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1 Department of Mathematics, Université Joseph Ki Zerbo, 03 BP 7021, Ouagadougou, Burkina Faso
2 Department of Mathematics and Informatics, Université Lédéa Bernard Ouédraogo, 01 BP 346,
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Abstract: Mathematical models are valuable tools in the fight against infectious diseases such as
dengue. However, their use to guide public health strategies in sub-Saharan Africa, particularly in
Burkina Faso, remains limited due to the scarcity of locally calibrated models. Moreover, no study has
yet applied the African vulture optimization algorithm (AVOA) for dengue parameters in this context.
In this study, we develop a compartmental model to evaluate the impact of control strategies on the 2023
dengue epidemic in the Centre Region of Burkina Faso. The model combines a susceptible–infected
(SI) structure for the mosquitoes aquatic phase, a susceptible–exposed–infected (SEI) structure for adult
mosquitoes, and a susceptible–exposed–infected–recovered (SEIR) framework for the human population.
It incorporates key features, including vertical transmission in mosquitoes and a distinction between
clinically detected and undetected human cases. After mathematical analysis, key epidemiological
parameters were estimated by calibrating the model against weekly reported case data from June to
December 2023 using AVOA. The basic reproduction number (R0) was estimated at 2.30, confirming
the potential for sustained transmission. Sensitivity analysis identified the mosquito biting rate (b),
larval carrying capacity (kA), mosquito mortality (µV), and the recovery rate of undetected cases as the
most influential parameters. Finally, numerical simulations assessed the impact of control measures
recommended by the Ministry of Health of Burkina Faso. The results show that the effectiveness of
dengue control strategies depends critically on their intensity and, most importantly, their duration,
highlighting the need for integrated, intensive, and sustained vector control measures combined with
individual protective actions for effective and long-term management of dengue transmission.
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1. Introduction

Dengue is a tropical disease transmitted by Aedes aegypti and Aedes albopictus, primarily affecting
urban and semi-urban areas. It has four serotypes (DENV-1 to DENV-4) and represents a growing
public health threat in over 100 countries. According to the World Health Organization (WHO), dengue
cases increased 10 fold between 2000 and 2019 and exceeded 5 million in 2023, with Burkina Faso
particularly affected, recording 146,878 suspected cases and 688 deaths [1].

Mathematical modeling has emerged as an essential tool for guiding public health strategies, espe-
cially in low-income countries. Numerous models have been developed to analyze different aspects of
dengue transmission, such as the impact of climate [2, 3], multi-serotype dynamics [4, 5], and human
mobility [6,7]. These approaches have helped identify key drivers of disease spread and assess potential
control strategies.

Recent studies have also demonstrated the versatility of mathematical approaches in other contexts,
such as online game addiction [8], competitive transmission of the omicron and delta COVID-19
variants [9], and mutated COVID-19 with imperfect vaccination [10]. These applications highlight the
relevance of innovative modeling frameworks for understanding complex epidemiological dynamics
like dengue transmission in Burkina Faso.

Our study is motivated by the 2023 dengue epidemic in Burkina Faso. Analysis of local data revealed
a clear predominance of the DEN-3 serotype (81.8%), supporting a single–serotype approach. Building
on the work of Zou et al. [11], we propose a model combining a susceptible–infected (SI) structure for
the mosquito aquatic phase, a susceptible–exposed–infected (SEI) structure for adult mosquitoes, and a
susceptible–exposed–infected–recovered (SEIR) framework for humans. The model incorporates two
key features: vertical transmission in mosquitoes and the distinction between clinically detected and
undetected human cases.

In the literature, dengue modeling studies in Burkina Faso remain limited. Few combine local data
with metaheuristic algorithms for parameter estimation, and most overlook important biological features
such as vertical transmission and partial clinical detection. To fill this gap, the present study applies, for
the first time, the African vulture optimization algorithm (AVOA) to estimate model parameters from
local data, providing a more accurate representation of dengue dynamics in the country.

Parameter estimation, which is challenging due to the model’s strong nonlinearity, is formulated
as an optimization problem solved using AVOA, a robust metaheuristic capable of identifying global
solutions. This methodological innovation allows precise model calibration and effective simulation of
dengue control strategies.

The paper is organized as follows: Section 2 presents the model formulation; Sections 3 and 4
provide the mathematical analysis and equilibrium stability; Section 5 describes the parameter estimation
approach using AVOA; Section 6 presents the results and sensitivity analysis; Section 7 evaluates the
control strategies through simulations; and Section 8 concludes with a summary and perspectives.

2. Model formulation

2.1. Model structure and compartment description

The model divides the total mosquito and human populations into several mutually exclusive
compartments on the basis of on their epidemiological status.
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• The aquatic stage mosquito population, NA(t), is divided into susceptibles, S A(t), and infected
(through vertical transmission), IA(t). Thus, NA(t) = S A(t) + IA(t).
• The adult female mosquito population, NV(t), is stratified into susceptibles, S V(t), exposed

(infected but not yet infectious), EV(t), and infectious, IV(t). Thus, NV(t) = S V(t) + EV(t) + IV(t).
• The human population, Nh(t), is subdivided into susceptibles, S h(t), exposed, Eh(t), undetected

infectious, Iu(t), detected infectious, Id(t), and recovered, Rh(t). Thus, Nh(t) = S h(t)+Eh(t)+ Iu(t)+
Id(t) + Rh(t).

A detailed description of each variable is provided in Table 1.

Table 1. Description of the variables used in the model.

Variables Biological description

S A(t) Susceptible aquatic mosquitoes

IA(t) Infected aquatic mosquitoes

S V(t) Susceptible adult mosquitoes

EV(t) Exposed adult mosquitoes

IV(t) Infectious adult mosquitoes

S h(t) Susceptible human population

Eh(t) Exposed human population

Iu(t) Undetected infectious human population

Id(t) Detected infectious human population

Rh(t) Recovered human population

2.2. Assumptions and transmission mechanisms

The model is based on the following assumptions and mechanisms.

• H1: Only one serotype is considered.
• H2: Human population: The human population is considered open, with a constant birth rate (λ)

and a natural death rate (µ). All new births enter the susceptible compartment (S h).
• H3: Mosquito population: The mosquito population dynamics are regulated by a carrying

capacity (kA) at aquatic breeding sites. Egg laying follows a logistic growth function.
• H4: Mortality: Natural mortality is assumed to be constant for each population (human, aquatic,

and adult). Additionally, dengue can induce extra mortality in infected humans, with distinct rates
for detected cases (µd) and undetected cases (µu).
• H5: Transmission cycle: Dengue virus transmission follows a heterogeneous cycle: A mosquito

becomes infected by biting an infectious human, and a human becomes infected by being bitten
by an infectious mosquito. No direct human-to-human or mosquito-to-mosquito transmission is
considered, except for vertical transmission.

Mathematical Biosciences and Engineering Volume 23, Issue 1, 40–75.



43

• H6: Force of infection: The transmission law follows the standard mass action principle. The
rate of new infections is proportional to the number of susceptible individuals and the prevalence
of infectious individuals in the other population (human or vector).

Force of infection on mosquitoes: λm = bβmh
Iu + Id

Nh
.

Force of infection on humans: λh = bβhm
IV

Nh
.

• H7: Vertical transmission: A constant proportion (αV) of eggs laid by infectious female
mosquitoes is already infected. This mechanism is the only mosquito-to-mosquito transmission
route.

Table 2. Parameters used in the model.

Parameters Description

µA Natural mortality rate of aquatic mosquitoes
kA Carrying capacity
µV Natural mortality rate of adult mosquitoes
rL Larval development rate of aquatic mosquitoes
rA Maturation rate of aquatic mosquitoes into adults
αV Vertical transmission rate
βmh Probability that a susceptible mosquito gets infected

after biting an infected human
βhm Probability that a susceptible human gets infected

after being bitten by an infected mosquito
b Mosquito biting rate
λ Human birth rate
µ Natural mortality rate of humans
µu Disease-induced mortality rate of undetected infected humans
µd Disease-induced mortality rate of detected infected humans
σV Virus development rate
δ Progression rate of humans from the exposed state

to the infectious state
β Proportion of detected infected humans
γu Recovery rate of undetected infected humans
γd Recovery rate of detected infected human

• H8: Latency periods: Newly infected humans and mosquitoes pass through a latency period
(compartments Eh and EV , respectively), during which they are infected but not yet infectious.
The residence time in these compartments is assumed to be exponentially distributed, implying
constant exit rates (δ and σV).
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• H9: Under-reporting of cases: A constant proportion (β) of humans becoming infectious are
detected by the health system (Id), while the complementary proportion (1 − β) is not reported (Iu).
We assume that both groups are equally infectious to mosquitoes.
• H10: Immunity: Humans who recover from the disease (compartment Rh) are assumed to acquire

permanent immunity and cannot be reinfected by the serotype considered in this study.
• H11: Homogeneity: Mixing within each population (human and vector) is assumed to be

homogeneous. Every individual has the same probability of contacting any other individual in the
other population.

