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Abstract: COVID-19 is generally transmitted from person to person through small droplets of
saliva emitted when talking, sneezing, coughing, or breathing. For this reason, social distancing
and ventilation have been widely emphasized to control the pandemic. The spread of the virus
has brought with it many challenges in locating people under distance constraints. The effects
of wakes between turbines have been studied extensively in the literature on wind energy, and
there are well-established interference models. Does this apply to the propagation functions of
the virus? In this work, a parallel relationship between the two problems is proposed. A mixed-
integer linear programming (MIP) model and a mixed-integer quadratic programming model (MIQP)
are formulated to locate people to avoid the spread of COVID-19. Both models were constructed
according to the distance constraints proposed by the World Health Organization and the interference
functions representing the effects of wake between turbines. Extensive computational tests show that
people should not be less than two meters apart, in agreement with the adapted Wells—Riley model,
which indicates that 1.6 to 3.0 m (5.2 to 9.8 ft) is the safe social distance when considering the aerosol
transmission of large droplets exhaled when speaking, while the distance can be up to 8.2 m (26 ft) if
all the droplets in a calm air environment are taken into account.

Keywords: social distancing; interference functions; mathematical models; virus propagation;
optimization

1. Introduction

After its discovery in China in December 2019, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), began
to spread through most countries of the world, resulting in a large number of infections
and deaths, and placing significant pressure on the health systems and governments of
different countries, which, in many cases, did not have the resources or infrastructure to
face the pandemic caused by the virus, as was the case in Chile [1,2]. The following sections
describe the main components of the problem.

1.1. COVID-19 General Background

According to the information provided by the Ministry of Health, SARS-CoV-2 is
a strain of the coronavirus family that had not been previously identified in humans.
Coronaviruses cause diseases, ranging from the common cold to more complex diseases,
such as severe acute respiratory failure [3,4]. According to World Health Organization
(WHO) information, SARS-CoV-2 is transmitted mainly by person-to-person contact with
an infected person (even if he or she does not present symptoms) [5]. COVID-19 is an
infectious disease caused by SARS-CoV-2 [6]. The COVID-19 pandemic is considered the
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most significant current global threat because of the thousands of confirmed infections,
accompanied by thousands of deaths, worldwide [7,8].

In COVID-19, the respiratory symptoms are very similar to those of influenza or
a cold; therefore, it is difficult to distinguish this disease. In general, the virus begins
with signs and symptoms similar to those of influenza: respiratory symptoms (similar to
those of a cold), fever (high temperature), dry cough, shortness of breath, or fatigue, and
respiratory difficulties [9]. In most cases, COVID-19 is mild, but it can be severe, and the
virus can cause pneumonia or severe acute respiratory syndrome (SARS), a severe form of
pneumonia, as well as kidney failure, and even death. Some infected people do not develop
any symptoms in other cases, but they can still infect others. The average incubation period
is 5 to 6 days, with a maximum of 14 days [10].

1.2. Virus Transmission Methods

Potentially, all people exposed to droplets in the environment or on contaminated
surfaces can be infected [11]. Close contact (less than one meter) with a person with
respiratory symptoms (coughing or sneezing) results in the risk of transmission because
of the potential for the exposure of the mucous membranes (mouth and nose) or the
conjunctiva (eyes) to respiratory droplets that can be infectious. In addition, indirect droplet
transmission can occur through any inanimate object in the immediate environment of an
infected person. Therefore, the COVID-19 virus can be spread by direct contact with an
infected person, and indirectly by contact with surfaces in their immediate environment
or objects they have used [12]. Jalabneh et al. [13] show evidence that several countries
worldwide developed 17 mobile apps for tracing to control the COVID-19 pandemic during
the selected time frame. The mobile apps were used to monitor self-isolated individuals,
and identify individuals not wearing masks and whether they had close contact with an
infected person, providing the exact time and place of the encounter, and the possible
risk of infection. Moreover, Shams et al. [14] propose a web search engine based on the
combination of natural language processing (NLP) and a machine learning algorithm. This
web search engine enables SEMiNEXxt to read the user query from the search bar, classify
the veracity of the query, and notify the authenticity of the query to the user, all in real-time,
to prevent the spread of misinformation.

