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1. Introduction

The COVID-19 pandemic has highlighted the importance of epidemiology, and in particular mathematical epidemiol-
ogy, in the current globalized world. According to [1], epidemiology mainly addresses on (i) describing the distribution of
the disease, (ii) identifying the risk factors that cause it, (iii) building and testing theories, and (iv) planning, implementing
and evaluating prevention, detection and control programs. Inside the area of epidemiology, mathematical modeling has
demonstrated to be a useful tool to simulate the spatial and temporal evolution of diseases, evaluate the effect of control
measures and, therefore, design preventive plans [2-4]. Epidemiological models are able to estimate epidemics behavior
and to make interesting predictions of outbreaks by using some known information about the disease and/or the affected
areas (such as economical or ecological situation) [5-7]. Thus, they can be part of the decision process of authorities,
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such as the World Health Organization (WHO), to elaborate and coordinate response strategies in case of epidemiological
emergencies [8,9].

However, before applying an epidemiological model, some previous work must be done, in particular, to adjust the
model parameters [1,7]. In addition to features proper to the areas and disease of interest, this calibration stage must
be based on data and observations which are already available about the disease dynamics. Nowadays, this information
includes data that are periodically-reported by national and/or international authorities [10,11]. As a consequence, the
model should be frequently updated by recalibrating those parameters with recent data. However, adjusting parameters
could not be a trivial and automatized task because the solutions may highly depend on the precision, validity or
representativeness of available data, and they can also deeply variate during the epidemic [12,13].

In the literature, to the best of our knowledge, there is not a common general procedure to obtain parameters values
for epidemiological models. For instance, in [14], some parameters concerning the Hepatitis C Virus Epidemic in France
are estimated using a weighted least-squares criterion to fit the number of deaths observed during historical outbreaks.
In [15], a non-linear least-squares fitting is performed to obtain the optimal parameters values of a compartment
epidemiological model used to study the spread of rumors on Twitter. In [16,17], the authors propose an optimization
approach based on the epidemic simulation to estimate the optimal parameters for an influenza disease model. More
precisely, they minimize the difference between the simulated and observed daily number of infected people by using
a direct search optimization method. Additionally, in some papers, Uncertainty Quantification methods are applied
to determine the values of epidemiological model parameters [18-21]. In general, those methods employ probability
distributions to represent the uncertainty in the model parameters and to estimate model input parameters from
observation data. They also use Sensitivity Analysis techniques to obtain confidence intervals of the parameters and study
which factors most influence the model output.

In this work, we propose an original general methodology to adjust parameters of epidemiological compartmental
models. This methodology is based on solving a multi-objective optimization problem defined as the minimization of
several functions that measure the errors between the model outputs and real data. As a result, we obtain a set of solutions
offering different valid commitments between the objectives. Finally, as the last step, the most suitable configuration of
parameters among the whole set of solutions is selected, according to the preferences of the Decision Maker (DM). Namely,
the person (or persons) in charge of analyzing the solutions and choosing the preferences. In our context, the DM can be,
for instance, the epidemiologist or the authorities interested in modeling the epidemic.

To carry out the performance analysis of the proposed methodology, we have selected a parallel version of an
optimization method, the preference-based multi-objective algorithm WASF-GA [22,23]. It has demonstrated to be reliable
and robust in previous studies as the ones accomplished for designing food treatments [23-25]. As epidemiological
model, we have considered Be-CoDiS (Between-Countries Disease Spread) [7], which simulates the spread of some human
diseases within and between countries. Finally, as the optimization objective, we have defined a minimization problem
for calibrating Be-CoDiS to real data of several Ebola Virus Disease (EVD) outbreaks occurring between 2014 and 2019.

The 2014-2016 outbreak in West Africa was the largest EVD epidemic to date. Indeed, it was declared as an
international emergency by the WHO [11]. It started in 2014 spreading from Guinea to Liberia and Sierra Leone, with
a large magnitude of cases, and to Nigeria, Mali, Senegal, the USA, the United Kingdom, Italy, and Spain, with a limited
number of cases. Officially, the epidemic finished the 29th of March, 2016. Nevertheless, two EVD outbreaks have recently
occurred in the Democratic Republic of the Congo (DR Congo) in 2018 and 2019.

In this paper, we estimate the parameters of Be-CoDiS, for those particular EVD outbreaks by using the proposed
methodology. Results are compared to the ones reported in [7]. In that work, published in the middle of 2015, the
epidemiological model Be-CoDiS was also used for the EVD epidemic, obtaining accurate forecasts. However, as reported
in the paper, adjusting the large number of epidemiological parameters to calibrate the model and fit it to the observed
data was very difficult. Note that in that work, a time-consuming trial and error procedure was used to perform this task.

We note that the multi-objective approach proposed here to estimate parameters of compartmental epidemiological
models has been recently applied to the COVID-19 pandemic considering several 6-SEIHRD models [26-28]. Its successful
application has allowed us to evaluate different scenarios of the COVID-19 epidemic in several countries, such as China and
Italy, and to extract some valuable information about the impact on the epidemic dynamics of the undetected infections,
the control measures, the vaccination campaigns and the new variants of the virus. However, in those works, our approach
was used as a black-box tool and no detailed description of this methodology was given.

This work is organized as follows. First, in Section 2, basic concepts about multi-objective optimization and the
considered preference-based optimization algorithm are briefly introduced. Then, in Section 2.3, the methodology
proposed to adjust the parameters of epidemiological models is detailed. In Section 3, our approach is applied to estimate
the parameters of the Be-CoDiS model for EVD outbreaks. Finally, in Section 4, the proposed methodology is validated by
considering some computational experiments based on data observed during recent EVD epidemics.

2. A general method for parameter estimation

From a general point of view, we propose a methodology to estimate the parameters of epidemiological models, based
on the formulation and resolution of a multi-objective optimization problem. Therefore, to settle the framework of this
work, we first recall some essential multi-objective optimization concepts. Then, we describe the optimization algorithm
used for solving the resulting multi-objective problems. Finally, we describe step by step our method, focusing on (i) the
identification of the model parameters to estimate, (ii) the formulation of the multi-objective problem to solve, and (iii)
the extraction of a suitable configuration for the model parameters from the obtained solutions.
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2.1. Basic definitions and concepts

Multi-objective optimization deals with problems consisting in minimizing (or maximizing) concurrently several
functions. Those problems are called multi-objective problems and are generally formulated as:

min fi(x)
min f5(x)
(1)
min fi;(X)
subjecttox € S C R",

where fi : R" — R, fori = 1,...,m, are the objective functions, S C R" is known as the feasible region and
X = (X1,...,%,) € S is the decision vector, with n € N. Additionally, the image vectors f(x) = (fi(x), ..., fm(X)) are
called the objective vectors. We recall that R denotes the set of real numbers and N is the set of natural numbers.

In most multi-objective problems, a single decision vector minimizing all the objective functions simultaneously does
not exist because those functions contradict each (or some) other. Then, the solution to these problems consists of several
decision vectors offering different optimal compromises among the objectives.

The set of decision vectors solving a multi-objective problem is called the Pareto optimal set. Those decision vectors
are known as efficient vectors or Pareto optimal solutions. An efficient vector is defined as a decision vector X € S such that
none of its objective function values can be enhanced without worsening at least one of the others. In order to express
this optimality relationship among the decision vectors, the concept of dominance is introduced.

Definition 1. Given two decision vectors X, X' € S, x dominates X' if and only if fj(x) < fi(x') foralli = 1, ..., m, and there
exists one j € {1, ..., m} such that fj(x) < fj(x/). In that case, we also say that f(x) dominates f(x').

Therefore, the solution of a multi-objective problem is the Pareto optimal set denoted by S C S, which is formed
by all the efficient vectors (i.e., the set of nondominated decision vectors, meaning those such that there does not exist
another vector in S dominating them). Additionally, the set of all the nondominated objective vectors f(Sg) C f(S) is called
the Pareto optimal front.

In most practical cases (see, e.g., [24,29]), an analytical expression describing the Pareto optimal set and its correspond-
ing Pareto optimal front cannot be obtained. Thus, the most extended approach is the use of multi-objective optimization
(MOO) algorithms that provide a Pareto front approximation formed by a finite number of points that aim to be close to
the exact Pareto optimal front and well distributed to give an accurate description of this front.

In practice, the number of points composing the Pareto front approximation must be high enough to evenly cover the
whole Pareto optimal front. However, managing such an amount of points is not always operative due to limitations in
computational time. Then, in the last decades, a family of MOO algorithms focusing on the approximation of only a part of
the Pareto optimal front has arisen. Indeed, in practice, the DM is commonly not interested in knowing the entire Pareto
front but only a so-called Region Of Interest (ROI). These algorithms are called Preference-based Multi-Objective Evolutionary
Algorithms (PMOEAs) [30,31]. In most PMOEAs, the information about the DM preferences is given by using a point in the
objective space f(S) that indicates an estimation of the desired values for the objective functions. This point is called
Reference Point (RP).