The parameters are presented in Table 2, and the flows between compartments are schematically
illustrated in Figure 1.

S A IA

S V IVEV

S h

Iu

Eh Rh

Id

[rL(S V + EV) + rL(1 − αV)IV]
(
1 −

NA

kA

)
rLαV IV

(
1 −

NA

kA

)

λNh

λmS V
σV EV

rAS A rAIA

λhS h
(1 − β) δEh

βδE
h

γuIu

γ d
I d

µAS A µAIA

µVS V

µV EV

µV IV

µS h

µEh

(µ + µd)Id

(µ + µu)Iu

µRh

Figure 1. Diagram of the model of the transmission of dengue.
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3. Mathematical analysis of our dengue model

3.1. Mathematical model

By performing a mass balance across the different compartments considered, we obtain the following
system: 

dS A
dt =

[
rL (S V + EV) + rL (1 − αV) IV

] (
1 −

NA

kA

)
− (µA + rA) S A

dIA
dt = rLαV IV

(
1 −

NA

kA

)
− (µA + rA) IA

dS V
dt = rAS A − bβmh

(
Id+Iu

Nh

)
S V − µVS V

dEV
dt = bβmh

(
Iu+Id

Nh

)
S V − µV EV − σV EV

dIV
dt = σV EV + rAIA − µV IV

dS h
dt = λNh − µS h − bβhm

IV
Nh

S h.
dEh
dt = bβhm

IV
Nh

S h − µEh − δEh
dIu
dt = (1 − β)δEh − (µ + µu + γu) Iu
dId

dt
= βδEh − (µ + µd)Id − γdId

dRh

dt
= γuIu + γdId − µRh

S A(0) = S A,0, IA(0) = IA,0, S V(0) = S V,0, EV(0) = EV,0, IV(0) = IV,0, S h(0) = S h,0

Eh(0) = Eh,0, Iu(0) = Iu,0, Id(0) = Id,0,Rh(0) = Rh,0.

(3.1)

All 18 parameters: (µA, µ, rL, rA, σV , βhm, βmh, a, λ, µd, µ, µu, γu, γd, δ, and β) used for the
dengue model are non-negative, since the models describes the dynamics of the human and mosquito
populations.

3.2. Existence, uniqueness, positivity and boundedness of solutions

3.2.1. Existence and uniqueness of solutions

Theorem 3.1. [12] Suppose that the functions appearing on the right-hand sides of the equations
of System (3.1) and their partial derivatives with respect to S A, IA, S V , EV , IV , S h, Eh, Iu, Id, and Rh are
continuous in a rectangular domain according to a < t < b , c < S A, IA, S V , EV , IV , S h, Eh, Iu, Id,Rh < d.
Then for all t ∈ (a, b) and S A,0, IA,0, S V,0, EV,0, IV,0, S h,0, Eh,0, Iu,0, Id,0, and Rh,0 ∈ (c, d), the initial value
problem of System (3.1) has a unique solution on an open interval a < ω < t < φ < b containing t0.

Proof. Let x(t) =
(
S A(t), IA(t), S V(t), EV(t), IV(t), S h(t), Eh(t), Id(t), Iu(t), Rh(t)

)
,

t ∈ (a, b) and S A(t), IA(t), S V(t), EV(t), IV(t), S h(t), Eh(t), Iu(t), Id(t), Rh(t) ∈ (c, d).

Then x′(t) =
(
S A,0, IA,0, S V,0, EV,0, IV,0, S h,0, Eh,0, Iu,0, Id,0, Rh,0

)
.

Let us define a function g such that:

g(x(t)) =
(dS A

dt
,

dIA

dt
,

dS V

dt
,

dEV

dt
,

dIV

dt
,

dS h

dt
,

dEh

dt
,

dIu

dt
,

dId

dt
,

dRh

dt

)
.
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Let t0 ∈ (a, b) and

x(t0) =
(
S A(t0), IA(t0), S V(t0), EV(t0), IV(t0), S h(t0), Eh(t0), Iu(t0), Id(t0), Rh(t0)

)
=

(
S A,0, IA,0, S V,0, EV,0, IV,0, S h,0, Eh,0, Iu,0, Id,0, Rh,0

)
= x0 ∈ (c, d).

By our hypothesis, we know that g(x(t)) and its partial derivative gx(x(t)) are continuous in the rectangu-
lar domain a < t < b, c < x < d. The initial value problem:x′(t) = g(x(t))

x(t0) = x0,

admits a unique solution valid on an open interval containing t0.

3.2.2. Positivity of solutions

Theorem 3.2. Let us consider the initial conditions S A(0) > 0, IA(0) > 0, S V(0) > 0, EV(0) > 0,
IV(0) > 0, S h(0) > 0, Eh(0) > 0, Iu(0) > 0, Id(0) > 0, and Rh(0) > 0. Then the solutions S A(t), IA(t),
S V(t), EV(t), IV(t), S h(t), Eh(t), Iu(t)(t), Id(t), and Rh(t) of System (3.1) are all positive for all t > 0.

Proof. Suppose that S A(0) > 0, IA(0) > 0, S V(0) > 0, EV(0) > 0, IV(0) > 0, S h(0) > 0, Eh(0) > 0,
Iu(0) > 0, Id(0) > 0, and Rh(0) > 0. For all t > 0, we show that S A(t) > 0, IA(t) > 0, S V(t) > 0,
EV(t) > 0, IV(t) > 0, S h(t) > 0, Eh(t) > 0, Iu(0) > 0, Id(0) > 0, and Rh(t) > 0.

dS A

dt
=

[
rL (S V + EV) + rL(T ) (1 − αV) IV

] (
1 −

NA

KA

)
− (µA + rA) S A (3.2)

dS A

S A
≥ −

[
µA + rA

]
dt (3.3)

This implies that:

S A(t) ≥ S A(0) exp{−
∫ t

0

[
µA + rA

]
dt} > 0.

We also have:

dIA

dt
= rLαV IV

(
1 −

NA

KA

)
− (µA + rA) IA, (3.4)

where

IA(t) ≥ IA(0) exp{−
∫ t

0

[
µA + rA

]
dt} > O.

Using a similar approach, let us establish that:

S V(t) ≥ S V(0) exp{−
∫ t

0

[
bβmh

(
Iu + Id

Nh

)
+ µV

]
dt} > O,

EV(t) ≥ EV(0) exp{−
∫ t

0
(µV + σV) dt} > O,
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IV(t) ≥ IV(0) exp{−
∫ t

0
µVdt} > O,

S h(t) ≥ S h(0) exp{−
∫ t

0

(
bβhm

IV

Nh
+ µ

)
dt} > O,

Eh(t) ≥ Eh(0) exp{−
∫ t

0
(δ + µ) dt} > O,

Iu(t) ≥ Iu(0) exp{−
∫ t

0
(γN + µ + µu) dt} > O,

Id(t) ≥ Id(0) exp{−
∫ t

0
(γd + µ + µd) dt} > O,

Rh(t) ≥ Rh(0) exp{−
∫ t

0
µdt} > O.

Thus, we have shown that all state variables of the model remain positive for all t ≥ 0, which
completes the proof. Therefore Nh(t) ≥ 0, NA(t) ≥ 0, and NV(t) ≥ 0 are non-negative.

3.3. Boundedness of solutions

Proposition 3.3. For System (3.1), the solutions are bounded in the region.

Ω = {(S A, IA, S V , EV , IV , S h, Eh, Iu, Id,Rh)) ∈ R10
+ /NA ≤ kA,NV ≤

rAkA

µV
,Nh ≤

k1

µ
}, (3.5)

with NA = S A + IA, NV = S V + EV + IV and Nh = S h + Eh + Iu + Id + Rh.