Transmission by droplets differs from airborne transmission (aerosols) since the latter
takes place through droplet nuclei-containing microbes. The droplet nuclei have a smaller
diameter than the saliva droplets and can remain in the air for prolonged periods and
reach people more than 1 m away. Aerosol transmission occurs in specific environments, in
particular, in indoor, crowded, and poorly ventilated spaces where infected people spend
extended amounts of time with others, for example, restaurants, choir practices, gymnastics
classes, nightclubs, offices, and places of worship [12].

1.3. Social Distancing

According to an analysis of people’s behavior, when a person is sick because they
have contracted any contagious virus, they automatically try not to come too close to others
for fear of contagion. However, social distancing is more than staying away from sick
people who cough or are not well. Social distancing means maintaining a safe distance
from people who do not live in the same household [15].

Although social distancing is a new idea for the population, it is not a new concept
for scientists who study the spread of diseases. They are adamant in stating that social
distancing has a substantial impact on the spread of COVID-19. For this reason, scientists
and authorities have widely emphasized social distancing and ventilation to control the
ongoing pandemic in closed and open spaces. However, the foundations of these two
strategies have been debated, especially concerning quantitative recommendations.

The answers to, “what is a safe distance?”, and “what is sufficient ventilation?”,
are crucial for reopening companies and schools, but they depend on many medical,
biological, and engineering factors. The Wells—Riley study, based on a perfect mixture
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for the prediction of the probability of infection related to the virus in the air, gave the
underlying reasons for maintaining adequate social distances and the ventilation of spaces.
The study indicated that 1.6 to 3.0 m (5.2 to 9.8 ft) is the safe social distance when considering
the aerosol transmission of large droplets exhaled when speaking, while the distance can
be up to 8.2 m (26 ft) if all saliva droplets are considered in a calm air environment. The
projections that use the model illustrated that an increase in the social distance could
significantly reduce the infection rate (20-40%) during the first 30 min, even with current
ventilation practices; the minimum requirement for the ventilation or fresh air should vary
with the distance condition, the exposure time, and the effectiveness of the air distribution
systems [16].

The spread of the virus brought many challenges to locating people in facilities under
distance constraints. In a study by Fischetti [17] a parallel approach between this problem
and that of locating wind turbines in a coastal area was proposed, since both problems
require the installation of "infrastructure" (turbines or people) in a given area, ensuring
a minimum distance between them. Just as nearby people can infect each other, nearby
turbines can “infect” each other, casting wind shadows (wake effects) that cause production
losses. In both problems, it is desirable to minimize interference or infection. The effects
of the wakes between turbines have been studied extensively in the literature on wind
energy, and there are well-established interference models. However, the propagation
functions of the virus are not the same. Therefore, we analyze alternative functions that can
define the interference matrix (infection) already defined by Fischetti et al. [17] described
in Appendix A.

Contribution. Given the nature of this problem, and the fact that it is the first time
since the Spanish flu in 1918 that a situation of such magnitude has been faced, the proposal
of this work is essential for optimizing social distancing between people, thereby reducing
the risk of infection. The results of this paper are intended to be the beginning of future
research on the issue of locating people to reduce the spread of the virus. This study is
limited to theoretically analyzing the problem of distancing between people through three
different scenarios, in which previous studies carried out by scientists were considered,
taking into account how the virus is transmitted. This work can serve as a basis for the
placement of people in schools, universities, parks, and other facilities that generate more
significant risks of contagion.

