fractional-order derivatives (# and /). The initial con-
ditions: S,(0) = 120, E,(0) = 20, 1,,(0) = 10, T;,(0) = 7, R,(0) =
5,8,(0) =400, E,,(0) = 60 and I,,(0) = 30. The setup numeri-
cally solves the system of differential equations governing disease
spread dynamics, incorporating fractional-order derivatives. We
implemented Runge-Kutta, and fractional-order Euler method
to solve the system. This approach enabled us to investigate the

effects of varying fractal fractional-order derivatives (# and /%)
on system dynamics. Additionally, we examined how changes
in larvicidal activity and treated mosquito nets impact the basic
reproduction number.

5.2 | Result Analysis

The study derives and analyses the basic reproduction number for
varying values of # and /%, as well as different larvicidal treatment
scenarios. The results are visualized using Matplotlib, illustrat-
ing infected populations over time and the relationship between
the basic reproduction number and parameter variations. The
numerical outcomes are interpreted to understand the impact
of fractal fractional-order derivatives and larvicidal treatment on
disease dynamics. The analysis evaluates how these factors influ-
ence the basic reproduction number and overall system stability.

We realized that leveraging AWS EC2 cloud Shell offers efficient
large-scale response, supporting real-time analysis and adjust-
ments for varying parameters. This approach provided valuable
insights into disease dynamics and control strategies. The basic
reproduction number, denoted as R, was used to investigate the
potential spread of an infectious disease within a population. An
R, value below 1 suggests that each infected person causes, on
average, fewer than one new infection, as shown in Figure 4.
This implies that the disease will eventually diminish in the
population. For instance, an R, of 0.2642952 indicates that each
malaria-infected mosquito is expected to produce approximately
0.264 new infections in humans. According to Figure 4, when R,
is 0.1962778 and R, is 0.3558831, the resulting R, is 0.2642952,
which occurs in the context of larvicidal activity, treated mosquito
nets, and effective treatment. This finding suggests that plant
extracts can be employed to target mosquito larval stages, effec-
tively reducing adult mosquito populations and, consequently,
the transmission of malaria. Strong larvicidal activity can sig-
nificantly decrease mosquito numbers, leading to fewer malaria
cases and a lower R, value. Insecticide-treated nets (ITNs) create
a physical barrier between humans and mosquitoes, minimiz-
ing exposure to bites, particularly at night when mosquitoes are
most active. Additionally, effective treatment of infected individ-
uals reduces the pool of infectious humans, further lowering the
potential for disease transmission.

Figure 5 shows an R,, of approximately 11.6211313 in this malaria
model that includes mosquito nets and treatment but excludes
larvicidal activity, such as the use of leaf extracts to reduce
mosquito populations. This indicates a markedly different sce-
nario for disease transmission. Here, R, is 35.4362504 and R,,,
is 3.8110887. An R, greater than 1 implies that each infected
individual, on average, causes more than one new infection,
suggesting that the disease could spread and establish itself
within the population. In this context, an R, of 11.6211313 indi-
cates a high likelihood of malaria proliferation if no additional
control measures are taken. While mosquito nets, especially
insecticide-treated nets (ITNs), provide a barrier against bites,
thereby reducing human exposure to malaria, they do not elimi-
nate mosquitoes from the environment. If the mosquito popula-
tion remains elevated, the risk of malaria transmission continues
to be significant. Antimalarial treatment helps lessen the sever-
ity of the disease and shortens the duration of infectiousness for
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Basic Reproduction Number in the Presence of Larvicidal Control

ROh

FIGURE4 | EC2instance numerical simulation of the basic reproduction number in the presence of larvicidal activity and other controls.

those infected. However, it does not directly impact the mosquito
population, so the overall potential for transmission remains high
without effective mosquito management. The larvicidal activity
involves strategies to decrease mosquito populations at the larval

stage, often through biological or chemical methods. With-
out such measures, the adult mosquito population can remain
substantial, facilitating ongoing transmission. Given that many
adult mosquitoes can bite humans, the likelihood of transmission
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increases significantly. An R, of 11.6211313 suggests that the
mosquito population is sufficient to sustain and even amplify
malaria transmission, as the average infected mosquito could lead
to over two new infections.

