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Development and simulation of a mathematical model to
simulate the phase transmissibility of covid19 in Morocco
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ABSTRACT. In this work we develop a new Reservoir-People (RP) transmission network model
to simulate the potential transmission of the COVID-19 virus in the population of Morocco.
Our model is original in the sense that it contains parameters that depend on the confinement
phases that Morocco has adopted so far. After developing the mathematical model COVID-
19-Morocco we define a cost function to minimize with respect to the parameters. We then
use genetic algorithms to optimize this functional. The numerical results we obtain confirm
that our model is robust and can predict the evolution of the virus in Morocco.
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1. Introduction

COVID-19 refers to ” Coronavirus Disease 2019”, a disease caused by a virus of the
Coronaviridae family, SARS-Cov-2. This infectious disease is a zoonotic disease,
whose origin is still debated. The virus emerged in December 2019 in the city of
Wuhan, Hubei province, China. Within a few months, the virus extended out quickly
all over the world, causing a global epidemic (pandemic).

It has become known today that COVID-19 can lead to a wide range of potential
complications and can be fatal especially for patients weakened by age or another
chronic disease such as Cancer, Diabetes, high blood pressure, arterial hypertension
etc... . It has also been observed that direct/indirect contact with a symptomatic
or asymptomatic person leads to the transmission of the virus. Also, the average
mortality rate for the population, in general, is estimated to be between 1% and 3%.

The fatality of the virus thus comes from its rapid spread. In fact the outbreak
led to an enormous economic damage and a high number of hospitalized cases and
deaths worldwide. Morocco recorded the first case in March the 2nd 2020, an event
after which the moroccan authorities took immediate action to stop an uncontrollable
outbreak of the virus. Pasteur Institute of Morocco confirmed that a Moroccan citi-
zen residing in Italy was case number one detected in the country.

The procedures established by the moroccan ministry of health restricted the travel
of citizens between cities, and also imposed the wearing of masks in public places. The
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Moroccan government adopted a draft decree-law aimed to establish a state of health
emergency in the kingdom, which became effective on March 20th, 2020 at 06:00 pm.
Morocco’s confinement strategy was a success and effectively aided in the prevention
of a catastrophic situation. In fact the number of daily confirmed cases reached a
maximum of 6195 recorded on November 12th, 2020 (data dating back to March
15th, 2021).

The necessity of modeling the spread of the virus is thus undeniable. In literature,
there are several researches on mathematical modeling of epidemics [6, 8]. In [6, 9],
the authors used serial intervals and intrinsic growth rate or ordinary differential
equations, whereas in [8], Markov chain Monte Carlo methods were used. However,
the confinement phases to determine the parameters have not been taken into account
in these published models.

In this study, we developed a new Reservoir-People (RP) transmission network
model for simulating the potential transmission of COVID-19 virus in the Moroccan
population, while establishing different phases that take into account the different
changes in conditions enabling the transmissibility (such as confinement or other
measures). A central point in our research is the computation of the basic reproduc-
tion (Rp) for each phase. Note that in the case of Morocco the virus was introduced
through commercial air and sea travel (what we refer to as the reservoir in our model).

The remainder of our paper is organized as follows: In section two we present the
proposed RP transmission network model. In section three, we talk about Genetic
Algorithms (GAs) and their use in finding the global optimal parameters by minimiz-
ing the cost functional associated with our problem (F}). In section four, this cost
functional was detailed as well as the algorithm that was developed for computing
the optimal parameters relative to each phase of the outbreak. The obtained results
are presented in section five.

2. Methods

Data source. The COVID-19 data was collected for the modeling study from the
daily disclosed information by the Moroccan ministry of health, and is comprised of
the number of new daily cases and new death cases as well as the dates of these
occurrences.As reported by the Moroccan authorities, the date of onset of the first
case was March 2, 2020, and the air, sea, and land borders were closed on March
13, 2020. Epidemic data from March 2, 2020 to March 15, 2021 was collected for
our study, and the simulation time step was 1 day. This data can be downloaded at
https://github.com/alaanoureddine/coronavirus.git

2.1. The proposed reservoir-people transmission network model. The first
transmission network model of COVID-19 named BHRP was published on bioRxiv
on January 19, 2020 [2]. The authors hypothesized that the virus was transmitted
between bats and then spread to unknown hosts. Hosts were hunted and sent to the
seafood market, which was defined as the reservoir of the virus. Thus, it is at the
market that people are exposed to the risk of infection. This model was simplified
in [1] into a Reservoir-People (RP) transmission network. The authors assumed that
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SARS-COV-2 could be imported into the seafood market in a short period of time.
Therefore Bats-Host transmission was ignored see figure 1.