It is necessary to mention that there are currently not enough mathematical models that
determine the virus’s behavior. This work evaluates mathematical functions of exposure to
COVID-19 related to wind energy and interference models. That is, alternative functions are
analyzed that serve to define an interference matrix, considering that people are dispersed
in the available area, proposing, in addition, a minimum distance between them. In
addition, the results obtained in this study can be helpful for future research with more
complex considerations.

2. Proposed Methodology

As mentioned above, social distancing is a key method for reducing the spread of
COVID-19. For this reason, it is necessary to formulate models that favor distancing
between people and, thus, reduce the existing risk of infection. Each person in the space
is assumed to be already infected; therefore, there is a percentage that represents the
possibility of contagion if more people are located near them. The study was carried out in
three different scenarios, with different geometric shapes, and how the model behaved in
each situation was analyzed.

The development of a mathematical model to determine the appropriate distance
between people is not complete because of the complexity of the virus propagation equa-
tions. For this reason, emphasis is placed only on the transmission of the virus and some
interference functions seen in wind farms. Consequently, the results obtained face certain
limitations, which can be addressed in future studies. However, the results can help to
make decisions and reliably locate people, thereby reducing the risk of COVID-19 infection.
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In the problem considered, we work with three different scenarios to model the virus’s
behavior in different situations. A mixed-integer quadratic programming (MIQP) model and
a mixed-integer linear programming (MIP) model are considered; these models are analyzed
to verify which of the two solves the problem of social distancing proposed in a shorter time
for this research. The first scenario represents 10 x 9 m?Z, and two situations are considered,
the first with a separation between squares of 1 x 1 m?, resulting in 90 nodes to analyze, and
the second situation with 50 x 50 cm? squares, resulting in 360 nodes to analyze. The second
scenario represents an 18 x 5 m? rectangle and, as in the previous case, the two instances, of
1 x 1 m? and 50 x 50 cm?, considering 90 and 360 nodes, respectively, are analyzed. Finally,
in the third scenario, a circle is analyzed. The intention was to make the circle with 90 squares
so that it would be of a size similar to those of the previously proposed cases; however,
finding the appropriate 90 squares is complicated; therefore, we work with a circle of radius,
V26 m2, resulting in 89 nodes to analyze, with 1 x 1 m? squares.

This research assumes that all of the people who are located in the previously estab-
lished space are infected with COVID-19; therefore, all are infectious to the people who
are located around them. Likewise, we assume that these people are static in location.
There is no movement of people since only an instant of time is analyzed; otherwise, this
study would become more complex since we would have to analyze the displacement of
people at different instants of time. In addition, only Interference Functions (A1)—-(A3) are
considered for the virus’s behavior, without considering the types of ventilation to which
they could be exposed, such as being in an outdoor space, or ventilation alone by windows,
air conditioning, fans, among others.

2.1. Description of the MIQP Mathematical Model

The MIQP mathematical model considers the following parameters and sets:
Dist—Euclidean distance between nodes

P—Number of people in the space

N—Number of nodes in space

The decision variables defined for the model are as follows:

v 1 If there is a person located at the position jVj € N
77| 0 Otherwise

yj—Contagion rate of a person exposed to the virus at the position jVj € N

Infr;—Interference that a person in Position i has with another in position jVj € N

The objective function minimizes the sum of the contagion index among the people
who are located in the space to be analyzed and is defined as follows:

Minimize Z : Z Y;X; )
jEN

The constraints associated with the problem are:

Y X;j=P )
jEN
Yi =Y Infrij*X; VieN 3)
iEN
Xi+X <1 V (i,j) € P*\dist;j < ding (4)
X; €{0,1} VieP ®)
Y; >0 VjiePr (6)

The objective function represented in (1) considers the “wake effect” caused by tur-
bines when they are located very close to each other. In this way, it is possible to model the
behavior of the virus being studied since, in both cases, there is interference (or infection)
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that is expected to be minimized. According to (1), regardless of whether there is a person
in the space, the variable, Xj, takes a value of one or zero; therefore, the objective function
represents the sum of all the contagion indices that a person would potentially receive if all
the people around them are infected with COVID-19.