We observe that

•
dNA

dt
= rLNV

(
1 −

NA

kA

)
− (µA + rA)NA,

NA ≤ kA;

•
dNV

dt
= rANA − µV NV ,

NV(t) ≤ NV,0e−µV t +
rANA

µV
;

• dNH(t)
dt = k1 − µNH(t) − µuIu − µdId with k1 = λNh = recruitment rate,

Nh(t) ≤ Nh,0e−µt +
k1

µ
.

Since t → +∞, we have 0 ≤ (NA(t),NV(t),N(t)) ≤
(
kA,

rANA
µV
,

k1

µ

)
. Hence, the solutions of System (3.1)

are bounded in Ω.
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3.4. Reproduction number and disease free-equilibrium

3.4.1. The net reproductive number

From System (3.1), we define the following system for populations of aquatic mosquitoes, adult
mosquitoes, and humans:


dNA
dt = rLNV

(
1 −

NA

kA

)
− (rA + µA)NA

dNV

dt
= rANA − µV NV

dNh
dt = k1 − µNH − µuIu − µdId.

(3.6)

The net reproductive number of the System (3.6) is defined as follows:

r0 =
rArL

µV (rA + µA)
. (3.7)

We have the following theorem.

Theorem 3.4. Model (3.1) has two disease-free equilibria depending on the magnitude of r0.

• If r0 < 1, then there is a trivial equilibrium point (without mosquitoes and without disease), or
TDFE (trivial disease-free equilibrium) denoted E∗0 and defined by
E∗0 = (S ∗A, I

∗
A, S

∗
V , E

∗
V , I
∗
V , S

∗
h, E

∗
h, I
∗
u, I
∗
d,R

∗
h);

E∗0 = (0, 0, 0, 0, 0,
k1

µ
, 0, 0, 0, 0).

• Si r0 > 1, then there is a non-trivial equilibrium point (without disease but with the presence of
mosquitoes), NDFE (non-trivial disease-free equilibrium) denoted E∗∗0 and defined by
E∗∗0 = (S ∗∗A , I

∗∗
A , S

∗∗
V , E

∗∗
V , I

∗∗
V , S

∗∗
h , E

∗∗
h , I

∗∗
u , I

∗∗
d ,R

∗∗
h );

E∗∗0 =

(
kA

(
1 −

1
r0

)
, 0,

rAkA

µV

(
1 −

1
r0

)
, 0, 0,

k1

µ
, 0, 0, 0, 0

)
.

To determine the disease-free equilibrium points of the model, we assume that there is no variation
over time in the state variables.

In the absence of disease, the rate of infection by vertical transmission is zero in the human and
mosquito populations. So we have αV = 0, and IA = 0. To determine the equilibrium points, we cancel
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certain equations of System (3.1), we have:

[
rL (S V + EV) + rL (1 − αV) IV

] (
1 −

NA

kA

)
− (µA + rA) S A = 0

rLαV IV

(
1 −

NA

kA

)
− (µA + rA) IA = 0

rAS A − λmS V − µVS V = 0
λmS V − µV(T )EV − σV EV = 0
σV EV + rAIA − µV IV = 0
k1 − µS h − λhS h = 0
λhS h − µEh − δEh = 0
(1 − β)δEh − (µ + µu + γu) Iu = 0
βδEh − (µ + µd + γd)Id = 0
γuIu + γdId − µRh = 0.

(3.8)

Solving the equations for the humans in System (3.8), we obtain:

S h =
k1

λh + µ
,

Eh =
λhk1

(δ + µ) (λh + µ)
,

Iu =
(1 − β)δλhk1

(µ + µu + γu) (δ + µ) (λh + µ)
,

Id =
βδλhk1

(µ + µd + γd) (δ + µ) (λh + µ)
,

Rh =
δλhk1

µ(µ + λh)(µ + δ)

(
γu(1 − β)
µ + µu + γu

+
γdβ

µ + µd + γd

)
.

Let us solve the equations for adult mosquitoes at the disease-free equilibrium points. We have:

S V =
rAS A

λm + µV
,

EV =
rAλmS A

(σV + µV) (λM + µV)
,

IV =
σVrAλmS A

µV (σV + µV) (λm + µV)
.

• Trivial disease-free equilibrium (mosquito-free) (TDFE)

S A = 0, IA = 0, S V = 0, EV = 0, IV = 0,S h =
k1

µ
, Eh = 0, Iu, Id = 0, Rh = 0.

E∗0 = (0, 0, 0, 0, 0,
k1

µ
, 0, 0, 0, 0).

• Non trivial disease-free equilibrium (with the presence of mosquitoes) (NDFE)
NV = S V + EV + IV , Therefore, with
NV =

rLrA

µV
in the first equation of System (3.8), let us substitute NV with its expression and solve:

S A

(
rLrA

µV
− (µA + rA) −

S ArLrA

µVkA

)
= 0 and thus
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S ∗∗A = kA

(
1 −

1
r0

)
.

From the third equation, we have: S V =
rAS A

µV
=

rAkA

µV

(
1 −

1
r0

)
,

E∗∗0 =

(
kA

(
1 −

1
r0

)
, 0,

rAkA

µV

(
1 −

1
r0

)
, 0, 0,

k1

µ
, 0, 0, 0, 0

)
.

3.4.2. Basic reproduction number

To determine the expression of the basic reproduction number, we use the next-generation matrix
method described by P. van den Driessche and J. Watmough in [13].

From System (3.1), we define
dX
dt
= F (X) −V(X), where X = (Eh, Iu, Id, EV , IV , IA, S h,Rh, S V , S A).

Here, F (X) represents the rate of appearance of new infections in each compartment, and
V(X) = V−(X) −V+(X), where:

• V+(X) is the rate of entry of individuals into the infected compartments due to means other than
new infections (e.g., progression or transition);
• V−(X) is the rate of removal from the infected compartments (e.g., recovery, death).

Consequently, we construct the matrices F andV by identifying the new infection terms and the
transfer terms, respectively, within the infected compartments. These will be used to determine the
next-generation matrix and compute the basic reproduction number R0.

F =



bβhm
IV
Nh

S h

0
0

bβmh

(
Id+Iu

Nh

)
S V

0
rLαV IV

(
1 − NA

KA

)
0
0
0
0



.

V =



(µ + δ)Eh

(µ + µu + γu)Iu − (1 − β)δEh

(µ + µd + γd)Id − βδEh

(µV + σV) EV

µV IV − σV EV − rAIA

(µA + rA) IA

bβmh
IV
Nh

S h + µS h − k1

µRh − γuIu − γdId

bβmh

(
Id+Iu

Nh

)
S V + µVS V − rAS A

(µA + rA) S A − [rL (S V + EV) + rL (1 − αV) IV]
(
1 − NA

kA

)



.
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The Jacobian matrices of F (X) andV(X) at the point E∗∗0 are, respectively

DFx0 =

(
F 0
0 0

)
, DVx0 =

(
V 0
J3 J4

)
,

V =



j4 0 0 0 0 0
j5 j6 0 0 0 0
j7 0 j8 0 0 0
0 0 0 j9 0 0
0 0 0 −σV µV −rA

0 0 0 0 0 j10


,

F =



0 0 0 0 j1 0
0 0 0 0 0 0
0 0 0 0 0 0
0 j2 j2 0 0 0
0 0 0 0 0 0
0 0 0 0 j3 0


,

j1 = bβhm, j2 =
bβmhµkA

µvrLk1
(rArL − µv(rA + µA)) ,

j3 =
αvµv(rA + µA)

rA
, j4 = µ + δ, j5 = −(1 − β)δ,

j6 = µ + µu + γu, j7 = −βδ, j8 = µ + µd + γd,

j9 = µv + σv, j10 = µA + rA.

V−1 =



1
j4

0 0 0 0 0
−

j5
j4 j6

1
j6

0 0 0 0
j5 j7

j4 j6 j8
−

j7
j4 j8

0 1
j8

0 0 0
0 0 0 1

j9
0 0

0 0 0 σv
j9µv

1
µv

rA
µv j10

0 0 0 0 0 1
j10


,

FV−1 =



0 0 0 P54 j1 P55 j1 P56 j1

0 0 0 0 0 0
0 0 0 0 0 0

P21 j2 + P31 j2 P22 j2 P33 j2 0 0 0
0 0 0 0 0 0
0 0 0 P54 j3 P55 j3 P56 j3


,

λ1 = 0,
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λ2 = 0,
λ3 = 0,
λ4 = 0,

λ5 =
P56 j3

2
−

1
2

√
P2

56 j2
3 + 4(P21 + P31)P54 j1 j2,

λ6 =
P56 j3

2
+

1
2

√
P2

56 j2
3 + 4(P21 + P31)P54 j1 j2.