A detailed description of the concepts introduced here can be found in [32-35] for MOO and in [30,36] for PMOEAs.

2.2. Considered optimization algorithm

To solve the multi-objective optimization problems formulated later in Section 2.3, the PMOEA called Weighting
Achievement Scalarizing Function Genetic Algorithm (WASF-GA) is applied [22]. Here, we briefly recall the basis of this
particular algorithm.

From a general point of view, WASF-GA is a population-based evolutionary algorithm that explores the feasible region
looking for efficient solutions using an iterative procedure. At each iteration, it performs reproduction and replacement
mechanisms over a population of candidate solutions, called individuals. In the reproduction stage, a new offspring
population is created by applying some mechanisms inspired by the Darwinian theory, namely selection, crossover
and mutation operators (see [37] for more details). The replacement is performed to compose the population of the
next generation, among the individuals of the current population and the new ones obtained after the reproduction
phase. In most algorithms, this replacement method is based on dominance, i.e., it prioritizes choosing solutions that
are nondominated by the other individuals of the population. However, in WASF-GA, its replacement mechanism selects
the closest individuals to a given Reference Point (RP), which represents the preferences of the DM. As a result, WASF-GA
obtains a set of solutions covering a region of the Pareto optimal front (ROI), which is induced by the RP. The DM must
specify, as an input parameter, the number of required points in the ROIL See [22-24] for a detailed description of the
algorithm and its parameters.

The computational time of this optimization procedure depends not only on some WASF-GA input parameters, such as
the number of required points in the ROI and the number of iterations, but also on the time spent in the evaluation of the
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objective functions. When the number of variables or compartments (i.e. countries) involved in the outbreak is large,
it might be convenient to distribute the objective function evaluations among different processing units using High-
Performance Computing (HPC) techniques. Thus, to accelerate the optimization procedure of WASF-GA, we propose to
use its parallel version called ParWASF-GA, which is described in [23]. ParWASF-GA manages several threads that access
shared memory to perform the creation and evaluation of individuals of a new population concurrently.

2.3. A general method to estimate model parameters

Now, we introduce a novel and general methodology based on formulating and solving a multi-objective optimization
problem, to adjust some parameters of epidemiological models with real observations. This approach includes three main
steps:

Step 1: Determine the model parameters to estimate.
Epidemiological models simulate the dynamics of diseases. They receive information about a particular occur-
rence of a disease as input and return its possible evolution as output.
One of the first steps consists in collecting and analyzing the input information. Depending on the particular
situation in which the model is applied or the approach taken by the specialists, obtaining those data can be
challenging. Some kinds of data are not always easily obtained due to their nature or availability; others are
not reliable because they could be distorted, adulterated, miss-collected, or badly reported; even some data are
not completely representative, as it comes from other occurrences of the disease or similar diseases indeed,
which correspond to different settings, and hence it may not be extrapolated. For instance, in this work, data
related to the mean duration of the latent period or the population density of a geographical area were easily
obtained. However, it was difficult to estimate or describe parameters such as the disease effective contact rate
of a particular area or the efficiency of the control measures.
In this step, we propose to identify the unknown parameters and solve a multi-objective optimization problem
to estimate them.
For the sake of generalization, let ¢ = (¢1, ..., ¢,) € S, withn € Nand S C R", be the vector corresponding to
n parameters to be estimated.

Step 2: Formulate the multi-objective optimization problem.
Given a vector of values for ¢ € S, the epidemiological model can compute outputs denoted by O(¢) =
(01(¢), ..., O(9)), k € N, and generally related to the evolution of the disease (e.g., the number of cases or
deaths).
In many cases, those outputs can be compared to real observations, provided, for instance, by national or
international authorities (such as the WHO, https://www.who.int/). These observed data are denoted by RO =
(RO4, ..., ROy).
Aimed to find the set of parameters that minimizes the differences between the observed and the predicted data,
we formulate the following multi-objective problem:

min f1(¢)
min f5(¢)

min fin(¢)
subject to ¢ € S C R",

where f(¢) = £(0(¢), RO) and £ = (&1, ..., &) denotes a vector of metrics & : R x R¥ — R, i=1,...,m,
which ck1uantify some different errors between the outputs of the model O(¢) € R¥ and the observed data
RO € R".

Step 3: Solve the multi-objective optimization problem and extract the best configuration according to the DM
preferences.
Once the optimization problem is defined, it is solved by using ParWASF-GA, which provides a set of optimal
solutions with different compromises among the objectives. The best solution of the set will depend on
the concerns of the DM. Depending on the particular context, he/she can be interested in prioritizing the
minimization of a particular objective function or extracting the most balanced solution, for instance, the one
giving the minimum value for the Euclidean distance to the reference point (RP). Our methodology includes, as
a final stage, a decision tool to select a single point that satisfies the current interests of the DM.

3. Implementation of the method by considering the Be-CoDiS model

In order to illustrate the performance of our new methodology, it is applied to estimate the parameters of a
deterministic epidemiological model used to study EVD outbreaks. The epidemiological model considered has been Be-
CoDiS, which simulates the evolution of human diseases within and between countries. In Section 3.1, the model is
described. Later, in Section 3.2, we detail the implementation of the proposed parameter estimation methodology for
the case at hand.
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3.1. The Be-CoDiS model

The Be-CoDiS model stands out for its ability to characterize the spread of human diseases at two levels: locally,
i.e., within the country, and globally, i.e., between countries.

To describe the local behavior inside a particular country, Be-CoDiS is based on a deterministic compartment
model [38]. More precisely, the population is classified into the following disjoint states of the disease [7,39-42]:

e Susceptible (denoted by S): People free of the disease but susceptible to be infected.

e Infected (denoted by E): People who are infected by the disease pathogen but who have no visible clinical signs
or symptoms, i.e., they still are in the incubation period. In this state, they are neither contagious nor have visible
clinical signs (e.g., fever or hemorrhages). After this incubation period, the person passes to the Infectious state.

o Infectious (denoted by I): People who can spread the disease and start developing clinical signs. Once they are
detected by the authorities, they pass to the Hospitalized state.

e Hospitalized (denoted by H): The person can still infect other people, but he/she is interned at a sanitary center to
receive medical care. When this Hospitalized state finishes, the person can move either to the Recovered state or to
the Dead state.

e Recovered (denoted by R): The person has survived the disease and is no longer contagious. Indeed, the person has
developed a natural immunity to the disease pathogen.

e Dead (denoted by D): The person has not survived the disease. However, for a disease such as the EVD, the cadavers
of infected people can still spread the pathogen until they are buried.

e Buried (denoted by B): The cadaver of an infected person is buried and cannot infect other people anymore.

Focusing on the global behavior of the disease, Be-CoDiS assumes that migratory movements between countries spread
the epidemic from one country to another. This migratory flow is simulated through a matrix (t; ])fvj 1» Where 7;; € [0, 1]
is the transfer rate (day~!) of people from country i to country j, and N, € N is the total number of considered countries.
This transfer rate is expressed in percentage of population of the origin country i per day. In order to fit with the real
situation, those movements only affect people in susceptible (i.e., S) and infected (i.e., E) states because they are the
only ones that can travel, as they do neither have clinical signs nor remain in quarantine. Additionally, Be-CoDiS takes
into account the influence of measures applied by the authorities to control the disease spread [3], such as isolation,
quarantine, tracing, vaccination and the increase of sanitary resources (see [7]).

