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Mathematical Exploration of Malaria Transmission
Dynamics: Insights from Fractional Models and Numerical

Simulation

Souad Bounouiga, Bilal Basti,* and Noureddine Benhamidouche

This study presents an innovative mathematical model denoted as the
fractional SIP(H)-SI(M) model, which aims to analyze and understand the
dynamics of malaria transmission and spread. This model is distinguished by
incorporating memory effects through fractional differential equations,
allowing for a more accurate and realistic analysis of disease spread
compared to traditional models. The proposed model is applied to Algeria by
estimating its parameters using recent health data (from 2000). The results
revealed that the disease-free equilibrium is stable only when the basic
reproduction number is less than one, indicating that controlling the spread
of malaria and possibly eradicating it can be achieved by implementing
appropriate preventive measures. Simulations also demonstrated a direct
correlation between the rate of infection transmission and an increase in the
number of infected individuals, highlighting the need for swift action when
signs of an outbreak emerge. Based on these findings, a set of preventive
measures is recommended, including insecticide spraying programs,
widespread distribution of insecticide-treated bed nets, and implementation
of effective treatment protocols for infected individuals. This study also
emphasizes the importance of continuous monitoring of health data and
updating model parameters to ensure the effectiveness and sustainability of

ranges from hundreds of thousands to mil-
lions, with developing countries being par-
ticularly affected.

Suitable environmental conditions such
as stagnant water pools and high temper-
atures contribute to the spread of malaria,
increase its severity, and exacerbate its com-
plications. Those afflicted with malaria suf-
fer from serious health effects, including
organ failure such as kidney and liver fail-
ure, changes in blood composition, and
central nervous system disorders. Individ-
uals infected with malaria may experi-
ence symptoms such as high fever, severe
headache, muscle pain, and confusion. In
severe cases, death may occur if immedi-
ate and adequate treatment are not adminis-
tered. Therefore, combating mosquitoes is
of paramount importance for reducing the
transmission of this disease and preserving
public health.

With advances in technology and math-
ematics, mathematical modeling has be-

preventive measures.

1. Introduction

The transmission of diseases through mosquito bites highlights
the important role of small pests in the spread of diseases.
Malaria, which results from blood parasites of the genus Plas-
modium and is transmitted through Anopheles mosquito bites,
poses a major challenge to human health. This disease is notori-
ous for its prevalence in tropical and subtropical regions, where
the environment is conducive to mosquito breeding and trans-
mission of blood parasites between humans. Global Health Or-
ganizations estimate that the number of malaria cases annually
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come a powerful tool for understand-

ing and analyzing the dynamics of dis-

ease spread.'”] Recent studies have in-

creasingly highlighted the importance of
incorporating memory and hereditary characteristics into disease
models through fractional calculus. Traditional models rely on
integer-order derivatives, which may be insufficient for repre-
senting complex dynamic phenomena involving memory effects.
In contrast, fractional derivatives allow for a more accurate rep-
resentation of these processes by considering not only the cur-
rent state of the system but also the entire history of previous
states. This approach provides a more comprehensive framework
for analyzing disease dynamics, enabling the modeling of time-
dependent factors such as acquired immunity, recurrent infec-
tions, and environmental changes that influence disease trans-
mission.

The superiority of fractional models over traditional integer-
order models lies in their ability to represent memory effects
and long-term dependencies, which are crucial for understand-
ing and controlling the spread of infectious diseases such as
malaria. For example, recent research has shown that fractional
differential equations can more accurately model disease spread
in populations with varying susceptibility and exposure, lead-
ing to better predictions and more effective intervention strate-
gies refs. [8-17]. In addition, fractional models allow for a more
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precise representation of time-dependent processes such as sea-
sonal variations or the impact of health interventions, which may
have long-lasting effects. This precision in representation makes
fractional models an essential tool for designing disease-control
strategies that account for the real complexities of ecological and
health systems.

In addition to their application in disease modeling, fractional
differential equations have been used in various fields, including
optimization problems, medical diagnosis, and artificial intelli-
gence, offering a more comprehensive framework for analyzing
complex systems.!18-24] As this field continues to evolve, the inte-
gration of these advanced mathematical tools is expected to play
a crucial role in shaping future public health policies and inter-
ventions, not only in combating malaria but also in addressing
numerous other global health challenges.

This study contributes to the development of a fractional math-
ematical model aimed at enhancing our understanding of the
malaria transmission dynamics. The effectiveness of the model
in accurately representing disease dynamics is ensured by ana-
lyzing the equilibrium points and studying the solution stability.
Additionally, calculating the basic reproduction number provides
crucial insights into the disease spread rate and influencing fac-
tors, which aids in better guiding health policies and preventive
measures. Moreover, the model is used to validate the data and
identify the factors contributing to disease transmission. Based
on the results of the model, recommendations and strategies are
offered to improve malaria control efforts and reduce their im-
pact on public health.

In our study concerning the dynamics of the epidemic, we cate-
gorize the entire human population, represented as H, into three
distinct classes: Susceptible (S,), Infected (I,;), and Partially Im-
mune (Py) individuals.

Moreover, the mosquito population surrounding the human
population, denoted as M, is partitioned into two distinct cate-
gories: Susceptible (S,,) and Infected (I,,) mosquitoes.

The parameters of the SIP(H)-SI(M) model are defined as fol-
lows:

1) Aindicates the rate of increase in the susceptible individuals.

2) 4 represents the rate of increase in the susceptible
mosquitoes.

3) u < Ais the rate of natural death for humans.

4) v < Arepresents the rate of natural death of mosquitoes.

5) B is the probability rate of disease transmission from I, to
S,..

6) 7 isthe probability rate of disease transmission from I, to S,,.

7) k expresses the immunity acquisition rate for humans.

8) 6 represents the immunity loss rate for humans.

Fractional calculus has become increasingly essential and is con-
sidered a possible alternative to integer-order models. This al-
lows for the description and processing of a wide range of struc-
tural properties within the studied system. Caputo’s definitions
allow the initial conditions to be expressed significantly as tradi-
tional derivatives, making them the preferred fractional deriva-
tives for many mathematical modeling applications. Interested
readers can delve deeper into this topic by referring to refs. [18,
23, 25-34].
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Motivated by the above-mentioned work, for 0 <t < ¢ < oo,
and 0 < a < 1, we have:

-

DX S, 8) = AH(H) + 6Pyt) — (ﬁﬁjg) " u)sm
Iy
Dy 10 = S 5,0~ + 10
1Dz Py (1) = kL) - 6+ WP, ()
DS, (1) = AM(t) — (y;f(g) + u) S, (1)
o _ r1u(®)
CDO+IM(t) = TH) Su(®) —vly(?)

where the first three equations in system (1) represent human
equations, while the last two equations express mosquito equa-
tions.