The basic reproduction number associated with the model is given by the spectral radius of the next-
generation matrix, that is, its dominant eigenvalue. It follows that:

R0 =
P56 j3

2
+

1
2

√
P2

56 j2
3 + 4(P21 + P31)P54 j1 j2,

P11 =
1
j4
, P21 = −

j5

j4 j6
, P22 =

1
j6
, P31 = −

j7

j4 j8
,

P33 =
1
j8
, P44 =

1
j9
, P54 =

σV

µv j9
, P55 =

1
µV
, P56 =

rA

µV j10
, P66 =

1
j10
,

R0 =
αv

2
+

1
2

√
α2

v + 4D,

D =
[
δ

µ + δ

(
1 − β

µ + µu + γu
+

β

µ + µd + γd

)]
·

[
b2βhmβmhµkAσv

µ2
v(µv + σv)rLk1

· (rArL − µv(rA + µA))
]
.

3.5. Global stability of the equilibrium point

3.5.1. Global stability of the trivial equilibrium point

Theorem 3.5. If r0 < 1, then the TDFE is globally asymptotically stable.

Proof. To prove the theorem, we use the approach used in [14]. When r0 ≤ 1, there is a unique
equilibrium point without disease. Let’s rewrite the System (3.1) in the following matrix for M:

dX
dt
= A(X)X + U, (3.9)

where X = (S A, IA, S V , EV , IV , S h, Eh, Iu, Id,Rh, )T ; U = (0, 0, 0, 0, 0, k1, 0, 0, 0, 0, 0)T and A(X) is a
10 × 10 matrix defined by

A(X) =



b11 0 b13 b14 b15 0 0 0 0 0
0 b22 0 0 b25 0 0 0 0 0
rA 0 b33 0 0 0 0 0 0 0
0 0 b43 b44 0 0 0 0 0 0
0 rA 0 σV −µV 0 0 0 0 0
0 0 0 0 0 b66 0 0 0 0
0 0 0 0 0 b76 b77 0 0 0
0 0 0 0 0 0 (1 − β)δ b88 0 0
0 0 0 0 0 0 βδ 0 b99 0
0 0 0 0 0 0 0 γu γd −µ



, (3.10)
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with:
b11 = −(rA + µA), b13 = b14 = rL

(
1 − NA

KA

)
, b15 = rL(1 − αV)

(
1 − NA

KA

)
, b22 = −(rA + µA),

b25 = rLαV

(
1 − NA

KA

)
, b33 = −bβmh

(
Iu+Id

Nh

)
− µV , b43 = bβmh

Iu+Id
Nh
, b44 = −(σV + µV),

b66 = −bβhm

(
IV
Nh

)
− µ, b76 = bβhm

(
IV
Nh

)
, b77 = −(δ + µ), b88 = −(γu + µ + µu), b99 = −(γd + µ).

Let Y = X − T DFE.
Thus, Eq (3.9) can be rewritten

dY
dt
= A(Y)Y. (3.11)

It is clear that T DFEY = (0, 0, 0, 0, 0, 0, 0, 0, 0, 0) is the unique equilibrium point of System (3.11).
Consider the Lyapunov function

V(Y) =< W,Y >,

with W = (
1
rL
,

1
rL
,

1
µV
,

1
µV
,

1
µV
, 1, 1, 1, 1, 1) > 0.

We then have
dV
dY
= ⟨W, A(Y)Y⟩.

We obtain:

dV
dY
=

rA

µV
(1 −

1
r0

)(y1 + y2) −
NA

kA
(y3 + y4 + y5) − µ(y7 + y8 + y9 + y10) − µNy8.

Since r0 ≤ 1, it is obvious that
dV
dY
≤ 0. Furthermore, it follows from LaSalle’s invariance principle

that the maximal invariant set contained in
{

V |
dV
dY
= 0

}
is the T DFEY . Thus, the transformed equilib-

rium T DFEY is globally asymptotically stable if r0 ≤ 1. Therefore, E∗0 is also globally asymptotically
stable if r0 ≤ 1.

3.6. Global stability of the non-trivial equilibrium point

In this section, we demonstrate the global asymptotic stability (GAS) of the NDFE point E∗∗0 . To this
end, we introduce the following theorem:

Theorem 3.6. When R0 < 1 then E∗∗0 =
(
kA

(
1 −

1
r0

)
, 0,

rAkA

µV

(
1 −

1
r0

)
, 0, 0,

k1

µ
, 0, 0, 0, 0

)
is GAS if

S ∗∗V
N∗∗h
≥

S V

Nh
, NA ≥ N∗∗A et

S ∗∗h
N∗∗h
≥

S h

Nh
.

Proof. To prove this theorem, we adopt the Castillo-Chavez method [15].
We start by rewriting System (3.1) as follows:

dX
dt = F(X,Y)
dY
dt = G(X,Y)
G(X, 0) = 0.

(3.12)
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where X = (S A, S V , S h,Rh)T designates the set of uninfected compartments and Y =

(IA, EV , IV , Eh, Iu, Id)T designates all infected compartments.

F(X,Y) =



[
rL (S V + EV) + rL (1 − αV) IV

] (
1 −

NA

KA

)
− (µA + rA) S A

rAS A − bβmh

(
Id+Iu

Nh

)
S V − µV(T )S V

k1 − µS h − bβhm
IV
Nh

S h

γuIu + γdId − µRh


, (3.13)

and

G(X,Y) =



rLαV IV

(
1 −

NA

KA

)
− (µA + rA) IA

bβmh

(
Id+Iu

Nh

)
S V − µV EV − σV EV

σV EV + rAIA − µV IV

bβhm
IV
Nh

S h − µEh − δEh

(1 − β)δEh − (µ + µu + γu) Iu

βδEh − µId − γdId


. (3.14)

It is obvious that G(X, 0) = 0 at the disease-free equilibrium point. We now need to prove that (C1) is
satisfied. To this end, we calculate the eigenvalues of the Jacobian associated with F(X,Y) in E∗∗0 .
Therefore,

JF
(
E∗∗0

)
=



−(rA + µA) rL

(
1 −

N∗∗A
kA

)
0 0

rA −µV 0 0

0 0 −µ 0

0 0 0 −µ


. (3.15)

Its characteristic equation is: λ(µ + λ)2(rA + µA + µV + λ) = 0. The eigenvalues of the matrix
λ1 = 0, λ2 = −µ, and λ3 = −(rA + µA + µV) are zero or negative. Therefore, E∗∗0 is a glob-
ally and asymptotically stable equilibrium point. The next step is to validate the second condition:
G(X,Y) = BY − G(X,Y), where G(X,Y) ≥ 0 for (X,Y) ∈ ∆ we first calculate the matrix
B = JG(X,Y) at the disease-free equilibrium (DFE) point.

B =



−rA − µA 0 rLαV

(
1 −

N∗∗A
kA

)
0 0 0

0 −σV − µV 0 0 bβmh
S ∗∗V
N∗∗h

bβmh
S ∗∗V
N∗∗h

rA σV −µV 0 0 0

0 0 bβhm
S ∗∗h
N∗∗h

−δ − µ 0 0

0 0 0 (1 − β)δ −µ − µu − γu 0
0 0 0 βδ 0 −µ − γd


(3.16)
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Ḡ(X,Y) =



−rA − µA 0 rLαV

(
1 −

N∗∗A
kA

)
0 0 0

0 −σV − µV 0 0 bβmh
S ∗∗V
N∗∗h

bβmh
S ∗∗V
N∗∗h

rA σV −µV 0 0 0

0 0 bβhm
S ∗∗h
N∗∗h

−δ − µ 0 0

0 0 0 (1 − β)δ −µ − µu − γu 0

0 0 0 βδ 0 −µ − γd





IA

EV

IV

Eh

Iu

Id



−



rLαV IV

(
1 −

NA

KA

)
− (µA + rA) IA

bβmh

(
Id+Iu

Nh

)
S V − µV EV − σV EV

σV EV + rAIA − µV IV

bβhm
IV
Nh

S h − µEh − δEh

(1 − β)δEh − (µ + µu + γu) Iu

βδEh − µId − γdId


(3.17)

We obtain:

Ḡ(X1, X2) =



rLαV IV

(
NA − N∗∗A

kA

)
bβmh(Iu + Id)

(
S ∗∗V
N∗∗h
−

S V

Nh

)
0

bβhmIV

(
S ∗∗h
N∗∗h
−

S h

Nh

)
0
0


. (3.18)

The matrix B is a Metzler matrix because its diagonal elements are all negative and its off-diagonal

elements are all positive. Furthermore, G(X, 0) = (0, 0, 0, 0, 0, 0)T . If
S ∗∗V
N∗∗h
≥

S V

Nh
, NA ≥ N∗∗A and

S ∗∗h
N∗∗h
≥

S h

Nh
alors Ḡ(X,Y) ≥ 0. Therefore, both hypotheses are satisfied. On the basis of the Castillo-

Chavez method [15–17], we demonstrate that if R0 < 1, the disease-free equilibrium point is globally
asymptotically stable.

