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Abstract—One of the emergencies related to climate change
concerns the spread of epidemics; even in areas not linked to a
humid-tropical climate, Dengue, West Nile, Zika are spreading,
to name the most common. Possible containment measures are
linked to human behavior, such as the use of appropriate clothing,
mosquito nets, repellents. Other measures concern actions to limit
the reproduction of mosquitoes, for example avoiding stagnant
water, and, in some cases, they are more invasive, such as
acting with targeted disinfestations. The combined action of these
strategies, taking into account the limitations related to their
applicability and the protection of the ecosystem, is implemented
in this work, within the framework of the optimal control theory.
The proposed results underline the importance of prevention
action and propose suggestions on how to implement the most
invasive actions.

Index Terms—epidemic modeling, Dengue epidemic spread,
optimal control.

I. INTRODUCTION

Climate change and globalization are causing worse ar-
boviruses spread, allowing contagions not necessarily related
to travel, [1], [2], [3], [4], [5], [6], [7]. Characteristic of
arboviruses is that they need a vector to be transmitted,
typically the mosquitos; among the arboviruses the ones that
constitute an emergency, mainly in tropical areas (involving
about 4 billions of people), are Dengue, Yellow Fever, Chikun-
gunya and Zika. The importance of tackling arboviruses has
been established by the World Health Organization (WHO)
in 2022 suggesting a plan to face in a coordinated way
such kind of epidemic emergency, [8]. In this paper Dengue
virus is considered, even if the general aspects of modeling
and control can be extended to other arbovirus spreads. The
transmission occurs by the bite of infected mosquitos, mainly
the Aedes aegypti one; the bite allows feeding for the virus
with replication in the mosquito midgut. With the bite of
mosquitos also humans can transmit the virus, especially when
the patients have significant viremia. It is estimated that there
are nearly 4 billion people at risk of contracting Dengue;
in 2023 alone, more than 6,000 deaths were recorded in
92 countries, [9]. Dengue is usually asymptomatic but, in
some cases, can be fatal. Fever is accompanied by severe
headache, pain around and behind the eyes, severe muscle
and joint pain, nausea and vomiting, skin rashes that may
appear over most of the body 3-4 days after the onset of
fever. Dengue is caused by one of the four viruses (Den-1,

Den-2, Den-3 and Den-4) and yields immunity only for the
specific virus involved in the infection; the second infection
generally provides severe Dengue. Climate conditions play
a fundamental role in arboviruses spread due to the special
humidity conditions that favour the proliferation of vector
larvae, [10], [11], [12] . No specific treatment is available until
now, and early detection with access to medical care helps in
reducing severe cases. To face such an emergency, suitable
modeling can help in understanding dynamics between sub-
jects and vectors and possibly suggests containment strategies.
The study of arboviruses, and, in particular, of Dengue, can be
effectively conducted from a modeling point of view, taking
into account the peculiarity of transmission that occurs through
a vector and the seasonality that, as seen, strongly influences
the diffusion.

In epidemiology, typical models are compartmental ones,
in which the population of individuals, humans, vectors and
mosquitoes, are distributed in classes according to their spe-
cific situation with respect to the infection. Three main classes
of models may be considered: host to host transmission
models, generally an extension of the SIR one, [14], vector
host transmission, useful to deal with containment measures,
[15], and within-host transmission, studying the interaction
between free virus and susceptible target cells, [19]. In [16]
an extensive review of the last ten years research on Dengue
fever epidemiology is presented, whereas in [13], the proposed
survey stresses the specific characteristics of different regions
in which Dengue has significant impact. Particular effort has
been devoted for estimating and forecasting Dengue outbreak,
making use of Kalman filter, [21], improving the analysis
of Dengue spatial transmission, [22], validating the results
considering data from Mexico, [23]. Among compartmental
models, a recent complex model is proposed in [24], where 10
groups are considered, including host and mosquitos; referring
to a specific country, Nepal, in which climate and social
conditions make dengue a significant risk, the Authors study
a model in which in the human population are distinguished
high-risk and low risk susceptible individuals, as well as
asymptomatic, symptomatic and hospitalized patients. It is
particularly interesting the analysis of economic and social
cost, in terms of lost productivity and mental health needs,
due to dengue spread.