The changes in the transmission of infectious diseases be-
tween humans and mosquitoes in SIP(H)-SI(M) model (1) can
be interpreted as follows:

In Figure 1, it is assumed that susceptible individuals S,; are
recruited at a rate AH and die naturally at a rate p. They be-
come infected with malaria as a result of being bitten by infected
mosquitoes and moving to infected class I;; at a transmission rate
B.

For infected individuals, I}; is assumed to die naturally at a rate
p or acquire partial temporary immunity and move to the partially
immune class Py at a rate k. Furthermore, partially immune in-
dividuals’ P,; may lose immunity and return to the susceptible
class S;; at a rate 6 or die naturally at a rate p.

As for mosquitoes S,,, they are recruited into the susceptible
category at a rate AM and die naturally at a rate v. Susceptible
mosquitoes S,, become infected with malaria at a rate y after
feeding on the blood of infected humans and move to the in-
fected humans and move to the infected category I,,. Infected
mosquitoes I, also die naturally at a rate v.

The paper is structured to gain a thorough understanding of
malaria transmission dynamics and the factors that influence
them. We begin with exploring the feasibility region for the frac-
tional SIP(H)-SI(M) mathematical model using the Caputo frac-
tional derivative. This allows us define the boundaries in which
we can effectively analyze the system’s behavior and disease
spread. This analysis helps in assessing the model’s applicabil-
ity and identifying the optimal conditions for its study.

Following this, attention is focused on studying the existence,
uniqueness, and stability of solutions using Schauder’s and Ba-
nach’s fixed-point theorems, along with Ulam-Hyers’ stability
criteria. This analysis ensures that the model provides sustain-
able and applicable solutions, enhancing its credibility and ability
to accurately represent real-world dynamics.

The basic reproduction number, R, is a critical indicator for
assessing malaria transmission. Determining R, provides in-
sights into disease spread rates and helps to identify points where
control measures can be applied. In addition, we investigate the
equilibrium points within the fractional SIP(H)-SI(M) model,
analyze their stability to guide disease control strategies, and pre-
dict future trends. Mosquitoes play a crucial role in the transi-
tion between susceptible and infected states. Their recruitment,
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Figure 1. Flowchart of SIP(H)-SI(M).

natural mortality, and infection dynamics are integral compo-
nents of our model.

We validate the accuracy of our model using real data from the
Algerian region. This allows us to identify the specific local fac-
tors contributing to the spread of malaria. The validation process
enhances the precision of the model and assists in developing
targeted disease-control strategies. Furthermore, we investigate
the memory effect, which has enriched our understanding of the
influence of temporal and historical dynamics on disease trans-
mission.

2. Necessary Definitions and Preliminaries

This section aims to clarify some fundamental definitions that re-
sult from the fractional calculus theory. The space under consid-
eration is the Banach space of continuous functions C ([0, £], C),
with the norm

lelle = sup |o()] (2)
t€[0,£]

Definition 1 (Ref. [22]). The lefi-sided (arbitrary) fractional integral
of order a > 0 of a continuous function ¢ : [0,£] — R is given by

1) /0 (t— 2 g(r)dz, t € [0, 7] 3)

Jrolt) = @

where T (a) = f0°° 1 exp (—7) dr is the Euler gamma function.

Definition 2 (Caputo’s fractional derivative [22)). The left-sided Ca-
puto’s fractional derivative of order a > 0 of a function ¢ : [0,£] - R
is given by

d"o(t)
I ,fora=me N,
Cya _ m t _ \ym—a-1 gm
D, o(t) =4 g d"e(t) _ / (t—7) d"e(7) . 4)
dim o I'm—a) dm
form—-1l<a<meN
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Lemma 3 (Ref. [22]). Assume that CDf)Q(p € C([0,7],R), then we
get foralla > 0

n—1

Ji “Dsolt) = o) - Y,

k=0

(LIN)
(ok’()t",n—1<a§neN (5)

Lemma 4 (Gronwall ['%)). Let ¢ (t) and o (t) be nonnegative, contin-
uous functions on 0 < t < ¢, for which the inequality:

o(t) < @(0) +/ w(t)p(r)dr, t €[0,7] (6)
0

where @ (0) is a nonnegative constant. Then

#(6) < 9(0) exp ( / w(r)dr), te o,/ )

3. Dynamic Analysis of the Feasible Region

3.1. Positivity and Boundedness of the Model

The SIP(H)-SI(M) model (1) is investigated within a biologically
feasible region in R3, as defined in the subsequent lemma.

Lemma 5. Assume that M, repersents the initial total mosquito pop-
ulation, let H, be the initial total human population at t = 0, where
0 <t < ¢ < oo. Consequently, the solution to the considered model is
confined to the feasible region, given by

AL”
Q= {(SH, I, Py, Sy Iy) € RS 0 < H(t) < Hy exp <r(a+1)>’

0 < M(t) < M, exp <L>} (8)

T(a+1)

with

H(t) = Sy() + Iy(8) + Py(t),  M() = Sy (8) + I (¥) )
Proof. Let

H(t) = S() + Iy(t) + Py () (10)
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then
CDEHE) = DL, Syylt) + DL Ly(t) + D%, Pyy(t) i)
Now, summing all the human equations of (1), we get
“Dg. H(t) = (A~ w)HI()

< AH(Y) (12)
After using Lemma 3, we get
H(t) < Hy + AJZ H(1) (13)

Applying Gronwall Lemma 4, we obtain

H(t) < Hyexp (%) (14)

where H, is the total human population at t = 0.
In another way, let

M(t) = Sy (#) + I (2) (15)
then
CDE M) = DL S,y (1) + D2 1 (0 (16)

Now, summing all the mosquito equations of (1), we obtain

“Dg M(t) = (A—o)M(p)

< AM(t) (17)
Applying Lemma 3, gives us
M(t) < M + AJ5 M(1) (18)

After using Gronwall Lemma 4, we get

M(t) < M, exp (F(;M_: 1)> (19)

where M, is the total mosquito population at t = 0.
In subsequent sections of this paper, we assume the existence

of two positive constants:

H< Hoexp< AT )

T(a+1)

M < M, exp ( A ) (20)

(a+1)

where the total human population H and mosquito population
M remained fixed throughout the study period and can be ex-
pressed as H (t) = H and M (t) = M. This assumption was made
to normalize the SIP(H)-SI(M) model (1). Therefore, we put:

s =220 gy = 0 gy - Pl
) 0 .
Syt Iyt
V() = ——, F(t) = VI

Adv. Theory Simul. 2025, 8, 2400630

2400630 (4 of 17)

www.advtheorysimul.com

then we obtain

“Dg.S(H) = A+ 6P(t) = (BE() + p)S(1)
“Dg. I(t) = BF()S(t) — (x + p)I(2)
3 Dg. P(t) = kI(t) — (6 + p) P(t) (22)
DL V() = A— (yI(t) + o) V(1)
“Dg. F(t) = yI(t) V(1) — vF(t)

along with the positive initial conditions

5(0) = @y, 100) = @,, P(0) = 3, V(0) = @, F(0) = @5 (23)

3.2. Existence Results of Solutions for the Normalized Model
In this section, we explore the existence and uniqueness of solu-
tions to problem in Equations (26)—(27) through the field of fixed-
point theory. Our investigation employs Banach’s and Schauder’s
fixed-point theorems, as outlined in refs. [19, 35-39].

