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Dear Editor,

The use of saliva in the diagnosis of COVID-19 using 
the Reverse Transcription Polymerase Chain Reaction 
(RT-PCR) technique has been implemented largely 
because it is a minimally invasive technique despite 
the approximate percentage of accuracy that it allows 
obtaining (72%) [1] [2]. The Fourier transform infrared 
spectroscopy (FTIR) is a technique that allows analyz-
ing the molecular structure of a sample through a sig-
nal or FTIR spectrum produced by the vibrations of 
the chemical bonds that make up said sample when 
impacted by frequencies belonging to infrared radia-
tion [3]. By producing molecular changes [4] [5], viral 
infections are potentially identifiable by FTIR spec-
troscopy, so this technique can be advantageous to 
perform examinations in a more agile way than RT-PCR 
(72 hours on average) [6] since the spectrum capture 
takes approximately 15 minutes including the drying 
time of the sample. Conducting timely tests to identify 
and isolate infected people is the most efficient meth-
odology as there is no treatment or vaccine against the 
virus.

Through different regions of the FTIR spectrum, it 
has been possible to detect characteristic changes of 
different types of cancer, Parkinson’s disease, and dia-
betes, among other diseases [7] [9], however, related to 
viral infections, Supti R, et al., and Eyal A, et al. [10] [11], 
indicate that viral infections mainly affect the protein 
region, specifically the region attributed to amide I 
(1700-1600 cm-1). Spectral changes are reflected by the 
growth or decrease in a region of the FTIR spectrum, 
so transforming the spectrum, Figure 1a, through the 
use of derivatives, Figure 1b, helps to highlight such 
changes as in the work of Supti R, et al., [10].

Despite the advantages above, it is necessary to con-
sider the following challenges presented by saliva 
analysis using FTIR spectroscopy: excess water, mix-
ing of bonds of different components, and variations 

FIGURE 1. a) Main macromolecules of the saliva spectrum,
L: Lipids (3000-2800 cm-1), P: Proteins (Amide I and 

Amida II, 1700-1600 and 1560-1500 cm-1), and NA: Nucleic 
acids (1250-1000 cm-1). b) Approximation to the second 

derivative of the spectrum.

in absorbance/transmittance levels. Because saliva is 
made up of approximately 99% water [12], the amount 
of H-O-H bonds makes it difficult to appreciate the 
structure presented in Figure 1a., to solve this prob-
lem, it is necessary to submit the saliva sample to a 
drying process. Related bond mixing, the problem is 
that the more complex the sample composition is (pro-
teins, organic molecules, and electrolytes for saliva 
[13]), the more complicated the spectrum becomes, 
making it difficult to associate a peak with a specific 
molecule. The above mentioned avoids the reliable 
identification of the molecule or molecules affected by 
a specific disease. Despite this, each component's 
number of bonds varies considerably depending on 
the macromolecular group to which they belong, 
which allows a specific region of the spectrum to be 
attributable reliably to a macromolecular group such 
as those indicated in Figure 1a. In studies such as 
those of H. Lin, the variability in absorbance/transmit-
tance levels associated with age will have repercus-
sions at the height of the spectrum (absorbance/trans-
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mittance) [14], so a change in this factor is not necessar-
ily an indicator of the disease. The differences in 
absorbances in spectra even of the same population, 
together with the overlap of the sample bonds, make it 
difficult to select a region with an exclusive pathology 
behavior.

In this sense, the machine learning area could pres-
ent an interesting option to support preliminary clini-
cal detection through FTIR spectrum. In works such as 
that of Alexandra S, et al. [15], it has provided an over-
view of the most promising techniques to be used, 
highlighting the use of artificial neural networks 
(ANN) compared to support vector machines (SVM) 

and techniques based on distances such as K-nearest 
neighbors, allowing to reach percentages of 100% in 
specificity for breast cancer detection, so it turns out 
to be the most promising technique. The main advan-
tages of ANN and SVM are that they are non-linear 
techniques for the characterization of signals, while in 
ANN, non-linearity is achieved through the implemen-
tation of an activation function for its neurons, in SVM 
it is achieved through a transformation of the signal to 
a higher dimension using the technique called kernel 
trick. In a dimension equal to or greater than R3, the 
characterization of the signals using a hyperplane is 
less complex than in R2, allowing an accuracy of 100% 
in some cases, as presented by Alexandra S, et al., [15].
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The Impact of Staying at Home on Controlling the Spread of COVID -19: 
Strategy of Control

Zakary Omar, Bidah Sara, Rachik Mostafa
Laboratory of Analysis Modelling and Simulation, Department of Mathematics and Computer Science, Faculty of Sciences Ben M’Sik, 
Hassan II University of Casablanca

ABSTRACT 
In this paper, we present a new mathematical model to describe the evolution of the COVID-19 in countries under 
the state of emergency. Where the COVID-19 pandemic is sweeping country after country. The Italian and Moroc-
can authorities have declared a state of emergency in response to the growing threat of this novel coronavirus (CO-
VID-19) outbreak by March 09 and 20, respectively. In-state of emergency, citizens cannot go out to public spaces 
without special authorization from local authorities. But after all these e!orts exerted by these authorities, the 
number of new cases of the COVID-19 continues to rise signi"cantly, which con"rms the lack of commitment of 
some citizens. First, we aim to investigate the cause of new infections despite all strategies of control followed in 
these countries including media reports, awareness, and treatment, self-distancing and quarantine, by estimating 
the number of these people who underestimate the lives and safety of citizens and put them at risk. To do this, we 
use real data of the COVID-19 in Italy and Morocco to estimate the parameters of the model, and then we predict 
the number of these populations. Second, we propose an optimal control strategy that could be the optimal and 
the e#cient way for the Moroccan and Italian authorities and other countries to make the state of emergency more 
e#cient and to control the spread of the COVID-19. The model is analyzed for both countries and then to compare 
the implications of the obtained results. Numerical examples are provided to illustrate the e#ciency of the strategy 
of control that we propose and to show what would have been happened in Morocco and Italy if this strategy of 
control was applied early.

KEYWORDS: SARS-CoV-2; COVID-19; Mathematical model; Optimal control; Parameters estimation.
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INTRODUCTION
Coronaviruses (CoV) are a large family of viruses that 

cause symptoms ranging from the common cold to 
more serious illnesses which mainly target the human 
respiratory system.  Outbreaks of coronavirus (CoV), 
including severe acute respiratory syndrome (SARS) 
-CoV and the Middle East Respiratory Syndrome 
(MERS) -CoV, have been previously described as a 
major threat to public health [1].

Notwithstanding, COVID-19 is an infectious disease 
caused by a new coronavirus that has not been previ-
ously identified, called Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2), which was 
first called a new Coronavirus 2019 (2019-nCoV). The 
SARS-CoV-2 causes a flu-like respiratory illness such 
as coughing and fever and can even reach pneumonia 
[2]. This virus also demonstrated the ability to cause 
severe diseases among certain groups, including the 
elderly and individuals with health problems such as 
cardiovascular disease and diabetes [3].

COVID-19 spread from the city of Wuhan in December 
2019 to other surrounding cities in China and then 
around the world. On March 11, 2020, the World Health 
Organization (WHO) declared the COVID-19 epidemic a 
pandemic, due to the steady increase in the number of 
confirmed cases worldwide, making the current coro-
navirus epidemic a global health threat.

By March 15, 2020, there had been more than 81,000 
confirmed cases and more than 3,200 deaths in China 
due to the COVID-19 [2] [4]. As a result, international air 
traffic was reduced and the province of Hubei was 
closed around 3 weeks after the start of the COVID-19 
epidemic.

Despite many countries have implemented flight 
restrictions to China, the daily reported cases increase 
significantly with and without a travel history to 
China. These developments lead to many concerns 

about potential unspecified and unreported interna-
tional cases of COVID-19, which could lead to new 
local disease hotspots.

 As of March 8, 2020, the total number of cases of 
COVID-19 had reached 80,859, including 3,100 deaths 
in China, the number of infections having rapidly 
increased after the massive growth of Hubei province, 
the epicenter of the disease [4]. Following the closure on 
February 15, 2020, the daily number of new cases 
reported in China began to decrease across the country, 
although Hubei Province reported 128 cases per day 
during the week of March 2-8 2020. As the epidemic 
continues to decrease in China, more than 700,000 
cases of COVID-19 have been reported in more than 200 
countries and territories outside of China, and hot spots 
of the disease have formed in the United States, Italy, 
Spain, Iran, Japan, Germany, France, and Morocco [4]. 
Given the continuing increase in confirmed cases of 
COVID-19 international, it is not clear how that further 
outbreaks of uncontrolled virus can be prevented.

In particular, Italy has become one of the countries 
most affected by COVID-19, as it has registered an 
increasing number of cases in recent days. Therefore, it 
is important to monitor the evolution of these epidem-
ics and to assess the effects of various public health 
measures, including measures of quarantine and social 
distancing in real time. A potential scenario indicates 
that COVID-19 cases outside of China may spread and 
remain undetected for a period of time, delaying 
countermeasures in many countries. For example, in 
Italy, the first case of COVID-19 identified on January 
31, 2020. After 20 days, the number of cases increased 
rapidly, resulting in 10,149 cases including 631 deaths 
on March 10, 2020. Some officials believe that the 
spread of the virus with the unreported or undetected 
cases is the cause of many confirmed cases, which 
means that at the time where the country realize the 
propagation of the COVID-19, there were many chains 
of transmission that are difficult to contain.
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TABLE 1. Parameters description and values, initial data are corresponding
to the 19 March 2020 for Morocco and January 31 for Italy [10].

��������
�
�

Parameter Description Estimated values for Morocco Estimated values for Italy 

��  The recruitment rate ���  ���  

 The infection rate 0.400000000163557 0.588699489613117 


 The reduced chances of a partially controlled 
individual to be infected 0.741241139596395 0.250892755438833 

�� The recruitment rate of susceptibles to the 
partially controlled class 0.0551738035422604 0.0200000000000233 

�� The recruitment rate of susceptibles to the 
totally controlled class 0.118144493564252 0.0300000000000233 

� Natural death rate 0.00239997152652586 1.94812917550124������ 

� Death due to the infection 0.011000000000024 0.012174533433782 

� Treatment rate 0.00201633557279791 0.00459926081689683 

� Recovery rate 0.0106341154978583 0.0114981237192988 

� Immunity loss rate 2.43785373724565������ 1.98628130425312����� 

	� Initial susceptible population 34500000 60480000 

�� Initial partially controlled population 0 0 

�� Initial totally controlled population 0 0 

�� Initial infected population 63 2 

�� Initial recovered population 2 0 

�� Initial dead population 2 0 
 
 
 

On March 9, 2020, the government of Italy under 
Prime Minister Giuseppe Conte imposed a national 
quarantine, restricting population movement except 
for necessity, work and health conditions, in response 
to the growing epidemic of COVID-19 in the country. 
With additional lockdown restrictions mandated the 
temporary closure of non-essential shops and busi-
nesses. This measure is seen as a way to stop the spread 
of the virus that has hit Italy’s aging population. Italy’s 
Civil Protection Chief and Coronavirus Emergency 
Commissioner Angelo Borrelli said that 45% of those 
that have died were aged between 80 and 89, and 32% 
were in their seventies, 14% were over 90, 8% were in 
their sixties and 2% were aged between 50 to 59. Some 
bars and restaurants are still open, but they operate in 
limited hours without any commercial activities (except 
for supermarkets) that are scheduled to take place after 
6 pm. Schools and universities are still closed; the 
national lockdown continues until April 3 [5].

The purpose of our study is to estimate those who do 
not respect the national closure and then endanger 
their lives and those of others, by creating arguments 
for not staying at home. Then we investigate the effect 
of this population on control measures against COVID-
19, for example, awareness-raising programs, and 
treatment control even if there is no effective drug for 
COVID-19. To do this, first, we present a new mathe-
matical model that describes the evolution of the 
COVID-19 in a population based on the classical SIRS 
model.

In this model we divide the population into six groups, 
Susceptible, Partially controlled, Totally controlled, 
Infected, Recovered, and Dead individuals. We incor-
porate in the model we propose the awareness pro-
grams and the treatment. In view of the fact that there 
is no effective vaccine for the COVID-19, the recovered 
people after a while become susceptible again.
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Second, by using a nonlinear least-squares method, 
we estimate the model parameters by fitting the model 
to real data for both cases of Italy and Morocco to pre-
dict the situation in these countries by April 2020. 
Finally, we investigate several scenarios of optimal 
control strategies to discuss the best control that 
should have been followed to bring the situation under 
control in Italy and Morocco.

MATERIALS AND METHODS

Presentation of the model
Nowadays, diseases can move faster than ever 

because of the increasing movement of people between 
cities, regions, and countries. However, with digital 
technology, information can move faster, offering 
individuals and societies the opportunity to protect 
themselves before the disease itself occurs. Public 
awareness is important to manage the spread of infec-
tious diseases. Individual measures, such as increas-
ing attention to personal hygiene and avoiding crowds, 
can reduce the spread of the COVID-19.

Awareness programs also help to quickly identify and 
deal with new cases and facilitates group responses, 
such as school closings or public transit systems. Over 
the past two decades, with Internet availability and 
usage increased worldwide, people get information 
mainly through this novel alternative method [6].