4. Endemic equilibrium point

This section analyzes the global stability of the model’s endemic equilibrium. The proof is based on
the use of Lyapunov functions. Global asymptotic stability means that; for any initial condition within a
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neighborhood of the endemic equilibrium, the system’s dynamics converge to this state over time.

4.1. Existence and local stability of the endemic equilibrium

Theorem 4.1. System (3.1) admits a unique endemic equilibrium point denoted E∗∗∗0 of the components
(N∗∗∗A , I

∗∗∗
A ,N

∗∗∗
V , E

∗∗∗
V , I

∗∗∗
V ,N

∗∗∗
h , S

∗∗∗
h , E

∗∗∗
h , I

∗∗∗
u , I

∗∗∗
d ) which is locally asymptotically stable when R0 > 1

and is unstable otherwise.

Proof. To determine the endemic equilibrium, we analyze the positive solutions of the system below:

rLNV

(
1 −

NA

kA

)
− (rA + µA)NA = 0

rLαV IV

(
1 −

NA

kA

)
− (rA + µA)IA = 0

rA NA − µV NV = 0

bβmhS V

(
Id + Iu

Nh

)
− (σV + µV)EV = 0

rA IA + σV EV − µV IV = 0
k1 − µNh − µuIu − µdId = 0

k1 − bβhmS h
IV

Nh
− µS h = 0

bβhmS h
IV

Nh
− δ Eh − µ Eh = 0

(1 − β) δEh − (µ + µu + γu)Iu = 0
βδEh − (µ + µd + γd)Id = 0.

(4.1)

Using the equations of System (4.1), we obtain:

N∗∗∗A =
kA

rL rA

[
rL rA − µV(rA + µA)

]
,

N∗∗∗V =
kA

rLµV

[
rL rA − µV(rA + µA)

]
,

I∗∗∗A =
αVµV

rA
I∗∗∗V ,

E∗∗∗V =
µV (1 − αV)
σV

I∗∗∗V ,

N∗∗∗h =
k1 − µu I∗∗∗u − µd I∗∗∗d

µ
,

S ∗∗∗h =
k1N∗∗∗h

bβhmI∗∗∗V + µN
∗∗∗
h

,

E∗∗∗h =
bβhmk1I∗∗∗V(

bβhmI∗∗∗V + µN
∗∗∗
h

)
(δ + µ)

,
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I∗∗∗u =
(1 − β)δbβhmk1I∗∗∗V(

bβhmI∗∗∗V + µNh

)
(δ + µ) (µ + µu + γu)

,

I∗∗∗d =
βδbβhmk1I∗∗∗V(

bβhmI∗∗∗V + µN
∗∗∗
h

)
(δ + µ) (µ + µd + γd)

,

I∗∗∗V =
rAI∗∗∗A + σV E∗∗∗V

µV
.

4.2. Global stability of the endemic equilibrium

In this section, using an appropriate Lyapunov function, we will show that the endemic equilibrium
point is globally asymptotically stable, E∗∗∗.

Theorem 4.2. If R0 > 1, the endemic equilibrium point E∗∗∗ of System (3.1) is globally asymptotically
stable.

Proof. Let V be the Lyapunov function defined by:

V(X) = (S A − S ∗∗∗A ) + (IA − I∗∗∗A ) − (S ∗∗∗A + I∗∗∗A ) ln
(

S A + IA

S ∗∗∗A + I∗∗∗A

)
+ (S V − S ∗∗∗V ) + (EV − E∗∗∗V ) + (IV − I∗∗∗V ) − (S ∗∗∗V + E∗∗∗V + I∗∗∗V ) ln

(
S V + EV + IV

S ∗∗∗V + E∗∗∗V + I∗∗∗V

)
+ (S h − S ∗∗∗h ) + (Eh − E∗∗∗h ) + (Iu − I∗∗∗u ) + (Id − I∗∗∗d ) + (Rh − R∗∗∗h )

− (S ∗∗∗h + E∗∗∗h + I∗∗∗u + I∗∗∗d + R∗∗∗h ) ln
(

S h + Eh + Iu + Id + Rh

S ∗∗∗h + E∗∗∗h + I∗∗∗u + I∗∗∗d + R∗∗∗h

)
.

We have V(X∗∗∗) = 0.

V(X(t)) = (S A + IA) − (S ∗∗∗A + I∗∗∗A ) − (S ∗∗∗A + I∗∗∗A ) ln
(

S A + IA

S ∗∗∗A + I∗∗∗A

)
+ (S V + EV + IV) − (S ∗∗∗V + E∗∗∗V + I∗∗∗V ) − (S ∗∗∗V + E∗∗∗V + I∗∗∗V ) ln

(
S V + EV + IV

S ∗∗∗V + E∗∗∗V + I∗∗∗V

)
+ (S h + Eh + Iu + Id + Rh) − (S ∗∗∗h + E∗∗∗h + I∗∗∗u + I∗∗∗d + R∗∗∗h )

− (S ∗∗∗h + E∗∗∗h + I∗∗∗u + I∗∗∗d + R∗∗∗h ) ln
(

S h + Eh + Iu + Id + Rh

S ∗∗∗h + E∗∗∗h + I∗∗∗u + I∗∗∗d + R∗∗∗h

)
,

V(X(t)) = S A − S ∗∗∗A − S ∗∗∗A ln
S A

S ∗∗∗A
+ IA − I∗∗∗A − I∗∗∗A ln

IA

I∗∗∗A
+ S V − S ∗∗∗V − S ∗∗∗V ln

S V

S ∗∗∗V

+ EV − E∗∗∗V − E∗∗∗V ln
EV

E∗∗∗V
IV − I∗∗∗V − I∗∗∗V ln

IV

I∗∗∗V
+ S h − S ∗∗∗h − S ∗∗∗h ln

S h

S ∗∗∗h

+ Eh − E∗∗∗h − E∗∗∗h ln
Eh

E∗∗∗h

+ Iu − I∗∗∗u − I∗∗∗u ln
Iu

I∗∗∗u
+ Id − I∗∗∗d − I∗∗∗d ln

Id

I∗∗∗d

.

Mathematical Biosciences and Engineering Volume 23, Issue 1, 40–75.



58

The time derivative of V(X(t)) is given by

dV(X(t))
dt

=

(
1 −

S ∗∗∗A

S A

)
dS A

dt
+

(
1 −

I∗∗∗A

IA

)
dIA

dt
+

(
1 −

S ∗∗∗V

S V

)
dS V

dt
+

(
1 −

E∗∗∗V

EV

)
dEV

dt

+

(
1 −

I∗∗∗V

IV

)
dIV

dt
+

(
1 −

S ∗∗∗h

S h

)
dS h

dt
+

(
1 −

E∗∗∗h

Eh

)
dEh

dt
+

(
1 −

I∗∗∗u

Iu

)
dIu

dt

+

(
1 −

I∗∗∗d

Id

)
dId

dt
+

(
1 −

R∗∗∗h

Rh

)
dRh

dt
,

dV(X(t))
dt

=

(
1 −

N∗∗∗A

NA

)
dNA

dt
+

(
1 −

N∗∗∗V

NV

)
dNV

dt
+

(
1 −

N∗∗∗h

Nh

)
dNh

dt
,

dV(X(t))
dt

=

(
1 −

N∗∗∗A

NA

) (
rLNV

(
1 −

NA

kA

)
− (µA + rA)NA

)
+

(
1 −

N∗∗∗V

NV

)
(rANA − µV NV)

+

(
1 −

N∗∗∗h

Nh

)
(k1 − µNh − µuIu − µdId) .