Equation (2) establishes that, of all the possible places to locate people, a maximum
of P (number of people to be located in the space) should be located, where there are
N squares (nodes) corresponding to the total workspace. In the case of Constraint (3),
it is established that the possibility of contagion of people considers the sum of all the
interference, which corresponds to the functions provided by the study on locating wind
turbines in a coastal area. This relationship is established in the sense that there are at least
two people in the space. In particular, it requires the location of things in a certain area or
space, ensuring a minimum distance between them, so as not to generate interference or
infection. Constraint (4) prohibits the existence of a person in front, to the side, behind,
and diagonally from another person; that is, it establishes a minimum distance so that no
one is near other person. Note that the unknown diagonal, in this constraint, corresponds
to the value taken by the diagonal; that is, in the case that the squares are sized 1 x 1 m2,
the diagonal takes an approximate value of v/2 = 1.42. On the other hand, in the case
where the squares are sized 50 x 50 cm?, the diagonal takes a value of /8 = 2.83. Finally,
Constraints (5) and (6) consider the nature of the variables.

2.2. Description of the MIP Mathematical Model

The MIP model works in a similar way to the MIQP model, adding a large M as a
parameter, which transforms the quadratic model into a linear model, and is defined as:

LargeM = Y Infr;; )
ijEN

The objective function seeks to minimize the sum of the contagion indices that a
person receives when exposed to the virus and is represented as follows:

Minimize Z : 'Y Y; ®)
JEN

The constraints associated with the MIP model are:

Y. X;="P )
jEN
Y Infrij« X; < Yj+ BigM * (1 — X;) VjeN (10)
ieN
Xi+X;<1 V (i,j) € PP\dist;j < diag (11)
X; €{0,1} VieP (12)
Y;>0 ViePp (13)

In this case, the objective function represented in (8) establishes that the variable,
Y, corresponds to the interference index of the interference functions (see Appendix A),
which represent the “wake effect”. Constraint (9) is the same as Constraint (2) of the
MIQP model. Equation (10) operates in a way similar to that of Constraint (3), where it is
established that the possibility of contagion must be greater than or equal to the sum of all
the interference caused. Finally, Constraint (11) operates in the same way as Constraint (4).
Finally, Constraints (12) and (13) consider the nature of the variables.
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3. Computational Experiments

The implementation of the formulations was performed in AMPL using three different
solvers: KNITRO (12.1.0); CPLEX (12.10.0.0); and Gurobi (9.0.2). The tests were performed
on an i7-7700k CPU, with 32 GB RAM, and a Red Hat Enterprise Linux 8 operating system.
The results for each of the scenarios are detailed below.

3.1. Scenario 1

This scenario considers the solution of the MIP and MIQP models without
Constraints (4) and (11), respectively. Both models are solved with CPLEX and GUROBI.

3.1.1. Experiment 1

Figures 1 and 2 show the results of the computational times in the execution of the
MIP and MIQP models, respectively. The computing times for the MIP with the two solvers
are similar; however, the line representing the GUROBI solver is slightly further to the
right than that of the CPLEX solver, which shows that the MIP model, GUROB]I, finds the
optimal solution in a shorter time. In the case of MIQP, the GUROBI solver needs a shorter
solution time. Therefore, the results show that the GUROBI solver works better than the
CPLEX solver for both the MIP and MIQP models.

CPU Time - MIP

1,000.00
900.00
800.00 /
700.00 r
600.00 ‘
500.00
400.00
300.00
200.00
100.00 )

0.00 —- 4
1 2 3 4 5 6 7 8 9 10 11 12

Number of people

Computing Time

=@=M|P-CPX MIP-GRB

Figure 1. MIP solution time: Experiment 1. Source: Authors.
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CPU Time - MIQP

1,000.00
900.00 & @ @ @ @
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00

Computing Time

Ju—
\S]
98}
N

5 6 7 8 9 10 11 12
Number of people

=@=QP-CPX =@=QP-GRB

Figure 2. MIQP solution time: Experiment 1. Source: Authors.

