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1. Introduction

Modeling the dynamics of pandemics or epidemics, mathematically, is done via
model driven analyses, the susceptible-infected-recovered (SIR) [1] differential
equations models, but in general some simplifications in the model are needed

to do a mathematical analysis because the free parameters needed are obtained
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via statistical methods. This requires levels of precision that typically cannot be
guarantee by the data. A way to supplement the differential equations approach
is to consider observed properties of the diffusion dynamics [2] [3] [4] instead of
considering the free parameters. More recently a data-driven mathematical
analysis has been developed, the topological geometric approach called Topo-
logical Weighted Centroid (TWC). According to [2] [3] [4], the Topological
Weighted Centroid makes it possible to estimate the location of the both source
of the outbreak and the dynamic unfolding of the epidemic by working only on
the spatial distribution of the events, without any reference to the chronology
and frequency of the observations, that is, on the basis of the purely spatial cha-
racteristics of the phenomenon.

The World Health Organization (WHO) in China, reported, in December of
2019, a pneumonia with unknown cause in Wuhan, China. The new virus, the
corona virus or SARS-COV2, caused the COVID-19 disease, which spread and is
spreading over the world.

The first case of COVID-19 in Brazil was reported on February 26, 2020 in
Sao Paulo [5]. A person came back on a flight from Italy together with 300 other
passengers who went to other destinations in Brazil besides Sao Paulo including
Rio de Janeiro, Porto Alegre, Salvador, Curitiba, Belo Horizonte, Fortaleza, Re-
cife, Vitéria and Floriandpolis, contributing to the nationwide spread of the dis-
ease [5]. The first reported death was in Sdo Paulo city on March 16, 2020 and
after March 20, 2020 the community spread of COVID-19 was happening in all
the country, according Ministry of Health [6]. In Feira de Santana, a city in the
state of Bahia on March 6, 2020 [7], in Manaus, a city in the state of Amazonas
on March 13, 2020 [8], in Brasilia, a city Capital of Brazil on March 6, 2020 [9],
in Porto Alegre, a city in the state of Rio Grande do Sul on March 10, 2020 [10]
were the first reported infections in Northeast, North, Center-West and South
regions, respectively.

Nicolelis et al highlighted that while international airports served as primary
entry points for SARS-CoV-2, the drivers behind the uneven geographic spread
of COVID-19 cases and deaths in Brazil are largely undisclosed. Factors such as
super-spreader cities, highways, and the accessibility of intensive care facilities
are pivotal in the outbreak dynamics of COVID-19 [11].

Castro et al. conducted daily data analysis to grasp, quantify, and compare the
spatiotemporal dynamics of COVID-19 spread across municipalities. This en-
tailed examining clustering, trajectories, speed, and intensity of virus movement
towards interior regions, in addition to assessing policy measure indices. The
analysis reveals a multifaceted scenario where diverse factors play roles in the
spread [12].

The Topological Weighted Centroid algorithms are used here in the analysis
of COVID-19 in Brazil. Topological Weighted Centroid works on the basis of an
optimization principle, that is, it adaptively explores the fitness landscapes with
respect of certain quantities (free energy and entropy), and determines the op-
timal solution accordingly. The Topological Weighted Centroid approach is a
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data driven intelligent geographical dynamical system that models disease
spread in space and time [2] [3] [4], whereas in a model driven analysis, such as
the SIR models encodes the understanding of the behavior of a system, corona
virus causing COVID-19 in the case at hand. Model driven models fit a prede-
termined cause/effect relationship to the data into equations and mathematical
relationships. Their cause/effect is the explanation of what occurs and the data fits
into the model. On the other hand, a data driven analysis is one in which the set of
cause/effect relationships is elicited from the data. Topological Weighted Centroid
is the latter type of analysis. The confirmed cases on May 24, 2020 for this study
are used [6] to illustrate the potential of Topological Weighted Centroid. We use
May 24, 2020 since the data seems more reliable. Clearly, any date could be used
given reliable data. In fact, the analysis can be done “real time” updating the data
as needed.