We use the second-order asymptotic Taylor expansion to prove the local stability of the equilibrium

point. The formula
(
1 − x∗

x

)
( f (x) − f (x∗)) =

f ′(x∗)
x

(x− x∗)+o
(
(x − x∗)2

)
where x > 0 and x∗ > 0. Now,

if f ′(x∗) < 0, then:
(
1 − x

x∗

)
( f (x) − f (x∗)) ≤ 0.

Therefore,
(
1 −

N∗∗∗A

NA

) (
rLNV

(
1 −

NA

kA

)
− (µA + rA)NA

)
≤ 0;

(
1 −

N∗∗∗V

NV

)
(rANA − µV NV) ≤ 0; and(

1 −
N∗∗∗h

Nh

)
(k1 − µNh − µuIu − µdId) ≤ 0.

We deduce that V̇(X(t)) ≤ 0, which shows that it is a Lyapunov function.
Moreover, V̇(X(t)) = 0 if and only if S A = S ∗∗∗A ,IA = I∗∗∗A , S V = S ∗∗∗V , EV = E∗∗∗V , IV = I∗∗∗V , S h = S ∗∗∗h ,

Eh = E∗∗∗h , Iu = I∗∗∗u , Id = I∗∗∗d , and Rh = R∗∗∗h .
According to LaSalle’s invariance theorem, the endemic equilibrium point E∗∗∗ is globally asymptoti-

cally stable.

4.3. Parameters estimation

The objective is to estimate the parameters of the model by fitting its outputs to the observed data.
We use a set of M observations of the weekly reported new cases, denoted by Iw,obs( j), recorded at times
t j, j = 1, . . . ,M. The model prediction for the weekly new cases is given by

Iw(t; U) = β δ Eh(t; U),

where U = (βmh, βhm, β, b, rL, αV) is the vector of parameters to be estimated (defined in Table 2).
In this equation, Eh(t; U) denotes the number of exposed individuals (compartment Eh) at time t for

a given set of parameters U, obtained as the solution of System (3.1).
For the problem in System (3.1), we associate the following definition with the functional J:

J(U) =
∫ t f

ti

(
Iw(t; U) − Iw,obs(t)

)2 dt, (4.2)
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where ti and t f denote the initial and final times, respectively.
The parameter estimation problem consists of solving:

min
U⊂D

J(U), (4.3)

whereD = [0, 1]6 is a bounded subset of R6.

Theorem 4.3. The problem defined by (3.1) admits a unique solution, denoted by

U∗ = (β∗mh, β
∗
hm, β

∗, b∗, r∗L, α
∗
V).

where each component corresponds to the estimated optimal value of the model parameters that best
reproduce the observed epidemic dynamics (see Table 2 for a complete description of each parameter).

Thus, U∗ represents the set of biological parameters that best capture the observed dynamics of
the epidemic.

Proof. Let us define the mapping

B : D → L2(ti, t f ), U 7→ YU(t),

where YU(t) is the unique solution of System (3.1) for a given U. We also define

H : L2(ti, t f )→ R, YU(t) 7→
∫ t f

ti
(Iw(t; U) − Iw,obs(t))2 dt.

Hence, the functional can be written as a composition:

J(U) = H
(
Iw(·; U)

)
.

The mapping B is continuous, andH is quadratic and continuous. Therefore, J is continuous on the
compact domainD = [0, 1]6. By Weierstrass’ theorem, J admits at least one minimizer U∗.

If, in addition, the functional J is convex, this minimizer is unique. We then denote it by

U∗ =
(
β∗mh, β

∗
hm, β

∗, b∗, r∗L, α
∗
V
)
.

5. Presentation of the African vulture optimization algorithm (AVOA)

In this study, the epidemiological parameters of the dengue transmission model were estimated using
the African vulture optimization algorithm (AVOA) [18]. This algorithm is a bio-inspired metaheuristic
based on the foraging behavior of African vultures, which alternates between global exploration and
local exploitation phases to converge toward the optimal solutions.
The steps of the AVOA are shown below.

• Phase 1: Population grouping
After generating the population, the algorithm divides it into two groups: The first group is led by
the best vulture, and the second by the second-best. The vultures are directed toward one another
according to a calculated probability.

R(i) =

BestVulture1 if pi = L1

BestVulture2 if pi = L2
for i = 1, . . . ,N. (5.1)
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• Phase 2: Rate of starvation of vultures F
The algorithm calculates the hunger rate of each vulture to determine whether it should explore or
exploit the search space.

F = (2 × rand1 + 1) × z ×
(
1 −

iterationi

maxiterations

)
+ t, (5.2)

where
rand1: A random value between 0 and 1,
z: A random value in the interval [−1, 1] that changes at each iteration,

t = h ×
(

sin
(
ωπ2

iterationi
maxiterations

)
+ cos

(
π
2

iterationi
maxiterations

)
− 1

)
,

where
h: A random number in [−2, 2],
ω: A constant controlling the exploration phase.
• Phase 3: Exploration

If |F| > 1 (the vulture is hungry), the vulture is in the exploration phase. It adopts one of two
random strategies: Either it moves toward a leader or it performs a random search in the solution
space.

P(i + 1) = R(i) − D(i) × F (5.3)

P(i + 1) = R(i) − F + rand2 × ((ub − lb) × rand3 + lb) (5.4)

• Phase 4: Exploitation phase (first step)
The vulture performs a rotational flight around the target or a slow siege attack around the best
solution if 0.5 ≤ |F| ≤ 1.

P(i + 1) = D(i) × (F + rand4) − d(t), i = 1, . . . ,N. (5.5)

P(i + 1) = R(i) − (S 1(i) + S 2(i)), i = 1, . . . ,N. (5.6)

• Phase 5: Exploitation phase (second step)
If the vulture is slightly hungry (|F| < 0.5), it either gathers around the best vultures or engages in
aggressive fighting with Lévy flight to refine the search.

P(i + 1) =

Eq (5.8) if P3 ≥ randp3

Eq (5.9) if P3 < randp3
, i = 1, . . . ,N. (5.7)

P(i + 1) =
A1(i) + A2(i)

2
, i = 1, . . . ,N. (5.8)

P(i + 1) = R(i) − d(i) × F × Levy(d), i = 1, . . . ,N. (5.9)

The pseudo-code of the AVOA is described in Algorithm 1.
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Algorithm 1 AVOA for the parameter estimation problem [19].
Inputs: Population dimension N and maximum number of iterations T
Outputs: The location of vulture and its fitness value
Initialize the random population Pi(i = 1, 2, . . . ,N)
while stopping condition is not met do

Solve the direct problem (3.1)
Calculate the fitness values of vulture using the cost function (4.2)
Set PBestVulture1 to represent the vulture’s position (best position for vulture Category 1)
Set PBestVulture2 to represent the vulture’s position (second best location best vulture Category 2)
for each vulture Pi do

Select R(i) according to Eq (5.1)
Update F according to Eq (5.2)
if |F| ≥ 1 then

if P1 < randP1 then
Update the location of vulture via Eq (5.3)

else
Update the location of vulture via Eq (5.4)

end if
else if |F| < 1 then

if |F| ≥ 0.5 then
if P2 < randP2 then

Update the location of vulture via Eq (5.5)
else

Update the location of vulture via Eq (5.6)
end if

else
if P3 ≥ randP3 then

Update the location of vulture via Eq (5.8)
else

Update the location of vulture via Eq (5.9)
end if

end if
end if

end for
end while
return PBestVulture1

6. Results and discussion

6.1. Results of parameters estimation

The data used in this study consist of weekly reported dengue cases from June to December 2023 in
the central region of Burkina Faso.
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Although the data are weekly, the model was numerically solved using the fourth-order Runge–Kutta
(RK4) method with a daily time step. This choice was made to account for the biological and
epidemiological realities of the disease. Specifically, the intrinsic incubation period in the human host
ranges from approximately 4 to 10 days, whereas the extrinsic incubation period in the Aedes vector (the
time required for the mosquito to become infectious after biting a viremic host) ranges from about 8 to
12 days [20]. A weekly time unit would not allow for accurate representation of these critical durations.

Similarly, the average lifespan of an adult mosquito is 2–4 weeks, but mortality risk is a daily event.
Consequently, the vector mortality rate (µV) is defined in nearly all of the literature as a daily rate [21].
Moreover, the aquatic developmental cycle (egg, larva, pupa) also unfolds over several days.