For the sake of simplicity, the following hypotheses are assumed: (i) the population inside a country is constant and
homogeneously distributed, such that the spatial distribution of the epidemic inside a country can be omitted; (ii) all
newborns are susceptible to be infected. Considering these assumptions, the Be-CoDiS model is used to evaluate the
spread of a human disease within and between countries during a fixed time interval [0, Tpax], With Tpax € N, by means
of the following system of ordinary differential equations [7]:

Si(t )<m, i(0)B1iLi(t) + my i(t)Bu,iHi(t) + mD,i(f)ﬁD,iDi(f))

ds;
at = - NPi(t)
— W, iSi(t) + pn,i (Si(t) + Ei(t) + Ii(t) + Hi(t) + Ri(f))
+ Zi;&j mtr,j,i(t)""j,isj(t) - Zi;ﬁj mtr.i,j(t)ri,jsi(t)v
dE: Si(t )(mll( )Bu.ili(t )+mH.i(f)ﬁH.iHi(f)+mD.i(f)ﬂD,iDi(f)>
al = NPi(t)
- Mm,iEi(t) + Zi#j mtr,j,i(t)tj,ixef (Ej(t))
- Zi#j mtr,Lj(t)Ti,ley (Ei(t)) - VEXEE(Ei(t))v
dl;
a(f) = VX (Ei(£)) — (m,i + y1i(E)(E),
dH;

(t) = yi(®h(t) — (Mm,i + (1 — wi(t))yur.i(t) + wi(f)VHD,i(f)>Hi(f),
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Fig. 1. Diagram summarizing the Be-CoDiS model.

where:

dR;
?;(t) = (1= wi(t))yuri(t)H(E) — pm,iRi(t),
dD;
I(t) = oi(t)yup,i(t)Hi(t) — ypDi(t), (3)
dB;
—(t) = ypDi(t
dt( ) )’D l( )s
e ie{1,...,Ng} is the index of each country;

o N, € N is the number of countries;

o NP;(t) = Si(t)+ Ei(t) + Ii(t) + H;(t) + Ri(t) + D;(t) is the number of people (alive and also died because of the disease)
in country i at time t;

® [y € [0, 1] is the birth rate (day~!) in country i: the number of births per day and per capita;

e mi € [0, 1] is the mortality rate (day~!) in country i: the number of deaths per day and per capita not caused by
the disease;

e wi(t) € [0, 1] is the disease fatality rate in country i at time t: the proportion of people who do not survive the
disease;

o Bii, Bu.i» B.i € (0, +00) are the disease effective contact rates (day~') of a person in state I, H or D, respectively,
in country i: the mean number of effective contacts (i.e., contacts sufficient to transmit the disease) of a person in
state I, H or D, respectively, per day before applying control measures;

o Ve, V.i(t), Yuri(t), yup.i(t), yp € (0, +00) denote the transition rate (day~!) from state E, I, H (surviving), H (not

surviving) or D to state I, H, R, D or B, respectively: the number of people per day and per capita passing from one

state to the other. We note that y; ;(t), yur.i(t) and yyp i(t) are time and country dependent, since, due to the applied
control measures in country i, their value could vary in time.

my i(t), my i(t), mp;(t) € [0, 1] are functions representing the efficiency of the control measures applied to non-

hospitalized infectious people, hospitalized people and infected cadavers respectively, in country i at time t to

eradicate the epidemic.

° (quj)?’;i] is a matrix composed by the transfer rates (day~!) of persons from one country i to another j expressed in
proportion of population in i per unit of time. Those rates can be also diminished by the progressive application of
the control measures in countries i and j. Then, they are multiplied by the function my;j(t) = my ;(t) - myj(t).

o X (x) =xif X > efy, X, (X) = 2% — e5i¢ if (€¢/2) < X < €5, and O elsewhere, with eg; > 0 being a small tolerance
parameter. This function, with eg; small enough, is a filter used to avoid artificial spread of the epidemic due to
negligible values of x.

Finally, to complete System (3) the initial data S;(0), E;(0), I;(0), H;(0), R;(0), D;(0), B;(0) € [0, +00), fori € {1, ..., Neo},

must be provided.

A general flow diagram describing Be-CoDiS is depicted by Fig. 1.
From a numerical point of view, in this work, System (3) is implemented by applying a fully explicit forward Euler

numerical scheme considering a fixed time step of h = 1 day, as done in [7]. Following this previous article, this value
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Table 1

Country indicators used to estimate some of the Be-CoDiS parameters.

Notation Description

NAT; Natality Rate (day™')

MLE; Mean Life Expectancy (years)

GNIJ; Gross National Income (US$ persons™! year™!)
SAN; Mean Health Expenditure (US$ persons~' year~!)
DEN; Population Density (persons km™2)

Table 2
Known parameters of the Ebola disease.
Source: [7,11,39,42].

Notation Value (days) Description

dg 114 Mean duration of a person in the state E

d 5.0 Mean duration of a person in the state I

dur 5.0 Mean duration of a person from the state H to R
dup 4.2 Mean duration of a person from the state H to D
dp 2.0 Mean duration of a person in the state D

dgy 3.0 Maximum reduction of the duration of a person

in the state I due to control measures

gives a good balance between computational time and precision of results. We note that the computational time required
for evaluating the model should be reasonable as it will be evaluated several times during the parameters calibration
process.

3.2. Implementation of the general methodology

Now, the general methodology explained in Section 2.3 is applied to estimate some of the epidemiological parameters
of the Be-CoDiS model in the case of EVD epidemics.

Step 1: Determine the model parameters to estimate.

The Be-CoDiS model requires the definition of the following parameters to perform simulations:

1. Demography dynamic: The birth and mortality rates of country i (i.e., in; and pn, ;) are computed from country
indicators that are known and freely available on the World Data Bank website [43]. More precisely, the birth
rate corresponds to the natality rate (denoted by NAT;), i.e., un; = NAT;, and the mortality rate is computed as
the inverse of the mean life expectancy (denoted by MLE;), i.e., um; = 1/(365 - MLE;). In Table 1, some country
indicators useful to estimate some of the Be-CoDiS parameters are reported.

2. Transition rates: They allow estimating the number of people passing from one state to the other per unit of time.
They are obtained as the inverse of the mean duration of people in the considered state. Thus, for all ¢ > 0, the
transition rates are defined by:

vei(t) = 1/dg,

yp.i(t) = 1/dp,

yLi(t) = 1/(d; — gi(t)), (4)
vuri(t) = 1/(dyr + &i(t)),
vup,i(t) = 1/(dup + g&i(t)),

where dg, d;, dyg, dyp, dp denote the mean duration of one of those people in state E, I, H (surviving), H (not
surviving) or D, respectively, without the application of control measures. Moreover, we assume that if the duration
of a person in state I decreases because it is detected earlier thanks to more exhaustive control measures, then
he/she will enter earlier into one of the hospitalized states HR or HD, so the duration in those states will increase.
Thus, to model those changes in the duration, we introduce in the formula related to the transition rates y; ;(t),
vur,i(t) and yup i(t), the term gi(t) = dg - (1 — my;(t)), where d; is the maximum reduction of the duration of a
person in the state I in days due to control measures.
Those mean durations dg, d;, dyg, dyp, dp, as well as this maximum reduction of the I-state duration d,, are data
specific to the considered disease and are usually available in epidemiological reports. For the EVD, they have been
taken from [7,11,39,42] and summarized in Table 2.

3. Contact rates: According to [7], the disease effective contact rate of a person in state I in country i, denoted by p; ;,
is assumed to be related to the density and economic level of the country through the following function:

DEN; DEN;

l) = b, ~arctan(b1 .
GNJ; GNI;

Bri =pii) = /31( + bz) + ba, (5)
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where DEN,; is the population density (persons km~=2) and GNI; is the gross national income (US$ persons~! year~!)
of the country i. Both of them are known data (see Table 1).

However, parameters b; (km? US$ persons~2 year~'), b, (non-dimensional), b; (day™!) and b, (day™!) in Eq. (5)
are unknown and they must be adjusted to achieve a global law that applies to all countries. Therefore, they are
considered as decision variables in the multi-objective formulation.

For the Ebola outbreak, the probability of being infected by contact with persons in the state H is 25 times lower
than the probability of being infected by contact with persons in the state I, and the infection probability with
persons in the state D is the same as the one with persons in the state I [7]. Thus, the contact rates of states H and
D are computed by Sy i = B;.i/25 and Bp; = B, respectively.

4, Control measures: The effects of some control measures is implemented in the Be-CoDiS model (see System (3))
by means of the functions my ;(t), my i(t) and mp ;(t). They have a double purpose. On the one hand, as previously
said, they appear in the definition of the transition rates because we assume that one of the effects of the control
measures is the increase of surveillance that produces a decrease in the duration of the infected state. On the other
hand, they multiply B, ;, Bu.i and Bp; to simulate the reduction of the number of effective contacts as the efficiency
of control measures is improved over time (e.g. due to educational campaigns, increase of sanitary resource...). As
done in [7], they are decreasing functions defined as follows [7,44]:

myi(t) = my (t) = mp;(t) = eXP(-'ﬁ max(t — A, 0)>, (6)

where «; € [0, +00) (day~!) represents the efficiency of the control measures (greater value implies lower values
of disease contact rates) and A; € R U {+o0o} (day) denotes the first day of application of those control measures.
In some cases, the values of A; can be taken from the literature, using the dates when the territories implement
some specific control measures (see, for instance, [26]). However, in many situations as the one considered here, it
is difficult to estimate when those measures are effective in the population. In those cases, the parameters A; must
be included in the decision vector to be estimated by the multi-objective methodology.