Due to the lack of efficient treatment to the COVID-
19, almost all authorities around the world adopt the 
national lockdown, social distancing, self-isolation, 
and national quarantine combined with great public 
awareness control strategies. In response to this pan-
demic, Chinese, Italian, Moroccan, and other govern-
ments have ordered a nationwide school closure as an 
emergency measure to prevent the spread of infection. 
The confinement of the population determines all 
hygiene and social dispersal procedures, known as 
"barriers," according to regulations related to main-

taining one meter of distance between each other in 
public places, and bars and restaurants put tape on 
floors for their customers to follow, which has been 
defined at the national and local levels in response to 
the COVID-19 in Italy. In the hours following the 
nationwide lockdown announcement, supermarkets 
in Rome and Naples were hit by panic buying [7]. The 
Italian government was forced to reassure its citizens 
that the supermarkets would remain open and stored 
in the market around the clock [8].

Over the past two weeks, Italy has been divided 
between those who have been storing provisions, and 
one that has even ignored the basic rules, for example 
by organizing home parties in the affected areas.

The government hopes that the new measures will 
help curb these instincts [7]. Despite all of this, the num-
ber of confirmed COVID-19 cases still rising, this means 
that something is wrong. One possible reason is the lack 
of respect for the national quarantine and the underes-
timate of the contagiousness of the SARS-CoV-2. 

During the first phase of the COVID19 epidemic, by 
improving the media reporting response rate to the 
severity of COVID-19 and by improving the response 
rate of public awareness of media reports, both can 
bring forward peak time and reduce peak size of infec-
tion significantly.

These results suggest that in addition to improving 
medical standards, media coverage can be seen as an 
effective means of mitigating the spread of the disease 
at the initial stage of an epidemic [9]. Therefore, we 
incorporate in our model the effects of media report-
ing and awareness programs to reduce the susceptible 
population.

All these efforts made by the authorities to aware 
people of the danger and rapid spread of this virus, 
motivated us to consider two new classes of people. 
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The first class is the aware individuals who know 
about the virus and the nationwide lockdown, called 
the Partially controlled individuals (P), because this 
population could not respect the national quarantine 
for one reason or another and could be considered as 
laws violator.

The second category is people who respect the 
national quarantine by staying at home from the start 
of the closure. This population is called a totally con-
trolled population (C). Based on the classical compart-
mental models, we define the Susceptible (S), Infected 
(I), Recovered (R), and Dead (D) individuals and the 
rest of the classes studied here as follows:

• S: Susceptible people, people at risk or not yet 
infected and people who have not benefited 
from the awareness program.

• P: Partially controlled people, people who create 
arguments to leave their homes during the 
quarantine and can, therefore, be considered as 
people not respecting the quarantine.

• C: Totally controlled people, those who do not 
leave their home during quarantine and can, 
therefore, be considered as people respect the 
nationwide quarantine.

• I: Infected people, who are able to spread the 
COVID-19 to those in susceptible and partially 
controlled groups.

• R: Recovered people from the epidemic, but may 
return to the susceptible class due to the loss of 
individual immunity in the short term.

• D: The death toll from covid-19.

All these considerations lead to the following system 
of difference equations:
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With initial conditions S0 ≥ 0, P0 ≥ 0, C0 ≥ 0, I0 ≥ 0, R0 ≥ 0 
and D0 ≥ 0 and where Ni= Si+Pi+Ci+Ii+Ri is the total size 
of the population at the instant i. Without loss of gen-
erality, we consider the recruitment rate equal to the 
natural death rate due to the restricted time window of 
the epidemic, that is īi= ȝNi, is the newborn people 
which considered susceptible individuals, ȝ is the nat-
ural death rate.

After one unit of time, susceptible individuals may 
remain in the susceptible compartment, or become 
infected with a contact with infectious individuals 
(  SiIi) and move to the infectious compartment or ben-
efit from awareness (șSi) and move to the partially 
(ș1Si) or totally controlled (ș2Si) compartment, or die at 
a per capita ȝSi. Where ȕ is the infection transmission 
rate, and ș= ș1+ș2 defining the control of media report 
and awareness programs, where ș1 is the recruitment 
rate of susceptibles to the partially controlled class, 
and ș2 is the recruitment rate of susceptibles to the 
totally controlled class.

Partially controlled individuals may stay in P com-
partment or get infected with a reduced probability 
with a contact with infectious people (  PiIi) and move 
to the infected compartment, or die.

Where “c” modeling the reduced chances of a par-
tially controlled individual to be infected where 
0 ≤ c ≤ 1.

The totally controlled individuals never leave their 
compartment until they die.
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The infected individuals may stay in the infected 
compartment or get recovered at per capita ȖIi or 
treated at per capita ϘIi and move to the recovered 
compartment, or die due to the infection at a per cap-
ita ĮIi and move to the dead compartment, or die 
naturally.

The recovered individuals may remain in its compart-
ment or lose the immunity and move to the suscepti-
ble compartment at a per capita ȡRi, or die. Where Ϙ is 
the treatment rate, Į is the infection death rate, Ȗ is the 
recovery rate and ȡ is the losing removal individuals’ 
immunity rate.

We note that the population size Ni is not constant in 
time i, in fact

(2)
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Hence the population decreases until the end of the 
epidemic. A summary of the description and values of 
the parameters is given in Table 1.

Estimation of the parameters
In response to the current public health emergency, 

the CSSE Center for Systems Science and Engineering 
at Johns Hopkins University has developed and hosted 
an interactive web dashboard to view and follow up on 
reported cases in real-time [11].

The dashboard was first released on January 22 and 
shows the location and number of confirmed COVID-
19 cases, deaths, and recoveries for all affected 
countries. It was developed to provide researchers, 
public health authorities and the general public with 
an easy-to-use tool for tracking disease outbreaks 
when they occur. Besides, all the data collected and 
displayed is provided free of charge in the GitHub 
repository [10].

Every 15 minutes, the cumulative number of DXY (An 
online platform run by members of the Chinese medi-
cal community, [12]) cases is updated for all provinces 
in China and the affected countries and regions. Case 
numbers are updated manually throughout the day for 
countries and regions outside of China (including 
Hong Kong, Macao, and Taiwan) and when new cases 
are identified. Before manually updating the dash-
board, case numbers are confirmed using regional and 
local health services, the China Disease Control Center 
(CCDC) [13], Hong Kong Department of Health [14], 
Macau Government [15], Taiwan CDC [16], European CDC 
(ECDC) [17], the World Health Organization (WHO) [4], as 
well as city and state-level health authorities.

Our study focuses on the February and March period 
concerning the real data for Italy, and on the March 
period concerning the Moroccan data. This is due to 
the rapid response of the Moroccan government by 
applying the nationwide quarantine after only 63 
cases and 2 deaths on March 20 compared to Italy, 
which announced the closure of the country after 
6,387 cases and 366 deaths on March 9.

To verify the reality of that model, we use nonlinear 
least-squares regression to fit the model to actual 
observations. Therefore, the following process has 
been followed for parameters estimation:

With MATLAB, the system of difference equations is 
solved numerically, the initial values being chosen for 
the parameters and the case variables of table 1. The 
results of the model are compared with field data and 
the Levenberg-Marquardt optimization algorithm 
defines a new set of parameter values with the results 
of the model better suited to field data.

After determining the values of the new parameters 
with this optimizer, the system of difference equa-
tions is solved numerically using the value of these 
new parameters and the results of the model are again 
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compared with field data. This iteration process con-
tinues between the updating of the parameters and 
the numerical solutions of a system of difference equa-
tions using iterative diagrams until the criteria for 
convergence of the parameters are fulfilled. In this 
process of estimating the parameters, around one 
thousand values, are chosen using a random process 
for each of the parameters to be estimated.

FIGURE 1. Data fitting for the data from March 18
to April 04, 2020 of Morocco. The markers represent

(a) the active number of confirmed cases, (b) the number 
of recovereds, (c) the number of deaths. The solid curves 

are the best fitting curves of model (1) to these data.

In Figure 1 we can see that our model fits correctly 
the real data of Morocco, especially the data of infected 
cases, see the sub-figure (a). In (b), we can see the esti-
mation of the R function where it can be seen that 
there are some errors plotted with the filled area, 
while in (c) we can see the estimation of the D function 
with some errors between a range plotted with the 
filled area. To provide a prediction based on the esti-
mated parameters given in Table 1 we simulate our 
model from the beginning of the quarantine on 19 

March to 07 May, see Figure 2. This figure depicts the 
continuous increase of the three functions I, R and D, 
albeit at a weak form they wouldn’t stop.

FIGURE 2. Estimating the situation of COVID-19
in Morocco by April and the first week of May 2020.

The markers represent (a) the active number of
confirmed cases, (b) the number of recovereds,

(c) the number of deaths. The solid curves are the best 
fitting curves of model (1) to these data.

Figure 3 depicts the estimation of the controlled pop-
ulation, where it can be seen that after about 10 days 
all the population is considered controlled where the 
susceptible population takes about zero values at the 
end of April, and the partially controlled and the 
totally controlled population rise towards about 15 
million and 20 million respectively. That figure shows 
the efficiency of the awareness control in reaching all 
the population, but it can be seen that this control is 
not sufficient to bring the situation under control. The 
Moroccan authorities must apply more serious move-
ments restriction to reduce the number of partially 
controlled population which represents the high-risk 
population.
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FIGURE 3. Estimating the high-risk population in
Morocco by April and the first week of May 2020. 
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To show the impact of this population on the control 
of the COVID-19 in Morocco, we consider a scenario 
when all the population respects the quarantine which 
means that there is no partially controlled population, 
that is ș1= 0. We can see from Figure 4 that from the 
beginning of the quarantine, the number of infected 
cases starts to decrease continuously, while the num-
ber of dead people would not exceed 40 individuals. 
But this scenario is more theoretical than real, since 
the total lockdown is more costly and can lead to seri-
ous economical damages.

FIGURE 4. Simulation of the model (1)
with ș1= 0 and ș1= 0.6.
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This simulation shows that it is necessary to think 
about controlling this population to achieve more sat-
isfactory results. To investigate a more realistic sce-
nario we consider in the following section an optimal 
control approach that aims to stop the infection pro-
cess with an optimal cost.

In Figure 5 we can see that our model also fits cor-
rectly the real data of Italy from January 31 to March 
30, especially the data of infected cases, see the 
sub-figure (a). In (b), we can see the estimation of the 
R function where it can be seen that there are some 
errors between a range of ±875 individuals, while in (c) 
we can see the estimation of the D function with some 
errors between a range of ±725.

FIGURE 5. Data fitting for the data from February first
to March 31, 2020 of Italy. The markers represent

(a) the active number of confirmed cases, (b) the number 
of recovereds, (c) the number of deaths. The solid curves 

are the best fitting curves of model (1) to these data.

To provide a prediction based on the estimated 
parameters given in Table 1 we simulate our model 
from January 31 to May 07, see Figure 6.
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This figure depicts the continuous increase of the 
three functions I, R and D, which would reach huge 
numbers by the end of April.

FIGURE 6. Estimating the situation of COVID-19 in Italy
from February to the first week of May 2020. The markers 
represent (a) the active number of confirmed cases, (b) the 
number of recovereds, (c) the number of deaths. The solid 

curves are the best fitting curves of model (1) to these data.

Figure 7 depicts the estimation of the controlled pop-
ulations, where it can be seen that the susceptible 
population decreases which show the effect of the 
awareness programs on increasing the number of con-
trolled individuals. While the number of partially and 
totally controlled individuals increases slightly, which 
can be interpreted by the non-serious behavior of peo-
ple regarding the spread of this pandemic.

This explains the high number of infections in Italy 
and the insufficiency of the control strategy pursued 
by the Italian authorities so far. In the following sec-
tion, we will discuss the strategy of control that should 
have been applied in Italy to avoid this huge number of 
deaths and infections.

FIGURE 7. Estimating the high-risk population in
Italy from February to the first week of May 2020. 
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Because the residuals need to be determined numer-
ically, we examine the accuracy of the normality of the 
estimation of the parameters. In order to carry out this 
examination, we generate the residuals of the infected, 
removed and dead populations for Morocco and Italy.

FIGURE 8. Residuals of the parameters
estimation for Morocco.
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Figure 8 displays the corresponding histograms of Ik 

- Ik
data in (a) and Rk - Rk

data in (b) and Dk - Dk
data in (c) for the 

estimation of the parameters for Morocco with their 
corresponding normal distributions. While Figure 9 
depicts the corresponding histograms of Ik - Ik

data in (a) 
and Rk - Rk

data in (b) and Dk - Dk
data in (c) for the estima-

tion of the parameters for Italy with their correspond-
ing normal distributions. These figures show that the 
estimated parameters are reliable and predict cor-
rectly the observed data, especially the number of 
infections.

FIGURE 8. Residuals of the parameters
estimation for Italy.
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The objective of this part of the article is not to pre-
dict what will happen in the coming months but to 
validate the proposed model by fitting the model’s 
outputs to real data, then to estimate the high-risk 
population in these countries during the period used 
to estimate the parameters. Therefore, contribute to 
the control of this pandemic by suggesting an optimal 
control strategy to make the national closure more 

effective in reducing new infections and saving more 
lives. Knowing that these countries could use addi-
tional controls such as new treatment, massive tests, 
the obligation of masks, or more restrictions of move-
ment, after the period of estimation of the parameters, 
which would make the predictions of our model exag-
gerated.

 An optimal control approach
Authorities provide all necessary assistance to resi-

dents to stay at home during the quarantine period. By 
spending financial values on poor families and by dis-
pensing certain useless occupations in the course of 
this period. Consequently, people who break quaran-
tine can be considered as violating the laws, as they 
will take the maximum penalties, which reach the 
prison.