Let o = (S, I, P, V, F) € Q, where Q = [C([0, 7], [0, 1))]° is a Ba-
nach space with

lellq = max {|[Sll, 11l I Plleor VIl 1 Fll } (24)
and let y = (wy, v,, w3, v, s ), be such that

v (t @) = A — (BF(t) + u) S(t) + 5 P(t)

w, (L (1)) = BE(t)S() — (< + p) (1)

w3t @(t) = kI(t) — (6 + p) P(2) (25)
vt o(t) = A= (vI(H) + o) V(1)

ws(t @(t) = yI(t) V(t) — 0F(t)

It is clear that y is a continuous function.
By applying J: to both sides of the system

“Dio(t) = w(t o(t) (26)
taking into account the conditions
®(0) = Py = (§01;§02;§03;§04: (Ps) (27)

and employing Lemma 3, we obtain the following system of frac-
tional integral equations

1 [ -
o) =@ +—/ t— 1) fl(r, @(r))dr 28
=00+ g [ =Sl (28)
which is equivalent to the original problem in Equations (26)—
(27).

Theorem 6. Let B,7,6,k,0,4,a,¢ € R, be such that a € (0,1]
and

I+ 1) ) « 29)

<
max{f + u,k + u,8 + u,y + v}
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Then, there is at least one solution to problem in Equations (26)—(27)
on [0,7].

Proof. The proof begins with transformation of problem in
Equations (26)—(27) into a fixed-point problem T ¢ (t) = ¢ (t),
with

Tol) = (T:ol), Too(0), 00, Topl), Too () (30)
and
Tol =00+ s / (t = oy (e, ole))dr (31)

Observing that for ¢ € Q, the operators T;¢p for 1 < i < 5 are con-
tinuous, as demonstrated in Step 1. Consequently, 7 ¢ is an ele-
ment of Q, with

17 ¢llg = max | 7o, (32

The equivalence between problems in Equations (26)—(27) and
(31) implies that 7 includes fixed points for solving the afore-
mentioned problem.

Step 1. 7 is a continuous operator. Let ((pn)”eNU =

(S,.1,,P,V,F ) be five nonnegative real sequences, such

n»-n’ n>-n

that lim ¢, = ¢ in Q. We obtain for all ¢t € [0, 7],
|70, (H) = Tip(t)]

< ﬁ/o (t— T)a_l’llli(T; §0n(1')) — (T, (p(r))‘df (33)

where y; satisfies in Equation(25) for each 1 < i < 5. We have

|vi(t.0,0) = vt o) = [6(P.() = P)) = [(BEL() + 1) S, (1)
— (BF(®) + ) S(|
< 8|P,(0) = P()] + u]S, () — 58]
PEBS()|
|+ (8 +w]S,(0) = S|

F(t)|

+|BE,(05,() -
< 8|P,(1) — P(t)

+B|F,(t) -
< max {5, 8+ u}| @, — 0|0 (34)

Similarly, we obtain
|u/2(t, @,(1) = w, (b, w(t))| < max{B, « + u}||e, — @|,
| (t@,0) = vt 0(9)| < max{x, 5 + u}]lo, - 0,

(35)
|wi(t.0,00) = wilt )| < (v + 0|0, — 0]l
|U/5(t» (pn(t)) — st (ﬂ(t))| < max{y, U}”(pn - (p”Q
Since ¢, = @ in Q as n — o0, we get y; (t, @, (t)) - y; (t, @ (t)
foranyt €[0,¢],and each i € 1,5.
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Now, let £ > 0, be such that for each t € [0, #], we have

&‘% (7. 0,(0) — wi(z, o(2))

T
(t_r(;alﬂw, (t. 0.t )|+|w,ffp( ))I)
< %(t_fw (36)

For each i € 1, 5, the function 7 — % (t— r)”_l is integrable on
[0, 1], for each t € [0, ]. Thus, the implication of Lebesgue’s dom-

inated convergence theorem gives us

|Ti0,(t) = Tip(t)] = Oas n — oo (37)
and hence
lim 7o, - Tol, = (38)

n—o0

This signifies the continuity of 7.
Step 2. 7 is defined from a bounded, closed, and convex subset
into itself. Utilizing Equation (29), we define

elNa+ 1)+ (A+ A)”

> (39)
I+ 1) —max{f+uc+ud+uy+o}
where ¢* = maxg;, and define the subset Q, as follows:
<i<
Q ={peQ:llolly<r} (40)

It is clear that Q, is a subset of Q, distinguished by its bounded,
closed, and convex subset of Q.

Consider the integral operator 7 : Q. — Q defined by Equa-
tion (31). It follows that 7 (Q,) C Q..

Indeed, employing Equations (34) and (35) provides us

v (t ()] < A +max{f + u,6}lellg

lw, (t, o(t)| < max{B, x + u}llolly

w3t @) < max{x,s + u}loll, (41)
lwi(t, o)) < 2+ (v +0)ll@llg

lws(t @(t)| < max{y,o}llollq

Then, in each case, for any ¢ € Q

lwilt, @) <nr, Vi€ 1,5 (42)
with
n=é$i+mﬂm+%K+M5+%y+ﬂ (43)
Thus

© 2024 Wiley-VCH GmbH
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net
[Ma+1)

<@+

. A+ Az
A+

max{f + u, Kk + U, 6+ p,y + 0}&"
<@ r
Ta+1)

Fa+1)

<rViels (44)

or (||Ti(p||m)lgSS <r, then ||T¢|lo < r. Consequently 7 (Q,) C
VStep 3.7 (Q

Let t,,t, €[0,7], t, < t, and @ € Q,. Then, for every i € 1,5,
we get

,) is equicontinuous subset of Q.