Moreover, the efficiency of the control measures in country i (i.e., ;) is assumed to be related to the sanitary
resources and the density of this country through the following formula (see [7]):

SAN,' SANi
DEN; DEN;

i =c(i) = K( ) = ks - arctan<k1 : n k2> +ky, 7)
where SAN; is the mean health expenditure (US$ persons~! year—!) and DEN; is the population density (persons
km™2) of the country i. Both are known data (see Table 1).

In (7), parameters k; (persons? year km~2 US$~1), k, (non-dimensional), k5 (day~") and k4 (day~') must be included
in the decision vector to be estimated with the multi-objective methodology.

5. Fatality rate: The fatality rate w;(t) depends on the country i and time t. Here, the following expression, proposed

in [7], is used:
o) =o(i, ) = 8((1 = G - My (D)0 + G - MU (OW;) + (1 = S)W,, (8)

where § € [0, 1] denotes the proportion of the fatality rate that can be reduced due to the application of control
measures, C,, € [0, 1] is a constant used to decrease the effect of control measures on the fatality rate reduction,
and W; denotes the disease fatality rate of country i when no control measures are applied. More specifically, the
value of W; has been computed as:
SAN; SAN;\ _

)o

W= 2 4 (1 -
T Coan Csan

(9)

where w, w € [0, 1] are the minimum and the maximum disease fatality rates, respectively, and Csay is a constant
for regulating the effect of the sanitary country indicator SAN; in the fatality rate. For the Ebola virus disease, it can
be considered w = 0.25 and w = 0.728 (see [7]).
In this case, the unknown parameters to be estimated as decision variables are §, C;; and Csan.

6. Migratory dynamics: The transfer rates 7;; of persons from one country i to another j, expressed in proportion of
the population in i per unit of time, have been obtained applying the following formula [7]:

tij = t(i,j) = G:7(i,j)/(5 - 365 - NPA;(0)),

where 7(i, j) is the number of persons moving from i to j in a specific five-year period, NPA;(0) is the total number
of persons alive in country i at the beginning of the simulation, and C; is a constant parameter used to increase
or decrease the effect of the movement fluxes. Data about the migrations between 2005 and 2010, taken from the
following sources [45-47], have been used to set the value of (i, j).

The parameter C; is considered as a decision variable to be also estimated.

8



M.R. Ferrdndez, B. Ivorra, J.L. Redondo et al. Communications in Nonlinear Science and Numerical Simulation 120 (2023) 107165

7. Numerical filters: In System (3), two numerical filters are used to avoid the spread of the disease when the number
of infected persons is not significant, i.e., Ej(t) is below a certain threshold value. One of the filters modulates the
influence of the movements of infected people over the spread of the disease among countries. More precisely, if
Ei(t) < €, then the disease does not spread from country i to other countries. The other filter controls the spread
process inside a country, in such a way that infected individuals in E; do not evolve into infectious ones in I; if
Ei(t) < €g.

Both thresholds €, and ¢g are also included in the decision vector ¢ to estimate their values.

Thus, the decision vector, which is composed of the parameters to be adjusted with the proposed multi-objective
methodology, is given by:

¢ = (€, €g, Cr, k1, ka, k3, kq, b1, by, b3, bs, 8, Gy, Csan). (10)

Step 2: Formulate the multi-objective optimization problem.

According to Section 2.3, the multi-objective problem is aimed at finding a set of values for ¢, such that the disease
behavior provided by the model fits, as close as possible, real observations.

For the Ebola outbreak, situation reports are periodically published by the WHO (see [11]). Those documents
provide the cumulative number of cases and the cumulative number of deaths observed in each affected country i €
{1, ..., N}, denoted by RC;(t) and by RD;(t), respectively. This information is also used to set the initial conditions of the
epidemiological model (see [7]).

Furthermore, given specific values for ¢, Be-CoDiS estimates the evolution of the population in the different compart-
ments denoted by Sf’(t), Ef’(t), I?(t), Hf’(t), Rf’(t), Df’(t) and B?’(t) and returns the predicted evolution of the cumulative

number of cases CCf(t) and the cumulative number of deaths CD?(t) at time t, computed as follows:

ccl(t) = CG(0) + / i(s) - 17(s)ds, (11)
0

t
0P () = CDI(0) + f oi(s) - Yhoals) - HO(s)ds, (12)
0

where CC;(0) and CD;(0) are the initial amounts of cases and deaths at the beginning of the simulation and available in
situation reports.

Now, according to the general formulation (2), the multi-objective problem must be defined by expressing the objective
functions that quantify the errors between real and predicted data. To do so, for each country i, the objective functions
fc.i and fp; that evaluate the relative errors committed in the cumulative number of cases and deaths, respectively, are
considered:

”RCi—CCf’ )
L#([0,t;
Jeilg) = Sy (13)
||Rci||1_2([0,tf])
“RDi—CD;” ,
L~([0,¢tf]
foil) = (0.1 (14)
IRD: ll 2 g0, 01y

where t; is the final time of simulation, which corresponds to the date of the latest situation report, and ||-|| 2([0,¢1) denotes
1/2
the L? norm in [0, ] (i.e., lgll2qo.e1) = ( Otf (g(s5))? ds) ) We note that, in practice, data are discrete so we must

consider a numerical approximation of (13) and (14) to deal with such kind of data. In particular, in this work, the integral
operators are approximated by considering a trapezoidal rule with a time step equal to 1 day (which corresponds to the
case of daily reported data).

Notice that the objective functions f¢ ; and fp ; are considered only for countries where the epidemic has higher impacts
(i.e., the number of cases is greater than a fixed threshold, which depends on the considered outbreak). For all remaining
countries, two other objective functions are included in the multi-objective formulation to jointly take into account
possible errors in both their predicted number of cases and deaths. Those functions, denoted by fc and fp, are defined
as the average values of the absolute errors in the cumulative number of cases and deaths, respectively, considering all
the countries except the most affected ones. Thus, they correspond to:

1
)= ————— HRC- —cc? , (15
9 = N = HX;, b o )
idm
1
- RD; — cD? , 16
Pl®) = o= ,--IZN H b lzqem (10)
Tidm
where M C {1,..., N} is the subset containing the indexes of the most affected countries and |M| is the number of

countries in this subset M. As explained above, the objective functions fc; and fp; are only considered for the countries

9
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whose indexes are i € M. To determine the subset of most affected countries, we consider the countries for which the
cumulative number of cases reported by the WHO at any time of the available dates is greater than a fixed threshold.

Finally, we have included two more objective functions to minimize (i) the number of false positive countries,
i.e., countries detected as affected by the model but free of disease in the reality; and (ii) the false negative countries,
that is countries free of disease in the simulation but detected as affected in the reality. They are denoted by frp and fg,
respectively:

fir(@) = Number of non-affected countries
that the model predicts as affected; (17)
fin(¢) = Number of affected countries

that the model predicts as non-affected.

We note that we assume that a country is classified as affected when it has at least one cumulative case at the end of the
simulation.
The multi-objective problem to fit epidemiological parameters can be formulated as:
min {{fc,i(‘P), vie M}, {fp.i(¢). Vie M}fo(‘P)afD((p)vfFP(¢)»fFN(¢)}
subject to ¢ € S C R",

(18)

where ¢ is the decision vector (10) containing the parameters to be estimated.

Step 3: Solve the multi-objective optimization problem and extract the best configuration according to the DM
preferences.

According to our methodology, Problem (18) is now solved using the multi-objective optimization algorithm ParWASF-
GA (see Section 2.2). As a consequence, a set of optimal points is obtained, i.e. an approximation of the Pareto front. Then,
we have to select the best solution from the set according to the criteria established by the DM. For the case at hand, we
have considered that he/she prefers the closest point (with respect to the Euclidean distance) to the RP in the objective
space. This solution will be composed of an adjusted value for each of the epidemiological parameters included in the
decision vector ¢.

Furthermore, we establish the RP at the origin. This point corresponds to the ideal (but generally not feasible) solution
for which the model perfectly fits the observation.

4. Numerical experiments and discussion

Here, we want to illustrate and validate our methodology by considering data from three real EVD epidemics. Two
of them emerged in 2018 and affected the Democratic Republic of the Congo (DR Congo). The other outbreak occurred
in 2014-2016 and involved several countries, mainly from West Africa. Focusing on the cumulative numbers of cases
and deaths observed during the epidemics, we consider data provided by the WHO (https://www.who.int/). Since those
data are generally not reported every day, we interpolate them by using cubic Hermite polynomials to obtain a daily
estimation.

With the collected information, we have conducted two kinds of experiments: (i) focusing on a single country and
(ii) including a set of countries. In Sections 4.1 and 4.2, we summarize the experimental framework, according to the
methodology proposed in Section 3.2, and discuss the main results obtained.