Figure 6 illustrates the basic reproduction number in the con-
text of larvicidal activity, without the use of mosquito nets or
treatment. The R, value of 0.3619049 indicates that, even in
the absence of mosquito nets and treatment, larvicidal activ-
ity alone is sufficient to maintain low levels of malaria trans-
mission. This suggests that the significant reduction in the
adult mosquito population outweighs the potential increase in
transmission risk from lacking nets and treatment. A low R, value
indicates that malaria transmission is unlikely to persist under

P

EC2 instance numerical simulation of the basic reproduction number in the presence of larvicidal activity with values ranging from

these conditions. The effective reduction of mosquitoes through
larvicidal methods minimizes the likelihood of human infec-
tion. Additionally, Figure 7 demonstrates how the basic reproduc-
tion number decreases as the effectiveness of larvicidal activity
increases.

Figures 8 and 9 illustrate the dynamics of mosquito and human
infections using fractal fractional order derivatives, particularly
concerning larvicidal activity, treated mosquito nets, and treat-
ment. The initial increase in infected mosquitoes, as seen in
Figure 8, may indicate a temporary imbalance. Even with larvi-
cidal measures in place, some mosquitoes may survive, leading
to a rise in transmission rates at first. However, as effective con-
trol measures take effect, the overall mosquito population is likely
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to begin to decline. With larvicides reducing mosquito numbers
and treated nets preventing bites, the incidence of new infections
in both mosquitoes and humans starts to decrease. Eventually,
both populations may stabilize at lower levels, indicating a con-
trolled environment where disease transmission is significantly
reduced. In contrast, Figure 8 shows that in the absence of larvici-
dal activity, the mosquito population can grow unchecked, allow-
ing infected mosquitoes to multiply without control measures.
This unchecked growth results in a higher number of human
infections, as transmission becomes more likely. The subsequent
decline in infected mosquitoes may reflect other factors, such
as natural mortality or potential immunity within the mosquito
population. Initially, the infected human population may rise due
to increased transmission, but will eventually decline as hosts
recover or succumb to the disease. The balance between suscep-
tible, infected, and recovered individuals in both mosquitoes and
humans contributes to these observed patterns. In an infected
population, once a significant number of individuals are infected,
the likelihood of further transmission can decrease. The effective-
ness of larvicides and treated nets is crucial in this dynamic, as
they can dramatically reduce the mosquito population and lower
the rate of new infections. Thus, the presence or absence of lar-
vicidal activity and mosquito nets significantly impacts disease
transmission dynamics, resulting in varying patterns in the pop-
ulations of infected mosquitoes and humans.
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Figure 10a-h illustrates the dynamics of different values of frac-
tal fractional order, thatis, # = #Z = 1.00,0.96,0.92. 0.88 and 0.84
in the presence of larvicidal activity influenced by various fac-
tors related to disease transmission, population interactions,
and intervention measures over time. We observe a decreas-
ing growth in S, for different fractal-fractional orders: # = % =
1.00,0.96,0.92. 0.88 and 0.84. Fractional orders play significant
roles, and we have obtained new results for each order. As S,
decreases, there is a sharp increase in E,, which then immedi-
ately declines. The most significant changes in the state variables
occur at the order of 1.00 within the fractal-fractional framework
of derivatives.