‘Ti(l’(tz) - Ti(P(tl)|

%/02 (tz - T)a_ll[/i(‘[,(p(l'))d‘['

+ -/tz (t2 - T)a_ldr) (45)
We have
a—1 a—1 1 d a a
(tz—r) —(tl—r) =—;E((t2—1) —(tl—‘r) ) (46)
then
tl a— a— 1 a o a
/0 |(t2 ) (4 —7) 1)011 < ;[(tz —t)" + (8 —t)]
(47)
we also have
K a— 1 att
[ =)= =20
1 @
< a(tz -t) (48)
Then, Equation (45) gives
7o) = To)| < g (s =)+ (5 -1)] o)

The right-hand side of the inequality above approaches zero as
t, > t, foreveryi € 1,5.
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Based on Steps 1-3, assisted by the Ascoli-Arzela theorem,
we infer the continuity of 7 : Q, — Q,, its compactness, and its
satisfaction with Schauder’s fixed-point theorem assumptions.
Therefore, T possesses a fixed point that solves problem in Equa-
tions (26)—(27) on [0, 7].

Theorem 7. We give a € (0,1], £ > 0, and

n=max{f+ u,k+pu, 6+ uy+0} (50)
forsome p,6,k,y,0,u € R, If

fll

il <1 (51)
T(x+1)

thus, there is a unique solution to the problem in Equations (26)—(27)
on [0, 7].

Proof. Similar to the steps taken to prove Theorem 6, problem
in Equations (26)—(27) has already been transformed into fixed-
point problem in Equation (31).

Let ¢, w € Q, then

|Too(t) - T;

—ra)/” 9 (e o(e)

— (7, o(z))|dz, viel,s

(52)

For all t € [0, #], we have

[wi(t @(t) — vy (t @(t))| < max{B + u, 6}l — wll,

[w(t, @(t)) — v (t, @(t))| < max{B,x + u}lle — wllg

[ws(t @(t) — w3t @(t))| < max{x, s+ u}llg - wllg (53)
[t @) — vyt ()| < (v +0)ll@ - @llg

lws(t @(t) — ws(t, @(t))| < max{y,v}lle - wll,

Then

lwilt, 0(t) — it 0(®)] < nlle - wllg, Vie 1,5 (54)
From Equation (52), we find

70Tl < o lo—olo, Vi€ TS (55)
and

ITo-Toll, < F(Z’if Slle - ol (56)

Referring to Equation (51), 7 is considered as a contraction oper-
ator. By employing Banach’s Contraction Principle, it can be de-
duced that 7 possesses a unique fixed point, which corresponds
to the unique solution of the problem in Equations (26)—(27) on
[0,7].
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3.3. Ulam—Hyers Stability for the Normalized Model

Definition 8. The system of Caputo-type fractional differential equa-
tions in Equation (26) is Ulam—Hyers stable if there exists a real num-
ber ¢ > 0 such that for each € = max{e,,..., &5} withg; >0, i €
1,5, and for each solution & € Q of the inequality

Dz, a,(t) — wilto(t)| <&, tel0,¢],i€1,5 (57)
there exists ¢ € Q a solution of (26) with
llo —ellg < ce (58)

Definition 9. The system of Caputo-type fractional differential equa-
tions in Equation (26) is generalized Ulam—Hyers stable if there ex-
ists ¢ € C(R,,R,), £(0) =0, such that for each solution » € Q of
inequality in Equation (57), there exists a solution ¢ € Q of Equa-
tion (26) with
llo =@l < &(e). (59
Remark 10 (Ref. [40]). If w € Q is a solution of inequality Equa-
tion (57), then there exist (¢;), — > 0 and ¢ € Q, such that

iels

1) CDS&’;’ (t) = Wi (t,CO (t)) + ¢i (t)r te [Or f] ’ L € 17_5!

2) |¢; ()] <, forallt €[0,7], and eachi € 1,5.
The subsequent lemma aids in establishing the stability of sys-
tem in Equation (26).

Lemma 11. Ifw € Q is the solution of inequality in Equation (57),
then there exist (5i)ieﬁ > 0 such that o will be the solution of the
inequality

e,
INa+1)

,(t) — ;(0) - 1)/0 (t =) ""yi(z, @(r))dr| < (60)

[(a)

for each i € 1,5.
Proof. If w is a solution of Equation (57), we have from Re-
mark 10
Do) = wilt, o(t) + ¢,(t), te€[0,£], i€ 15,

(61)
|#:(0)] <&,

(gi)ieﬁ >0

hence

1 ' a—1
@) = 0,00+ 5 / (=) wilr 0(@) + $(D)]dr (62)

Also,

ot =0 0) - 7 / (t = 0" (e, ole))de

;(0) + ﬁ /0’ (t—7)" [u/i(r,w(‘r)) + (;bi(‘r)]dr
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1 ' a—1
~00) - 7 / (t = )" (e, ole))de

1 ' a—1
—_— -7 (7)|dz
i | =)

IA

e, L —
, Viel,5
INa+1)

IA

(63)

That establishes the lemma.

Theorem 12. Assuming that Equation (51) holds, system in Equa-
tion (26) is Ulam—Hyers stable. Furthermore, it can also be asserted
that (26) is a generalized Ulam—Hyers stable system.

Proof. Let (&)
inequality

s > 0, we define w € Q as a solution of the

Dt w,(t) —wilt.o(t)| <&, te]0,£], i€l5 (64)

i’

and ¢ € Q is the unique solution of system in Equation (26) with
the conditions

?,(0) = w,(0), Viel,5 (65)
Then
= 1 t — 1) Yy, p(r))dr
@i(t) = ;,(0) + @) /0 (t— 1) yilr, o(7))d (66)
and
[01) = 9,00] = 0,09 = 0,0) = 55 / (b= 0 e, plel)de
1 ' a—=1
<o) =00 - 7z [ =9 wie,oleds
1 ' a—1
| = it 0le) = wife o(e) s
(67)
Using Equation (54), and Lemma 11, we get
|0)i(t) - (Pi(t)|
< gy a e -ol), Vi vieTs (@
Taking the maximum from both sides, we obtain
o ~ollo < gy (e + ko = ollo) (©9)
Thus
llo —wllg < ce, (70)

where ¢ = . This implies that system in Equation (26) is

.
T(a+1)—nt*
stable in the Ulam—Hyers sense and is consequently generalized
Ulam-Hyers stable if we set & () = ct.
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4. Analysis for the Fractional SIP(H)-SI(M) Model

4.1. Basic Reproduction Number and Equilibrium Points

In this section, the basic reproduction number of the system
in Equation (22) is calculated using the next-generation matrix
method. Denoted as R, which signifies the average number of
secondary infections resulting from the introduction of a single
infection into the susceptible population. This can be calculated
as the spectral radius of the Y Z ™" matrix.