3.1.2. Experiment 2

The computing times obtained with Constraints (4) and (11) in the MIQP and MIP
models are shown in Figures 3 and 4, respectively.

CPU Time - MIP

1,000.00
900.00 @ @ @ .
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00

Computing Time

—_
o
w
N

5 6 7 8 9 10 11 12
Number of people

«=@==M|P-CPX-r3 e=@==MIP-GRB-r3

Figure 3. MIP model solution time: Experiment 2. Source: Authors.

When Constraint (11) is applied in the MIP model, the CPLEX solver begins to have a
longer computing time than the GUROBI solver from the fifth person, and then from the
ninth person, both solvers have the same time. For the MIQP model (Figure 4), the solvers
function similarly to the previous case, where GUROBI is faster from five to nine people.
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CPU Time - MIQP
1,000.00
900.00
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00 o=
1 2 3 4 5 6 7 8 9 10 11 12

Number of people

Computing Time

—@— QP-CPX-r3 QP-GRB-r3

Figure 4. MIQP model solution time: Experiment 2. Source: Authors.

When Constraints (4) and (11) are applied in the MIQP and MIP models, the behavior
of the computational time is similar to that obtained in Experiment 1. However, these
constraints decrease the computational solution time.

3.2. Scenario 2

In this scenario, both models are evaluated on a rectangular shape (simulating a
dressing room, soccer field, event hall, among others). In this way, we review any significant
changes from Scenario 1.

3.2.1. Experiment 3

In this case, the MIP model is analyzed without using Constraint (11). Figure 5 shows
that the best solver is GUROBLI. In addition, in both cases, the MIP model works quickly in
the beginning, but more slowly as the number of people in the space increases.

Figure 6 shows more clearly that the best solver for the MIQP model is GUROBI. In
the case of CPLEX, the computing time begins to increase when the location of four people
is evaluated and stabilizes when six people are located. On the other hand, the time used
by GUROBI begins to increase when placing six people in the space and stabilizes when
eight people are located. Although there is not much difference between the two models in
terms of computing times, a slight variation can be observed when working with seven
people, where the best model is MIQP solved with GUROBI.

3.2.2. Experiment 4

In this experiment, Constraints (4) and (11) are added to the MIP and MIQP models.
Figure 7 shows that the MIP model is solved faster with the GUROBI solver. For the MIQP
model, something similar happens with the MIP model (Figure 8).
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CPU Time - MIP

1,000.00
900.00 S
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00
0.00

Computing Time

Ju—
[\
(9%}
N

5 6 7 8 9 10 11 12
Number of people

==@==M|P-CPX ==@==M)IP-GRB

Figure 5. MIP solution time: Experiment 3. Source: Authors.

CPU Time - MIQP

1,000.00
900.00 ® ® ® ® ®
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00

Computing Time

Number of people

«=@=—(QP-CPX ==@==(QP-GRB

Figure 6. MIQP solution time: Experiment 3. Source: Authors.

There is little difference between the computing times of both models; however, in the
MIQP model, the solution time shows a slight decrease in time when locating six people.
For this reason, the MIQP model exhibits better behavior with the GUROBI solver when
Constraint (4) is added.
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1000.00

800.00

600.00

400.00

Computing Time

200.00

0.00

CPU Time - MIP

,_.
o
w
~

5 6 7 8 9 10 11 12
Number of people

==@==VI|P-CPX-R3  ==@==MIP-GRB-R3

Figure 7. MIP model solution time: Experiment 4. Source: Authors.

Computing Time

1,000.00
900.00
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00

CPU Time - MIQP

2 3 4 5 6 7 8 9 10 11 12
Number of people

e=@==(QP-cplex-r3  e=@=QP-gurobi-r3

Figure 8. MIQP model solution time: Experiment 4. Source: Authors.