All the computational experiments have been performed on a shared memory cluster composed of eight 16-core
processors Intel Xeon E7 8860v3 with 2.3 TB of RAM. Thus, ParWASF-GA [23] has been used with 128 threads.

4.1. Experiments considering one single country

We focus here on two recent EVD outbreaks that emerged in the Democratic Republic of the Congo (DR Congo) in
2018. The first one affected the Equateur Province and was declared ended on the 24th of July, 2018 [48]. The second
one affected the North Kivu, South Kivu and Ituri Provinces and ended on the 14th of May, 2020 [49]. In both cases,
the virus spread only in DR Congo (except for four sporadic cases quickly contained in Uganda [49]). However, due to
noticeable differences in the socio-political situation of the affected geographical areas (separated by more than 1.000
km) and different strains of the virus, the dynamic of those epidemics was quite different. Thus, we decided to apply our
methodology by considering each case as an individual experiment. Sections 4.1.1 and 4.1.2 are devoted, respectively, to
the first and second DR Congo outbreaks, which we label as DRC1 and DRC2.

For both DRC1 and DRC2 epidemics, we calibrate the parameters of the model considering real observations.
Additionally, since DRC2 was still active during the development of this work, we include in Section 4.1.2 a real-time
forecast (performed in July 2019) of its evolution and compare the predictions with the real situation at the end of the
outbreak in May 2020.

For these experiments, the Be-CoDiS model is adapted to simulate the evolution of a disease in a single country (see
System (3)). Then, we set N, = 1. Furthermore, notice that we do not need Egs. (5) and (7) to describe the parameters
B and «. Indeed, they can be estimated directly by considering them as decision variables instead of by, b,, b3, by and
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Table 3
Description and range of the parameters to optimize for the DRC1 and DRC2 one-country experiments presented in Sections 4.1.1 and 4.1.2,
respectively.

Notation Range Description
B [0.0,0.5] Disease contact rate of I (day~' persons~!)
A [0.0, 700.0] First day of application of control measures (day)
K [0.0, 1.0] Efficiency of the control measures (day™')
8 [0.0, 1.0] Proportion of the fatality rate that can be reduced by control measures
Cn [0.0, 1.0] Parameter multiplying the control measures value to decrease its effect on the fatality rate reduction
Csan [50.0, 9000.0] Parameter dividing the sanitary country indicator in Eq. (9)
A [301, 400] First day of restoration of the control measures (day). *Only considered in DRC2
Table 4

Summary of the main settings for the three different experiments: DR Congo outbreak in 2018 (DRC1), DR Congo
epidemic in 2018-20 (DRC2), and West Africa outbreak in 2014-16 (WEA). We report the number of objectives and
decision variables of the optimization problem, the number of individuals and iterations for the ParWASF-GA optimizer,
the number of repetitions (Runs) of the optimization procedure, and the computational time (in hours) of a single run
on average (Av(Time)) using 128 threads.

Outbreak One country Set of countries
DRC1 DRC2 WEA

Number of countries Neo 1 1 176

Optimization Objectives 2 2 10

Problem Variables 6 7 17

Optimizer Individuals 50 50 770

Settings Iterations 10000 10000 20000

Runs Nruns 30 30 10

Av(Time) (h/run) 0.09 0.13 335

k1, ko, k3, kq. Therefore, the decision vector ¢’ € S’ C R" is composed by n’ = 6 parameters for the DRC1 experiment
(see Section 4.1.1) and n’ = 7 for the DRC2 case (see Section 4.1.2). Table 3 summarizes the set of parameters with their
corresponding range of values. Those intervals have been set according to the literature (for instance, for g, see [7,50]),
to the meaning of the parameters (it is the case of «, §, and C,, which are proportions expressed between 0 and 1) or
even on a combination of both to guarantee that the range is wide enough but realistic (for instance, A, A,, and Csan).

Furthermore, when considering a single country, Problem (18) is solved by taking into account only the following two
objective functions: (i) the relative error in the number of cases fc 1(¢’) (see Eq. (13)), and (ii) the relative error in the
number of deaths fp 1(¢’) (see Eq. (14)) of the target country. More precisely, Problem (18) can be rewritten as:

{min {fc,1(¢’),fD,l(¢/)}

/ 19
subject to ¢’ € S’ C R". (19)

According to the general methodology proposed in Section 3.2, the previous optimization problem is solved by using
ParWASF-GA. The values for the set of input parameters of ParWASF-GA can be found in [22], except for the number of
individuals and iterations, which have been adapted for the problem at hand. Additionally, notice that ParWASF-GA is a
stochastic optimization algorithm, and hence it may obtain different Pareto front approximations for different executions
of the same instance. Then, in order to ensure that the results and conclusions do not depend on the stochasticity of
the algorithm, several runs of each experiment have been performed. Table 4 summarizes the number of objectives and
decision variables of the optimization problem, the number of individuals and iterations considered in ParWASF-GA, the
number of executions denoted by N, and the averaged computational time of one execution (in hours) using 128
threads. For the sake of completeness, the same information is reported for the case when several countries are considered.

For each experiment, Ny different Pareto set approximations PSy, . . ., PSy,,, in the decision space have been obtained.
From each PS,, r = 1, ..., Nyus, Only one solution X, € PS; is chosen by the DM according to the selection strategy (see
Step 3 in Section 3.2). Here, we assume that the DM prefers the most balanced solution. Thus, the chosen solution is the
one giving the minimum Euclidean distance to the RP. Then, to validate our methodology and prove its robustness no
matter the execution, we consider the set of chosen solutions of all the runs X = {X1, Xz, ..., Xn,,,, }, and we extract the
“best” and the “worst” result Xpest, Xworst € X. More precisely, the “best” result is the solution offering the minimum value
for the Euclidean distance to the reference point, and the “worst” result is the one corresponding to the maximum value,
ie.

Ifes) — all, = _min  (Iftx,) —all,). (20)

=1,...»Nruns

IfXworst) — @ll; = _max  {[If(x) — qll}, (21)

=1,...,Nruns

where q denotes the RP and ||-||, the Euclidean distance.
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Table 5

Solutions obtained during the experiment DRC1 reported in Section 4.1.1. We present the values corresponding to the
“best” (Xpest) and the “worst” (Xworst) results in X, and the average (Av(X)) and standard deviation (Dev(X)) values.
Recall that X is the set formed by one solution from each run according to the selection criterion.

DR Congo (2018 outbreak)

Decision variables Xpest Xworst Av(X) Dev(X)

Bi 3.54E—-01 3.52E-01 3.52E-01 3.54E-03
A 2.84E+01 2.72E+01 2.94E+01 1.32E4-00
K 2.65E—01 1.94E-01 3.59E-01 1.34E—-01
8 2.38E—01 4,64E—01 4.16E—01 7.16E—02
Cn 2.47E—-01 1.50E—01 1.24E-01 7.81E—02
Csan 5.39E+01 8.36E+03 3.96E+03 3.09E+03

4.1.1. DRC1 - DR Congo outbreak in 2018: a posteriori adjustment and analysis

On the 8th of May, 2018, the WHO declared an outbreak of EVD in DR Congo [51]. It affected the towns of Bikoro, Iboko
and Wangata, which are located in Equateur Province at the western side of the country. According to the WHO situation
reports [51], it seems that the first cases reported by the sanitary authorities occurred on the 5th of April, 2018. On the
24th of July, 2018, the Ministry of Health of DR Congo officially confirmed the end of this outbreak, 42 days (i.e., a period
corresponding to two incubation periods) after blood samples from the last confirmed Ebola patient tested negative for
the disease.

Several forecasts of this outbreak based on the Be-CoDiS model were proposed from the 14th of May, 2018 up to the
13th of June, 2018 [12]. However, for those forecasts, the model parameters were adjusted through a time-consuming
manual trial and error process. Later, we have developed and applied the parameter estimation methodology proposed
in this work once the outbreak was already extinguished. Thus, the results presented below will be used as a posteriori
analysis to validate our method.

To do that, we have used data reported by the WHO from the 5th of April up to the 17th of June, 2018 (i.e., the date
of the last reported cases) [51]. Considering those data, the optimization problem (19) was solved with ParWASF-GA 30
times. Then, as explained above in Section 4.1, we have built the set X with one solution for each run (according to the
DM preference), and we have selected the “best” and the “worst” result, Xpest, Xworst € X. The parameters associated with
those two solutions are reported in Table 5. For the sake of completeness, in Table 5, we also show the average value and
the standard deviation of each parameter in X.