Theorem 13. The basic reproduction number of system in Equa-
tion (22) is determined by

PrAA

Ry = 1) o
0 vl p(x + p)

(71)

Proof. Because the SIP(H)-SI(M) model is composed of infec-
tion components I, P, and F, we obtain:

BE®)S() = (k + p)1(1)

vi—z=| xIt)—(6+ pu)P(t) (72)
rI(t) V() - vF(t)
Accordingly,
BE(t)S(t) (k + u)1(2)
=] 0 |z=[E+npPE)-xI (73)
rIHV() vF(t)

Here, y, denotes the rate of new infections appearing in compart-
ment i, and z; denotes the rate of transitions between compart-
ment i and other infected compartments for each i € {1, 2, 3}.
The new infection matrix Y and transition matrix Z are assessed
at the disease-free equilibrium point E; (Theorem 14), as follows:

0 0 ps: k+u 0 0
y=lo 0o of zZ=| -« é+u 0 (74)
yv: 00 0 0

Following the next-generation matrix principle, the basic repro-
duction number is defined as the spectral radius of matrix Y Z ™
and is given by Equation (71).

The initial step in comprehending a differential equation is to
identify equilibrium points. In epidemiology, we are concerned
with two types of equilibrium point:

1) Disease-free equilibrium is defined as the point at which no
disease (or death from disease) is introduced into the popula-
tion and is depicted in the model as [ = P = F = 0.

2) Other equilibrium points, where I # 0 and F # 0, are indi-
cated as endemic equilibrium points (or outbreak equilibrium
points).

We define the positive real values

m; =K+, m, =86+ pu (75)

Adv. Theory Simul. 2025, 8, 2400630
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to facilitate the calculations and establish the following theorem.

Theorem 14. The system in Equation (22) has two types of equilib-
rium points

1) Disease-free equilibrium

E = (S, I}, P, V], F) = <;,0,0,5,0> (76)
2) Endemic equilibrium point E, = (S;, 15, P;, V5, F; ), which is
u(6+m _ Al*
P o (WG o WP S S o S
Am, m, vyl +ov v(yI; + 1))
(77)
where
) m,m,v?
L= : (R5-1) (78)

y[mymyv + BA(S +my)]

The existence of the endemic equilibrium point depends on R >
1.

Proof. To determine the equilibrium points for system in Equa-
tion (22), we set ‘D%, ¢ (t) = 0, with ¢ = (S, L, P, V, F). Therefore

0 =A+6P(t) — (BF(t) + p)S(1)  (eql)
0 = BF()S(t) — (x + ) I(2) (eq2)
40 = «I(t) — (6 + ) P(t) (eq3) (79)
0=24-(I#+0)V() (eq4)
0 =yI(t)V(t) - vF(t) )

eq4

(eq5

From equations (eq3) and (eq4), we have

K A
=710 and V)= (80)
Substituting the expression of V (t) in equation (egq5), we get
F(p) = —A10 (81)

" o(yI(t) + v)
If we add (eq1) to (eq2) we obtain

S(t) = 5T<1 - Ml(t)) (82)

Am,

1) If I =0, we can easily obtain the first disease-free equilibrium
point E;.
2) When I # 0, equation (eq2) gives us

I = m,m,v’
P y|mymyo + BA(5 +my)]

(R-1) (83)

Consequently, we obtain the required endemic equilibrium
point E,, which exists for R, > 1.

Hence, the theorem is proved.
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4.2. Stability Study of Disease-Free Equilibrium Point
4.2.1. Local Stability Analysis of E,

Theorem 15. The disease-free equilibrium point of system in Equa-
tion (22) is locally asymptotically stable when R, < 1.

Proof. The Jacobian matrix for system in Equation (22) is writ-
ten as follows

S oI 9P 9V  OF
S oI 9P 9V  OF
dy; Oy, Ody, Jdy; OJy
=12 & 2B 28 05 (84)
S oI 9P 9V  OF
S oI 9P 9V  OF
S oI 9P 9V  OF

where w5 (t, @ (t)) represents the right-hand side of Equa-
tion (22). Then

—(BF + u) 0 o 0 -pS
BF -m, 0 0 pS
J= 0 K —m, 0 0 (85)
0 —-yV. 0 —(I+v) O
0 yV 0 yI )

The eigenvalues of ] (E, ) are given as the roots of the following
characteristic polynomial

A&X) ==(u+X)(m, + X)(v+X)
X [X? + (my +0)X +mp(1—R?)] (86)

The roots of f; (X) are negative reals or complexes of negative real
parts, which makes E, locally asymptotically stable.

4.2.2. Global Stability Analysis of E,

Theorem 16. The disease-free equilibrium point E; of system in Equa-
tion (22) is globally asymptotically stable if R, < 1.

Proof. To prove the theorem, we examine the following Lya-
punov function
W(S,LP,V,F) = ¢ I+¢,P+cF (87)

We consider c; to be positive constants for i € 1, 2, 3, to be deter-
mined later. The fractional derivative of W along with the solution
of system in Equation (22) is calculated as follows:

DE.W=0c, DL I +¢,“DE P +¢y DL F

=, [BFS — (k + u)I] + c;[k ] — (6 + p) P] + 5[y IV — vF]

Adv. Theory Simul. 2025, 8, 2400630
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<c [%F —(k+w)I| +c)cI—(6+ u)Pl+c;

ﬁI - DF]
[
= [—cl(l( +u) + ok + 63%] I—c,(6+ )P+ [cl% - c;v] F
(88)
By choosing ¢; =v,¢, =0,and ¢; = %, we obtain
‘D W <ok +p)(RE—1)1 (89)
Thus, if R, < 1, we get CDg+ W <0, then W, According to

LaSalle’s invariance principle,*!! this impliets that E, is globally
asymptotically stable.

4.3. Stability Study of Endemic Equilibrium Point
4.3.1. Local Stability Analysis of E,

Letg,, g, and g,, be such that

m,

- (ﬂz+v)<xa+ (m1+5)(ﬁF;‘+/4)>

BE;[6u+my (yI; + v+ p) + my(yI; +v)]
+umy(m; +yI; +0)

glzml(ylz+v)+ ptm,

g = (BE; + u)my + (my + I, +0) (BE; + p +m,)

+my(rL +v) (90)
Theorem 17. Ifwe put
By V; S, < min {8081, 8} (97)

the endemic equilibrium point E, of system in Equation (22) is locally
asymptotically stable when R, > 1.

Proof. As shown in the previous section, the Jacobian matrix
J (E,) for Equation (22) is

—(BF;+mu) O s 0 -BS;
BF; -m, 0 0 BS;
Jg, = 0 Kk —-m, 0 0 (92)
0 -yvy 0 —(yI; + v) 0
0 YV, 0 rD -0
The characteristic polynomial is given by
LX) ==+ X)(X* +a;X° + a,X* + a, X + a,) (93)
where
ay = pumy (g = BrV;S;)
a; = (my+u)(g — PrV;S;) 04

a, =g —Brv;S,
a; = fpFE +yL+m +my+pu+o
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According to Descartes’ rule, the roots of f, (X) are negative reals
or complexes of negative real parts. Therefore, the required result
is obtained.