Recently, a new model has been proposed, considering two



populations, the humans, for which an extended SIR model is
considered, and the mosquitos, split into healthy and infected,
[17]. In the human population the infected people, that can
transmit the virus, are distinguished between asymptomatic
and the ones that can have severe symptoms. In the study
it is analysed the impact of model parameters, such as the
death rates of mosquitos and the recovery rates of humans,
on the epidemic spread; those considerations are interesting
also as a guide for the introduction of containment measures.
What has been deduced is that acting directly on the death
rates of mosquitos is an effective method to reduce the
reproduction number. Ad hoc vaccines have been developed
in the last few years, but the most common containment
strategies involve both preventive actions (mosquitos nets,
suitable wearing, repellents) and specific measure to increase
mosquitos death rate (disinfestations campaign) and to reduce
their reproduction capability. Moreover, also limitations from
logistic and economic point of view must be taken into
account, along with attention to the preservation of the ecosys-
tem. The suitable framework to determine the containment
measures considering also the above mentioned limitations
is optimal control, [18]. In this paper, the Dengue epidemic
spread in Brasil is considered adopting the model in [17]
and implementing optimal containment strategies with suitable
resource allocations. Controls involving human behavior and
prevention are introduced along with direct action on vector
dynamics. The paper is organized as follows: in section II the
model proposed in [17] is equipped with control actions. In
Section III the optimal containment measures are determined,
whereas, in the numerical results in Section IV, the proposed
description is applied to real data determining and discussing
the obtained results. In the conclusion section V the main
results of the paper are summarized, outlining also future
work.

II. MATERIALS AND METHODS

As stated in the Introduction, Dengue virus requires a
vector, typically the mosquitos, that transmit the infection to
humans; on the other hand, also infected people can transmit
the virus to mosquitos when bitten. There are four viruses
that can cause Dengue; a permanent immunity is obtained
only if the infection depends on the same virus; therefore
it is assumed that reinfection is statistically possible. Human
population and the vectors’ one are here modeled by means
of a compartmental description in which all the subjects
(humans and mosquitos) are partitioned into groups depending
on their condition with respect to the disease; therefore there
are susceptible people in Sy and susceptible mosquitos Sy,
infected subjects If, people without symptoms Iy, fragile
infected patients, infected vectors [y, removed patients Rpy.
In the following model, it is assumed that both humans and
mosquitos can infect and be infected. Possible control actions
to reduce the infection aim at 1) reducing the contacts between
human population and mosquitos, u;(t), 2) reduce the growth
rate of population of mosquitos, us(t), 3) improve the death
rate of mosquitos. More precisely:

e up refers to informative campaign to suggest people
wearing protective clothes, or using repellents, or build
mosquitos nets;

e w9 aims at reducing mosquitos growth by means of proper
disinfestation campaign or informative one to reduce
favourable conditions for mosquitos reproduction, like
stagnant water;

e ug aims at reducing mosquitos number, thus increasing
their death rate

The mathematical relation

X(t)=F(X,U) (1)
describing the evolution of the state variables
X(t) = (Su(t) Iu(t) Iu.(t) Ru(t) Sv(t) Iv(t)"
under the control action U(t) = (ui(t) wua(t) wus(t))? is
given by