3.3. Scenario 3: Circle

In this scenario, the results obtained by working with a circular shape are evaluated
(which can simulate a playground, rodeo, skating rink, among others.) In this way, the
changes obtained in comparison with the figures presented previously can be observed.
In this scenario, only the complete formulation of the models is analyzed because this
decreases the computational time in the previous scenarios.
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Experiment 5

As seen in Figure 9, the CPLEX solver has a longer computing time than the GUROBI
solver once four people are located. As in the previous case, Figure 10 shows that the
GUROBI solver needs a shorter computational time to find the optimal global solution
with the MIQP.

CPU Time - MIP

1,000.00
900.00
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00 —®
1 2 3 4 5 6 7 8 9 10 11 12

Number of people

Computing Time

==@==VI|P-CPX-R3 MIP-GRB-R3

Figure 9. MIP model solution time: Experiment 5. Source: Authors.

A comparison of the models shows that both deliver similar computing times; how-
ever, the resolution time of the MIQP model is slightly to the right of that of the MIP model,
which shows that the GUROBI solver more quickly solves the problem with the MIQP
model. Therefore, the best model for analyzing a circular shape is the MIQP model using
the GUROBI solver. Finally, the software, KNITRO, is easily trapped in local optima when
solving the MIQP, so it is discarded as a possible solver for the problem considered.

3.4. Interference Function Results

After the computational times are analyzed, the results obtained by applying Interfer-
ence Functions (Al) and (A2) are verified. Figure 11 shows a representation of the location
of a person in space, applying both interference functions.

In the image on the left, it is observed that the virus has a more extraordinary trajectory
when modeling the problem using the interference function (A2) since, as mentioned above,
the function models the virus as if it traveled in the form of an aerosol. In contrast, in the
image on the right, when a person is located in the first quadrant, the virus disappears when
it reaches the third quadrant; that is, the virus has a maximum trajectory of approximately
two meters (considering that each quadrant in the space measures 1 x 1). Therefore, when
more people are placed in the space, a distance of two meters between people should be
considered since, according to this function, there would be no probability of contagion.
Next, four people are located within a given space, and the behavior of the interference
functions analyzed is shown.
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CPU TIme - MIQP
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«=@==(QP-CPX-R3 ==@==(QP-GRB-R3
Figure 10. MIQP model solution time: Experiment 5. Source: Authors.
10 10
-- @l
-0.8 - . -0.8
" 1 06| |- -06
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i i i i i i i ' -0.0 [ [ i [ i | ‘ -0.0

Figure 11. Representation of the interference functions when locating 1 person. Source: Authors.

Figure 12 of the image on the left shows how the model moves people as far apart as
possible to reduce the risk of infection; however, the trajectory of the virus is much greater,
so locating more people in the space becomes slightly more complex since, if more people
are located in the space, they are already at risk of being infected. In the second case (image
on the right), by applying the exponential interference function, the model separates the
people in the space as much as possible, as in the previous case, so that there is no risk.
However, there is still much space to continue locating people, and the risk of infection
remains zero. Given the previous results, twelve people are placed within a space to verify
the virus’s behavior with a more significant number of people within the space, thereby
comparing the two interference formulas considered.
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Figure 12. Representation of the interference functions when locating 4 people. Source: Authors.

Figure 13 (image on the left) shows the results obtained, in which the model separates
the people as much as possible. However, when these people can no longer be separated
further, the model groups them together so that the possibility of infection is minimal. Note
that when trying to locate more people, all are at risk of contagion. In the second case (image
on the right), the trajectory of the virus drops rapidly; therefore, the probability of contagion
is zero if the minimum distance is respected, which makes it too simple a function from the
point of view of the optimization since people can be separated enough (two quadrants) to
avoid contagion. Once the results obtained by applying the different interference functions
are known, a graph is prepared considering the indications that the Seremi de Salud is
giving to compare the current situation in Chile, and the recommendations from the point
of view of optimization.
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Figure 13. Representation of the interference functions when locating 12 people. Source: Authors.