In this section, we introduce in the model a control 
variable that represents the previous severe reactions 
of the authorities against people who do not respect 
the national quarantine, denoted by ui. Thus, the con-
trolled model is given by
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With initial conditions S0 ≥ 0, P0 ≥ 0, C0 ≥ 0, I0 ≥ 0, R0 ≥ 0 
and D0 ≥ 0. The main objective of all the countries 
affected by COVID-19 is to reduce as much as possible 
the infected and partially controlled people while 
reducing the costs of control u, which can be trans-
lated mathematically to the seek of an optimal control 
u* such that:

(4)
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where    is the functional defined by:

(5)
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and where the admissible control set ࣯ is defined by:

(6)
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K1, K2 and K3 represent constant severity weights 
associated with functions I, P, and ݑ, respectively.

Existence of the optimal control
Theorem. There exists an optimal control ࣯�א *ݑ such 

that
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subject to the control system (3) and initial conditions.

Proof. Since the parameters of the system are bounded 
and there are a finite number of time steps, that is S, P, 
C, I, R and D are uniformly bounded for all uin the con-
trol set ࣯, thus     (ݑ)is also bounded for all ݑ  Which .࣯א
implies that inf(ݑ)  ࣯אݑ is finite, and there exists a 
sequence ݑn א ࣯ such that

����� � �

������� � �� 

 

�
�
����

����� � 

	
���

���� 

 

�� � ��
�� � ��
�� � ��
�� � ��
�� � ��

 

 

and corresponding sequences of states, Sn, Pn, Cn, In, 
Rn and Dn.

Since there is a finite number of uniformly bounded 
sequences, there exists ࣯�א *ݑ and S*, P*, C*, I*, R* and D* 

such that, on a sequence,
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Finally, due to the finite dimensional structure of the 
system (2) and the objective function (ݑ), ݑ* is an opti-
mal control with corresponding states S*, P*, C*, I*, R* 
and D*. Which complete the proof.

Characterization of the optimal control
By using a discrete version of the Pontryagin’s maxi-

mum principle [18] [19] [20] [21] [22], we derive necessary con-
ditions for our optimal control problem. For this pur-
pose, we define the Hamiltonian as:

(7)
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Theorem. Given an optimal control ݑ* and solutions 
S*, P*, C*, I*, R* and D*, there exists Ƀk,i, i = 0... T - 1, k = 
1,2,...,6, the adjoint variables satisfying the following 
equations:

(8)
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(8)

where Ƀ1,T = Ƀ3,T = Ƀ5,T = Ƀ6,T = 0, Ƀ2,T = K2, Ƀ4,T = K1 are the 
transversality conditions. In addition

(9)
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Proof. Using the discrete version of the Pontryagin’s 
maximum principle [18] [19], we obtain the following 
adjoint equations:
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With Ƀ1,T = Ƀ3,T = Ƀ5,T = Ƀ6,T = 0, Ƀ2,T = K2,Ƀ4,T = K1.

To obtain the optimality conditions we take the vari-
ation with respect to controls (ui and vi) and set it equal 
to zero
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By the bounds in ࣯ of the control in the definitions 
(6), it is easy to obtain ݑI

* in the following form
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RESULTS AND DISCUSSION

Numerical simulation 
Here, we provide the numerical simulations related to 

the optimization problem mentioned above. We write 
the code in MATLABTM and simulate our results using 
different data from Table 1. The optimality systems 
are solved based on an iterative discrete method which 
converges after an appropriate test similar to that for 
FBSM. The state system is resolved with the initial 
assumption forward in time, then the adjoint system is 
solved backward in time due to the transversality con-
ditions. Next, we update the optimal control values 
using the state and co-state values obtained in the 
previous steps. Finally, we implement the previous 
steps until the tolerance standard is reached.

To demonstrate the efficiency of the optimal strategy 
of control that we propose, and to give a comparison 
with the case when there is no optimal control, we 
choose to simulate the controlled model in the months 
of February, March, and April in the case of Italy, and 
in the months of March and April in the case of 
Morocco.

Our model correctly corresponds to the Italian data 
(see Figure 5) and predicts that the number of COVID-
19 cases will continue to increase if the Italian author-
ities do not take other measures such as the appear-
ance of a new treatment, see Figure 6. While in Figure 
10 we can see that the number of infections reaches 
the peak by about 9000 infected individuals on April 
first, and then starts to decrease. And the number of 
deaths does not exceed 6000 (see the sub-figure (b)) 
by the end of April. By following these strategies of 
control, the partially controlled population remains 
almost null, see the sub-figure (a), which gives the 
healthcare authorities the necessary time to save more 
lives. From the sub-figure (c) we can see that by May 
first, there is no more need for this control, where the 
function u takes null values since that time.

Figure 11 depicts the efficiency of the control u in 
reducing the number of partially controlled individu-
als, and increasing the number of totally controlled 
people (a) in Morocco, and then reducing the number 
of new cases of infection, and the number of deaths 
(b), which would not exceed 150 by 07 of May, while 
this number exceeds 1000 dead individuals at the 
beginning of May, in the case when there is no control 
u, see (c) of Figure 2. While it can be seen, from the 
sub-figure (c) of Figure 11, that the control function u 
takes discrete values separated by null values, while 
we can see that this control is needed until the end of 
this simulation. To achieve this satisfactory results, 
the control starts from the beginning of the closure to 
inverse the direction of the course of events, while the 
number of the partially controlled people rise to about 
11 million individuals and stabilize there until the end 
of April, when the control u is not applied yet, see 

FIGURE 10. The controlled model (2) simulated
with the parameters of Italy. (a) The three functions

of susceptible S, partially controlled P, and totally 
controlled C population. (b) The three functions

of infected I, recovered R, and dead D population.
(c) The control function.
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Figure 3. But, when the optimal control u is applied, 
the number of the partially controlled people starts 
decreasing towards zero to take almost null values by 
about April first, see (a) of the Figure 11.

FIGURE 11. The controlled model (2) simulated
with the parameters of Morocco. (a) The three functions

of susceptible S, partially controlled P, and totally 
controlled C population. (b) The three functions

of infected I, recovered R, and dead D population.
(c) The control function.
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Discussion
In recent work, Zhou et al. in [9] studied the effects of 

media reports on mitigating the spread of COVID-19 in 
the early stage of an outbreak, where the authors dis-
cussed a mathematical model that provided a detailed 
scheme in the early stage of the COVID-19 outbreak, 
and included the ODE model. Their findings indicate 
that, in addition to improving medical standards, 
media coverage can be considered an effective way to 
mitigate the spread of the disease in the first stage of 
the epidemic. Based on this fact, we incorporate in our 
model the effect of media reporting and the awareness 
programs to reduce the number of susceptible popula-

tion (the parameter ș�= ș1+ș2), but our principal aim is 
to estimate the high-risk population in countries under 
quarantine (lockdown) not in the early phase of the 
propagation of the pandemic compared to the model 
proposed in [9], and then to contribute in the control of 
this disease.

Other work presented in [23] assesses different scenar-
ios, based on an estimate of the number of identified 
and unidentified cases, and studies the effectiveness 
of different policy responses to contain the epidemic 
in Iran. The authors have shown that in many cases 
the number of unidentified cases, including asymp-
tomatic individuals, can be much higher than the 
reported numbers, and the control strategy they sug-
gest is to combine effective social spacing to extensive 
testing, even for those without symptoms and isolate 
active cases. This control strategy can work in Italy; 
however, it is not applicable in developing countries 
like Morocco due to the limited medical protection 
equipment, fragile health resources and infrastruc-
tures which do not allow a number of enough daily 
tests. Whereas, in our control strategy, we suggest only 
optimal self-isolation to make the state of emergency 
more efficient and this shows satisfactory results in 
Italy and Morocco regardless of medical resources.

Tian et al. in [24], adopted the interrupted time series 
method and developed the SEI / QR model for analyz-
ing data from Anhui in China, which is divided into 
three phases. During the first phase, general aware-
ness of the severity of the disease was low and infec-
tions might be treated like the common cold. In the 
second phase, the public began to realize the severity 
of the epidemic after the closure of Wuhan and the 
closure in other cities in Hubei soon after. In the third 
stage, central quarantine management measures were 
adopted for close communication in Anhui and 
resulted in a decrease in the possibilities of communi-
cation between residents. The authors concluded that 
the closure of Wuhan and the timely central quaran-
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tine procedures in Anhui had significantly reduced the 
speed of transmission of COVID-19. This work focuses 
on the different stages of the detection of epidemics in 
China, but the virus and the disease of SARS-CoV-2 
(COVID-19) were identified before the declaration of 
the first cases in Italy and Morocco, which makes the 
analysis of [24] not applicable in these countries.

All the above-mentioned models are continuous, but 
the model we propose here is in discrete-time. One of 
the reasons for the rise of discrete time models is that 
these models have advantages for describing infec-
tious diseases, since epidemic data are generally col-
lected in separate time units, which would make them 
easier to use and ease with which data can be com-
pared to simulated results.

To avoid what are the things going to in other coun-
tries, the optimal and efficient way to bring the situa-
tion under control is the optimal control strategy we 
propose here. It can be seen that in this strategy of 
control, there is no need for more medical care or med-
ical equipment. The Moroccan authorities need to use 
restraining measures, stipulated in the decree by law, 
to deter violators, who underestimate the lives and 
safety of citizens, and put them at risk.

The absence of anti-COVID-19 treatment and an effec-
tive vaccine against COVID-19, and limited medical 
resources are all factors that make it more difficult to 
stem the transmission of this pandemic. Therefore, it 
is necessary to consider other means of interventions. 
Travel restrictions have been implemented in most 
countries of the world, effectively reducing the move-
ment of millions, quarantine, and health emergencies 
require people to stay indoors during the COVID-19 
outbreak to reduce contact with others, which already 
contributes to the prevention and control of the dis-
ease, with all these strategies of control, the new infec-
tion cases still recorded in Italy and Morocco which 
give us the opportunity to contribute in the contain-

ment of this dangerous pandemic by proposing the 
optimal strategy of control that appears to be more 
efficient by bringing forward the peak and reducing 
the size of the infection peak in both countries under 
investigation.

Many countries have taken advantage of the experi-
ence of China and Italy in fighting this pandemic. This 
saved him time to try to contain the severe spread of the 
COVID-19 infection. And learned them that this spare 
time must be used efficiently and effectively. Morocco 
is one of these countries, where the emergency home 
education plan was meticulously implemented [25]. 
Schools and teachers make tremendous efforts at all 
levels to create and deliver online courses via TV and 
Internet broadcasts in record time. The new virtual 
semester has just begun across the country, and various 
online courses are offered in a good manner [26]. These 
measures help alleviate the concerns of many parents 
about the educational attainment of their children by 
ensuring that school learning is not greatly interrupted 
and then help people to stay at home. Financial aid for 
poor families and for hanging crafts. Imposing early 
quarantine. Some posts went so far as to say that 
Morocco preferred its people over its economy.

Despite all of this, we can see that overcoming this 
pandemic will not be an easy task. When interpreting 
our results, however, several limitations must be con-
sidered. Thus, although this is the first study to use a 
mathematical model to estimate high-risk populations 
in countries subject to emergencies and quarantine in 
general and in Italy and Morocco in particular, there 
are potential limitations with regard to the degree of 
risk of COVID-19. Where, the degree of risk of develop-
ing COVID-19 depends mainly on age, male gender and 
the presence of comorbidities (obesity, diabetes, heart 
disease, lung disease and kidney disease) [27], and 
therefore other results may be assessing the develop-
ment of COVID-19 in these people. However, we have 
estimated the prevalence of COVID-19 in these coun-
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tries regardless of age, gender and complications. In 
addition, errors in data collection cause the model to 
reduce or potentially overestimate future propagation 
projections. Another limitation is that the authorities 
frequently change their control strategy by adding 
some additional controls such as masks commitment, 
more restrictions on movement ... all of which can lead 
to massive errors in our prediction, however, our opti-
mal control strategy is still more efficiency even if 
there are different numbers of the population, and this 
is verified in this paper by analyzing data of two coun-
tries with different initial states.

CONCLUSION
In this paper, we have presented a new mathematical 

model describing the evolution of the COVID-19 in 
countries under the nationwide lockdown. In which we 
have considered two new classes of people. Those who 
underestimate the quarantine and then left their home 
for their reasons, we called them the partially con-
trolled people and those who respect the national quar-
antine by staying at home we called them the totally 
controlled people. First, we estimated the amount of 
these populations in Italy and Morocco, by applying a 
nonlinear least squares method on real data collected 
and published by the John Hopkins University. In Italy, 

we found that the number of the partially and totally 
controlled individuals rose slowly compared to the 
case of Morocco, this shows the rapid response to quar-
antine and the efficiency of awareness programs in 
Morocco. In order to contribute to the control of the 
COVID-19 in Morocco and Italy and other countries, we 
have investigated an optimal control problem that 
aims to reduce the number of partially controlled and 
infected people with minimal costs. Where this strat-
egy of control we present here adopts the no-medicine 
control which can be used in all developing countries. 
We simulated what would have been happened in Italy 
and Morocco if this strategy of control was applied 
early. We have provided several simulations through-
out the paper to illustrate the efficiency of each part of 
the manuscript. 

COMPETING INTERESTS
The authors have no competing interests to declare.

ACKNOWLEDGMENTS
The authors would like to thank all the members of the 

Editorial Board who were responsible for this paper.

AUTHOR CONTRIBUTIONS
All authors have contributed equally to the article.