Figure 10a-h illustrates the dynamics of the malaria transmis-
sion model. In Figure 10a, the decline in susceptible humans
suggests that as the disease progresses, the pool of susceptible
individuals diminishes due to infection or treatment. Effective
interventions, such as larvicidal activity, further contribute to
this reduction. Figure 10b reveals an initial increase in exposed
humans, likely to represent individuals who are infected but not
yet symptomatic (asymptomatic or pre-symptomatic). As these
individuals transition to the infected state or recover, their num-
bers decrease, contributing to an overall reduction in human
cases. The oscillations observed in the infected human popula-
tion in Figure 10c reflect fluctuations in transmission dynamics,
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which may be influenced by varying contact rates, seasonal
effects, or the impacts of interventions. Eventually, this popula-
tion stabilizes as the disease is brought under control. Figure 10d
shows an increase in the treated human population, indicating
effective interventions that lead to an initial spike in treated indi-
viduals. The subsequent decrease and stabilization of this popula-
tion reflect the natural course of recovery and the maximum treat-
ment capacity. From Figure 10e, we note an increase in recovered
humans, suggesting many individuals are recovering from the
infection and contributing to a larger immune population. The
stabilization of this group indicates that these individuals remain
immune for a significant period. Figure 10f illustrates a decrease
in susceptible mosquitoes, pointing to the success of intervention
measures, such as larvicides and treated nets, which reduce the
mosquito population. This directly impacts transmission dynam-
ics by lowering the vector population. In Figure 10g, a bulge in
the exposed mosquito population around 20 suggests a delay in
the transition from exposed to infected states, potentially due
to a period of latent infection. The eventual stabilization indi-
cates that most of the mosquito population has either become
infected or died off. The sharp increase in infected mosquitoes
signifies a rapid transmission phase, occurring under condi-
tions favorable for infection (e.g., higher mosquito and human
contact). The subsequent decrease and stabilization shown in
Figure 10h imply that intervention measures have effectively
reduced both mosquito populations and the transmission rate.
Overall, the interactions among these populations are governed
by the dynamics of disease transmission, recovery, and interven-
tion effectiveness, leading to the observed patterns as parameters
change.

Figure 11a-h illustrates the population dynamics of malaria
transmission, particularly concerning larvicidal control mea-
sures aimed at reducing mosquito populations to manage the
disease. We observe that the population of susceptible humans
is greater when larvicidal control is implemented, as it decreases
more slowly compared to scenarios without such control. This
may indicate that while control measures reduce mosquito pop-
ulations, they also allow for a temporary increase in the human
population due to reduced disease transmission, resulting in
more susceptible individuals remaining. The decrease in exposed
humans with the implementation of larvicidal control suggests
that fewer individuals are being bitten by mosquitoes, leading
to lower exposure to pathogens, an encouraging outcome of
these measures. Furthermore, the significant decline in infected
humans reflects the effectiveness of larvicidal control in prevent-
ing disease transmission, thereby reducing the number of new
infections. The initial rise in treated humans during larvicidal
control may be attributed to increased awareness and access to
treatment in response to better mosquito management. However,
the subsequent decline suggests that as fewer people become
infected, there is less need for treatment over time. The higher
number of recovered humans under larvicidal control is likely
a direct result of fewer infections, contributing to a healthier
population overall. The initial spike in susceptible mosquitoes
may indicate that larvicidal measures initially affect older,
infected populations, while younger, susceptible mosquitoes
continue to emerge. Over time, as larvicidal measures effectively
reduce the overall mosquito population, the number of suscep-
tible mosquitoes eventually declines. The decrease in exposed
mosquitoes in the presence of larvicidal measures suggests that

these interventions may be impacting population dynamics in
a way that does not allow mosquitoes to engage with hosts or
reproduce, potentially due to the complete coverage or efficacy of
the larvicides. In contrast, the significantly higher population of
infected mosquitoes when no larvicides are used reflects a direct
relationship between mosquito population size and the rate of
transmission. Without control measures, more mosquitoes can
be produced and feed on infected hosts, resulting in a higher
infection rate.

These observations illustrate the complex interplay between
vector control, disease transmission, and population dynamics.
Effective larvicidal measures can significantly reduce infection
rates in both humans and mosquitoes, thereby altering the bal-
ance of susceptible, exposed, infected, treated, and recovered pop-
ulations over time.

Table 3 presents a comparative analysis of the efficacy of three
malaria control methods: larvicidal control, mosquito nets, and
a combination of both. The numerical values represent the effec-
tiveness of each method in reducing mosquito populations and
controlling malaria infections. For instance, larvicidal control
achieves a high efficacy of 94.86%, significantly reducing the pres-
ence of malaria-causing agents. Mosquito net control is 83.33%
effective, while the combination of both methods yields the high-
est efficacy of 96.83%. This suggests that integrating larvicidal
control with mosquito nets provides the most effective protection
against malaria. The key observations from our analysis include:

« Larvicidal control alone is highly effective (94.86%), outper-
forming mosquito net control alone (83.33%).

« The combination of larvicidal control and mosquito nets
yields the highest efficacy (96.83%), indicating that an inte-
grated approach is more beneficial for public health inter-
ventions.

« The proposed larvicidal model demonstrates its potential as
a robust tool for malaria prevention strategies and can be
prioritized or combined with other measures for maximum
impact.