The problems that Topological Weighted Centroid is used to address in this
paper are: 1) Given data of COVID cases on various dates, determine, from
which places the impetus for the spread is most accelerating. That is, from what
focal areas, what geographical location, “hot spots”, would the central government
locate, warehouse, its resources (for example, vaccines, ventilators, mobile med-
ical personnel) to deal most efficiently, with the given data distribution of cases.
The opposite view is the following. If the pandemic source (COVID-19 source)
were to have located itself to most efficiently infect the population in the confi-
guration of the reported data where would this be? We hypothesize that it is at
the indicated “hot spot(s)” of our output maps. 2) Where will the effective loca-
tion be with respect to causing tomorrow’s (future) spread? That is, given past
data on various dates, determine where the new center of accelerated spread will
be and locate resources at these “hot spots”. 3) What is the geographic network
(in the sense of an undirected graph) over which the disease is spreading. Or po-
sitively, what is the network over the medical resource can flow in a most effec-
tive way to treat the outbreak.

It’s important to note that the focus of this presentation is descriptive, while
the underlying theory is detailed in various publications, such as [2] [3]. Addi-
tionally, Nicolelis e al [11] explored transportation data to analyze the impact
of primary routes on the geographic spread of COVID-19 cases, pinpointing
Brasilia as the hub of Brazil’s main radial routes. Utilizing the TWC-a algorithm,
they identified the epicenter near Brasilia, employing statistical thermodynamics
concepts. Remarkably, the network routes derived from transportation data in
[11] closely resemble those obtained by the TWC- 8 algorithm, which solely uti-
lizes latitude and longitude data for state capitals, without incorporating trans-

portation information.

2. Topological Weighted Centroid Method

Topological Weighted Centroid only considers one of type of data, lati-
tude/longitude of the COVID-19 cases. The Topological Weighted Centroid
method has been outlined in detail and can be found in [2] [3]. This data driven
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approach was developed based on statistical thermodynamics, diffusion theory,
optimizing free energy and entropy. In this method, the probability of spread of
the disease to (X;,y;) is given in term of energy, which is a function of a meta
distance to the infected points. In statistical thermodynamics the probability

distribution for /th state is given by

p(E)= 1)

where E, is the energy for ith state, Ky is Boltzmann constant, 7 is the ab-
Ei

solute temperature and Z = Z.N: 1ei'<7BT is a partition function for N states.
Generally speaking, in the context of COVID-19 and epidemics, the TWC algo-
rithms identify the center locations from which diseases are accelerating. These
locations are calculated as past sites, present sites, near future sites (over the next
weeks), and longer future sites (several weeks ahead). There are three types of
TWC, TWC-Original [2] [3], TWC-Frequency and TWC-Windowing. The first
type, TWC-Original, is based on the disease’s occurrence not considering the
frequency of cases. The second type, TWC-Frequency, is where frequency is ex-
plicitly incorporated. The third type, TWC-Windowing, is a version that bal-
ances weak outliers with strong influences, that is, it is an approach that balances
weaker local dynamics with stronger global dynamics. There are five algorithms,
which are applied to each of these three types where one of these five creates an
undirected graph between outbreak hotspots. The way this is done is by breaking
the entire region in subregions, running TWC on the sub-regions then joining
the regions together. The five TWC methods are called TWC-a, TWC-S, TWC-y,
TWC-fand TWC-/[2] [3].

1) The TWC, algorithm estimates the location of the origin where, in the past,
according to the data, a statistical thermodynamic, optimization of free energy,
and entropy point of view, where the acceleration (of COVID-19 in this case) is
coming. It is the location that is driving the dynamics of the disease as manifest
by the data. To use an analogy, if a group of COVID virus “benefactors” (CVB)
were to affect the most COVID benefit (e.g. providing sufficient protective gear)
to the locations as represented by the distribution of the data as reported and
used in the analysis, from where would the CVB impetus arise to benefit the
cases reported by the data in the most efficient way. The ideal point area is not
the region with the high concentration of events, but where the global entropy of
the distances from all the other points attains its minimum level. According to [2]
[3], the TWC of all the points of the dataset for any specific value is (see [2] [3]):