In Fig. 2, we present the cumulative number of cases and deaths returned by the model considering the “best” and
the “worst” optimal parameter set found with our methodology, and reported in Table 5. We also show observed data
corresponding to the cumulative numbers of cases and deaths (see [51]). As can be seen in this figure, even considering
the “worst” result, the parameters found for the one-country model are able to accurately adjust the behavior of the
disease.

Focusing on Table 5, we observe that:

e The contact rate f; is 3.52E—01 on average. During the 2014-16 Ebola epidemic, 8; was estimated to be between
1.91E—01 and 2.65E—01 for the most affected countries (see [7]). Thus, for this outbreak in DR Congo, the Ebola
virus seems to spread faster than for the 2014-16 case. This quick behavior was also reported by authorities at the
beginning of this epidemic and provoked a strict vigilance of this case by the international community [52].

e For this outbreak, the value of «, the parameter measuring the efficiency of the control, is greater than 1.E-01. Thus,
it is quite larger than the one reported for the 2014-16 epidemic, which was between 1.25E—03 and 2.70E—03
(see [7]). This fact is consistent with reality, because, for this case, national and international authorities quickly
applied control measures that were known to be efficient during the 2014-2016 epidemic [53]. Additionally, some
novel control measures were applied, such as the vaccination of the population at risk [54].

e The values of A, which is the number of days between the start of the disease outbreak and the application of the
control measures, seem to indicate that the control measures started to affect the epidemic dynamics between the
2nd and the 6th of May, 2018. According to situation reports [51], the control measures could have been applied
around the 3rd and the 8th of May, 2018, when the local authorities, supported by WHO, started to monitor and
analyze blood samples. However, the effect of those control measures is not immediate and estimating their impact
on the outbreak is a complex task. Thus, the range of dates proposed by our method seems to be reasonable regarding
the reported sanitary situation.

e The parameter Cspy dividing the sanitary country indicator in Eq. (9) is lower than the one estimated for the 2014-16
outbreak, which was 9.06E+03 (see [7]). Then, according to Eq. (9), before the application of control measures, the
fatality rate of the 2018 epidemic is lower than the one of the 2014-2016 outbreak. It is consistent with the data
reported by WHO [51], which estimated that the fatality rate of the 2018 epidemic was between 42% and 61%,
i.e., lower than the one of the 2014-16 outbreak, which was around 68% before applying control measures.

e The percentage & of the fatality rate that can be reduced by control measures is 41.6% on average, with a standard
deviation of 7.2%. Thus, it is lower than the one estimated for the 2014-16 Ebola outbreak, which was 53% (see [7]).
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Fig. 2. Comparison between the observed and the predicted cumulative number of cases and deaths considering the experiment DRC1 described in
Section 4.1.1.

This value is realistic because, according to WHO [11], in the 2014-16 epidemic, the fatality rate was reduced down
to 40%. However, for the 2018 outbreak, the final fatality rate was 61% (see [51]).

e The parameter C, multiplying the control measures value in Eq. (8) is 1.24E—01 on average, with a standard
deviation of 7.81E—02. It is quite lower than the one considered for the 2014-16 epidemic, which was 1 (see [7]).
It means that, for the 2018 outbreak, the control measures have a lower impact on the reduction of the fatality rate
(see Eq. (8)). Again, this fits reality because in 2014-16 the mortality rate experienced a greater reduction than in
the case of 2018 (see [11,51]).

Those results confirm that, although the 2018 outbreak was more aggressive, efficient control measures were applied,
avoiding a sanitary emergency and leading to the eradication of the disease.

4.1.2. DRC2 - DR Congo outbreak in 2018-20: real-time adjustment and forecast

On the 1st of August, 2018, a new EVD outbreak was declared in DR Congo and reported to the WHO [51]. In this
case, which ended on the 14th of May, 2020 [49], the affected provinces were, by order of infection, North Kivu, Ituri and
South Kivu. According to the WHO situation reports [51], it seems that the first cases reported by the DR Congo sanitary
authorities occurred on the 28th of July, 2018, but the disease could have started approximately around the 30th of April,
2018.

During this outbreak, we have performed real-time adjustments of the epidemiological parameters and forecasts of the
possible evolution of the epidemic. Indeed, we have carried out exhaustive monitoring of the official situation reports and
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Table 6

Solutions obtained during the experiment DRC2 reported in Section 4.1.2. We present the values corresponding to the
“best” (Xpest) and the “worst” (Xworst) results in X, and the average (Av(X)) and standard deviation (Dev(X)) values.
Recall that X is the set formed by one solution from each run according to the selection criterion.

DR Congo (2018-20 outbreak)

Decision variables Xpest Xworst Av(X) Dev(X)

Bi 2.13E—-01 2.02E—-01 2.10E—-01 3.69E—03
A 2.86E—01 3.72E+00 6.59E+00 2.06E+01
K 8.21E—04 5.58E—04 7.94E—04 6.79E—05
8 2.77E—-01 9.99E—-01 4.86E—01 1.71E-01
Cn 5.42E—01 9.73E—-01 7.78E—01 1.82E-01
Csan 7.31E403 8.77E+03 6.07E+03 2.62E+03
Ao 3.53E4+02 3.40E+02 3.53E4+02 3.80E+00

have published several technical documents reporting the values of the parameters obtained by using our multi-objective
methodology, as well as the prediction of the disease evolution [13].

Here, we present the estimated values of the parameters and the forecast based on data reported by the WHO and the
DR Congo authorities from the 29th of April, 2018, up to the 21st of July, 2019.

We note that the geographical area where this outbreak occurs is conflictive, with many security problems and little
confidence of the population in the outbreak response teams (see [55]). Indeed, according to the DR Congo authorities,
between the 24th of February and the 30th of March, 2019, several sanitary centers of response were closed and some
response teams canceled their work temporarily due to continuous attacks. Thus, for this particular case, during the
parameter calibration process we have considered that the control measures were interrupted on the 24th of February.
Moreover, the exact date for which the control measures were completely restored is not clear, so we have decided to
estimate it by including a new parameter in the decision vector ¢’. This new parameter, denoted by A,, is defined as the
number of days between the start of the disease outbreak and the restoration of the control measures. To be consistent
with the dates on which the attacks were produced, we assume A, € [301, 400]. The other decision variables composing
¢’ are those reported in Table 3 and the optimization problem to be solved is defined by (19) with n’ = 7.

Analogously to the previous experiment, in Table 6, we report the parameter values for the “best” and the “worst” result
found in the set X, i.e., Xpest, Xworst € X. We recall that X consists of 30 solutions, obtained by applying the DM preference
criterion. We also include in Table 6 the average value and the standard deviation of each parameter considering those
30 solutions in X.

In Fig. 3, we present the cumulative number of cases and deaths returned by the model considering the “best” and
the “worst” optimal parameter set found with our methodology, as well as real data reported by the WHO in [51].

We note that, for this case, the model was used to predict the future evolution of the disease. To do so, we ran the
Be-CODiS model configured with the estimated parameters until the end of the simulated epidemic (i.e., until t > 0 such
that Ei(t) + L(t) + Hi(t) < 1 fori=1,..., Ne).

As can be seen in Fig. 3(a), considering the “best” result, the obtained forecast fits quite accurately with real data.
According to this forecast published in [13], the epidemic should end around the 1st of May, 2020, and the final numbers
of cases and deaths should be around 3584 and 2453, respectively. According to the last situation report published in [49],
the epidemic ended on the 14th of May, 2020, and the final numbers of cases and deaths were 3470 and 2287, respectively.
Considering this update, the final relative errors between our forecast and reported data are 3.11% for the number of cases
and 7.08% for the number of deaths, which indicates a good accuracy of our forecast.

Focusing on the “worst” result, shown in Fig. 3(b), the obtained forecast estimates quite well real data up to November
2019. The overestimation of this forecast in the last months may be due to the application of a new vaccine that
complemented the previous one and was introduced on the 14th of November, 2019 (see [56]). We note that this is
a classical difficulty that occurs during forecasting tasks, when unpredictable changes affect the dynamics of the observed
phenomenon (see, e.g., [57]).

Analyzing the results reported in Table 6, we observe that:

e The estimated initial EVD effective contact rate f; is lower than the one of the previous DR Congo outbreak (see
Table 5) but similar to the one of the 2014-16 EVD epidemic (see [7]).

o The estimated efficiency of the control measures « is lower than the one of the two previous outbreaks (see Table 5
and [7]). The low efficiency of the control measures could be explained by the particular features of the DR Congo
geographical area affected by the outbreak. More precisely, according to the WHO reports [55], it is a conflictive
zone with security problems and deficient health system. Additionally, its population distrusts response teams and
has high mobility. These difficulties could explain the fact that, despite the extra vaccination campaign carried out
from the 14th of November, 2019, the outbreak remained active until the 14th of May, 2020.

e The estimated value for the number of days between the start of the outbreak and the application of the control
measures is A = 6.59 days on average. According to this, the control measures seem to start being applied
approximately the 6th of May, 2018. It seems to indicate that some control measures were applied since the
beginning of the outbreak by the local authorities, maybe because of the proximity with the previous 2018 Ebola
outbreak in DR Congo studied in experiment DRC1 [51].
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Fig. 3. Comparison between the observed and the predicted cumulative number of cases and deaths considering the experiment DRC2 described in
Section 4.1.2.