REVISTA MEXICANA DE INGENIERÍA BIOMÉDICA | Vol. 42 | No. 1 | JANUARY - APRIL 202126

REFERENCES

[1] Rothan HA, Byrareddy SN. The epidemiology and pathogenesis of 
coronavirus disease (COVID-19) outbreak. Journal of 
Autoimmunity [Internet]. 2020;109: 102433. Available from: 
https://doi.org/10.1016/j.jaut.2020.102433

[2] World Health Organization. Health-topics. WHO [Internet]. 2020; 
Available from: https://www.who.int/health-topics/

[3] Weinkove R, McQuilten Z, Blyth E, Cheng AC, Conyers R, Crane M, 
et al. Managing haematology and oncology patients during the 
COVID-19 pandemic: Interim consensus guidance. The Medical 
Journal of Australia [Internet]. 2020;212(10):481-489. Available 
from:  https://doi.org/10.5694/mja2.50607

[4] World Health Organization. Rolling updates on coronavirus disease 
(COVID-19). WHO [Internet].  2020; Available from: https://www.
who.int/emergencies/diseases/novel-coronavirus-2019/events-as-
they-happen

[5] Ellyantt H. Italy passes 10,000 coronavirus cases as national 
quarantine moves closer to total shutdown. CNBC [Internet]. 2020;                                                   
Available from:  https://www.cnbc.com/2020/03/11/italy-passes-
10000-coronavirus-cases.html

[6] Chen H, Xu W, Paris C, Reeson A, Li X. Social distance and SARS 
memory: impact on the public awareness of 2019 novel coronavirus 
(COVID-19) outbreak. medRxiv [Preprint]. 2020. 
https://doi.org/10.1101/2020.03.11.20033688

[7] Mackay J. Under coronavirus lockdown, Italy is finding a fragile 
sense of solidarity. The Guardian [Internet]. 2020; Available from: 
https://www.theguardian.com/commentisfree/2020/mar/10/
coronavirus-lockdown-italy-florence-panic

[8] ITV News. Panic buying in Italy as nationwide coronavirus 
lockdown gets underway [Internet]. 2020; Available from: https://
www.itv.com/news/2020-03-09/whole-of-italy-now-subject-to-
coronavirus-quarantine-restrictions/

[9] Zhou W, Wang A, Xia F, Xiao Y, Tang S. Effects of media reporting 
on mitigating spread of COVID-19 in the early phase of the 
outbreak. Mathematical Biosciences and Engineering [Internet]. 
2020;17(3): 2693-2707. Available from: 
http://dx.doi.org/10.3934/mbe.2020147

[10] The Center for Systems Science, at Johns Hopkins University (JHU) 
EC. Novel Coronavirus (COVID-19) Cases [Internet]. 2020; Available 
from: https://github.com/CSSEGISandData/COVID-19

[11] The Center for Systems Science, at Johns Hopkins University (JHU) 
EC. Coronavirus COVID-19 Global Cases [Internet]. 2020;Available 
from: https://www.arcgis.com/apps/opsdashboard/index.html#/bda7
594740fd40299423467b48e9ecf6

[12] DXY. COVID-19 Global pandemic real time report [Internet]. 
2020;Available from: https://ncov.dxy.cn/ncovh5/view/en_
pneumonia?from=dxy

[13] CCDC. COVID-19 Tracking the Epidemic [Internet].  2020;Available 
from: http://weekly.chinacdc.cn/news/TrackingtheEpidemic.htm

[14] Government of the Hong Kong special administrative region T. 
COVID-19 Tracking the Epidemic [Internet]. 2020;Available from: 
https://www.coronavirus.gov.hk/eng/index.html

[15] Macau Government. Daily reports for Tracking the Epidemic of 
COVID-19 [Internet].  2020;Available from: https://www.ssm.gov.
mo/portal/

[16] Taiwan CDC. COVID-19 Tracking the Epidemic [Internet]. 2020; 
Available from: https://sites.google.com/cdc.gov.tw/2019ncov/
taiwan?authuser=0

[17] European Centre for Disease Prevention and Control. COVID-19 
situation update worldwide [Internet]. 2020; Available from: 
https://www.ecdc.europa.eu/en/geographical-distribution-2019-
ncov-cases

[18] Pontryagin. Mathematical theory of optimal processes. London: 
Routledge. 1987. 360p. https://doi.org/10.1201/9780203749319

[19] Sethi SP, Thompson GL. Applications to management science and 
economics. Boston: Kluwer Academic Publishers. 2000. 524p.

[20] Zakary O, Rachik M, Elmouki I. On the analysis of a multi-regions 
discrete SIR epidemic model: an optimal control approach. 
International Journal of Dynamics and Control [Internet]. 
2017;5(3):917–930. Available from: 
https://doi.org/10.1007/s40435-016-0233-2

[21] Zakary O, Rachik M, Elmouki I. A new epidemic modeling 
approach: Multi-regions discrete-time model with travel-blocking 
vicinity optimal control strategy. Infectious Disease Modelling 
[Internet]. 2017;2(3):304–322. Available from: 
https://doi.org/10.1016/j.idm.2017.06.003

[22] Boutayeb H, Bidah S, Zakary O, Rachik M. A New Simple Epidemic 
Discrete-Time Model Describing the Dissemination of Information 
with Optimal Control Strategy. Discrete Dynamics in Nature and 
Society [Internet]. 2020;2020:7465761. Available from: 
https://doi.org/10.1155/2020/7465761

[23] Einian M, Tabarraei HR. Modeling of COVID-19 Pandemic and 
Scenarios for Containment. medRxiv. [Preprint]. 2020. 
https://doi.org/10.1101/2020.03.27.20045849

[24] Tian J, Wu J, Bao Y, Weng X, Shi L, Liu B, Yu X, Qi L, Liu Z. 
Modeling analysis of COVID-19 based on morbidity data in Anhui, 
China. Mathematical Biosciences and Engineering [Internet]. 
2020;17(4):2842-52. Available from: 
http://dx.doi.org/10.3934/mbe.2020158

[25] Kingdom of Morocco Ministry of National Education HE Vocational 
Training. Press release–March 16, 2020 [Internet]. 2020; Available 
from: https://www.men.gov.ma/Ar/Pages/Publication.
aspx?IDPublication=5938

[26] Kingdom of Morocco Ministry of National Education HE Vocational 
Training. Newsletter no. 3- March 16, 2020 [Internet]. 
2020;Available from: https://www.men.gov.ma/Ar/Pages/
Publication.aspx?IDPublication=5941

[27] D’Antiga L. Coronaviruses and Immunosuppressed Patients: The 
Facts During the Third Epidemic. Liver Transplantation [Internet]. 
2020; 26(6):832-834. Available from: 
https://doi.org/10.1002/lt.25756



Vol. 42 | No. 1 | JANUARY - APRIL 2021 | pp 27-35

RESEARCH ARTICLE ib
E-LOCATION ID: 1061dx.doi.org/10.17488/RMIB.42.1.3

A Method for Evaluating the Risk of Exposure to COVID-19
by Using Location Data

Un Método para la Evaluación del Riesgo de Exposición al Virus de COVID-19
Usando los Datos de Locación

Gerardo Mendizabal-Ruiz
Universidad de Guadalajara

ABSTRACT 
One of the main reasons for the widespread dissemination of COVID-19 is that many infected people are asymp-
tomatic. Consequently, they likely spread the virus to other people as they continue their everyday life. This em-
phasizes the importance for targeting high-risk groups for the diagnosis of COVID-19 (with real-time PCR techni-
ques). However, the availability of the necessary technology and resources may be limited in certain towns, cities 
or countries. Thus, the challenge is to determine a criterion in order to prioritize the suspected cases most in need 
of testing. The aim of the present study was to develop a method for evaluating the risk of exposure to COVID-19 
infection based on geolocation data. The risk is expressed as a score that will be instrumental in optimally applying 
the COVID-19 test to suspected cases representing the highest probability of exposure. It can be easily and quickly 
implemented with easily accessible open source tools. A simulation was herein conducted with data from four peo-
ple, assigning infection to one of them. The results show the feasibility of assessing the risk of exposure with the 
new methodology. Additionally, the data obtained might provide insights into the sometimes complicated patterns 
of virus propagation. 

KEYWORDS: Risk assessment, COVID-19, location data.
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RESUMEN 
Una de las principales razones del esparcimiento del COVID-19 es que muchas de las personas infectadas son asin-
tomáticas. Así entonces, al continuar con su vida diaria estas personas contagiadas son susceptibles a contagiar 
el virus a otras personas sin siquiera imaginarlo. Actualmente el diagnostico de COVID-19 se lleva a cabo usando 
técnicas de PCR en tiempo real. Sin embargo, la disponibilidad de dichas pruebas puede ser limitada en algunos paí-
ses o ciudades. En este sentido determinar un criterio que permita de!nir a cuáles casos sospechosos deben de ser 
aplicada la prueba resulta un reto importante. En este artículo se presenta un método que permite evaluar el riesgo 
de exposición de una persona al COVID-19 que está basado en el uso de los datos locación. El método propuesto 
puede ser rápida y fácilmente implementada utilizando herramientas de código abierto existentes actualmente. El 
método propuesto fue probado utilizando datos de cuatro personas simulando a uno de ellos como portador del 
virus. Los resultados muestran la factibilidad del método propuesto para evaluar el riesgo de exposición. Además, 
los datos que se obtienen pueden ser potencialmente utilizados para un mejor entendimiento de los patrones de 
dispersión del virus.

KEYWORDS: Evaluación de riesgo, COVID-19, datos de localización.
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INTRODUCTION
COVID-19 is spreading across the world at an alarm-

ing rate, making the global outbreak a significant pub-
lic health problem [1]. One of the main reasons for the 
large-scale spread of COVID-19 is that an estimated 
80% of carriers are asymptomatic or have mild symp-
toms [2]. Thus, many infected people could unknow-
ingly spread the virus [3] [4]. Since the COVID-19 virus 
remains on surfaces and in aerosols for many days 
under certain conditions, people may get infected by 
touching contaminated objects long after the carrier 
has departed [5].

Consequently, opportune testing of suspected cases 
is crucial for clinical management and outbreak con-
trol. According to the World Health Organization, the 
decision to test an individual should be based on clin-
ical (symptoms) and epidemiological factors (contact 
with a confirmed case) associated with the likelihood 
of infection [6].

For suspected cases, nucleic acid amplification 
analysis (RT-PCR) [6] is recommended for COVID-19 
testing. In some towns, cities or countries, unfortu-
nately, the resources for such tests may be limited. 
Therefore, a criterion is needed to determine when 
to perform a test once the growing number of cases 
begins to surpass the resources available. Moreover, 
in the event that people could assure themselves of 
a high risk of exposure to infection, they would be 
more prone to self-quarantine even if they are 
asymptomatic.

The aim of the present study was to develop a 
method for evaluating the risk of exposure to COVID-
19 infection based on geolocation data. The risk is 
expressed as a score that will be instrumental in opti-
mizing the application of the COVID-19 test to sus-
pected cases representing the highest probability of 
exposure. To implement the method, a webpage is 
created for uploading the geolocation data of con-

firmed COVID-19 cases of the previous days. The geo-
location data of a suspected case is then entered into 
the same webpage in order to calculate an exposure 
risk score. The latter is computed based on the num-
ber of places where one or more confirmed cases and 
the suspected case were near each other within over-
lapping periods. A time window after the departure of 
the confirmed cases is contemplated to reflect the 
virus survival time.

MATERIALS AND METHODS

Geolocation data
Modern smartphones have a variety of sensors capa-

ble of registering the coordinates, accompanied with 
timestamps, of the routes taken and places visited by 
the user. Such data could be saved as a JSON file to 
create a history of geolocation data, considering two 
attributes of interest (AOI):

• location: the latitude and longitude of a place vis-
ited by the user. 

• duration: the length of time spent at a given place 
calculated from startTimestampMS and endTimes-
tamMs, corresponding to the arrival and depar-
ture times, respectively.

Google location data
Google allows owners of a device (e.g., a smart-

phone) to request the history of location data at 
https://www.google.com/maps/timeline. The data is 
sent to the e-mail account of the user in the form of 
a zip file containing a folder for each year that 
Google has collected this information. Location data 
for each month is stored in a JSON file, which con-
tains data for every day of the month in the form of 
data objects. The placeVisit objects register the 
places where the user stayed for some period of 
time. From these data-objects, the AOI can be 
retrieved.
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Registering con!rmed cases
A person confirmed to be infected with COVID-19 

should provide the location data available in a JSON 
file. Subsequently, an authorized person (most likely a 
health authority in charge of the system) uploads the 
file into a web service offering cloud computing ser-
vices. The web service reads and parses the JSON data 
corresponding to the AOI of the previous N days by 
analyzing each placeVisit object in the file. The values 
are registered into a relational database, storing only 
the places and times but not the identity of the con-
firmed case to conserve the confidentiality of the data. 
Finally, it is possible to make queries by entering data 
of suspected cases into the web service.

Computing the exposure risk score
The JSON data of a person who wants to evaluate his 

or her risk of exposure is utilized similarly, extracting 
all the placeVisit objects within the last M days. The 
proposed method is based on the hypothesis that a 
person (suspected case) has a determined risk of 
COVID-19 infection whenever they were at the same 
place of a confirmed case in the same time lapse (or 
within a given time window following the departure 
of the latter).

Let ATS, DTS, ATC   and DTC  be the arrival and depar-
ture times of the suspected and confirmed cases, 
respectively. Examples are illustrated in Figure 1 of 
suspected cases at high, medium and low risk of expo-
sure, depending on their arrival and departure times 
to a specific place. If there is an overlap of periods 
between the suspected and infected cases, a high risk 
of infection is assigned. When the arrival time of the 
suspected case is after the departure time of the con-
firmed case, the virus survival time must be taken into 
account. In the event that the arrival time is within the 
window of virus survival on surfaces, a medium risk of 
infection exists [5]. If the suspected case has a depar-
ture time before the arrival of the confirmed case or an 
arrival time after the virus survival time, it is possible 

to designate low risk. A Sigmoid function is employed 
to compute a risk score Rk for each place k of coinci-
dence of a suspected case with a confirmed case 
within the defined time window, depending on the 
difference between the arrival time of the suspected 
case and the departure time of the confirmed case 
(i.e., 6(ATS-DTC):

�� � �
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Where ȝ is the value in hours representing the differ-

ence between the arrival time of the suspected case 
and the departure time of the confirmed case that 
gives a score of 0.5. The real difference (6) is sub-
tracted from ȝ. The parameter Ȝ is a constant that 
determines the slope of the transient region of the 
Sigmoid curve, allowing for control over which values 
of 6 converge to a risk score of 0. As the difference 
between the departure time of the confirmed case and 
the arrival time of the suspected case increases, the 
risk score for the corresponding place will decrease at 
a rate dependent on the values of Ȝ and µ. 