TWC, (¢,)= 2t o
Zi:1Wi (an)
WG, (a,) = 2t ®

>rwi(a,)
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a;
where W, (an):ﬁZLMeiilan and d_IJ :% " i i

In the above equations d, ;j is called the indirect distance that controls and is
the contraction/expansion of original space considering the levels of organization
and is the measure of the energy needed for a given distribution of points in space
to collapse their spatial organization into a single point. d;, is the Euclidian dis-
tance between 2 points, a € [0,+oo) modulates the attraction strength of points
and it is equivalent to the inverse of the temperature of a thermodynamic system
and a, are increment of the temperature o, =0, a, =, +&. To analyze the
potential attraction strength among the points of distribution, the free energy

_Z i’io Wi (an )

F(a,)=—""——, (4)

a,

is calculated. Iteratively, TWC, (an ) R TWCy (an) are calculated according to (2,
3) and (3) and subsequently the free energy according to (2.4). The free energy
will increase F(a, )<F(e,,) until after some point & «" =q, , when

F(o.)<F(e). Thatis F (a*) corresponds the optimal value [2]. Then, (2,

3) and (3) are written as

Z.N:1W| ((Z*)Xi
Yw(a)
ZiN=1Wi (a*)

The more a given point is closer to the trajectory defined by the vector of a

TWC, ()= (5)

TWC, (") = (6)

points, then more that point has a strong activation value. It is important to
stress that such an inference may only be correct if the observed distribution of
points represents a statistically significant sample of the underlying phenomenon
and in the absence of spurious observations. The process of estimation is
m, :\/(Xk —TWCX(on-))2 +(yk —TWCy (aj))z , where j is the index for each
TWC-a points, kindex for each point of the plane, and the activation strength of

each point of the 2D plane is

My j o«

1 on 0 ?
a/k =_Z]ile M > (7)

Here, N, is the total numbers of TWC points, d,, =max; ; {di' j} distance
between points and ¢, €[0,1].

2) The TWC-p algorithm calculates the condition of the disease distribution
of current time as it will affect tomorrow’s outbreak. That is, to affect future dis-
ease spread tomorrow, TWC-f positions itself where the accelerating impetus
would locate itself to actuate the data that is reported tomorrow. Here the indi-
rect distance, in which each point interacts also with itself. The difference in this
algorithm is that TWC-/ moves back toward the center of mass, because the in-

teraction of each point with itself takes over and the attraction strengths tend to
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collapse into self-attraction. However, we obtain the maximum from
p* =max, {d(TWC(4,)-CM )}, ®)

where dis the Euclidian distance and CM center of mass
Z |N:1WI (ﬁ n ) Xi
> (5,)
Z,N:]_\NI (ﬂn ) yi
N >
Zi:l W, (ﬁ n )

TWC, (8,)= )

TWC, (5,)= (10)
1 N

- N —1 4 i=liz]
specific value and meaning of its own. Given a certain distribution of points,

dij
g . .
where W, (4,) e ® and f,=p, ,+¢. Each point carries a

each already existing point is going to play a role in the future unfolding of the
phenomenon once the local/global tradeoff is further influenced by the emer-
gence of new points. The S Map, instead, defines the probability to observe new
points (events) that belong to the same distribution (that is, to the same data ge-
nerating process). The S Map can therefore be regarded as a snapshot of a prob-
ability density function which is implicit into the structure of the data set. It is
generated on the basis of the weighted distance between each generic point of
the space and all of the points belonging to the observed distribution.

3) The TWC-y algorithm will make outbreak calculations over a short time
span about one week into the future. The y Map evaluates how the variations in
the positions of certain points may influence the whole spatial structure from the
perspective of any single point belonging to it, in its relations with the other
points. It acts as a modifier of the Euclidean distance between points, so as to
suitably “tune” the optimal deformation needed to capture the actual spatial or-
ganization of the points according to a logic that is similar to the one already
followed for the construction of the a and g Maps. It is the movement of some
individual carrying the epidemic agent from one location to another, or in the
case of a quasi-epidemic process such as a territorial network of towns, the inte-
raction may consist in trade and social exchanges, migrations of families and
workers, and so on. At the early stages of the process, when the phenomenon is
still emerging, one may assume that the interactions are mostly stochastic, that is,
the fact that the infectious agent travels in a certain direction or that certain
trade relations begin to be established among certain locations rather than others
may be due to random factors. If this is the case, we can conjecture that, statisti-
cally, most of such random early interactions are spatially mediated by the center
of mass, which represents the average of the coordinates of the all the points be-
longing to the spatial distribution. For this reason, the matrix of all the TWC
vectors describing the trajectories of convergence to the various points of the
distribution moving away from the center of mass provide a good approxima-
tion of the statistics of the interaction among the points at early phase. Moreover,