Reservoir
(Borders)

People

FIGURE 1. Flowchart of the Reservoir-People transmission network model

Thus their proposed model is given as follows:
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Where the SARS-COV-2 in reservoir (the seafood market) was denoted as W. Symp-
tomatic infected persons and asymptomatic infected persons export the virus with
the level of p and cu in W repectively. The virus will then leave the W compartment
at a rate of eW, where % is the lifetime of the virus. In this model, people are divided
into five compartments: susceptible individuals S, exposed individuals F, infected
symptomatic I and asymptomatic A.

The birth and death rates are n and m. N denotes the total number of persons
and A = n X N. The incubation period and latency period of human infection were
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defined as %.

The infection period of I and A was repectively defined as + and % The proportion
of asymptomatic infection was defined as §. The S will be infected by sufficient contact
with W and I, and the transmission rates were defined as By and 3, respectively. It
is also assumed that the transmissibility of A was k times that of I, where 0 < xk < 1.
In addition, since people and viruses have different dimensions, they therefore have
to carry out the following normalization:
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Finally their normalized RP model becomes:
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In order to use the model for the case of Morocco, the first key difference will be at
the level of the Reservoir, in fact in our case the W will represent the SARS-COV-2
brought into the country by means of air and sea travel. And as mentioned before,
the country’s government imposed several confinement phases, which influences the
transmission scheme of the virus. This also needs to be taken into account. For this
reason, we will assume that the model parameters (b, ¢, by, 0, k,7y) are functions that
vary over time. Therefore our proposed model is as follows:
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We can get the disease free equilibrium point (DFE) as:
n
—,0,0,0,0,0
(m7 ) b ) ) )

To know if the virus is spreading in the population and at what speed (doubling
time), we calculate the average number of individuals that an infectious person in-
fects while he is contagious. This rate is called the basic reproduction number, and
is denoted Ry. If Ry < 1, then the infected individual infects less than one other
individual on average, which means that the disease is disappearing from the popu-
lation. If Ry > 1, then the disease spreads in the population and becomes epidemic.
In our proposed model we assume that the parameters are constant in each phase
[T, T}],l =1,..,4. This will allow us to obtain the basic reproductive number R} in
each phase for our proposed model by the next generation matrix approach (see [7],
[3]) as follows:
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3. Background and basic concepts

Genetic Algorithms (GAs) form a class of biology inspired optimization methods de-
rived from the genetic and Darwin’s theory of evolution seen in [4] and [5]. They are a
global search paradigm based on principles imitating mechanisms of genetics, natural
selection, evolution and heredity, including the survival of the fittest individuals and
extinction to the worst adapted individuals. The basic concepts of genetic algorithms
were first formulated by Holland. However, the mathematical formulation was set
later in a global framework and showed a significant improvement as the world of
computing knew a considerable amount of development.

Genetic algorithms operate on generic structures called chromosomes. Each chro-
mosome, which is a representation of elements in the solution domain, is associated
with a fitness score that evaluates the performance and adequacy of a possible so-
lution. A choice of representation is either binary or real. The evolution of the
population of chromosomes is then insured by five components common to all genetic
algorithms:

e Population to be generated as a representative sample;

Fitness function for optimization of a given cost;
Selection of individuals for reproduction;
Crossover to produce a generation of offspring;
Mutation to explore wildly the solution domain.

4. Application and implementation

The data alongside the policy adopted by Morocco show that there are four different
phases regarding the evolution of the epidemic. Each one is defined by the measures
taken by the Moroccan authorities, as well as the number of registered cases and
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describes a specific scheme of outbreak.
These phases are:

e day 1 (first case) to day 150: here although the Moroccan authorities took the
necessary measures to stop a disastrous outbreak, global awareness wasn?t es-
tablished yet.

e Day 151 to day 220: the confinement came to an end in the entire country.

e Day 221 to day 300: during this period the epidemic curve revealed a remarkable
upward rise followed by a steady decline.

e Day 301 to day 379 : a curfew was established throughout the national territory
to stem the spread of the virus.

Our implementation is about determining the optimal parameters for every phase
of the epidemic, through the use of a genetic algorithm. The initial population was
generated randomly by using the uniform law in each field which guarantees diversity
initially. The size of the population is M.

In each phase [TLT}]7 1 =1,..,4 and for each individual K = (b, ¢, by, d, k,7) of
the population, we solve the system (4) to obtain the unique solution (s, e, i, a,r, w)
and we associate it with the following cost function Fj (called fitness):

R() = [0 = ioel0)? + (0(0) = ane(0)? )

T}

i

The goal is to determine the global optimum K} = (b*,c*, b}, 0%, £*,v*) of the func-
tional Fy for each phase [T}, T]lc]
The genetic operations are carried out as follows:

Selection: We use the roulette-wheel selection. This first operation is done through
the computation of the probability p of reintroduction of each individual K; =
(b, ¢, b, 0%, k', +") into the next generation (of size M) based on this individual?s

fitness value F;(Kj;):
F(K;)

M
ZFZ(Kj)

We then choose a random number z between 0 and 1, and with respect to the accu-
mulated fitness value (and therefore to the probability p), the first individual with an
accumulated normal value larger than z is chosen.