Finally, a total risk score (R) is computed by adding 
the risk score of all the places where the suspected 
case and any of the confirmed cases were near accord-
ing to the following rules:

• The latitude and longitude of the place visited by 
the suspected case are equal to the latitude and 
longitude of the place visited by the confirmed 
case.

• The numerical value of the arrival time of the 
suspected case is less than that of the departure 
time of the confirmed case, and the value of the 
departure time of the suspected case is greater 
than the arrival time of the confirmed case (exam-
ples 1 and 2 in Fig. 1); or the value of the arrival 
time of the suspected case is greater than the 
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arrival time of the confirmed case and less than 
or equal to the departure time of the confirmed 
case plus a given range 6T representing the virus 
survival time (examples 3 and 4 in Fig. 1).

FIGURE 1. Diagram of the risk of infection
based on the arrival and departure times

of confirmed and suspected cases.

 RESULTS AND DISCUSSION
The present method was implemented by using 

Python 3.7 in the Flask web development framework 
[7]. The geolocation data employed was extracted from 
the JSON files downloaded from Google and stored in 
a MySql database. The places where a suspected case 
was at risk of exposure are indicated in a map via 
folium [8]. The system was deployed into a virtual envi-
ronment by means of Ubuntu 16.04.

The method was evaluated by a simulation based on 
data from four people (A, B, C and D) during 20 days. 
The four healthy individuals signed informed consent 
formats and downloaded the data from the Google 
Takeout service (https://takeout.google.com/). They 
voluntarily provided the downloaded data for the sake 
of the simulation.

Persons A, B and C work in the same building but do 
not necessarily have exactly the same schedule. A and 
B met in a mall for 3 hours on a particular day. A and D 

met at a party on one of the days under study. For this 
exercise, A is assumed to be infected throughout the 
period being analyzed. For the sigmoid function that 
determines the exposure risk score during the virus 
survival time, the values of Ȝ= 0.1 and µ= 12 were 
adopted. These values were defined to generate a score 
near 0.5 and 0 when the time elapsed following the 
departure of the confirmed case was about 12 h and 24 
h, respectively.

Risk scores were assigned for each place at which per-
son B was near person A within the time window 
(Table 1).

TABLE 1. Exposure risk data for person B.

In the event that the arrival time of the suspected 
case was after the departure time of the confirmed 
case but within the virus survival time, the score is 
less than one. A map denoting two infection foci 



REVISTA MEXICANA DE INGENIERÍA BIOMÉDICA | Vol. 42 | No. 1 | JANUARY - APRIL 202132

FIGURE 2. A map highlighting the places where
person B was at risk of exposure to infection.

(Figure 2) identifies the places where person B was at 
risk of exposure (the workplace and the mall). The 
total risk score for person B is R = 11.59, which is con-
siderably high in the current scheme.

TABLE 2. Exposure risk data for person C.

Risk scores were designated for each place where per-
son C was near person A within the time window 
(Table 2). As with person B, some of the place scores 
are less than one (for the aforementioned reason). The 
first two scores (k=1 and k=2) correspond to the same 
period for the confirmed case.

FIGURE 3. A map portraying the place where
person C was at risk of exposure to infection.

During that time, person C left the building for some 
time and came back later. The total risk score is even 
greater for person C (R = 13.79) than person B.

FIGURE 4. A map depicting the place where
person D was at risk of exposure to infection.
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TABLE 3. Exposure risk data for person D.

A map is shown with only one place highlighted (the 
workplace), at which person C was exposed to the risk 
of infection (Figure 3). A risk score was assigned for a 
single place and time, representing the occasion per-
son A and person D were at the same party (Table 3).

The risk score is R = 1 because there was only one 
occurrence. A map depicts the single place (a party) of 
the exposure of person D to the risk of infection 
(Figure 4).

The present results demonstrate that the proposed 
model can provide reliable exposure risk scores auto-
matically, evidencing the feasibility of its implemen-
tation. The computed risk of exposure together with 
an analysis of the places and circumstances involved 
(with a risk score >0) may be useful for determining 
whether a person should be given a PCR-based test. 
For example, person D has a risk score of 1 due to 
being in the same place as the confirmed case for only 
4 h on one occasion. Thus, he or she is probably not a 
candidate for testing if asymptomatic, since the time 
spent at the same place with an infected person was 
relatively short. However, in the event that person D 
shows symptoms, he or she is a likely candidate for 
testing, considering his proximity to a confirmed 
case. Persons B and C, on the other hand, are good 
candidates for PCR testing even if they have no symp-
toms because of sharing the same space with an 
infected person on repeated occasions for long peri-
ods of time. 

An obvious limitation of the proposed model is the 
need for geolocation data. Although this information 
can be requested from the Google Takeout service, it 

will probably not be available for all the confirmed and 
suspected cases. The owner of the mobile device may 
not have configured a Google account in their mobile 
device or the location feature might be turned off.

A plausible alternative is the incorporation of a web-
based questionnaire or interactive map allowing peo-
ple to manually enter the locations of places visited 
and the corresponding times. Nevertheless, the manu-
ally entered information has the risk of being less 
accurate than the data obtained with the Google loca-
tion files.

Implementation issues
There are two important issues to be considered for 

the implementation of the current methodology. 
Firstly, the tracking of user locations records very sen-
sitive data. Secondly, the possibility of entering false 
information into the system must be confronted. 
Consequently, the proposed method should be imple-
mented by a central health authority (HA), who could 
assure the validity of the data entered into the data-
base and the anonymity of the users. The procedure 
for logging data into the system is illustrated with a 
flow diagram (Figure 5). 

FIGURE 5. A flow diagram of the procedure
for logging data into the system.
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It is essential to emphasize that the computation of 
risk scores does not involve any information related to 
the owner of the device (e.g., smartphone), such as his/
her name, age, gender or address. Since public trust in 
the anonymity of the data collection procedure is cru-
cial, the procedure for registering data must automati-
cally discard any existing confidential information 
before uploading files to the database. 

According to the proposed model, the right to upload 
data to the system requires a token provided by the HA 
to the confirmed case at the time he/she receives a 
positive diagnosis. The token will be generated inde-
pendently of patient identity information to assure the 
anonymity of the data. If the confirmed case is con-
nected with the Google Takeout service, he/she can 
download and review the data. The only factor that 
could possibly reveal the identity of the owner of the 
device is the location data itself. Therefore, the data 
collection procedure has to include an option for the 
interested party to remove any sensitive location data 

(e.g., the location of residence). After making any nec-
essary adjustments, the user will upload the data into 
the system.

CONCLUSIONS
Quarantine and social distancing are recommended 

measures for helping to contain the epidemic [2].  
However, it may be complicated to impose quarantine 
over long periods of time since the personal and global 
economy is affected. Hence, a method was herein 
developed to confront the challenge of controlling the 
spread of the virus and prioritize COVID-19 testing 
when resources are limited.

Moreover, the information collected with the pro-
posed procedure could lead to a better understanding 
of the patterns of dissemination of the virus based on 
the identification of the most critical places and times 
involved in infection. This might result in improved 
models of prediction for use in containing the spread 
of viruses.
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ANOVA en la comparación de tres métodos para rastrear COVID-19 en nueve países
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ABSTRACT 
A new coronavirus denominated !rst 2019-nCoV and later SARS-CoV-2 was found in Wuhan, China in December of 
2019. This paper compares three mathematical methods: nonlinear regression, SIR, and SEIR epidemic models, to 
track the covid-19 disease in nine countries a"ected by the SARS-CoV-2 virus, to help epidemiologists to know the 
disease trajectory, considering initial data in the pandemic, mainly 100 days from the beginning. To evaluate the 
results obtained with the three methods one-way ANOVA is applied. The average of predicted infected cases with 
SARS-CoV-2, obtained with the mentioned methods was: for United States of America 1,098,508, followed by Spain 
with 226,721, Italy with 202,953, France with 183,897 United Kingdom with 182,190, Germany with 159,407, Ca-
nada with 58,696, Mexico with 50,366 and Argentina with 4,860 in average. The one-way ANOVA does not show a 
signi!cant di"erence among the results of the projected infected cases by SARS-CoV-2, using nonlinear regression, 
SIR, and SEIR epidemic methods. The above could mean that initially any method can be used to model the pande-
mic course.

KEYWORDS: one-way ANOVA; nonlinear regression; SIR; SEIR; COVID-19
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RESUMEN
Un nuevo coronavirus denominado primero 2019-nCoV y más tarde SARS-CoV-2 fue encontrado en Wuhan, Chi-
na en diciembre de 2019. El objetivo de este trabajo es comparar tres métodos matemáticos: regresión no lineal, 
modelos epidemiológicos SIR y SEIR, para rastrear la enfermedad del COVID-19 en nueve países infectados por el 
virus SARS-CoV-2, con el propósito de ayudar al epidemiólogo a conocer el curso de la pandemia, considerando 
principalmente sus primeros 100 días. Para evaluar los resultados obtenidos de la aplicación de los tres métodos, 
se aplicó ANOVA de una vía. El número promedio de casos infectados con SARS-CoV-2, obtenidos con los tres mé-
todos descritos son: para Estados Unidos 1,098,508, seguido de España con 226,721, Italia con 202,953, Francia 
con 183,897 Reino Unido con 182,190, Alemania con 159,407, Canadá con 58,696, México con 50,366 y Argentina 
con 4,860 en promedio. El ANOVA de una vía no muestra diferencias signi!cativas entre los resultados de los casos 
infectados proyectados por SARS-CoV-2, utilizando la regresión no lineal y los métodos SIR and SEIR. Lo anterior 
podría señalar que cualquiera de los tres métodos estudiados puede modelar el curso de la pandemia en las condi-
ciones descritas para cada uno. 

PALABRAS CLAVE: ANOVA de una vía; regresión no lineal; SIR; SEIR; COVID-19
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INTRODUCTION
A new coronavirus denominated first 2019-nCoV and 

later SARS-CoV-2 was found in Wuhan, China in 
December of 2019 [1] [2] [3] [4] [5]. This new virus has origi-
nated a worldwide pandemic [6], worse than the Severe 
Acute Respiratory Syndrome Coronavirus epidemic 
(SARS-CoV) and Middle Eastern Respiratory Syndrome 
Coronavirus (MERS-CoV) epidemic [7] [8] [9]. It is believed 
that SARS-CoV-2 jump from the bats to humans, the 
bats were on the markets and restaurants in Southern 
China with the potential to cause a global outbreak [10]. 
The World Health Organization (WHO) called it COVID-
19 disease.

Lin et al. propose in 2020 a conceptual model to con-
trol the COVID-19 outbreak. The model includes among 
other measurements: holiday extension, travel restric-
tion, hospitalization, and quarantine of the population 
[11]. Additionally, computational advances in the per-
formance of algorithms may help epidemiologists to 
take decisions in case of outbreaks [12].

Currently, exist mathematical models to predict or 
simulate an epidemic spread among them: Nonlinear 
regression [13], SIR [14], SEIR [15]. Other methods exist 
that use more variables, but they can be used when the 
pandemic has already produced enough data it means 
no at the beginning of the pandemic outbreak.

The Nonlineal model has been used to estimate the 
impact of the COVID-19 from a global perspective in 
Germany [13].

The effectiveness of modeling the COVID-19 pan-
demic with the SIR model was evaluated in 6 countries 
[14]. And the SEIR epidemic model was employed to 
build some general control strategies [15]. These three 
models were chosen because they consider variables 
that can be known during the epidemic beginning, 
making it possible to calculate the prediction of the 
infected people in any country.

The SIR model analyses different variables like the 
number of people susceptible to sickness, S(t), the num-
ber of infected persons, I(t), and the removed people 
free of spread infection or recovered people, R(t) [16] [17].

The SEIR model uses the same S(t), and R(t), variables 
adding the exposed time to the disease, E(t), and then 
studies the effect of infected persons I(t) overexposed 
people like a new parameter [12] [16] [18] [19] [20] [21]. 
Meanwhile, if the model includes immunization and 
population quarantine, Q(t), and isolation, J(t), the 
SEQIJR model is used [14] [22]. 

Thus, the aim of this paper to find the first approxi-
mation to help epidemiologist taking decisions about 
pandemic management, mainly at the beginning by 
comparing three mathematical methods (nonlinear 
regression, SIR, and SEIR epidemic simulations) used 
to track the COVID-19 disease in nine representatives 
countries (Argentina, Canada, France, Germany, Italy, 
Mexico, Spain, United Kingdom and the United States 
of America) affected by SARS-CoV-2 virus applying 
one-way ANOVA.

The nonlinear method was employed as a first statis-
tics approximation and the SIR and SEIR models are 
based on differential equations solutions taken in 
account the infected, recovery, susceptible, and dead 
people.

MATERIALS AND METHODS
Tree mathematical models are applied to simulate 

COVID-19 disease: Nonlinear regression, SIR, and 
SEIR. These are described below. Two programs were 
used from GitHub of MathWorks. 