the matrix of trajectories gives useful information about the different attraction

DOI: 10.4236/jdaip.2024.122014

253 Journal of Data Analysis and Information Processing


https://doi.org/10.4236/jdaip.2024.122014

M. Asadi-Zeydabadi et al.

strengths of the various points. The more a trajectory is curved, the more it is
affected by the attraction of other points located in the corresponding direction
(as a sort of “gravitational” effect). Therefore, the trajectories whose shape is
close to a straight line identify the mainstream of the diffusion process, as they
are relatively less affected by the attraction strength of the other points while at
the same time possibly affecting the trajectories of such points. The y scalar field
may therefore be thought of as a further qualification of the S field, which trans-
forms attraction strengths into intensities of network interaction and therefore
highlights longer-term activation patterns within the spatial distribution. As the g
field is a “prediction” of the evolution of the a field, the y field may in turn be
regarded as a “prediction” of the evolution of the f field. The associated trajec-
tory is calculated as follow
TWE, (71(1) = o
2 b (7 (1)

1

i 2?21 P (7(1))

P (7 (D), (11)

> b (n )y (12)

TWC, (7 (t))

G,
where pi'j(}/i(t)):e o r(t+) =y (t)+e . Iimyi([)chWCX(yi(t)):xi
and lim ., TWC, (7 (1))=Y

4) TWC-6 is used to predict the longer-range time evolution of the disease
outbreak. In addition, associated with TWC-6 is an undirected graph between
hot spots, which may be interpreted as the pathways of the disease. The

Non-Linear Minimum Spanning Tree (NLMST) is computed as follows

0

j =X, (Twe, | (1),TWC, | (t+1)), (13)
where d, is the distance between two points of the same path.

TWC, , (t)=x, +(TWCx (7 (1) -TWC, (7, (t))),

TWC, , (1)=x, +(Twcy (7 (1)) -TWC, (7, (t))),
7, =min{Q,.Q,},

and Q, is the number of the new points belonging to the vector TWC ( 17 (t)) ,
ieN. The 6 Map allows us to build the MST that links together the points of
the spatial distribution in terms of a minimal network of influence. This corres-
ponds to the deepest structural layer explored so far. The NLMST serves as the
basis to build the & scalar field. The distance matrix 6, ; may be easily trans-
formed into a probability matrix, P ;, which estimates the probability any giv-
en point in the spatial distribution communicates with another one as the effect
of some random external shock (for instance, a local shortage of some key re-
source for quasi-epidemic processes, or the occurrence of a mutation of the in-
fective agent in an epidemic process). The closer two points in the spatial distri-

bution, the more likely that the random shock will force an interaction between
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them. This Markovian process allows us to attain yet another level of depth in our
analysis, in that we not only understand the minimal connectivity structure of the
urban network, but also an estimate of the intensity of the exchange flows along
the structure. We can therefore study an explicit dynamical model that provides
still another layer of interpretation of our spatial distribution, and in particular al-
lows us to compute the attractor of the dynamics.

5) The TWC-;algorithm, TWC-¢ estimates the points at which the outbreak is
thought to vanish [2] [3]. In the context of the COVID-19 pandemic, TWC-;
predicts where the disease with begin to stop, the last “outpost” or location of the
disease.

The three types of TWC analyses, each type having five associated algorithms,
produce fifteen maps.

TWC-original which is the foundation of this method is discussed in [2] [3].
TWC-Frequency and TWC-Windowing include the number of confirmed cases,
the outbreak frequency.