4.3.2. Global Stability Analysis of E,

From system in Equation (22), we obtain

A=—6P; + (BF; +u)S;
(x + u)I; = BS;F;
6+ u)P; =« (95)

A=(rL+0)V;

oF; =yLV3

Theorem 18. Suppose that

P* . S* 2 F’IA LA 2 FI*
— < < i 9
1 mll’l{( 1) + — <1 ( 1) + *I} ( 6)

Therefore, the endemic equilibrium point E, of the system in Equa-
tion (22) is globally asymptotically stable when R, > 1.

Proof. We analyze the following nonlinear Lyapunov function
of the Goh-Volterra form:

W(S,I,P,V,F) = [S(t) —§* = S*log

+ [I(t) —I"=I"log %]

S()
o)

6 o pepag D)
+ 5t [P(t)—P - P log—P* ]
BS* oy eg V()
+T[V(t)—V — V*log v ]
S* F
+ —ﬂv [F(t) — F"— F'log F(?] (97)

By leveraging the findings on Volterra-type Lyapunov functions
for fractional-order epidemic systems outlined in ref. [42], and
subsequently employing the Caputo derivative on both sides, the
following inequality can be established:

a S* (1 I* «
DLW < (1 - ?) D, S() + (1 - 7) D I(1)

S+u P
+ ﬁf*<1 “’/ )CD“ V(D) + ﬁTS*<1— %)CD3+F(t)

(98)

A simple calculation provides the following result

(1— S—;>CDg+S - (1— %)[A+6P—(ﬂF+y)S]

Adv. Theory Simul. 2025, 8, 2400630
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S . . .
(1—§>[ 5P + (BF* + u)S
+ 6P — (BF + p)S]

(o § - 8)eors(i-5)

— BFS + 6P — 6P
S S

SPY + 6P (99)

FS* —
+f S

In same way, we find

(1— T>CD" I= (1— —)[ﬂFS (k + w)1]

= PFS— (k + p)I - ﬁFSIT +(x+u)I*.  (100)
Next
5 pr 5 P
—1——>CD”+P=—<1—— I—(G+p)P
5”( 5) DhP = 5 = ikl = 5+ )]
) oK 6k P*
= 5P = (o1
6+ u o+u P (101)
Also
I (1 Vyepgy 05 (1 L)
; (1 v> D5V == (1- 3 )= (I +0)V]
s* .
_P (1—1)[(y1*+v)v*—(y1+u)v1
) \%
\% V* o
_PS IV+£ Iv*—ﬁyl*v*K
v v \%
(102)
and
E(1-L)opr=2(1-5)
1-Z)eprF= 1— )1V —oF
> 7 o F V4 F]
=5 v g P ylv% +pS'F
1)
(103)
Then
s s
CDEW < 5(2————)
H ST
,,,,, s V- IVF*  FSI
Nl R M AR . £ )
+h S( S~V TVF Fsi
VeV
s*v*(z————)
+/ v oV
(S SP P I
6P*(———— —) 104
* S sp PF T (104)
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with

S* S*P P*I 1
TR
9 for PF <1 (105)

S* v* IVF* FSI*
4L Y _ I B
v I*V*F F*S*1

2 2
. S* FI* v* FI*
for mm{(?—l) +E,<7—1) +E‘}Zl

Because all parameters are nonnegative, we obtain CDg+ W <0,
which follows that d—‘:/ < 0 when R, > 1. According to LaSalle’s
invariance principle,“!l (S, I, P, V,F) —» (S*,I*, P*, V*, F*) as

t — oo.

5. Data Fitting Analysis through Numerical
Simulation

In this section, we validate our analytical findings by determining
specific parameter values and using the Adams-type predictor-
corrector method!***4 to perform a numerical simulation of the
proposed nonlinear system in Equation (1) to obtain an approxi-
mate solution for the model.

The nlinfit function in MATLAB is a powerful tool for nonlin-
ear regressions. It is used to model predictive relationships be-
tween variables when the data or the relationship between vari-
ables is complex and does not fit simple linear models. It also
provides a convenient interface for data-fitting problems.

Using this tool, we identified the parameter values closest
to those in Table 2, resulting in a minimum error for the
fractional-order model. These estimated parameters were then
incorporated into the fractional-order SIP(H)-SI(M) model (1).
To ensure consistent physical dimensions, we modified the units
of all model parameters to align with the dimension (time)™,
which corresponds to the fractional derivatives with dimension
(order a).

5.1. Numerical Scheme for the Fractional SIP(H)-SI(M) Model

In this subsection, we outline the generalized predictor-corrector
scheme associated with the Adams-Bashforth—-Moulton
algorithm,[**] which can be used to solve fractional epidemic
systems. The chosen method is stable, converges faster, and has
superior accuracy compared to other methods,[**¢ making it
an optimal choice for our SIP(H)-SI(M) model (1).

Consider the following Cauchy problem of Caputo fractional
derivative of order a > 0

0<t<L?,
k=0,1,...,m—1,

“Ds. o) = w(t (), a€(m—1m]

(106)
o(0) = g},

me N

where y is a nonlinear function. The Cauchy problem is equiva-
lent to the Volterra integral equation:
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2400630 (11 of 17)

www.advtheorysimul.com

m—1 t
* w 1 / a-1
t) = — —_— t— s d 10
o(t) 2u @, + T /, (t=7)""w(z, @(r))de (107)
Consider a uniform grid {t, = nh, withn=0,1, ..., L} for some

integer L and h = % Let @, (t,) denote the approximation of
@ (t,). Assume that we have already calculated approximations
@, (tj), forj=1,2,...,n, and we want to obtain ¢, (tn+1) using
Equation (107).

S e :
(ph(tn+1) = i k‘:l (ng) + F(Q’+ Z)W(tn+1' q)i (tn+l))
X
=
where
nl—(n—a)(n+1)*
ifj=0
o 2a+1 _,a+1_2 o 1ot+1
e = { IR ) 2 g
ifl<j<n
1
ifj=n+1

The preliminary approximation ¢} (t,,,) is called predictor and
is given by

. S 1%
@ () = 2 500 + g D (en(t)) (110
k=0 : Jj=0
with
h(l AN AN
b1 = ;[(n+1—1) - (n=))7] (111)
Error in this method is
max o(t,) - o,(t,)] = O(h°) (112)

where ©® =min (2,1+ a). Consequently, by taking ¢, (t,) =
(Sk,» Iy » Py » Sy » Iy, ) and

v (toen(t)) = (vt @0(0) v (10 0 (1)) w5 (1,24 (8)).