Nonlinear regression model
The nonlinear regression method to obtain the A, B, 

and C to solve the equation (1), was modeled with 
Coronavirus Tracker-Country Modeling, available at 
https://rb.gy/pbwexu.
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(1)

SIR Model
The SIR model also called Kermack and McKendrick's 

model was evaluated using the function fitVirus-
CV19v3 (COVID-19 SIR Model) from the MathWorks 
webpage at https://rb.gy/qblldl. This method has three 
variables or parameters: susceptible (S), infected (I), 
and recovered (R) [14]. N is the variable that represents 
the number of total populations in the S(t), I(t), and 
R(t) functions. This model can be solved by ordinary 
differential equations solutions with the initial condi-
tions S(0)= S0>0, I(0) = I0>0, R(0)= R0>0. Figure 1 
shows the epidemic flow diagram and the equations of 
the model in (2), (3), (4).

�� �
�� � � � ������

�

�

�� �

��
� �
�

�

��
�� �

�
� �
 � ���

�

�	
�� � ���

�

� � 
��� � ���� � 	����

�

�

�� � ���
�

�

��
�� �

�
� �
 � 
��

�

��
�� � 
� � ���

�

�	
�� � ����

�

� � 
��� � ���� � ���� � 	����

�

�

�

�

(2)

�� �
�� � � � ������

�

�

�� �

��
� �
�

�

��
�� �

�
� �
 � ���

�

�	
�� � ���

�

� � 
��� � ���� � 	����

�

�

�� � ���
�

�

��
�� �

�
� �
 � 
��

�

��
�� � 
� � ���

�

�	
�� � ����

�

� � 
��� � ���� � ���� � 	����

�

�

�

�

(3)

�� �
�� � � � ������

�

�

�� �

��
� �
�

�

��
�� �

�
� �
 � ���

�

�	
�� � ���

�

� � 
��� � ���� � 	����

�

�

�� � ���
�

�

��
�� �

�
� �
 � 
��

�

��
�� � 
� � ���

�

�	
�� � ����

�

� � 
��� � ���� � ���� � 	����

�

�

�

�

(4)

S(t) is the susceptible, I(t) the infected, and R(t) the 
recovered people at the time t. ȕ is the constant that 
represents the contact rate and Ȗ is the inverse of the 
average infectious period. N is the total population in 
the function of the other variables

SEIR Model
The SEIR method was modeled with the Epidemic 

Calculator program obtained from https://rb.gy/4qguan. 
The SEIR model can analyse infectious diseases where 
the people have an exposed period to the virus and 
can transmit the infection to the rest of the popula-
tion. The epidemic SEIR model diagram is shown in 
Figure 2 and its equations in (6), (7), (8), (9).

FIGURE 1. Diagram of SIR model following the solutions
of the differential equations to find the solution.
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FIGURE 2. Diagram of the SEIR model following the solution 
of the differential equations to find the solution.
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S, I, and R are the same values of susceptible, S(t), 
infected, I(t), and recovery, R(t), people respectively 
with exposed E(t) in the function of time.

The exposed people E(t) into the SEIR model is con-
stituted by two classes, the first one is related to peo-
ple that do not have the infection yet, and the second 
is the persons that change to recovered status. The 
new population number is:
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RESULTS AND DISCUSSION 
The nine countries were chosen as a representation 

from Europe of those where a decrease of SARS-CoV-2 
infection was identified. The disease in the early 
stages in the American continent was evaluated in 
four of the bigger countries to compare with the 
European countries. Brazil was discarded because the 
model SIR cannot be calculated for having many infec-
tions peaks. Figure 3 shows the number of real 
infected, death, and recovered people of COVID-19 
disease obtained from https://data.humdata.org and 
https://covid19info.live/. These data show that the epi-
demic is growing, the US has the greatest number of 
infected people of the nine countries studied followed 
by Spain, Italy, France, United Kingdom, Germany, 
Canada, Mexico, and Argentina as shown in figure 3.

In this period Argentina is the country with less 
infected people. However, the US occupies first place 
in recovered people followed by Spain, Germany, Italy, 
France, Canada, Mexico, UK, and Argentina. In the 
European countries, the disease exists since a few 
weeks ago and it is just beginning in Latin America. 
Most deaths were in the US followed by Italy, Spain, 
France, UK, Germany, Canada, Mexico, and Argentina. 
To study the propagation of the disease in the coun-
tries, one first statistics approximation to predict the 
maximum of infected cases of COVID-19 disease was 
realized with the coronavirus tracker, country model-

FIGURE 3. Representation of the real number of a) infected, b) deaths, and c) recovered people with the COVID-19
infection from the beginning of the SARS-CoV-2 virus propagation until 4/27/2020 of nine countries in this research.

ing version 2.6.7 by Joshua McGee from MathWorks. 
This function was used to evaluate all the variables 
needed to solve the equations and calculate the values 
of the A, B, C variables of the equation (1) with the real 
data obtained from https://data.humdata.org of the 
nine countries studied. The simulation is shown in 
Figure 4, and the values of the constants A, B, C, and 
the solutions of the total cases predicted with this 
model are described in Table 1. The US has a major 
number of infected people with 1,098,508 sick per-
sons. Argentina on the other hand shows the less sick 
people with 4,860 predicted confirmed cases.
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TABLE 1. Confirmed total cases obtained solving
the nonlinear equation 1.��������
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FIGURE 4. The predicted infected cases of SARS-CoV-2 using the nonlinear modelling in
Argentina, Canada, France, Germany, Italy, Mexico, Spain, UK and US.

Table 2 shows the projected deaths in the nine coun-
tries using the nonlinear regression model. For the US 
the model predicts the most quantity of deaths with 
59,929 followed by Italy with 26,373, France with 
25,790, the UK with 23,067, Spain with 22,432, 
Germany with 5,866, Mexico with 4,077, Canada with 
3,148 and for Argentina the model predicts the small-
est value with 222.

Results using the SIR epidemic model program down-
loaded from MathWorks are shown in Figure 5 for each 
country. The total of daily predicted cases with this 
model are adjusted for Canada, France, Germany, Italy, 
Mexico, and the UK, but not for Argentina, Spain, and 
the US. This model shows that Argentina, Canada, 

TABLE 2. Projected deaths using the nonlinear
regression simulation.
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FIGURE 5. The predicted infected cases of SARS-CoV-2 using the SIR epidemic model using
fitVirusCV19v3 (COVID-19 SIR Model) by Joshua McGee from MathWorks in a) Argentina, b) Canada,

c) France, d) Germany, e) Italy, f) Mexico, g) Spain, h) the UK and i) the US.

France, Germany, Italy, Spain, UK, and the US are 
decreasing in the number of total daily cases while 
France, Germany, Italy, and Spain are near to the final 
cases predicted. Mexico is the only one that is growing 
the disease. The tendency of cases predicted is near to 
close in the countries where the COVID-19 started 
such as France, Germany, Italy, and Spain.

The fitviruscv19v3-covid-19-sir-model function (from 
MathWorks page, https://rb.gy/qblldl) was also used to 
calculate the values of the contact rate ȕ, the inverse of 
the average infectious period Ȗ and the basic reproduc-
tion number Ro, required to predict the total projected 
confirmed cases of COVID-19 and these data were used 
to evaluate both epidemic models (SIR and SEIR). The 
data obtained from the software are shown in table 3.
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TABLE 3. SIR epidemic model simulation values1. 
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FIGURE 6. The predicted infected cases of SARS-CoV-2 using the SEIR epidemic calculator
from the beginning of the COVID-19 infection until 4/27/2020 in a) Argentina, b) Canada,

c) France, d) Germany, e) Italy, f) Mexico, g) Spain, h) the UK and i) the US.

The data obtained for ȕ, Ȗ and Ro with the SIR model 
were used in the simulator of SEIR epidemic model in 
http://gabgoh.github.io/COVID/index.html to obtain the 
graphs of Figure 6 to predict the projected infected 
cases in Argentina, Canada, France, Germany, Italy, 
Mexico, Spain, UK, and the US. Table 4 shows the data 
of the variables obtained with the SEIR epidemic 
model to make the predictions.

Table 4 shows values of  the contact rate ȕ, the mean 
exposed period 1/ț, the rate at a recovery  of disease 
Ȗ=1/Į, where Į represents the infectious period, and 
basic reproduction number Ro calculated with the 
SEIR model in the epidemic calculator modeling 
obtained in http://gabgoh.github.io/COVID/index.html. 

TABLE 4. SEIR epidemic model simulation1.
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Table 5 shows the results predicted using the three 
models: the nonlinear regression, the SIR and SEIR 
epidemic model, and the average of the total pro-
jected confirmed cases of COVID-19 in the nine stud-
ied countries.

TABLE 5. The total confirmed cases of COVID-19
in the nine countries studied.��������
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In figure 7 data are plotted and show that United 

States has the greatest average number of cases with 
1,098,508 followed by Spain with 226,721, Italy with 
202,953, France with 183,897 United Kingdom with 
182,190, Germany with 159,407, Canada with 58,696, 
Mexico with 50,366, and Argentina with 4,860 in 
average.

Like the number of infected people in different coun-
tries is not equivalent, the comparison between the 
three methods is not balanced, besides to find if the 
methods have a significant difference around the 
means of nonlinear regression, SIR and SEIR method 
one-way ANOVA is used to compare them.

One-way ANOVA study is showed in Table 6. As can 
be seen from the data the three methods mean are not 
significantly different.

FIGURE 7. Comparison of projected infected cases
between the three models studied: nonlinear regression, 

SIR and SEIR epidemic model of the COVID-19 infection 
from the beginning of the SARS-CoV-2 virus propagation 

until 4/27/2020 of nine countries.
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Other studies have modeled SARS-COV 2, applying 
different models including nonlinear regression, SIR, 
and SEIR epidemic models [7] [11] [12] [13] [14] [15] [18] [19] [20], but 
they have no compared the results obtained among 
them as it is done in this paper. 

TABLE 6. One-way ANOVA1 of the nonlinear
regression, SIR, and SEIR epidemic model.
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�
� Thus, if the results obtained are considered with the 

SIR model, then it can be observed that the REAL cases 
fit very well with the SIMULATED ones. When the 
SEIR model simulation is carried out, there are no vari-
ations, since there is no effect to take into account "for 
this virus" with the asymptomatic people who were 
exposed, E (t), since they do not generate significant 
variations for the model. Then the two models present 
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similar results, which is what is being obtained in the 
one-way ANOVA. Therefore, it could be said from this 
comparison, that the SIR model is sufficient to predict 
the rest of the pandemic. Additionally, it is possible to 
see that for the SEIR model, there is a little effect when 
asymptomatic exposed people to this virus are taken 
into account, it can be assumed that there is no effect 
because they are only infecting the others, and since 
they do not present symptoms, the SEIR model consid-
ers them healthy until they are already part of the 
group of infected, I (t), so the results are similar.

On the other hand, the linear regression model is only 
making an adjustment with the real data and only 
allows predicting the maximum value of possible 
cases of infected people, but the SIR model can predict 
the daily cases and their decrease per day and predict 
how long the infection period can last. 

CONCLUSIONS
The nine countries studied concerning the projected 

infected cases by SARS-CoV-2 using nonlinear regres-
sion method, SIR and SEIR epidemic model simulation, 

do no show equal predicted values, but those are not 
statistically different. It is confirmed by one-way 
ANOVA analysis. The above could mean that initially 
any method can be used to model the pandemic course.

These methods can be a first approximation and 
could help health professionals, not only the epidemi-
ologist, to make decisions with a general point of view 
of a pandemic evolution. 
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ABSTRACT 
The present paper describes a mobile robot's construction with telemedicine functions built by a multi-disciplinary 
team of engineers and doctors. During this process, a technical test was applied to the Robot, employing medical 
care simulations. The technical test was carried out in a hospital in Medellín - Colombia, which veri!es the robot 
behaviors in its displacement, stability, and temperature measurement. The hospital environment's robot viability 
has been studied, presenting the positive and negative aspects through a Strengths, Weaknesses, Opportunities, 
and Threats (SWOT) analysis matrix and its targeting through action strategies. In the future, the robotic system will 
work in health institutions to accompany patients and professionals in the crisis caused by the SARS-CoV-2 virus 
(COVID-19).

KEYWORDS: Medical assistant robot; Telemedicine; Technical evaluation; SARS-CoV-2; SWOT Matrix
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RESUMEN
El presente artículo describe la construcción de un robot móvil con funciones de telemedicina construida por un 
equipo multidisciplinario de ingenieros y médicos. Durante este proceso, se aplicó una prueba técnica al Robot, em-
pleando simulaciones de atención médica. La prueba técnica, que consistió en veri!car los comportamientos del ro-
bot en su desplazamiento, estabilidad y medición de temperatura, se realizó en un hospital de Medellín – Colombia. 
Se ha estudiado la viabilidad del robot en el entorno hospitalario, presentando los aspectos positivos y negativos a 
través de una matriz de análisis de Fortalezas, Debilidades, Oportunidades y Amenazas (FODA) y su focalización a 
través de estrategias de acción. En el futuro, el robot trabajará en instituciones de salud para acompañar a pacientes 
y profesionales en la crisis provocada por el virus SARS-CoV-2 (COVID-19).