The TWC-Frequency produces new N (i) points corresponding to the num-
ber of cases reported at the city located at random in the neighborhood of the
original i~th source. Here, “source”, for the Brazil data, is the state capitol. The
location of new N (i) points is calculated by N (i)=Ceil(1+log f (i)), where

f (i) is the frequency at the i-th source point. The x coordinate of the new
points are given by x(i)=x,(i)+2(rand x0.05)—1, where x(i) is the x coor-
dinate of the ith source, and 0<rand <1 isarandom number. The same method
is applied for the y coordinates. Then TWC-Frequency applies TWC-Original to
all the generated points.

TWC windowing uses a selected number of points for the window. The size of
the window (the data points in each window) is the same for all points. Each
window works as a network around a point. The TWC algorithms are applied on
the data in each window. For a data set of V data points, there are K windows.
The windows may (often do) have some common points. The common points
make connection between the windows. Finally, all TWC maps that are produced
for all windows are overlaps for the final TWC maps. In TWC procedure an in-
teger number K <N is selected. Then the number of the point in each window
is determined by P =N/K . Of course, as K get bigger, the number of the data
points in a window, P, get smaller.

The Brazil data that is available does not give the infected person’s address,
only the city. Thus, there are many cases occurring in the same city. Moreover,
what is typical of the Brazil data set is that cases are reported only by state. So,
one only knows the state in which the cases occur. However, more recently, out-
break by municipality has been reported. This study did not use municipality
data in its analysis, only state data. The municipality data was used to compare
the TWC with the reported results. However, the use of municipality data is
straight forward in principle.

Table 1 shows the latitude and longitude coordinates of the capitals with con-
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firmed COVID-19 cases on May 24, 2020 in Brazil. The exact locations of the

cases of the original, as mentioned, are not given. As was mentioned, the capitals

of each state were used as the location of the outbreak. In this paper the results
of TWC-Original are discussed.

3. Results

This study used TWC method for analyses of COVID-19 in Brazil and compares
the TWC results with some given maps and data by Brazilian authorities as em-

pirical sources. The first map, Figure 1, that is given, is just that of the capital of

Table 1. Latitude and longitude coordinates of the capitals with confirmed COVID-19

cases on May 24, 2020 in Brazil.

State Capital Latitude Longitude
Alagoas Maceid —-9.66625 -35.7351
Bahia Salvador —-12.9704 —38.5124
Amazonas Manaus -3.10719 —-60.0261
Amapa Macapa 0.0344566 —51.0666
Distrito Federal Brasilia —-15.7801 —47.9292
Ceara Fortaleza —3.71839 —38.5434
Espirito Santo Vitdria -20.3222 —40.3381
Minas Gerais Belo Horizonte —-19.8157 —43.9542
Goids Goiania -16.6799 —49. 255
Maranhio Sao Luis -2.53073 —44.3068
Mato Grosso Sul Campo Grande —20.4435 —54.6478
Mato Grosso Cuiabd —-15.5989 —56.0949
Pernambuco Recife —8.05428 —34.8813
Paraiba Jodo Pessoa -7.11532 -34 .861
Para Belém —-1.45502 —48.5024
Piaui Teresina —5.08921 —42.8016
Parana Curitiba —25.4284 —49.2733
Rio de Janeiro Rio de Janeiro -22.9035 —43.2096
Rio Grande do Norte Natal —5.79448 -35.211
Rondoénia Porto Velho —8.76183 —63.902
Séo Paulo Sdo Paulo —23.5489 —46.6388
Rio Grande do Sul Porto Alegre -30.0277 -51.228
Santa Catarina Florianépolis —-27.5969 —48.5495
Roraima Boa Vista 2.81954 -60.6714
Acre Rio Branco -9.974 —67.8076
Tocantins Palmas —-10.1689 —48.3317
Sergipe Aracaju -10.9095 —37.0748
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Source
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Legenda

® Elementa 2

Figure 1. The source data, May 24, 2020 in Brazil.