Therefore, public health programs targeting malaria could greatly
benefit from emphasizing larvicidal control, either as a stan-
dalone intervention or in combination with mosquito nets for
enhanced results.

This study used the fractal-fractional derivative model (FFM)
for larvicidal control of malaria. This extends classical and
fractional-order models by incorporating memory effects and
environmental heterogeneity. Below provides a comparison of
the findings with previous approaches. Traditional malaria larvi-
cidal control models (e.g., deterministic compartmental models)
often use integer-order differential equations to describe larval
and adult mosquito population dynamics. These models typically
assume instantaneous interactions and constant environmental
conditions. However, human populations residing in temperate
regions of the real world exhibit long-term memory effects and
varying environmental factors, which cannot be studied using
integer-order. The proposed FFM, formulated with the Caputo
Fabrizio derivative, accounts for these complexities. Compared
to classical models:

16 of 22

Engineering Reports, 2025



Malaria Transmission Dynamics Malaria Transmission Dynamics

120 60
—Sh with Larvicidal Control - —
=== S without Larvicidal Control m===E, with Larvicidal Control
100 50 == E, without Larvicidal Control
% 80 2 a0 1
£ <
S £
= £
= 60 = 30 1
= [y
=3 ]
3 o
3 ><
3 a0 o 20 1
@»
20 10 1
] o
[ 100 200 300 400 o 100 200 300 400
t = time t = time
(a) (b)
60 Malaria Transmission Dynamics a5 Malaria Transmission Dynamics
s |, With Larvicidal Control s T With Larvicidal Control
—Ih without Larvicidal Control 40 Th without Larvicidal Control
35 1
@ @ 30 1
g <
5 E 25| .
T S
-
2 B 20 i
o ©
2 =
= = 15 1
10 1
5} ]
o I
[} 100 200 300 400 (1] 100 200 300 400
t = time t = time
(c) (d)
150 Malaria Transmission Dynamics 450 Malaria Transmission Dynamics
400 | 1
350 -
@ |
2 o L
s 100 | === R, with of Larvicidal Control 5 300 i | 1
o
3 == R, without Larvicidal Control 3 50 |- ]
= = “ == =S __without Larvicidal Control
o @ mn m
] 2 200 1\ w= =S__ without Larvicidal Control| |
> = m
§ 50 § 150 1% 1
[ a \ \‘
D 1
100 | \ 1
. ‘\
50 \ ~— ]
-~ -
e o=t mmeawzT D
[} ]
o 100 200 300 400 o 100 200 300 400
t = time t = time
(e) ()
60 Malaria Transmission Dynamics 350 Malaria Transmission Dynamics
— 'Em with Larvicidal Control -Im with Larvicidal Control
sol — -Em without Larvicidal Control | 300 |- , -~ 'Im without Larvicidal Control
” N
I -
2 9250 \‘ |
% 40 I 1 L ’ \~
= 'l & 200 | " ~No 4
(=3
= 305 1 = H ~o
2 v 3 150 Hl ~J 1
2
8200y \ 2 H ~.
1 2
] “ - = 100 [y ~o
10 = 1 ~ s
\ 50 \ }
-~
S | ~
o - —— —— ———— o o ——
[} 100 200 300 400 ] 100 200 300 400
t = time t = time
(9) (h)
FIGURE11 | (a,b)Dynamics of susceptible and exposed humans in the presence and absence of larvicidal activity on EC2 instance machines. (c,

d) Dynamics of infected and treated humans in the presence and absence of larvicidal activity. (e, f) Dynamics of recovered humans and susceptible
mosquitoes in the presence and absence of larvicidal activity on EC2 instance machines. (g, h) Dynamics of exposed and infected mosquitoes in the
presence and absence of larvicidal activity on EC2 instance machines.

17 of 22



TABLE3 |
net, and both).

Comparison of different controls (larvicidal, mosquito

Model type Larvicidal Mosquito net  Both
Efficacy of control 20.55 66.66 12.69
% Efficacy 94.86% 83.33% 96.83%

« Our proposed approach captures the non-local interactions
in mosquito dynamics better than integer-order models.

 The inclusion of fractional memory terms results in a more
accurate prediction of larvicidal suppression over time under
different larvicidal application scenarios.