The government of Chile assumes that the minimum distance between people should
be greater than or equal to one meter; however, if this happens, Figure 14 shows that the
risk of infection among people who are in the same space increases significantly since
the probability of contagion is much higher. In addition, the measures provided by the
government give very similar results as those when the first interference function is applied,
since, in both cases, it is considered that the virus spreads in the form of drops that fall
to the floor very quickly. According to the model adapted from Wells-Riley, 1.6 to 3.0 m
(5.2 to 9.8 ft) is the safe social distance when considering the aerosol transmission of large
droplets exhaled when speaking, while the distance can be up to 8.2 m (26 ft) if all drops in
a calm air environment are taken into account [16]. Therefore, if these results are taken into
account, the distancing measures taken by the Chilean government are far from correct [1].
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Figure 15, presented below, shows how the virus spreads by droplets of saliva or in the
form of an aerosol.
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Figure 14. Indications given by the Seremi de Salud in Chile. Source: Authors.

Figure 15. Transmission of the virus in the form of drops versus aerosol. Source: Authors.

3.5. Discussion Results

The saliva droplets (red circles) are large particles, falling rapidly to the floor in
approximately two meters, which does not happen when the virus spreads in the form of
an aerosol (black circles), since these particles are much smaller, causing the virus to spread
to a much greater distance and to be in the air for a longer time. As mentioned above,
this research is based on the assumption that all the people in a previously determined
space could be infected with COVID-19. Additionally, it is assumed that these people are
static in the place; that is, there is no movement of people in space since only an instant of
time is analyzed; otherwise, the study would become even more complex since it would
be necessary to analyze the displacement of people at different instants of time. Together,
only the interference functions are considered in terms of the virus’s behavior, without
considering the types of ventilation in the space, such as ventilation in an open space, and
ventilation only by windows, air conditioning, and fans.

There has been much talk about ventilation in closed spaces to control the pandemic
since spaces that constantly move outside air are safer, replacing the contaminated air inside.
Generally, outdoor air is pumped through heating systems, air conditioning, windows,
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and doors in commercial buildings, universities, companies, and homes. This air dilutes
any contaminants, whether from viruses or something else, and reduces the exposure of
any person inside. Each time a person exhales, carbon dioxide (CO-2) is released into
the air. Given that COVID-19 is transmitted more frequently by breathing, coughing, or
talking, CO-2 levels can be used to verify whether a room or space is filling with potentially
infectious exhalations. The level of this component allows us to estimate whether enough
fresh air is entering from the outside. Outside, CO-2 levels are above 400 particles per
million (ppm). A well-ventilated room contains approximately 800 ppm CO-2. A slightly
higher value would be a sign that the room might need more ventilation. Given that the
coronavirus spreads through the air, the higher levels of CO-2 in a room probably mean a
greater probability of transmission if an infected person is inside [18].

Note that solving this type of model is complex because of the large number of
variables that must be considered in order to obtain a more detailed analysis, implying a
weakness. On the other hand, it helps determine the best option for distributing people so
that they run a lower risk of being infected by the COVID-19 virus. In the future, this would
be an interesting topic to work on; however, it would be necessary to add more constraints,
as is the cases of Constraints (4) and (11), which would serve to reduce computing times and
help to find the optimal solution in the shortest possible time. In addition, an interference
function can be used to model the spread of the virus along with specific directions, for
example, because of the presence of air conditioning, fans, among others.