Table 3. Parameters related to human and vector dynamics.

Parameters Range Values References
λ ≈ 9.58904 × 10−5 9.58904 × 10−5 day−1 [22, 23]
µ ≈ 2.19178 × 10−5 2.19178 × 10−5 day−1 [22, 23]
kA - 9.74322 × 106 -
µA [0.05, 0.25] 0.15 day−1 [24, 25]
rA [0.07, 0.14] 0.1 day−1 [25]
µV [0.3, 0.13] 0.047619 day−1 [26, 27]
σV [0.083, 0.125] 0.125 day−1 [28]
Nh - 3.24774 × 106 [29]
δ [0.1, 0.25] 0.166667 day−1 [30, 31]
µu [1.4 × 10−4, 1.4 × 10−3] 0,001 day−1 [30]
γu [0.14, 0.2] 0.142857 day−1 [30, 31]
µd > 1.4 × 10−4 0.002 day−1 [30]
γd [0.1, 0.2] 0.1 day−1 Assumed

Table 4. Initial conditions used for the model simulation.

Variable Initial value Unit
S h(0) 3,212,760 Individuals
Eh(0) 2148.25 Individuals
Iu(0) 36 Individuals
Id(0) 322.042 Individuals
Rh(0) 32,477.4 Individuals
S V(0) 6,495,480 Mosquitoes
EV(0) 10,000 Mosquitoes
IV(0) 100.154 Mosquitoes
S A(0) 3,247,740 Mosquitoes
IA(0) 324.774 Mosquitoes
Nh(0) 3,247,740 Individuals

This daily step approach also allows for the simulation of control strategies with high temporal
flexibility (e.g., a 10-day spraying campaign), which would be impossible to represent with a weekly
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time unit. For calibration purposes, the model’s daily outputs were aggregated into weekly data for
comparison with the observed cases, ensuring consistency between simulation and estimation.

The fixed parameter values used in the estimation are presented in Table 3. The initial values used
are presented in Table 4. Table 5 presents the results of the parameter estimation problem using the
AVOA algorithm.

Table 5. Estimated values of the model parameters, with variation ranges and references.

Parameter Range Estimated value Unit/note References
βmh [0, 0.5] 0.284499 Probability [26]
βhm [0, 0.75] 0.16289 Probability [26]
β [0.1, 0.4] 0.100547 Proportion [32]
b [0.26, 0.67] 0.400259 Bites/day [26, 30]
rL [4, 10] 6.17254 Day−1 [25]
αV [0, 0.11] 0.100074 Proportion [33, 34]

Figure 2 presents both the observed and the estimated data, demonstrating the robustness of the
AVOA algorithm.

Figure 2. Weekly evolution of dengue cases in Burkina Faso and fit of the proposed model
(June–December 2023).

Figure 2 illustrates a satisfactory fit between the mathematical model and the weekly dengue case
data recorded in Burkina Faso from June to December 2023. Thanks to the AVOA algorithm, the model
parameters were robustly estimated, allowing faithful reproduction of the observed dynamics, notably
the rise, peak, and decline of the epidemic. These results demonstrate the relevance of the fitting method
used. To assess the influence of parameters on the model’s behavior, a sensitivity analysis is presented
in the following section.
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6.2. Sensitivity analysis

Sensitivity analysis is a fundamental tool for evaluating the influence of the parameters in a complex
dynamic model on the basic reproduction number R0, which determines the endemic threshold. It helps
to assess the impact of each parameter on this threshold.

In this study, we used a numerical differentiation approach to calculate the sensitivity indices of R0

with respect to each model parameter, using the following formula:

χR0
Υ =

∂R0

∂Υ
×
Υ

R0
, (6.1)

where Υ is a parameter of the model. A positive sensitivity index indicates that an increase in the
parameter leads to an increase in R0, while a negative index suggests that it decreases R0. The parameters
were estimated using the African vulture optimization algorithm (AVOA), based on dengue case data in
Burkina Faso. Table 6 provides the numerical values of the sensitivity indices.

Table 6. Sensitivity indices of the model parameters.

Sensitivity index Values
χR0
µA =

(
∂R0
∂µA

)
×

(
µA
R0

)
−0.005768

χR0
rA =

(
∂R0
∂rA

)
×

(
rA
R0

)
0.494635

χR0
µV =

(
∂R0
∂µV

)
×

(
µV
R0

)
−1.122208

χR0
σV =

(
∂R0
∂σV

)
×

(
σV
R0

)
0.134860

χR0
δ =

(
∂R0
∂δ

)
×

(
δ

R0

)
0.000064

χR0
γN =

(
∂R0
∂γN

)
×

(
γN
R0

)
−0.419293

χR0
γh =

(
∂R0
∂γh

)
×

(
γh
R0

)
−0.065255

χR0
rL =

(
∂R0
∂rL

)
×

(
rL
R0

)
0.009614

χR0
αV =

(
∂R0
∂αV

)
×

(
αV
R0

)
0.022266

χR0
kA
=

(
∂R0
∂kA

)
×

(
kA
R0

)
0.488761

χR0
b =

(
∂R0
∂b

)
×

(
b

R0

)
0.977734

χR0
βmh
=

(
∂R0
∂βmh

)
×

(
βmh
R0

)
0.488867

χR0
βhm
=

(
∂R0
∂βhm

)
×

(
βhm
R0

)
0.488867

χR0
β =

(
∂R0
∂β

)
×

(
β

R0

)
0.019368

Figure 3 highlights the impact of each parameter on the endemic threshold. The analysis shows
parameters in the following categories.

• Positive sensitivity values are:

χR0
rA
= 0.494635, χR0

σV
= 0.134860, χR0

δ = 0.000064, χR0
rL
= 0.009614, χR0

αV
= 0.022266,

χR0
kA
= 0.488761, χR0

b = 0.977734, χR0
βmh
= 0.488867, χR0

βhm
= 0.488867, χR0

β = 0.019368.

The parameters rA, σV , δ, rL, αV , kA, b, βmh, βhm, and β contribute to increasing the value of R0. The
analysis emphasizes that to effectively contain the disease’s spread, it is essential to reduce contacts
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between humans and mosquitoes by targeting the biting rate b and the transmission probabilities
βmh and βhm. It is also necessary to limit the vector’s reproduction and development by controlling
the maturation rate rA and the larval carrying capacity kA. These highly influential parameters
represent strategic targets for lowering R0 below the endemic threshold.
• Negative sensitivity values are:

χR0
µA
= −0.005768, χR0

µV
= −1.122208, χR0

γN
= −0.419293, χR0

γh
= −0.065255.

The parameters µA, µV , γN , and γh contribute to decreasing the value of R0. The analysis reveals
that the adult mosquito mortality rate µV and the recovery rate of undetected infected humans
γN are the most influential parameters with negative sensitivity. This highlights the effectiveness
of strategies aimed at reducing the lifespan of adult mosquitoes (such as insecticide use and
destruction of larval breeding sites) on the one hand, and approaches that promote recovery of
undetected infected individuals by facilitating rapid care and raising awareness of preventive
behaviors on the other hand.

Figure 3. Sensitivity indices of the model parameters.

7. Simulation of dengue control strategies

The dynamics of the Aedes aegypti mosquito play a crucial role in dengue transmission. To contain
the disease, various control strategies can be implemented. This section evaluates the impact of three
major interventions: Limiting larval breeding sites, increasing adult mosquito mortality, and reducing
the biting rate. These interventions are analyzed individually and in combination over periods of 4 and
8 weeks to identify the most effective and sustainable approaches. The baseline simulation without
intervention shows an epidemic peak of 328,282 cases on Day 141.9.
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7.1. Impact of larval source reduction

Reducing mosquito breeding sites, simulated through a 10%, 25%, and 50% decrease in the larval
carrying capacity (kA), leads to a substantial decline in case numbers and a delay in the epidemic peak
(Figure 4). For these reduction levels, the epidemic peak is lowered to 300,392 (Day 150), 253,075
(Day 166), and 154,330 (Day 214) cases. This intervention results in a total case reduction ranging
from 2.2% to 56.2% and causes the basic reproduction number (R0) to decrease from 2.30 to 1.6. By
limiting the adult mosquito population, this strategy effectively flattens and delays the epidemic curve,
significantly slowing down transmission.

Figure 4. Impact of reducing larval sources.