PALABRAS CLAVE: Robot asistente médico; Telemedicina;Evaluación técnica; SARS-CoV-2;Matriz FODA
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INTRODUCTION
In the latest months of 2019 was known about an 

infectious disease, which is a consequence of the SARS-
CoV-2 virus. This disease was detected in Wuhan's 
(China) city and caused great concern in both the scien-
tific community and the World Health Organization 
(WHO). The virus spread rapidly throughout the world, 
so, on March 11, 2020, the world health organization 
(WHO) declared the disease associated with this virus 
as a pandemic [1] [2]. In the actual context, a huge portion 
of the world population has been confined; the most 
affected countries are the USA, China, and Italy; never-
theless, as of this article's writing, Latin America is 
projected as the new epicenter of the pandemic [3]. 
Several companies and research groups have converged 
on finding solutions for the health sector to mitigate the 
crisis. The absence of medical equipment and supplies 
is currently projected as the main problem affecting the 
countries fighting against Covid-19 [4]. The first line of 
care is composed of doctors and internists. Those peo-
ple are at a high level of exposure to the virus, and they 
must ensure the least possible interaction with infected 
patients. Considering the above, the adaptation of tech-
nological tools that support basic care processes, such 
as anamnesis, is essential. The proposed solutions must 
have a good cost-benefit ratio for the health sector, 
knowing that it must allocate a few resources to the 
crisis attention. The number of infected health staff is 
increasing. This reflects the difficulties in prevention, 
even when biosecurity standards are implemented. 
Long working days can generate skin injuries from the 
continuous use of protective elements [5], which could 
cause physicians to make mistakes unintentionally in 
handling their protection. Infections among health 
staff have critical consequences for the health system 
since the hospitals and clinics’ response capacity is con-
siderably reduced when their personnel is in confine-
ment, as has occurred in China and Italy [6]. Considering 
the above, robotic systems' contribution is important as 
tools for health staff to perform specific functions that 
minimize the risk of infection [7] [8]. Several databases 

were consulted (Scopus, IEEE, Science Direct, etc.) to 
find jobs related to remote medical assistance, which 
are being used in the current SARS-CoV-2 virus pan-
demic. Francesco et al. [9] presented multi-agent archi-
tecture. It is directed to intelligent medical care and can 
select patients supervised by the doctor on duty. Geng 
et al. [10] implemented a telerobotic system for remote 
care in patient isolation rooms; the robot plays two roles 
in the interaction with patients: teleoperation and 
telepresence. Koppu et al. [11] proposed a model of early 
detection of the disease using a predictive model based 
on deep learning. This paper describes the implementa-
tion of a mobile robot operated by a health institution's 
medical staff to perform specific telemedicine func-
tions; in this process, a follow up of the hospital atten-
tion during the COVID 19 pandemic is made. The paper 
is organized as follows methods and materials, results 
and discussion, conclusions, and ethical statement.

MATERIALS AND METHODS
The robotic system was developed according to the 

needs of “Clínica Universitaria Bolivariana (CUB)" 
which also addresses some general problems in the 
health sector. In March 2020, the most suitable materi-
als, electrical, electronic, and mechanical components 
were selected from “Servicio Nacional de Aprendizaje 
(SENA)" and the Colombian national market. As for the 
methodology used, this is an experimental applied 
research project. Figure 1 shows the methodological 
framework followed in the development of this project.

FIGURE 1. Methodological framework.

Stage 1: Robot design and implementation
In April 2020, a robotic system was designed and 

implemented for remote medical care (telemedicine). 
The criteria for the operation of the robot was pro-
posed by "Bolivarian University Clinic (CUB)." For this 
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reason, GACIPE (Research Group in Automation, 
Industrial Communications, Pedagogy and Alternative 
Energies) -a SENA's research group-, conceived a sys-
tem composed of a mobile robot controlled by a 
“Raspberry Pi 4” board and control system using a 
graphic user interface implemented on a laptop, based 
on the following criteria:

• The materials and the structure must contribute to 
asepsis and sterilization:

The robot's structural cover, support design 
and construction took the asepsis and steriliza-
tion conditions into account. Therefore, a design 
in the Solid works software was made and this 
was implemented in 3D printers, whose funda-
mental characteristic is surfaced flat and smooth 
curves without any abrupt relief. This type of 
design intends to facilitate cleaning. The PLA 
material was chosen because it allows making 
quick prototyping parts. The mechanical (accept-
able tensile strength and modulus of elasticity), 
physical (adequate resistance to moisture and 
grease, and good electrical and thermal insula-
tor) properties [12] are suitable for the function 
that the robot fulfills. The body is developed in 
aluminum to avoid some oxidation using CNC 
machines in its implementation.

• Access confined spaces like regular hospital rooms:

In the mechanical design of the structure, the 
minimum dimension of the robot of 130x40x40 
cm was determined, taking into account the ease 
of moving in confined spaces. Also, the distribu-
tion of the weights of the different components 
and modules of the robot were defined to have 
stability in movement and avoid probabilities of 
overturning according to the zero moment point 
criterion. Simulations evaluated the robot struc-
ture in the NX software.

The robot's electrical and electronic mecha-
nism's design and development use a kinematic 
model of mobile robotics for four Omni-
directional wheels. This model was designed 
and implemented to allow stable locomotion of 
the robot to overcome obstacles in reduced 
space. For the robot's motion control (kinemat-
ics), the controller is a "Raspberry pi 4".

• Communicate the patient with the doctor and 
family remotely:

In the design and development of the interac-
tive module of the robot, the Ubuntu 18.04 oper-
ative system was implemented on the robot's 
development board ("Raspberry pi 4") and the 
controller (laptop) in which communication is 
incorporated by the network (WiFi) to establish 
remote communication using the high-perfor-
mance free software video call application called 
Jitsi Meet as interaction platform.

• Measure vital signs of the patient and show them 
online to the doctor:

The module selected for the body temperature 
measurement, the GY906 module, has the 
MLX90614 sensor. The data obtained by the 
module are processed and sent via WiFi from the 
robot to the graphical interface for the doctor to 
see them online. The set-up and calibration of 
the temperature for its processing in the robot 
(carried out by "Raspberry pi 4") was obtained 
based on the commercial product MCH-370.

• The quality of the audiovisual system must be of 
high definition:

In the interactive module, the components of 
the audiovisual system used to execute high 
definition video calls were defined, consisting of 
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the high-performance (720p) webcam (image 
and audio for the doctor) and a high resolution 
(1080p) capacitive touch of 13.3 inches (Image 
and audio for the patient).

Once all the criteria proposed by the Bolivarian 
University Clinic were met, the assembly and tuning of 
the robot's operation in the clinic was carried out. 
Therefore, when the robot was complete, a series of 
functional tests were carried out, in terms of move-
ment in confined spaces, communication between 
patient and doctor, and verification of vital signs data 
obtained from patients and battery data to verify the 
robot's energy autonomy.

Stage 2: Technical test of the robot 
in the clinical environment

In May 2020, the operation of the robot started in the 
hospital's facilities. At this time, the design of the 
intervention plan of the robot in the CUB is deter-
mined. In principle, training sessions were held with 
the clinic's medical staff with the team's accompani-
ment who developed the robot. This activity aims to 
appropriate the technological tool and know the doc-
tors' and nurses' perceptions about the robot's advan-
tages and disadvantages. Once this process has been 
completed, a technical test of equipment operation in 
clinical service without patients was carried out. This 
to a medical assistance simulation (pilot test) corre-
sponds to verify aspects of the technological tool's use 
and handling. During this test, the technical team 
worked with medical staff and identified barriers and 
limitations that should be corrected to facilitate future 
interaction with patients.

Stage3: Results analysis of the robot 
as a technological tool

In June 2020, a report about the technical perfor-
mance was made, which describes the health staff's 
perceptions. The report was focused on analyzing the 
response of the robotic system as a tool to support 

patient care. The prototype was technically verified 
and analyzed from a SWOT matrix, taking into account 
the pilot test. The elements that should be verified in 
an eventual usability test with patients in a high com-
plexity health institution were identified.

RESULTS AND DISCUSSION

Results
The project has three main phases in which the tran-

sition from the robot to the clinical application is 
focused.

Robotic system implementation: The robot's 
development began with meetings among the 
GACIPE group and the CUB to determine its func-
tions. The defined function is related to telemed-
icine; the main function was to communicate the 
health staff and the family with COVID patients. 
The robot's role established the design, modeling, 
and construction of the robot's structure and 
body. The chassis and supports were made of alu-
minum to avoid oxidation generated by the hospi-
tal environment and disinfection procedures 
(Figure 2A). The bodywork was made of PLA 
material to make the robot's cleaning easier 
(Figure 2B) to have a strict aseptic procedure. 
Also, the robot's weight was an important factor 
to facilitate its maneuverability within the clini-
cal environment. These aspects were taken into 
account for the robot's mechanical component 
(see Figure 2C). The electrical, electronic, and 
telecommunication modules are developed, con-
sidering the mobile robot's conditions and func-
tion in the clinic. The motors and wheels have 
been selected according to the robot's projected 
weight (25kg) and the surface type for its dis-
placement. The power system is considered 
according to the technical characteristics of the 
motors (60w). The batteries are selected accord-
ing to the autonomy required in the clinic (at least 
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8 hours). The communication established for 
audio and video (interactive module) is used 
through Wi-Fi. However, the transmission of 
measurement and control data is implemented 
through radiofrequency (RF). The displacement 
control, monitoring of variables, and transmis-
sion of the video call are developed through a 
high-performance processing system called 
“Raspberry pi 4”.

FIGURE 2. Implementation of the body, chassis 
and structure of the robot. A) Design and construction 
of the robot chassis. B) Design and development of the 

robot body. C) Complete mechanical conformation.

The general description of the operation for the 
system is presented in Figure 3.

FIGURE 3. Robot processing operating scheme.

Design elements required for robot testing:

• Kinematics of robot movement:

The medical assistant robot was designed with 
omnidirectional wheels, which provide great 
flexibility in the load movement's movements. It 
is also very versatile in small spaces. Due to its 
shape, the kinematic study is more complex. The 
configuration of the robot can be seen on its own 
platform in Figure 4.

FIGURE 4. Platform top view.

The goal is to know the speed of each tire in 
terms of linear speeds [13]. It is established:
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(2)

 Where:

w1, w2, w3, w4 corresponds to the angular 
velocity value of each wheel.

vx vy wo are the velocity in the x, z, axis, and 
angular velocity around the robot's O point.

a) b) c)
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From the kinematic analysis [14], it is obtained 
that:
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(3)

With:

Į is the angle that determines the direction of 
each of the rollers to the horizontal.
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(4)

Being:

r the radius of the wheel.

In this way, it is possible to manipulate the 
dynamics of the robot’s movement [15].

• Temperature sensor calibration:

The GY906 module that comes with the 
MLX90614 sensor signal conditioning is a sensor 
which measures temperature without contact 
with objects; it is suitable for medical applica-
tions since its measurement error in the range 
36-39 degrees Celsius is ± 0.1 degrees centigrade, 
allowing to obtain relevant measurements on 
the human body. The calculation of the mea-
surement is configured according to the techni-
cal data sheet of the MLX90614. Afterwards, the 
sensor was compared with a commercial IR tem-
perature measurement product called MCH-370 
(TR), whose function is to measure the head's 
front (product endorsed by “Instituto Nacional 
de Vigilancia de Medicamentos y Alimentos” - 
INVIMA - Colombia). For the GY906 (TD) calibra-

tion, a series of measurements between 1 and 3 
centimeters were made, taking the commercial 
product as a reference. For this, 5 measurements 
every 1 cm were taken; the results are presented 
in terms of error (TR-TD) and distance (see 
Figure 5).

FIGURE 5. Graphic representation of the
temperature error from the frontal area

of the head measured by GY906.

In these tests, an adequate response has been 
found for the GY906 module, observing the mea-
surement error in most data below 0.1 degrees 
centigrade.

• Robot control:

Additionally, to control the movement of the 
robot, the balance of the robot was taken into 
account at all times based on the criterion of the 
zero moment point (ZMP) raised by Vukobratovic 
exposed in articulated robots [16] [17] and mobile 
robots [18] [19], it is calculated for each point of sup-
port (wheel), the center of mass, rotational 
moment of inertia, angular acceleration, accelera-
tion in the three coordinate axes, taking into 
account that each wheel has an independent 
actuator (motor). The x, y coordinate is found 
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with these data, and with equations 5 and 6 that 
correspond to the zero-moment point (ZMP) 
shown in Figure 6. If the coordinates provided are 
within the polygon armed by the support points, 
then the system is stable, and the probability of 
overturning is minimal.

(5)
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such that

xi, yi, zi are the coordinates of the Center of Mass 
(CoM) of each wheel

xi, yi, zi is the acceleration of the robotic system 
in z, y, x

ȍi is the angular acceleration 

Ii is the rotational inertia

g is the acceleration of gravity

FIGURE 6. Robot balance.

• Robot simulation:

The robot was configured in Solidworks soft-
ware and simulated in NX based on the design 
criteria in kinematics and stability. The test used 
focuses on the robot, starting from rest moving 
forward a distance of approximately 1 meter, and 
ending up again at rest. The robot's simulation 
environment moving on a flat surface is pre-
sented below (see Figure 7).

FIGURE 7. Reproduction of the robot movement in
software. A) At the beginning of the road. B) In the

middle of the road. C) At the end of the road.

According to Figure 7, the robot is in a virtual 
environment moving forward on a flat surface 
shown through three moments (beginning, mid-
dle, and end). In this case, we wanted to analyze 
the behavior of the robot in its kinematics and 
stability.

Starting from the case shown in Figure 7B, theo-
retical and simulated stability and kinematic 
analysis are carried out, the results of which are 
established in table 1, taking into account that Į= 
45 °, vx prom= 0.377 meters/second, r= 0.075 
meters.