« The fractal component reflects spatial heterogeneity,
improving ecological realism.

Existing FFMs for malaria control (e.g., Caputo or Riemann-
Liouville derivatives) incorporate memory effects but do not con-
sider fractal structures in mosquito breeding sites. These models
demonstrate improved accuracy over classical models but still
assume uniform environmental conditions. To further validate
our model, we conducted numerical simulations comparing our
results with existing methods (e.g., classical Runge—Kutta solu-
tions as in [82]). Figures 8-10 illustrate the enhanced perfor-
mance of our model in capturing the long-term effects of larvici-
dal intervention. To enhance our results, Internet of Things (IoT)
vector sensors, such as IoT-networked robots [83], and Agentic
Artificial Intelligence [84], can be tested for optimization of lar-
vicides in Figure 4.

With the FFM designed to show how plant-based larvicides affect
mosquito density, the Agentic algorithm forms the next logical
stage of our work. Through IoT, real-world data such as mosquito
density, larvicide application rates, and environmental variables
can be ingested via IoT middleware [85]. These IoT sensors moni-
tor mosquito breeding domains (e.g., larva presence, pH, temper-
ature, and humidity). Similar to the approach in [86], the Agen-
tic algorithm maps IoT data into the FFM computational model
as the input layer, learning and updating predictions dynami-
cally (e.g., when and where to apply larvicides), while gener-
ating disease risk maps and predicting interventions (adjusting
strategies based on resistance trends or weather conditions). This
forms the Agentic model layer. Finally, the core Agentic layer
autonomously interprets the model output of Figure 2, mapping
high-risk zones for prioritization and profiling targeted larvicide
deployments. The Agentic Al output also extends coordination
with other smart systems, such as wearables, alert notices, spray-
ing drones, surveillance, and community outreach.

5.3 | Policy Implications and Future
Technology Focus

This paper has identified the five main policy interventions for
future Agentic Al integration.

« Governments and public health institutions should consider
promoting and scaling up the use of eco-friendly larvicides
derived from plant extracts in malaria-endemic regions.

« Integrated vector management programs should focus on
combining interventions to achieve synergistic effects in
reducing malaria transmission. In context, leveraging IoT
and Agentic Al can be explored to facilitate real-time moni-
toring and enable early warning interventions in Figure 2.

« Continuous investment in the use of computational model-
ing to optimize strategies for controlling vector-borne dis-
eases.

« Promoting the use of biological larvicides to reduce reliance
on chemical insecticides, thereby reducing costs, health
problems to hosts, and supporting sustainable public health
infrastructure [87]. Such public smart health infrastructure
should fully adopt Agentic cloud surveillance analytics to
enhance decision-making efficiency.

6 | Conclusion

This study presents an integrated compartmental model to con-
trol mosquito and malaria spread using larvicidal plant extracts.
Two population groups (human and mosquito) are considered,
and two larvicidal plant extracts (Petiveria Alliacea and Hyptis
Suavolens) are studied. The fractal-fractional order compartmen-
tal model uses its memory effect property to evaluate the suscep-
tibility of infected, treated, and recovered people from malaria.
With its non-local properties, the proposed model investigates
larger dynamics than the integer and fractional order models. The
model evaluates heterogeneous breeding and survival domains
of the disease-bearing mosquitoes—the adult female Anophe-
les. Over an AWS EC2-accelerated computational platform used
in the study, our proposed model reveals that larvicidal control
achieves a high efficacy of 94.86%, outperforming mosquito net
control alone (83.33%). Additional results show that combining
larvicidal control with mosquito nets yields the highest efficacy
0f 96.83%. These results underscore the value of integrated strate-
gies for malaria management and highlight the potential of lar-
vicidal plant extracts as a vital addition to existing control mea-
sures. The study has important implications for public health,
particularly in resource-limited settings. By targeting mosquito
larvae, these extracts reduce the adult mosquito population and
thereby limit malaria transmissions and deaths. As global malaria
elimination efforts advance, our findings offer critical insights
into the development of effective, sustainable, and integrated vec-
tor control strategies. We also showed that sensors and the inter-
net of things infrastructure can be installed to enhance the under-
standing and control of the malaria disease vector. Future efforts
should explore the use of Agentic AI and Internet of Things
real-time monitoring to enhance malaria control.
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