Vil @ (8)).vs (104 (1,)) (113)

where (y/i)1 <i<s Satisfy Equation (25). We explore the numerical
scheme corresponding to the SIP(H)-SI(M) model (1):
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ha 'Bli/; 1 pr pr
+ —F(a 2 AH - Y +u SHW+1 + (SRHM

h s Bly,
+mg{;aj’”+l AH — M +u SHJ+5RHJ

PY
_ he M1 opr pr
IHn+1 - EHo + l"(a, + 2) ( M SH—n+1 - (K + /4) IHn+]

SHn+1 = SHU

h s Ly,
* v &% (75% et ay
- h* pr pr
PHn+1 - PHo + r (0! + 2) (KIHn+1 - (5 + M) RHn+1)

<
T+ Z s (K1l = 6+ 1) Ry )

ik
s, =5, 4+ (o ey )
My T F M, l"(a+2) H My
e~ 1y
+mj_zoaj'n+l</1M_< 7 +0 SM]

hn }’IZMI pr pr
IMn+1 = IMO + r (a + 2) H SMn+1 - DIMnH
h s vy
"Ta+2) Jz(;“J (?S% =

where g;,.,, are given by Equation (109). Similarly, the predicted
values are

ST = Loy (g (P S, +6R
Hyp H0+mj=zoj,n+l - 7"'/4 H]+ H,

pr 1 - ﬂIM]
IHn+1 = IHo + I () 2 bj,n+1 VSHJ —(k+p) IHj

J=0

where b; .,

, are given by Equation (111).

5.2. Fitted Data Analysis of Malaria in Algeria

This section presents a numerical study to contribute to a com-
prehensive understanding and effective management of malaria
in Algeria using data from reliable health sources. Statistical and
graphical methods were employed to examine the key epidemio-
logical indicators and provide insights into the malaria situation
in the country.
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The total population of Algeria was H = 30774 621 in 2000.1*]
Initial reported malaria cases I}, (0) = 541 from the World Health
Organization.*®!

In our study, we assume that the total population H remains
constant; however, a significant increase in population was ob-
served from 2000 to 2021. Therefore, we cannot directly com-
pare the infection rate in 2000, where there were 541 cases out
of a population of 30 774 621, to the infection rate in 2021, where
there were 1164 cases out of a population of 44 177 969. To en-
sure accuracy, we will adjust the infection rate for each year based
on the initial total population in 2000 (Table 1), enabling a precise
comparison of infection rates over time. Based on these consid-
erations, we will calculate the average recruitment and natural
death rates for the entire period from 2000 to 2021.[*°]

Lemma 5 ensures that the population does not exceed a spec-
ified limit. This constraint is integral to maintaining the validity
of our model, as it reflects real-world limitations on population
growth and size. Indeed, we have

Hy = Hyp = 30774621 and H(t) < Hyyy, = 44177969  (114)
Subsequently, it must hold that:
AL”
Hypp1 < Hygpp €XP (m)
. 0.0228187
< mm{HZOOO Xexp <w> } (115)

Our numerical simulation shows that the greatest value that #
can take is 36 when we select 0.79 < a < 1. This decision makes
the existence and uniqueness of the solution for the SIP(H)—
SI(M) model on [0, 7] more evident. As a result, H should not
be greater than 4.67 x 107, in accordance with the limitations of
Lemma 5.

Figure 2 shows the simulation of the model predictions for
real-world malaria cases. The predicted parameter values, biolog-
ical descriptions, and pertinent references are displayed in the
table below.

The basic reproduction number in this case is:

R, ~ 0.4203 < 1 (116)
Moreover, following Theorem 7, if we choose 0.79 < a < 1, then
SIP(H)-SI(M) model admits a unique solution on [0, 7], with

¢ < 1.8083 (unit) (117)
As malaria statistics are collected annually or over several
months, we chose a unit of 20 years. In this context, the value
of ¢ should not exceed 36 years.

Figure 2 presents a chronological table spanning 21 years (be-
ginning in 2000) of confirmed malaria cases. This illustrates
fluctuations in the number of infections, reflecting variations
in the symptoms and disease severity. Additionally, the data re-
vealed a notable increase in cases coinciding with the emergence
of COVID-19.

In the context of Caputo’s model, various values of « are ex-
amined to represent different scenarios or conditions. Figures 3
and 4 illustrate the simulation findings with the numerical
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Table 1. Adjusted parameters and initial data of infected population in Algeria from 2000 to 2021.

Interpretation Ref. 2000 2001 2019 2020 2021 Average
Population of Algeria 147] 30774621 31200985 42705368 43451666 44177969 —
Initial malaria cases 148] 541 435 1014 2726 1164 —
Adjusted malaria cases — 541 429 731 1931 811 —
Recruitment rate A 149] 0.0196 0.0193 0.0233 0.0224 0.0215 0.022818
Natural death rate p 149] 0.005 0.0049 0.0044 0.0054 0.0045 0.0046818
Infected Population Due Malaria in Algeria
2000 [—
- #--Real Data of Malaria

= === Simulated Model

S 1600 [—

k]

=

o

j=

= 1200 —

j =

2 Initial Reported

= Cases of Infections

2 800~ in Algeria 2000

& (541)

j =

g 400 - .

2 e ST

b Sxe”

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

2010

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Date (Year)

Figure 2. The reported cases of malaria in Algeria (shown with red markers) compared to the predicted cumulative infected cases provided by the

proposed model (represented by blue line) for a = 0.79.

results employed to analyze the dynamics of two human classes
and two categories of mosquitoes.

It is essential to note that the SIP(H) model assumes a well-
mixed population, homogeneous mixing, and constant parame-
ters over time. However, it may not fully capture all aspects of
disease transmission such as birth, death, or variations in im-
munity. Furthermore, the suitability of the SIP(H) model varies
depending on the specific disease being modeled and the context
of the outbreak.

Next, we demonstrate the behavior of the fractional system in
Equation (1) using four specific values of a € (0, 1]. The simula-
tion results of the model are presented in Figure 5, showing the

x
O\‘

dynamics of both human and mosquito populations over time for
various values of a.

The first graph shows the susceptible human populations
from 2000 to 2020. As the parameter « increases, the decline in
the susceptible population accelerates, signifying a more rapid
spread of the disease. This observation suggests that higher
memory effects (corresponding to larger a values) lead to a
swifter depletion of the susceptible human population, thereby
intensifying disease transmission dynamics.