According to Table 1, the linear and angular 
velocity has been obtained with the modeled and 
simulated kinematics. With it, the acceleration 
and torque used in each motor have been deter-
mined. These data allowed us to feed the calcula-
tions of the zero-point moment. The results 
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obtained indicate that the acceleration value is at 
the stability limit. Therefore, if they are exceeded, 
there is a risk of overturning in the "x" direction. 
Considering the above information, it was defined 
to do the control taking into account the kinemat-
ics of movement of the robot counts an accelera-
tion ramp of three seconds, having as maximum 
acceleration the maximum value determined in 
the simulated case (0.045 mt/seg2).

TABLE 1. Results of the model and simulation��������
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Control interface: To operate the robot was 
developed a user interface in Python using the 
Tkinter module. The equipment's functions could 
be considered as telepresence and telemonitor-
ing. Telepresence consists of the robot's remote 
control using a series of commands activated by 
the computer keyboard. For the proper handling, 
the robot was equipped with an audiovisual sys-
tem that is the voice and image of medical per-
sonnel assisting the patient. Telemonitoring con-
sists of the remote measurement of the tempera-
ture activated by a command immersed in a vir-
tual button of the user interface. In the upper part 
of the robot, is incorporated a temperature sen-
sor. It measures the variable at 3 cm from the 
patient. The current status of the batteries' energy 

storage is also being checked at all times; allow-
ing us to determine the robot's energy autonomy 
(Figure 8).

FIGURE 8. Graphical User Interface.

Once the mechanical module, the electronic 
module, and the graphic interface had been con-
solidated, the robot's integral operations techni-
cal tests were carried out in the laboratory. In the 
robot operation, the precision of the robot’s move-
ments in reduced spaces as verified, the environ-
ment monitoring (laser scanner), the measuring 
of vital signs (temperature), the behavior of the 
batteries to determine energy autonomy and 
energy storage management were checked The 
behavior of the structure was also verified when 
the cleaning and disinfection process was done. 
Likewise simulated medical visits to test the link 
with the WiFi network and the communication 
between the patient and the health staff were 
conducted (Figure 9). Finally, the robot's size was 
determined as follows: 40 cm wide, 40 cm long, 
and 1.30 cm high.

 Verification of the robot's behavior in the clinic: 
The CUB was in charge of monitoring and han-
dling the robot; during a technical test, this test 
was developed respecting the internal regula-
tions of the institution. Additionally, the techni-
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FIGURE 9. Adaptation of the robot to
the operating conditions in the clinic.

A) Robot RAM. B) User interface.

cal team accompany this tests during the process. 
It is important to indicate that difficulties were 
observed with the temperature sensor due to the 
location, so it was disabled. After that, in the pro-
cess of appropriation and handling of the robot in 
the clinic a pilot test. was defined The pilot test is 
developed, taking into account two stages or 
moments, which are presented below.

Training of health staff: The first stage consisted 
of the robot's introduction to the health staff, 
related to the robot's handling. In that process, 
the user manual and the technical card were 
introduced. The user manual is a document elab-
orated with graphic components in which the 
basic operation of the robot is summarized. The 
indications presented in the manual are: 
Warnings, general instructions, interface instruc-
tions, start-up, and shut-down process. There are 
a series of instructions about actions to avoid in 
the warnings, which might cause damage or trou-
ble in the robot's operation (Figure 10).

The general instructions show the operating 
instructions for moving the robot using the con-
trol system's keyboard (Figure 11).

a) b)

FIGURE 10. Warning instructions.

FIGURE 11. General instructions.



E. M. Rico-Mesa et al. Implementation and Technical Testing of a Robot for Future Use in Patients Care (Covid-19) 57

On the other hand, interface instructions show 
the special functions incorporated in virtual but-
tons. These functions are focused on communica-
tion and telemonitoring of temperature and 
energy data (Figure 12).

FIGURE 12. GUI instructions.

The technical data sheet shows the operational 
limitations of the robot. Thus, the technical data 
sheet consists of mechanical, electrical, elec-
tronic, and system technical data (see Table 2).

The robot's technical test: The second stage con-
sisted of patient-free tests for robot training and 
were conducted with the health staff according to 
the clinic's plan. This allowed the health staff to 
become familiar with the robot's handling in clin-

TABLE 2. Robot technical specifications��������
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ical environments and identify possible obstacles. 
Also, trials were carried out on video call commu-
nication with equipment inside and outside the 
clinic. Afterward, a consultation was made through 
a perception survey among the people who partic-
ipated in the experience, where several of the 
appreciations were compiled about the robot.
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Cost-benefit relation: The covid-19 pandemic 
has forced countries to make enormous efforts to 
try to reduce its spread in the population, espe-
cially in the elderly and the health sector commu-
nity, to such an extent that a study carried out in 
73 countries estimated a monthly cost per capita 
of 8.6 dollars [20], which indicates the large bud-
gets of the countries that have been used to over-
come the current crisis. That is why the invest-
ment destined in the construction of the robot of 
3,500 dollars is beneficial for the health sector 
since the exposure (of at least 6 people between 
doctors and nurses per day) to the virus is reduced 
and therefore the probability of contagion. This 
means that if the hospital staff rotates every 
week, and each health worker has at least 1 family 
member, the number of people with the potential 
for contagion during a month is 48. Hence the 
cost-benefit relationship is 0.117, which means 
that it can achieve the return on investment in at 
least 9 months, which allows deducing the proj-
ect's viability.

Analysis of robot results as a technical tool in 
the hospital: This phase collected all the infor-
mation. The results obtained were analyzed 
during the operation of the robot in the hospital 
environment. 

Different actors were tested (medical staff, 
patients, and technical team), which interacted 
with the technological tool. The findings found 
during the pilot test of the robot in the clinic are 
presented below. 

Technical verification of the prototype. The 
medical assistance simulation sessions developed 
in the clinic monitored the robot's behavior to 
determine the technological problems and its 
functions' performance. Additionally, technical 
assistance was provided when it was required. 

SWOT Matrix. A SWOT matrix as a planning tool 
is developed to identify the robotic system's 
potential in the health field. Below is presented 
the most important aspects found in this process:

• Weaknesses 

The robot has displacement problems because 
the wheels tend to slip. 

The patient in bed is not displayed through the 
camera of the robot when they are close. This 
makes it difficult for the doctor to observe the 
actual state of the patient.

The robot has blind spots for detecting small 
objects in its environment. 

The control of the robot is complex due to the con-
trol instrument's operating limitations (keyboard). 

There are problems with the connectivity of the 
robot to the WiFi system of the clinic. The clinic's 
WiFi network is not optimal. This problem may 
reflect an inconvenient dependence on communi-
cation quality with the institution's infrastructure. 

In a noisy environment, the communication of 
the robot may experience sound-related problems.

Improve the design of the robot to make friend-
lier interaction with the patient.

The camera seems to have low quality, and the 
image is not sharp. Including a higher resolution 
camera might be beneficial, especially for use in 
inter-consultation. The camera should also be 
mobile because this favors the peripheral vision 
of the robotic system. If these aspects are taken 
into account, it could optimize the robot displace-
ment and improve the patient's visualization. 
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To adapt the interface that controls the robot to 
make the walls, the obstacles, or people's pres-
ence more evident. 

Driving the robot is difficult with the computer 
commands. So it is suggested to adopt a device 
(joystick) to facilitate driving. Another option is 
using an autonomous displacement system to 
optimize the time of the medical staff.

• Threats 

The spaces for the displacement of the robot in 
the clinic rooms are reduced, and there are irreg-
ular objects of difficult detection. 

The WiFi bandwidth of the clinics is limited and 
only used for basic data management. 

There is little experience of the medical staff in 
the handling of this kind of technological tools. 

Ramps or stairs can limit the robot's movement 
in the corridors of the clinics. 

Facilitate the proceeding to make the call with 
the robot and the inclusion of kin helps to not 
install another application for communication. 
Using a link to open a video call is susceptible to 
possible hacking or communication crossing.

• Strengths 

The sound in both the computer and the robot 
has good quality when communicating with 
patients at close range. 

The microphone captures well the sound of peo-
ple in the room because the robot only has to be 
one meter inside the room to have good commu-
nication with the patient. 

The robot's remote communication is versatile 
since both the medical staff and the relatives can 
communicate with the patient. 

The communication between medical staff and 
patients is good and fluid if there is silence and 
low traffic on the WiFi network. The people who 
interacted with the team said they consider it a 
useful tool for interaction with isolated patients.

• Opportunities 

The increase in the number of infections among 
medical staff in clinics due to patients' care with 
COVID 19.

The existence of the SARS-COV-2 virus in closed 
and confined places such as clinic rooms. 

The insufficient number of medical staff to 
address the health emergency in the country.

Health staff sees a great projection for future 
use. They believe it is important to be autono-
mous in the displacement and have a tray to 
deliver things.

Strategies: The strategies are labored comparing 
strengths, opportunities, threats, and weak-
nesses 

Successful approach. With the implementation 
of remote communication employing the robot 
between the doctor and the patient, it favors 
medical safety processes related to COVID 19. 
Bearing in mind that the attention of a patient in 
a hospital or clinic requires the health staff. 

Reaction approach. The robot's reduced size (40 
cm wide, 40 cm long, and 1.30 cm high) and the 
ability to position itself with turns on its center 
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facilitate mobility in narrow spaces. It is import-
ant to note that hospital and clinic rooms are 
occupied by multiple objects, furnishings, and 
equipment. 

Adaptive approach. The robot has the function 
of being used as a tool that virtually brings health 
staff closer to the patient. To achieve this end, it 
is imperative to modify the wheels to have more 
friction with hospital surfaces and to incorporate 
a camera and screen positioning mechanism to 
bring the robot as close as possible to the patient. 

Survival approach. The robot must be rede-
signed so that its locomotion module can adapt to 
sudden changes in environment slopes. There 
must be another communication option that does 
not depend on the internet, such as developing 
local area networks (intranet). 

After defining the SWOT matrix and construct-
ing the action strategies, it can deduce that the 
robotic system has great possibilities of having a 
positive impact and of becoming a tool of great 
help for the health staff. To make this impact 
more effective, it must neutralize the robot's cur-
rent limitations so that more complex technolo-
gies that are less dependent on the hospital infra-
structure are incorporated.

Discussion
After doing a brief search for research projects in the 

year 2020 related to intelligent and robotic systems 
applied to the health sector and related to the SARS-
COV-2 virus pandemic and of the presentation of the 
work developed with “GACIPE-MOA20” robot, a com-
parative analysis of the different projects around their 
potential in the health sector will be carried out. 
Francesco et al. [9] presented an Applicative multi-
agent architecture like a cognitive model, which can 
interact with patients and physicians in a changing 

environment and alert or suggest strategies in a given 
clinical problem. This architecture is evaluated with 
the Software Architecture Analysis Method (SAAM), 
establishing that the architecture is modular and can 
respond adequately to unplanned changes at run time. 
Geng et al. [10] developing a telerobotic system for 
remote care in patient rooms in total isolation in hos-
pitals. The research work is focused on the design and 
development of the robot. The robot has four modules: 
omnidirectional mobile chassis, double robotic arm, 
height adjustment mechanisms, and vital signs moni-
toring devices. The size of the structure of the robot is 
approximately 60 cm wide. It is currently under obser-
vation in clinical trials. Koppu et al. [11] raised a disease 
prediction model tested in simulation with the 
Cleveland and Starlog datasets related to heart dis-
ease. The Wisconsin dataset with breast cancer dis-
ease is presented. 

Francesco et al. [9] and Koppu et al. [11] researches are 
being carried out on information processing architec-
tures with artificial intelligence methods that allow 
them to make decisions under the medical body's 
supervision. However, they are currently being stud-
ied through simulations in which they have demon-
strated their great power. Geng et al. [10] proposed to 
develop a robot equipped with technologies for teleop-
eration and telepresence with multiple functions such 
as measurement of vital signs (temperature, heart 
rate), delivery of medicines, and disinfection of parts 
or containers of SARS-COV-2 (COVID-19). However, its 
structural dimensions limit those conventional clinic 
rooms with multiple objects, equipment, and furnish-
ings. In contrast, the robotic system proposed has 
already been tested in the clinical environment, per-
forming telepresence and telemonitoring operations 
in regular rooms and the ICU. Despite some difficulties 
in the operation, it has received good feedback from 
the medical staff and patients. Considering that clinics 
and hospitals are common to find rooms with very 
reduced spaces for displacement, however, in such 
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environments, the reduced structure size of the robot 
(40 cm wide, 40 cm long, and 1.30 cm high) has 
allowed the robot’s normal operation without having 
problems of blockage or jamming. All the above allows 
us to consider the prototype a viable technological tool 
to be used in any clinic or hospital to fulfill functions 
framed in telecommunication and telemonitoring 
with patients infected with the SARS-COV-2 virus. In 
general terms, the Health sector is interested in pro-
viding robotic systems with significant attributes 
which allow them to be competitive in their routine 
procedures.

CONCLUSIONS
The development of the robot in its different stages of 

design and implementation with the functions of 
telepresence and telemonitoring has been consoli-
dated in a short time, leaving the robot at the disposal 
of the CUB after approximately one month of work. 

According to the SWOT matrix analysis and the strat-
egies obtained, it can be possible to say that the robot 
can become a handy technological tool for health staff 
as long as the robot's evolution allows them to be inde-
pendent of the hospital infrastructure. In the aspect of 
telemonitoring of vital signs, from the beginning, the 
temperature sensor had some difficulties for the mea-
surement. These were due to the sensor's location that 
produced defects in the measurement obtained. For 
the telepresence function, some problems of the robot 

connectivity with WiFi were found. Also, there were 
difficulties in the patient's visualization due to the 
camera's inability to move.

In general terms, there is a positive perception by the 
medical staff and patients using the robot as a commu-
nication and interaction tool in the technical test.
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