The number of days between the start of the outbreak and the restoration of the control measures after the violent
attacks is A, = 353 days on average. Then, the control measures interrupted on the 24th of February, 2019, seem
to be restored approximately on the 17th of April, 2019. According to situation reports [49], some Ebola treatment
centers remained closed until the 30th of March, 2019, because of the damages provoked by the attacks. Moreover,
the second International Health Regulation (IHR) Emergency Committee? on the EVD outbreak in North Kivu and
Ituri Provinces of the DR Congo, was convened on 12 April 2019 [49]. Thus, the restoration date estimated by our
method seems to be reasonable.

The parameter dividing the sanitary country indicator in Eq. (9) is Csay = 6.07E+03 on average. It is slightly lower

than the one estimated for the 2014-16 outbreak, which was 9.06E+03 (see [7]). It is consistent with the data

reported by the WHO [49], which estimated that the fatality rate of the 2018-20 epidemic is between 52% and 67%

and, then, lower than the one of the 2014-16 outbreak before the application of control measures, which was around

68%.

e The estimated percentage § of the fatality rate that can be reduced by control measures is 48.6% on average. It is
slightly lower than the value used for the 2014-16 Ebola outbreak in [7], which was 53%. It is realistic because,
according to the WHO [11], in the 2014-16 epidemic, the fatality rate was reduced until reaching a final percentage
of 40%. However, for the 2018-20 outbreak, the current fatality rate is 66% (see [49]).

o The estimated value for the parameter that multiplies the effect of the control measures in Eq. (8) is G,, = 7.78E-01

on average. Then, the control measures for the 2018-20 outbreak seem to have a lower impact than the control

measures applied for the 2014-16 epidemic (i.e., C;, = 1, see [7]). Again, this is coherent with the fact that in

2014-16 the fatality rate experienced a greater reduction than the one of 2018-20 (see [11,49]).

2 The IHR Emergency Committee is an expert meeting convened by the General-Director of the WHO to seek appropriate recommendations about
a public health emergency of international concern [58].
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Table 7
Description and range of the parameters to be optimized for the experiment involving a set of countries and presented
in Section 4.2.
Notation Range Description
€ [0.0, 10.0] Numerical filter threshold to avoid transmission
between countries with low number
of individuals in E
€E [0.0, 10.0] Numerical filter threshold to avoid infection
process in countries with low number
of individuals in E
C, [0.0, 10000] Parameter multiplying the movement matrix
7;; to increase/decrease the movement fluxes
k4 [0.0, 1.0]
ko [—1.0, 1.0] Parameters involved in the control measures «
k3 [0.0, 1.0] (see Eq. (7))
k4 [—1.0, 1.0]
by [0.0, 150.0]
by [—25.0, 25.0] Parameters involved in the transmission rate f;
b3 [0.0, 1.0] (see Eq. (5))
b4 [-1.0,1.0]
) [0.0, 1.0] Proportion of the fatality rate that can be
reduced by control measures
Cn [0.0, 1.0] Parameter multiplying the control measures value
to increase its effect on the fatality rate reduction
Csan [50.0, 9000.0] Parameter dividing the sanitary country indicator
in Eq. (9)
Ac [0.0, 700.0] First day of application of control measures (day)
AL [0.0, 700.0] in Guinea, Liberia and Sierra Leone, respectively
st [0.0, 700.0]

As can be seen in Table 6, most decision variables present a large deviation. This fact highlights the difficulty and
complexity of estimating the global dynamics of the outbreak. In particular, the existence of a unique solution is not
guaranteed and the objective functions could admit several local minima [59]. Thus, our multi-objective approach may
return a variety of solutions with different compromises among the considered objectives. In this work, we propose a
particular criterion to automatically select the suitable solution (i.e. the closest solution to the origin in the image space)
but, of course, if the DM prefers another criterion, it could be easily implemented.

Again, according to the epidemic situation reported in the literature [49], the proposed methodology returned
parameter values that have a reasonable biological and sociological meaning. Furthermore, considering those values, the
model returns outputs that accurately fit real observations. Additionally, the forecast generated in July 2019 by using
those parameter values predicted well real observations.

4.2. Experiments considering a set of countries

Here, the multi-objective estimation methodology is applied to find a set of values for the Be-CoDiS epidemiological
parameters such that the model predictions fit the international spread of the Ebola Virus Disease (EVD) occurring during
the 2014-2016 epidemic.

According to the formulas presented in Section 3.2 and used to describe some disease parameters depending on the
country, the multi-objective optimization problem considered here has 17 decision variables. They are described in Table 7,
where we also report their admissible ranges used in the optimization process. All these limits are based on values
reported in [7].

During the 2014-16 EVD epidemic, the most affected countries were Guinea, Liberia and Sierra Leone (i.e., considering
a threshold for the cumulative number of cases of 1000). Therefore, to guarantee an accurate description of the disease
spread inside those countries, separate objective functions for each of them are considered in the formulation of the
optimization problem (18) (see Step 3 in Section 3.2). More specifically, the following 10 objective functions have been
considered:

e f1 and f,, which are the average of the absolute errors in the cumulative number of cases (i.e., Eq. (15)) and deaths
(i.e., Eq. (16)), respectively, for all the countries except the most affected ones;

o f3, fu, fs, f6, f7 and fg, which are the relative errors in the number of cumulative cases (i.e., Eq. (13)) and in the number
of deaths (i.e., Eq. (14)) for Guinea (f3 and f3), Liberia (fs and fg), and Sierra Leone (f7 and f3);

e fg and f, which stand for the number of non-affected countries that the model predicts as affected and the number
of affected countries predicted as non-affected, respectively (i.e., Eqs. (17)).

16



M.R. Ferrdndez, B. Ivorra, J.L. Redondo et al. Communications in Nonlinear Science and Numerical Simulation 120 (2023) 107165

Table 8

Solutions obtained during the experiment that is reported in Section 4.2. We present the values corresponding to the
“best” (Xpest) and the “worst” (Xworst) results in X, and the average (Av(X)) and standard deviation (Dev(X)) values.
Recall that X is the set formed by one solution from each run according to the selection criterion.

West Africa (2014-16 outbreak)

Decision variables Xpest Xworst Av(X) Dev(X)

€ 6.90E+00 2.29E+00 5.06E+00 3.35E4+-00
€ 4.49E+00 2.17E+00 4.15E+00 2.24E+00
C; 1.41E4-03 1.45E+03 1.62E4-03 2.86E+02
k4 1.69E—01 7.99E—01 2.30E-01 2.83E—01
ko —1.97E-01 2.99E-01 —6.20E—02 6.23E—01
ks 6.07E—02 9.02E—-01 5.63E—01 3.95E—-01
ks 7.10E—03 3.00E—-01 2.58E—01 3.97E-01
by 2.41E+01 6.85E+00 6.55E+01 6.03E+01
b, 9.36E+00 2.22E+401 9.07E+00 1.01E+401
b3 7.00E—02 6.14E—01 2.20E-01 2.13E-01
by 1.29E-01 —7.04E-01 —9.55E—02 3.30E-01
8 5.58E—01 3.32E-01 1.74E—-01 2.02E—-01
Cn 7.98E—01 4.31E-01 4.21E-01 3.55E-01
Csan 1.05E+02 1.23E4-02 1.03E+02 8.92E+00
Ac 2.60E+02 3.77E+02 3.56E+02 4.46E+01
AL 2.04E+02 2.65E+02 2.25E+02 4.06E401
AsL 2.20E+02 2.82E+02 2.50E+02 4.71E+401

Since the number of decision variables and objectives is higher than in the previous one-country experiments, for
solving this particular multi-objective problem, the ParWASF-GA optimizer has been configured with a population size of
770 individuals and 20 000 iterations. Moreover, ten independent runs have been performed (see Table 4).

Then, following the DM selection criterion for each one of the ten executions, we have obtained ten different solutions
X = {Xiy,...,Xqo} that better fit his/her preferences. From X, we have extracted the “best” and the “worst” results,
Xbest» Xworst € X, as done in the previous experiments (see Section 4.1).