7.2. Impact of increasing adult mosquito mortality

Increasing adult mosquito mortality (µV) is a key vector control strategy aimed at reducing mosquitoes
lifespan and transmission capacity. We simulated the effect of increasing µV by 50%, 100%, and 200%
for durations of 4 and 8 weeks.

A 4-week intervention (Figure 5) delayed the epidemic’s peak but had a limited impact on its
magnitude, with transmission resurging shortly after the measures were lifted. The effectiveness,
measured as total case reduction, ranged from 2.7% to 45.7%.

In contrast, extending the intervention to 8 weeks (Figure 6) yielded a substantially greater and more
sustained effect. For instance, a 200% increase in µV lowered the peak to 172,499 cases and delayed
it to Day 214. The effectiveness of this scenario increased significantly, ranging from 9.1% to 77.6%,
highlighting the critical importance of the intervention’s duration.

This strategy profoundly impacts the basic reproduction number (R0), which dropped from a baseline
of 2.30 to as low as 0.6. This indicates that an intense and prolonged adulticidal intervention can
suppress transmission below the epidemic threshold.
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Figure 5. Impact of increasing adult mosquito mortality: 4-week intervention.

Figure 6. Impact of increasing adult mosquito mortality: 8-week intervention.

7.3. Impact of reducing the biting rate

Reducing the mosquito biting rate (b) is a crucial strategy for limiting vector−human contact and
mitigating the epidemic’s spread. Our simulations, which reduced this rate by 10%, 20%, and 30%,
demonstrate a substantial impact on the epidemic’s trajectory (Figure 7).

The strategy effectively flattens and delays the epidemic curve. A 10% reduction lowers the peak to
274,696 cases (Day 161.9), while a 30% reduction dramatically suppresses it to 136,824 cases (Day 214).
This corresponds to a cumulative case reduction ranging from 6.8% to 68.7%.
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This effect is reflected in the basic reproduction number (R0), which drops from a baseline of 2.30
to 1.6 under a 30% reduction scenario. These findings highlight the efficacy of public health campaigns
in promoting individual protection measures, such as using mosquito nets and repellents, which directly
contribute to reducing the biting rate.

Figure 7. Impact of increasing adult mosquito mortality.

7.4. Larval reduction and increased adult mortality (kA and µV)

Combining a reduction in larval sites (decreased kA) with increased adult mosquito mortality (in-
creased µV) yields a powerful synergistic effect in controlling the epidemic.

While a 4-week intervention (Figure 8) shows significant impact, its durability is limited. Under
the highest intensity scenario (a 50% reduction in kA and a 200% increase in µV), the epidemic’s peak
was reduced to just 33,418 cases, and subsequent resurgence was slow. However, for lower-intensity
interventions, transmission rebounded quickly after the measures were lifted. The overall reduction in
total cases for this duration ranged from 7.3% to 93.0%.

Extending the intervention to 8 weeks (Figure 9) amplifies this effect, leading to a more pronounced
and sustained control. In the highest-intensity scenario, the epidemic is virtually eradicated, with
the peak plummeting to only 7217 cases. This corresponds to a cumulative case reduction of 97.6%,
compared with 17.7% for the mildest intervention.

This integrated approach dramatically reduces the basic reproduction number (R0) from a baseline of
2.3 to as low as 0.5. These results underscore the critical importance of a prolonged, integrated strategy
that targets both larval and adult vector stages to achieve near-elimination of transmission.
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Figure 8. Four-week combined impact: Larval reduction and increased adult mosquito
mortality.

Figure 9. Eight-week combined impact: Larval reduction and increased adult mosquito
mortality.

7.5. Increased adult mortality and reduced biting rate (µV and b)

A synergistic strategy that combines increased adult mosquito mortality (µV) with a reduced biting
rate (b) demonstrates exceptional efficacy in controlling dengue’s transmission (Figures 10 and 11).

A 4-week intervention significantly reduces the epidemic’s transmission. For instance, while a mild
intervention (+50% µV , −10% b) lowers the peak to 261,413 cases, the most aggressive scenario (+200%
µV , −30% b) slashes the peak to just 20,293 cases. This corresponds to a total case reduction ranging
from 16.4% to 95.7%.
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Figure 10. Four-week intervention: Increasing adult mosquito mortality and reducing bit-
ing rate.

Figure 11. Eight-week intervention: Increasing adult mosquito mortality and reducing
biting rate.

Extending the intervention to eight weeks results in near-elimination levels of control. The highest-
intensity combination virtually flattens the curve, with the peak reduced to a mere 4481 cases and a
cumulative case reduction of 98.5%. This profound impact is reflected in the basic reproduction number
(R0), which plummets from 2.3 to 0.5, well below the epidemic threshold.

These findings underscore that a sustained, dual-action approach simultaneously shortening the
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vector’s lifespan and minimizing vector−host contact is a powerful strategy for halting the epidemic’s
spread.

7.6. Combination of the three strategies (kA, µV , and b)

A comprehensive strategy integrating all three interventions (larval site reduction (kA), increased
adult mortality (µV), and reduced biting rate (b)) demonstrates unparalleled efficacy in controlling
the epidemic.

Figure 12. Four-week combined intervention: Impact of the combined intervention strategy.

Figure 13. Eight-week combined intervention: Impact of the combined intervention strategy.
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A 4-week intervention (Figure 12) shows a remarkable dose-dependent impact. While the mildest
combination of measures reduces the peak to 237,390 cases (28.4% effectiveness), the most aggressive
combination nearly flattens the epidemic curve, suppressing the peak to a mere 2131 cases and achieving
99.1% effectiveness in total case reduction.

Extending the intervention to 8 weeks (Figure 13) solidifies this control and ensures its longevity by
preventing post-intervention resurgence. In the highest-intensity scenario, the epidemic is decisively
halted, with the peak remaining at just 2131 cases and the overall effectiveness reaching 99.3%.

This integrated approach has a profound impact on transmission dynamics, causing the basic
reproduction number (R0) to plummet from a baseline of 2.3 to an extremely low 0.3. These findings
highlight that a sustained, multi-faceted strategy that simultaneously targets larval, adult, and behavioral
components of the transmission cycle is the most robust path toward elimination of the epidemic.

7.7. General conclusion on control strategies

The simulations consistently demonstrate that the effectiveness of dengue control strategies strongly
depends on their intensity and, especially, their duration.

• Four-week interventions have a temporary impact: They delay and reduce the epidemic’s peak but
are insufficient to prevent a rapid resurgence of transmission.
• Eight-week interventions are significantly more effective, leading to sustained epidemic control,

and even local elimination in the most intensive scenarios.
• Combined strategies consistently outperform single interventions, with the combination of all three

measures (larval control, adulticide, and biting rate reduction) yielding the best results.

These findings highlight the necessity of implementing integrated, intensive, and prolonged vector
control actions to sustainably manage the transmission of dengue.

8. Conclusions

In this study, we developed a compartmental model to analyze dengue’s transmission dynamics in
Burkina Faso. Our approach combines three frameworks: Susceptible-infected (SI) for the aquatic phase
of mosquitoes, susceptible-exposed-infected (SEI) for the vector population, and susceptible-exposed-
infected-recovered (SEIR) for the human population. The model incorporates vertical transmission in
mosquitoes, a feature that has been seldom explored in previous research.

Parameter estimation was performed using the African vulture optimization algorithm (AVOA),
enabling the quantification of key unknown parameters. A subsequent sensitivity analysis identified
the most influential drivers of dengue transmission, including mosquito biting rate, transmission
probabilities, and several vector life-cycle parameters. Adult mosquito mortality and the recovery rate
of undetected cases were also shown to be critical factors for limiting disease spread.

Numerical simulations demonstrated that strategies combining larval source reduction, increased
adult mosquito mortality, and reduced biting rates are highly effective for epidemic control. According
to our model, these simultaneous interventions can reduce the basic reproduction number (R0) from
2.3 to 0.3, resulting in a sharp decline in case numbers. Furthermore, maintaining these measures for
at least eight weeks, together with public awareness campaigns, is essential for achieving sustainable,
long-term control.
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Limitations and perspectives: Several limitations should be noted. Our model assumes a single
dominant serotype, does not account for climatic factors affecting mosquito population, and does not
include analyses of the cost-effectiveness of the interventions. Future work should focus on collecting
serotype-specific data and conducting entomological surveys to better calibrate the model and optimize
control strategies. Incorporating climatic variability and economic analyses will further enhance the
operational relevance of the model for public health decision-making.
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