Sy =—Buv(l —wu1)Syly —ds, Sy + Ag +rR  (2)
Iy =aBuv(l —w1)Syly —vyurly — dry Tu 3)
Inr =(1 - )Buv(l —w)Suly — Yiyplur — dry e Inr
4)
R =yily +1yelnr — drR— 1R (5)
Sy =a(l —u2)Sy — ds, uzSy — Bvu (1 —u1)SvIn (6)
—Byu(l —u1)Svigr + Av @)
Iv =Byu(1 —u)SvIg + oBvu(l —w)Svinr  (8)
—dr,uszly )

with

e Bpyv and By g are the contact rates; they are coefficients
that include the probability to be infected, the viral load,
the robustness of the subject with respect to the contact
with the virus. More precisely, Sy is the contact rate
occurring when a healthy individual meets an infected
mosquito, whereas [y g is the contact rate between a
healthy mosquito and an infected person;

e a is the growth rate of the mosquitos population, assum-
ing an exponential behavior;

o «a: fraction of the infected patients that does not show
symptoms;

e 1/r is the time required to a human to become susceptible
again, once recovered;

e ds,, dr,, di,,. and dr are the death rates, where the
subscripts indicate the corresponding compartment;

e ¢ reduces the possibility of a fragile infected patient to
infect a mosquito, assuming that such a patient should be
almost isolated, under medication or even hospitalized;

. A%H and w%p are the time required for a patient to recover
from the Iy and I F compartment respectively

e Ap denotes the rate of new incomers in the healthy
populations, assuming as negligible the corresponding
rates in the other classes

e Ay is the rate of new incomers in the healthy popu-
lations of mosquitos, again assuming as negligible the
corresponding rate in [y .



The control is assumed bounded by logistic, economic, tech-
nical reasons, but also to take into account limitations due to
protection of the ecosystem; it is therefore assumed: U(t) €
[U™in U™a%] meaning that each control is subject to a box
constraint.

In Fig. 1, the block diagram describing the infection is
shown.

d r aPuy
Ay HST 1= = ¥ IH L, v TdHR
. S HI" -I ar - R
Uq 1 3 1 g Yur H
N Ly
\\(1 —/d)ﬁHV ! IHF
A
U Uz Us \\ Uz

[
Y Sy Iy

dsv) d |

Fig. 1. Block diagram of the adopted model with the introduced control.

III. THE OPTIMAL CONTROL STRATEGY

As already stated in the previous section, the containment
measures introduced aim both at reducing the contacts between
humans and mosquitos and at acting directly on mosquitos’
life and growth. The choice of control action U(t) is here
implemented in the framework of optimal control theory
aiming at determining the best containment measures able to
reduce the impact of the epidemic minimizing, at the same
time, the required effort. Moreover, the control is assumed
bounded both for technical, economic and logistic reasons and
for ecosystem protection.

The following optimal control problem is stated:

Problem 1: Consider the system

X(t) = F(X,U) (10)

representing, in compact form, the state equations (2)—(9),

with initial condition X (¢;) = X, and the constraint U(t) €

[Um™in U™az]; assume fixed the final time ¢ ¢, determine the

optimal control U°(t) = (u$(t) wu$(t) wus(t))T satisfying

the constraints on the control, the initial conditions on the

state, the evolution system (10) and minimizing the cost index:
1

I = 5 [T XTOQOX O +UTOROUE)A (1)

being Q(t) > 0 and R(t) > 0.

The problem can be solved by applying the Pontryagin
principle; the system (1), that is (2) - (9), is nonlinear
and only necessary conditions are available. The following
proposition holds:

Proposition 1: If a solution of Problem 1 exists, it is given

by: U°(t) = (uf(t) ug(t) ug(t))" with
ud(t) = min(max(*§;§t> UMY, UMy, i=1,2,3 (12)

with

Q1(t) = (M(t) — Ae(t)ae — A3(t)(1 — @) Bu,v Sulv
+A5(8) Bv,aSvIn + Ns(t)pBv,uSv In r

—XeBv,u(¢SvInF) — Ae(t)Bv,aSviag (13)
@2(t> = —)\5(t)aSV(t) (14)
B(t) = —Ns(E)dsy Sy — Ae(t)dry Iy (15)

where \;, i = 1,...6 are the costate functions satisfying the
costate equations:

o’
0X

with zero terminal value at the final instant ¢.
Proof Proposition 1 is proved by applying the Pontryagin
principle; to this aim the Hamiltonian function is introduced:

A(t) = (16)

H(X,U0) = 5 (X7 (0@ X (1)
+UTROU () + AT () F(X,U) (17)

Necessary conditions are the costate equation (16) and the
Pontryagin inequality

H(X,U N <HX,W,\) We[um™ um=]  (18)
thus yielding
—®,(t , ,
u2(t) = min(maz( i) pmin) grmazy i Z 12,3 (19)

2b;

with ¢;(t), i = 1,2,3 are given by the formula (13)- (15).
As far as the costate function, the null value must be
imposed in the final instant ¢, being the state in ¢; not fixed.

IV. NUMERICAL RESULTS AND DISCUSSION

The model (2)—(9), in absence of control, has been identified
in [17]. Some of the parameters depend on the characteristics
of the human and mosquitos populations and on the specificity
of Dengue; in particular, the following values have been
chosen:

o death rates of human population: ds,, = dr,, = dr, =

107°, dy,,, = -107;

e recovery rates: yr, = 1, ygr = %;

o immunity loss: r = 0.5;

o Ap = 50: rate of new incomers in the human population;

e a = 0.99 percentage of subjects that got Dengue with

mild symptoms.

As far as the parameters regarding the vector population,
the values adopted are:

e ds, =ds, = %: death rates of mosquitos;

L. reproduction time of mosquitos;

oa:4.



o Ay = 10°: rate for new incoming mosquitos;

e« ¢ = 0.01: percentage of severely infected patients non
adequately protected and isolated and that can still spread
the virus.

The last parameter ¢ can be interpreted also as a control
factor, meaning that the patients with severe symptoms are
isolated (or even hospitalized) and therefore have reduced
probability to spread the virus.

As far as the contact rates S, and Py, are concerned,
they have been identified by using real date regarding the
impact of Dengue in Brazil between January 1 2014 and
January 1 2024, [8]. The underlying assumption is that S,
and Sy, can be assumed piecewise constant for period of 6
months, corresponding to Autumn-Winter and Spring-Summer;
this choice is motivated by the seasonality characteristic of
Dengue. The identification of Bgy and of By y has been
obtained by minimizing the distance between the output of
the model and real data:

ty
J(Bav,Bvu) = / (w(Ir — Igp)* +max(Ip — Igp))dt
t;
being w a weight chosen equal to 1073, used to normalize the
two elements of the cost index.
In Table I the identified values are reported.

TABLE I

VALUES OF TRANSMISSION RATES Sy AND By g
Semester Bry (1072 | By g (107P°)
10/1/20 - 3/31/21 0.1332 0.0174
4/1/21 - 9/30/21 0.0270 0.001
10/1/21 - 3/31/22 0.3346 0.0074
4/1/22 - 9/30/22 0.0010 0.0010
10/1/22 - 3/31/23 0.0930 0.105
4/1/23 - 9/30/23 0.0010 0.0010

With these numerical values an acceptable model identifica-
tion is obtained, as shown in Fig.2, where a period of 3 years
is considered.

x10°

—»—smoothed real data IR

- < - reconstructed IHF

Fig. 2. Example of the effectiveness of the reconstruction of the number of
severe infected patients by using the identified values of the transmission rates
in the period October 2020 - December 2023.

Once the proposed model is identified to describe the
evolution of Dengue in Brasil, it is possible to determine the
best control strategy to reduce its impact on the population,
trying to apply as few control action as possible. Being the
goal the reduction of the infected patients, the ones in Iz and
Ix, F, the cost index (11) is chosen with

0 0 0 0 0
0 1002 0 0 0
Q=0 0 102 0 0
0 0 0 0 0

0 0 0 0 0

The aim of using as less containment measures as possible,
saving also the ecosystem, can be pursued by choosing the
weighting matrix R:

100 0 0
R=1| 0 10° 0
0 0 106

The lower weight for control u; is motivated by the fact that
it is mainly related to habits that could reduce the direct contact
between humans and mosquitos, that is wearing appropriate
clothes, use repellents or mosquitos net: all actions that don’t
have impact on the ecosystem and on life of any subject.
Box constraints for the control actions are introduced, taking
into account realistic limitations, like the effectiveness of
informative campaigns, of mosquitos nets and of repellents, for
control u1, or, for the control us and ug, ecological reasons
to save ecosystem, as well as the efficacy of disinfestation
campaigns; more precisely, it is chosen:

e u; € [0,0.5], meaning that the use of repellents, of

suitable clothes and mosquitos nets can reduce by 50%
the contact rates Sy v and Sy g;

e ug € [0,0.3], allowing a reduction by 30% of the growth

rate;

e ug € [1,2], assuming the possibility of doubling the death

rate of mosquitos.

The optimal control obtained with equation (12) requires
the determination of the costate A solving the equation (16)
backwardly, whereas the state equations (2)-(9) are solved
starting from the initial state condition. Numerically, it is
solved by using the interior point algorithm. By adopting the
weight matrices Q and R, the optimal controls u;, i = 1,2,3
obtained are shown in Fig. 3, thus yielding the evolutions
of the total number of infected patients, I (t) + I p(t), in
Fig. 4, and the evolutions of the total number of mosquitos,
Sv(t> + Iv(t), in Fig. 5.

The strong control action u; (t), almost for the entire control
period, and mainly for the first 18 months, allows to strongly
reduce the total number of infected patients, see Fig. 4, while
preserving the mosquitos, Fig. 5.

It is interesting to study the effect of different limitations in
control uy, that is allowing higher values for the constraints,
up € [0, 0.9]; this suggests on one side that available repellents
could be more effective, and also the adoption of more
restrictive human habits. Therefore, also control u; has a
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significant social cost, that can be modeled by augmenting
the value of the element 7;; = 10° in matrix R, equating it
to the others r95 = r33.

The obtained controls are shown in Fig. 6; it can be noted
that the control u; is at its maximum value 1 about for the

first 6 months, then it decreases with a sort of periodical
behaviour, without reaching again the maximum value and
with the minimum values corresponding to the period in which
the epidemics is less severe, see Fig. 2. The control us has
almost constant very low values, whereas the control ug is
generally decreasing but with higher values with respect to
the ones in Fig. 3. The interesting suggestion is that the
disinfestation action u3 needs to be applied especially before
the beginning of the spring-summer seasons, corresponding
to the higher number of documented cases. The number
of infected patients is generally decreasing since the very
beginning of the control period, Fig. 7. The strongest action
of control us has the direct effect on the total number of
infected patients, Fig. 8, that reach the value of 6210° only at
the end of the control period, with a reduced total number of
mosquitos. This second strategy, while requiring more severe
effort and social costs in avoiding contacts between humans
and mosquitos, must be associated to important disinfestation
action on mature mosquitos, while containment measures to
prevent reproduction can be relaxed.

36
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Fig. 6. Optimal control actions
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V. CONCLUSIONS AND FUTURE WORK

Arboviruses represent a serious problem for global health,
aggravated by climate change and globalization. Even areas
not generally affected by these events are becoming sus-
ceptible to these kind of viruses, developing contagions not
necessarily related to travel. In this work, using a recently
proposed model, the possibility of intervention to reduce
infections among populations is studied, but safeguarding the
ecosystem; therefore, the proposed actions concern indications
on human behaviours aimed at avoiding contact between sub-
ject and vector and targeted disinfestation actions, including
containment measures to avoid mosquito reproduction. The
results show the importance of prevention, that has a lower
impact on population with respect to the other actions.

Future work will be devoted in including oscillatory aspects
in the model to capture better the seasonality of arboviruses
disease; this would imply a different modeling of the vec-
tor dynamics. Data analysis will be deeply implemented,
analysing data from different countries, so trying to capture
the intrinsic characteristics of the disease.

From the control point of view, the introduction of vaccina-
tion (available since 2022) could be discussed at least in those
country with severe spread.
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