As in previous experiments, in Table 8, we report the parameter values for both the “best” and the “worst” solutions,
and the average value and the standard deviation of each parameter. According to these results, it seems that the optimal
decision vector can have significantly different values depending on the run. As the number of decision variables is large,
there can exist different combinations of values providing a reasonable fitting for all the countries. Additionally, in Table 9,
we report the values of the objective functions for those “best” and “worst” solutions. According to these values, it seems
that the “worst” run provides a better estimation for the countries where the epidemic magnitude was low (i.e., lower
values of f; and f,). However, the “best” run result seems to better approach the spread of the disease in the most affected
countries, Guinea, Liberia and Sierra Leone (i.e., lower values of functions f; to fg). Furthermore, the “best” run predicts
8 countries as affected when they were not really affected (i.e., fo = 8), while the “worst” solution fails in 14 countries.
Both the “best” and the “worst” solutions are able to detect all the affected countries (i.e., fijp = 0 in both cases).

Remark 2. This analysis highlights the fact that, in multi-objective problems, if there exist confronted objectives, then the
problem may not admit a unique optimal solution improving simultaneously all the objectives, but a variety of solutions
with different compromises among these objectives (see the standard deviation values in Table 8). Indeed, these solutions
are non-comparable in the sense that we cannot establish which of them is better attending to the dominance criteria
used in the multi-objective framework (see Section 2.1). So, it is important to remark that the terminology of “best” and
“worst” is a subjective decision-making criterion.

In Fig. 4, the evolution of the cumulative number of cases and deaths predicted by Be-CoDiS with the “best” and “worst”
sets of parameters is represented, as well as the real evolution of the Ebola virus disease, from the 6th of December, 2013,
to the 27th of March, 2016. As can be seen, there is not a noticeable difference between the results of the “best” and the
“worst” solutions for Guinea, Liberia, and Sierra Leone, even though the “best” solution seems to provide a slightly more
accurate prediction. Therefore, even in the worst case, the estimation methodology achieves a set of parameter values for
the Be-CoDiS model such that the prediction fits simultaneously all the countries. We note that the obtained results are
not as precise as in the one-country experiments (see Fig. 2). In this sense, it is important to take into account that, here,
a large set of countries was simultaneously adjusted, with many parameters to be optimized.

For the sake of completeness, the impact of the disease in the remaining countries has been analyzed. In Fig. 5, the final
cumulative numbers of cases predicted by the Be-CoDiS model using the “best” and the “worst” parameter solutions are
compared to the final numbers of cases observed in reality. Notice that only those countries which were really affected or
predicted as affected by the model, have been included in this figure. As it was previously highlighted, the so-called “best”
solution exhibits a lower number of countries predicted as affected than they actually are. At the same time, in general, it
returns more cases per country than the “worst” solution. Indeed, the “worst” solution forecasts that the disease spreads
to a greater number of countries many of them with two cases per country at maximum. In particular, it underestimates
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Table 9
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Solutions obtained during the experiment that is reported in Section 4.2. We present
the objective function values (f(Xpest) and f(Xworst)) corresponding to the “best” and the
“worst” results in X, respectively. Recall that X is the set formed by one solution from
each run according to the selection criterion.

Objective functions f(Xpest) f(Xworst)
fi 2.68E—06 6.66E—07
f 1.25E—-06 2.35E-07
f3 9.17E—02 1.18E—01
fa 8.63E—-02 1.27E—-01
fs 8.91E—02 1.24E—-01
fe 9.18E—02 1.35E-01
fr 9.99E—02 1.37E-01
fs 8.96E—02 1.37E-01
fo 8.00E+00 1.40E+01
fio 0.00E+00 0.00E+00
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Fig. 4. Comparison between the observed and the predicted cumulative number of cases and deaths for the most-infected countries: Guinea, Liberia

and Sierra Leone.

the impact of the disease in Nigeria and Mali. Nevertheless, the most important conclusion of these results is that the
predictions obtained by using the proposed estimation methodology seem to guess all the countries which were really
affected. Detecting some extra affected countries is not always a negative point. Indeed, this information can be helpful
in order to warn the authorities of those countries and to design preventive plans.

Finally, in order to highlight the advantages of the proposed estimation methodology, the current results have been
compared to the previously published results of the Be-CoDiS model applied to the 2014-16 EVD epidemic (see [7]). In
this previous work, some epidemiological parameters were calibrated by hand and others were obtained by using some
regression techniques. Those regression methods were applied to adjust each parameter independently (i.e., setting the
remaining ones to fixed values or even running the system without all the features). Then, achieving a global set of values
for all the parameters was a difficult task because, in most cases, after fitting one particular country, the predictions for
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Fig. 5. Comparison between the observed and the predicted cumulative number of cases for the countries where the EVD magnitude was low.

the remaining ones worsened. In spite of this, in [7], the authors achieved a successful calibration such that the model
estimated a global magnitude of the outbreak similar to observed data. However, with those parameters, the Be-CoDiS
model was not able to predict the times of infection and, thus, the global evolution of the simulated epidemic presents a
delay when comparing it to the real situation (see Fig. 6, taken from [7]).

In Fig. 7, the global evolution obtained with the Be-CoDiS model using the novel estimation methodology is compared
to the observed evolution of the Ebola outbreak. As previously, the results correspond to the “best” and the “worst” set of
parameter values according to the decision-making strategy (see Sections 4.1 and 4.2). As can be seen, the multi-objective
estimation methodology allows to achieve predictions that accurately fit the real behavior of the disease not only in
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Fig. 6. Evolution of the observed and the predicted cumulative number of cases and deaths reported in [7]. This predicted evolution was obtained
without using the multi-objective estimation methodology.

magnitude but also in time. Although we can obtain less accurate results (i.e., produced by the “worst” set of parameters),
obtained results seem to succeed in guessing the critical time when the epidemic exploded or was controlled.

5. Conclusions

In this work, we have presented an original multi-objective approach to estimate the parameters of epidemiological
models. To illustrate the performance of the proposed methodology, we have applied it to Be-CoDiS, which is a model that
simulates the spread of human diseases inside and between countries. More precisely, we have estimated the Be-CoDiS
parameters for different Ebola outbreaks from 2014 to 2020. Then, we have validated our approach by comparing the
data obtained by the model, considering the estimated parameters, with real data reported by the WHO. Additionally, for
the 2018-20 EVD outbreak in DR Congo, we have presented some forecasts of the disease evolution.

According to the obtained results, the proposed multi-objective estimation methodology is able to estimate the
epidemiological parameters in such a way that the Be-CoDiS model describes accurately the disease behavior in both
magnitude and time. Even in the worst outcomes of the optimization algorithm, the methodology seems to produce
reasonable results.

The main advantages of the proposed methodology are that it is a general procedure which can be applied to
any epidemiological model, and it works as an automatized tool that avoids the user to perform complex and time-
consuming calibration processes. Furthermore, it allows to obtain an optimal set of solutions. These solutions provide
different trade-off values for the parameters achieving diverse compromises among the objective functions. Thus, the
DMs (epidemiologists or authorities) can deal with several scenarios with a single outcome from one execution. Then,
they can choose the solution that they prefer attending to diverse selection criteria. However, they can also consider
evaluating all the sets of parameters returned by the optimizer to see several possible scenarios of the disease evolution.
This additional information may be valuable in order to apply the control measures.

Another interesting advantage of this general methodology is its versatility since the DM can customize: (i) the
objective functions; and (ii) the selection criteria, to guide the parameter estimation process.

Since the methodology uses the parallel version of WASF-GA, the computational time may be reasonable, depending on
the considered computer. Eventually, one can use the proposed methodology when new data are available to update the
parameters and the predictions. Emphasizing again the versatility of the tool, users can also customize the optimization
algorithm. Indeed, they can decide to implement any other competitive state-of-the-art algorithm that arises in the
literature.

As a final remark, we highlight the fact that the methodology proposed here to estimate parameters of compartmental
epidemiological models has been successfully applied to calibrate -SEIHRD models for studying the COVID-19 pandemic
in several countries [26-28].

To conclude, we must underline the role played by mathematical modeling when we aim to use our calibrated model to
anticipate changes in the disease dynamics, examine their causes, design suitable control strategies, and provide reliable
forecasts. Even though the calibration process produces a good fitting, one should be aware of the underlying mechanisms
of the phenomenon simulated by the model. It is important to note that mathematical modeling should be performed by
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Fig. 7. Comparison between the observed and the predicted cumulative total (i.e. adding all countries) number of cases and of deaths.

taking into account all the relevant factors influencing the epidemiological dynamics (including external factors such as
control measures), giving appropriately their place in the model, so that it can represent adequately the reality. Otherwise,
the model could fit suitably the data using the calibration methodology but could not have biological meaning.
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