As a strength, the study carried out demonstrates that the use of mathematical opti-
mization algorithms can improve the distribution in spaces, open or closed, decreasing
the spread of the virus. This tool better manages the upcoming reopening of educational
establishments, companies, and pubs, achieving the minimum risk of infection and, thus,
helping people live with this new reality. Another approach toward the issue of COVID-19
infection is decreasing the time for detection of the virus. In Wuhan, Israel, Nebraska,
and some localities in India, people have been tested through group testing (pool test-
ing), which allows for the detection of large-scale infections in time to isolate them. This
fact consists of grouping the samples of people. If this group test is positive, then each
individual in the group is tested to determine who has the disease, while, in the opposite
case, the individuals are not tested. In this way;, if the groups to be tested are made up
of five individuals, then pool testing uses six tests (if the group test is positive), and one
test otherwise. In the first case, a more significant number of tests is used concerning
the traditional testing methodology (six instead of five); however, in the second case, the
number of tests to be used is significantly lower (from five to one) [19]. This methodology
would alleviate the tremendous demand for exams, optimize the health system’s resources,
decongest laboratories worldwide, and would be interesting to research.

4. Conclusions and Future Work

In this paper, the optimal locations of people to maximize social distance and, thus,
decrease the probability of contagion by COVID-19 are formulated mathematically. Re-
garding the solvers used, we concluded that KNITRO is not capable of finding a global
optimum. In the computational implementation, the MIP and MIQP models are solved
with CPLEX and GUROBI, and the solution times show that GUROBI works much better
than CPLEX.

Likewise, we observed that, between the MIP and MIQP models, there is no consid-
erable difference in the solution times of the problem. In addition, we can conclude that
both solvers can find a global optimum with the MIQP model. When working with the
heat map to model the results obtained by applying different interference functions, we
confirm that the exponential function reflects the behavior of saliva droplets and that they
vanish at approximately two meters; this does not happen with the other two interference
functions, which represent the spread of the virus in the form of an aerosol.

In the course of this research, we can also observe that the measures taken by the
Chilean government have not been adequate since, if the proposed models and the inter-
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ference functions studied are applied, the majority of the people in a given space would
be infected [1]. We propose using other interference measures and testing other scenarios
related to other specific dimensions for future work. Moreover, as future research, we
consider applying the same research to discuss its validity with regard to other respiratory
diseases, especially influenza, by considering different interference metrics, which is very
important and very topical for the Winter Stage.
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Appendix A

Consider that d;; represents the Euclidean distance (in meters) between the positions,
i and j, both in the available workspace. Alternative definitions for the interference, Infr;;,
that an installation (person) located in the position, 7, has another person located in the
position, j, are presented:

2

Infrij = e 7 (A1)
1

I]’lf?’ij = ? (AZ)
o)
1

Infri]- = dfz (A3)
ij

Definition (Al) assumes that the risk of infection can be modeled as a Gaussian
function with Variance 1. The behavior of the saliva droplets can be observed in Figure A1,
demonstrating that this function can be a realistic assumption for modeling the trajectory
of saliva droplets, which are expected to decompose rapidly and fall within approximately
two meters.

Figures A2 and A3 show the modeling of the virus’s behavior according to Interference
Functions (A2) and (A3). According to the information provided, Equations (A2) and (A3)
assume, on the other hand, that an aerosolized virus spreads uniformly in spaces of one
and two dimensions, respectively.
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Figure A1. Interference function: Representation (A1l). Source: Authors.
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Figure A2. Representation of Interference Function (A2). Source: Authors.

Figure A4 clearly shows that Interference Function (A1) falls at a distance of two
meters, confirming that this function simulates saliva droplets. In the case of Interference
Function (A2), the virus spreads like an aerosol, which causes the probability of contagion
in a given space to be even higher. In Interference Function (A3), the virus spreads in an
aerosol; however, the interference drops off much faster than Interference Function (A2).
Interference Function (A3) presents an analysis in two dimensions.
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Interference function (A3)
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Figure A3. Representation of Interference Function (A3). Source: Authors.
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Figure A4. Comparison of interference functions. Source: Authors.
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