We repeat this operation until enough individuals are selected.

p:

Crossover: We use the barycentric crossover operator. This is carried out by first
choosing a random number d € [0.25,0.75] and selecting two elements P (j) and Pa(5)
from each parent vector relative to an index j. These two elements are then combined
linearly to generate two children:

C1(j) = dP1(j) + (1 — d) P2(j)
Ca(j) = (1 = d)Pr(j) + dP2(5) (7)

Note that the crossover operation is subject to a crossover probability which we
set equal to 0.7
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Mutation: The mutation is then used to maintain the diversity of the population
from one generation to the next. This operator is applied to each child according to
a probability pr which decreases as the number of the current generation increases:
G =1,2,...,Gpax (therefore decreases with time): pr = 0.15 4+ 0.33/G.

Where G is the generation number, G4, is the maximum number of generations.

Algorithm 1 Steps of the used algorithm

fori=1,..,4

for each generation G

Compute the fitness of each individual of the population Pg by means of (6)
Generate a new population of children Cg by applying the operators : selection,
crossing and mutation.

5: Gathering of the intermediate population

Rg =P UCq

6: Application of the Elitism over Rg to get the new population Pgyq

7. G = G + 1, incrementation to move to the next generation.

8: The algorithm stops if G4, is reached or if the mean fitness of the population is
exactly equal to the fitness of the best element.

9: endfor G

10: endfor [

5. Numerical algorithm and results

We summarize the steps of implementing Algorithm 1 based on the previous explana-
tion. We applied this algorithm to the identification of the parameters of our model
RP 4 for each phase of confinement. The obtained parameters will then be used for
computing the relative basic reproduction rate (R}). We set the value (5.2 days) of
the incubation period and the latent period in this study, thus, p = 0.1923. The birth
and death rates in the case of Morocco are given respectively by n = 18.1%1073;m =
6.55 * 10—3.

The following table summarizes the results obtained:

In Figure 2, we present the comparison between the normalized infected new cases,
and those obtained by simulation of our model with the optimal parameters during
the whole period of the experiment.

6. Conclusion

We notice that in Phase 1, the virus was in its first stages of propagation, this is
reflected by our results as Ry is greater than 1. The Phase 2 is characterised by
the establishment and reinforcement of preventive measures and the speed of spread
is decreased this is reflected by the obtained value of Ry < 1. This endorses the
efficiency of total confinement. On the other hand, Phase 3 reflects the end of the
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TABLE 1. each column represents the phase and the optimal values
(K, ¢, b, by, 0,7, Roy) of our model as well as the value of the reproduc-

tion rate Ry.

H ‘ Phase 1 ‘ Phase 2 | Phase 3 | Phase 4 H

k | 0.0554 | 0.5249 | 0.7318 | 0.7002
c | 0.2381 | 0.6898 | 0.6484 | 0.3930
b | 0.6604 | 0.2807 | 0.2295 | 0.5117
by | 0.7552 | 0.6368 | 0.7218 | 0.7065
0 | 0.43124 | 0.3519 | 0.2124 | 0.5066
v | 0.2699 | 0.3150 | 0.1880 | 0.5575
Ry | 1.15348 | 0.88313 | 1.61647 | 0.57907

Mormalize Number of New Cases

FIGURE 2. The blue curve for the symptomatic and asymptomatic
infected cases observed (i + a), and the one in red represents those
obtained by simulation of our model with the optimal parameters

250
days of experience

obtained during the entire period of the experiment

confinement phase simultaneously with national holidays. The spread records show
a drastic growth and results show that Ry is greater than 1. But by the end of this
phase the Moroccan authorities rapidly established control over the outbreak.
Phase 4, control was established over the situation as the number of confirmed cases
was nearing 0. During this phase vaccination was initiated. This is reflected by the
obtained results as RO = 0.59707.

The results show that total confinement helped greatly in reducing the value of

basic reproduction.
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In this work, we have developed a new mathematical model Reservoir-People (RP)
to model the transmission of the coronavirus COVID-19 in Morocco. Our model takes
into account the confinement phases that the Moroccan government has put in place
to minimize the spread of this pandemic. Based on the recorded data, we succeeded
in obtaining the optimal parameters of our model using global minimization based
on genetic algorithms. Our approach is very satisfactory and our developed model
was able to reproduce the reality of the spread of this pandemic in Morocco. Our
numerical algorithm is efficient and robust as shown by the simulations obtained. Our
model can therefore give a prediction of the further spread of this pandemic.
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