Moving to the second graph, we examine the infected human
population during the same period. For lower a values, the infec-
tion peak experiences a delay, whereas higher a values cause the

~eodom o
= 2 8N e 8
T T T T

Human Population (Individual)
5@
[

SIP(H) Model for Malaria - Humans
I I

T T T I I I
== Susceptible Humans [:

Partially Inmune Humans

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Date (Year)

Figure 3. Numerical simulation results for the model for the human population.
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<105 SI(M) Model for Malaria - Mosquitoes
I I I I

48

I T I
4.5 |- === Susceptible Mosquitoes
|| === Infected Mosquitoes

»
o

©
> ©
I

S
w
w @
[

pop P
RN
I

losquito Number:
>
I

M
I

o o o =
RS
I

hd [ [ [ [ | | | | | | | | | | | | | | |
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Figure 4. Numerical simulation results for the model for the mosquito population.

peak to manifest earlier and with greater intensity. This temporal ~ derscore the significance of fractional models for understanding
shift in the infection peak for smaller a values provides a critical ~ disease spread and optimizing public health strategies.

window for implementing intervention strategies that can miti- After the initial analysis, adjustments were made to the cru-
gate the impact of the disease. cial parameter #, which represents the disease transmission rate

The third graph depicts the susceptible mosquito populations  among the infected individuals. Gradual and diverse modifica-
over time. Analogous to the human population, an increasein @  tions are applied to return to the initial baseline value, and the
results in a more rapid reduction in the number of susceptible  resulting impact on the populations of infected individuals is
mosquitoes. This behavior reflects the heightened transmission  illustrated in Figure 6 for the fractional cases, specifically with
dynamics associated with larger a values. a=0.85and a = 0.95.

These simulation results and accompanying graphs empha- The graphical results reveal a pronounced reduction in the
size the pivotal role of the fractional-order parameter « in malaria  peaks of the infection curves within each population category
transmission dynamics between humans and mosquitoes. as the contact rate § decreases. Notably, smaller values of the
Higher a values lead to rapid and intense disease spread, which  fractional parameter « correspond to a slower and more sus-
affects human susceptibility and infection peaks. Conversely, tained disease spread, effectively capturing the memory effect in-
smaller « values allow for delayed infection peaks, thereby cre-  herent in the model. This biological interpretation underscores
ating an opportunity for early intervention. These insights un-  thatincreasing a accelerates disease transmission, whereas lower
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Figure 5. The dynamics of Caputo’s fractional model for various values of « and using the estimation parameters in Table 2.
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Figure 6. Impact of § on the infected population for different values of @ with & = 0.85, @ = 0.95 and using the estimation parameters in Table 2.

values delay the appearance of infection peaks, a behavior contin-
gent upon the impact of preceding events.

Furthermore, our graphical analysis emphasizes the critical
role of preventive measures. Neglecting interventions such
as reducing human-mosquito contact, leads to a substantial
increase in infections, facilitating a longer and swifter disease
spread. Therefore, targeted efforts to minimize the contact
between humans and mosquitoes should be central to inter-
vention strategies. Implementing insecticides and medications
to reduce mosquito populations significantly contributes to the
maintenance of human population stability and curbing disease
transmission.

5.3. Significance and Closing Remarks on Numerical Simulation

In Algeria, concerted efforts by authorities aim to raise public
awareness about the critical importance of implementing safety
measures to prevent malaria transmission. These preventive
measures include targeted pesticide spraying in high-risk areas,
distribution of treated mosquito bed nets for nocturnal protec-
tion, and provision of medications for treatment and prevention.
Implementing these preventive strategies is pivotal for manag-

Table 2. Parameters and initial data of the SIP(H)-SI(M) model.

Parameter Interpretation Baseline Value Reference
A Recruitment rate of human 0.022818 Estimated [4°]
Sy (0) Initial number of S 30773545 Calculated
I,y (0) Initial number of I, 541 148]

Py (0) Initial number of Py, 535 Assumed
S (0) Initial number of S, 288232 Assumed
Iy (0) Initial number of I, 19310 Assumed
p Rate of transmission from I, to S, 0.294482673 Fitted

) Immunity loss rate of humans 0,0314446765 Fitted

K Immunity acquisition rate of humans ~ 0,512191861 Fitted

A Recruitment rate of mosquito 0.104576629 Fitted

y Rate of transmission from I, to Sy, 0.126616512 Fitted

v Natural death rate of mosquitoes 0.456197917 Fitted

u Natural death rate of humans 0.0046818 Estimated [4°]
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ing the spread of malaria as they effectively reduce the risk of
infection and subsequent transmission.

In our mathematical model, these preventive measures di-
rectly impact the parameter #, which represents the rate of in-
fection transmission from mosquitoes to humans. Our simula-
tions explore how variations in this parameter influence disease
progression and spread. Figures 5 and 6 illustrate how different
values of the fractional-order parameter « affect the duration of
the critical disease state, particularly the number of infected in-
dividuals. Specifically, @ € (0, 1) quantifies memory during epi-
demics. As a approaches zero, the system exhibits perfect mem-
ory, whereas approaching one signifies no memory. Notably, an
increase in f leads to a rapid surge in the number of infected
individuals, emphasizing that neglecting safety measures signif-
icantly accelerates disease spread.

A comparison of our results with those of recent studies em-
ploying traditional models reveals that the fractional-order model
better captures the intricate dynamics of disease transmission,
particularly in the context of malaria. Recent research utiliz-
ing fractional-order models has demonstrated their efficacy in
providing more accurate epidemic predictions, especially when
accounting for natural delays in transmission processes. Our
model aligns with these findings, but introduces a novel dimen-
sion by explicitly considering the impact of memory on disease
spread, an aspect overlooked in traditional models.

6. Conclusion

This study conducted a comprehensive analysis of the SIP(H)—
SI(M) model, affirming its efficacy in elucidating malaria trans-
mission and spread dynamics. Our primary objective was to ex-
plore effective prevention, control strategies, and to draw insights
from multiple studies that provide essential tools for predicting
the impact of malaria and mitigating its effects.

From both epidemiological and mathematical perspectives, we
delineated a suitable and feasible region for the model’s solu-
tions, and subsequently investigated their existence, uniqueness,
and stability. Notably, our inquiry was extended to apply frac-
tional operators within the SIP(H)-SI(M) model, specifically test-
ing it in the context of Algeria. Parameters were meticulously es-
timated using real-world data, and numerical simulations illumi-
nated the dynamic behavior of human and mosquito populations
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over time. These simulations consistently revealed that higher in-
fection transmission rates correlate with an increased number of
infected individuals.

Remarkably, the disease-free equilibrium remained stable
across all the numerical simulations when the basic reproduc-
tion number fell below unity. Our choice of Adams—Bashforth—
Moulton numerical scheme offers distinct advantages over al-
ternative methods: improved stability, faster convergence, and
heightened accuracy in handling fractional epidemic models.
These attributes make it particularly effective for studying in-
tricate disease dynamics such as those observed in malaria, in
which fractional calculus plays a pivotal role.

The performance demonstrated by this numerical approach
significantly contributes to accurate predictions for effective con-
trol of malaria spread. Furthermore, our detailed analysis under-
scores the critical imperative of reducing the basic reproduction
number below unity. Achieving this reduction requires targeted
interventions, including treatment measures, and minimization
of human-mosquito contact. Effective medications, insecticides,
and treated bed nets emerge as pivotal tools for curbing mosquito
populations and mitigating malaria transmission.
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