the states with confirmed cases on May 24, 2020. We have used only the location
information (latitude and longitude) of the infected places for the TWC analyses.
We did not use the number of cases (frequency) for May 24, 2020. One of the
advantages of TWC method is using minimum information for predicting dis-
ease outbreak. This is particularly useful, since at the beginning of an outbreak,
the amount of information is insufficient and access to the reliable information
is limited. Figure 2 shows the results of the TWC-a algorithm and shows the
acceleration area, where the impetus for COVID-19 spread centers itself. For
the outbreak distribution in Brazil on May 24th the impetus is near Brasilia,
based on statistical thermodynamics concepts, on border between Goids and
Minas Gerais states. This is an area where the disease would locate itself in the
past if one were to affect the infection distribution “today” (May 24th). Basi-
cally, it says that Brasilia is in effect centrally located with respect to the initial
distribution of COVID cases. A hot spot on the TWC-a map, Brasilia, can be
viewed as the activation location for the disease dynamic. It means if the dy-
namics start from a location in order to obtain the given outbreak data (the con-
firmed case on May 24) the geographical coordinates start from the hot spot of
the TWC-a map. The TWC-a map (in Figure 2) shows a hot spot that can in-
terpreted as on average or a global perspective of the outbreak. The COVID-19
map of Brazil on March 26 as developed by the Health Ministry is shown on
Figure 3. This figure shows, in addition to the hot region in Sdo Paulo, there is a
high number of infections in a very small region (point) that is located in
Brasilia. This observation to some extent, is in agreement with TWC-a results.

The peak of the hot region on the TWC-a map is located on the south of
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Figure 2. TWC-a map.
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Figure 3. COVID-19 map in Brazil on March 26, 2020.

Tocantins near the border of Goias which is not place with high infection in Fig-
ure 3. We may explain this difference because of several reasons: TWC-original is
not using the frequency (the number of cases) and the effect of the hot region on
other places like Amazonia, shifts the location of the center of the TWC-a. The
TWC-a result using TWC-Original does not capture the local hot spots as they are
distributed over the country. However, if we were to use the TWC-windowing, then
the hot spot distribution can be captured as occurred with the analysis done for
USA-COVID (see [4]). As we mentioned the focus of this study is using
TWC-original. In practical perspective, we may also consider the location of
TWC-a point or the hotspots of TWC-a map as a useful place for managing the
COVID-19 outbreak. For example, we may locate the vaccination center or head-

quarter for controlling the pandemic. Figure 3 is an empirical evidence for TWC-a.
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As mentioned, the TWC-a map shows a hotspot region around Brasilia, this is in
agreement with a small hotspot in Brasilia on March 24, 2020. According Nicolelis
et al [11] Brasilia should be considered as an important hotspot to the propagation
of COVID-19, because it is the center of the main radial routes in Brazil.

Table 2 reports COVID-19 cases for May 15, May 24, May 28 and June 7,
2020 [6]. The data in Table 2 is an empirical source and they were not used as
input for TWC method.

The Relative Changes (RC) of COVID-19 cases from day n to day n'for data
N'—N

given in Table 2 were calculated as follows, RC(n, n’) = , where N and

N'are the infected cases in relation the days n and n; respectively.

Table 2. Data: COVID-19 cases for May 15, May 23, May 28 and June 7, 2020.

State May, 15th May, 24th May, 28th June, 7th
Acre 1785 4160 5600 7983
Amazonas 18,392 29,867 36,146 49,269
Amapa 3630 6353 8152 13,045
Para 12,109 24,125 33,699 54,271
Rondo6nia 1789 3201 4252 8110
Roraima 1789 2439 2959 5529
Tocantins 1179 2591 3277 5644
Alagoas 3212 6214 7580 15,706
Bahia 8128 13,899 15,963 28,250
Ceara 22,490 35,595 37,821 64,271
Maranhiao 10,739 21,191 27,979 47,593
Paraiba 3739 7823 11,132 20,310
Pernambuco 16,209 27,759 30,713 40,242
Piaui 1905 3390 4243 7478
Rio Grande do Norte 2786 4697 5630 9452
Sergipe 2868 5314 6156 9290
Espirito Santo 6198 10,007 12,203 19,619
Minas Gerais 4196 6668 8686 15,703
Sdo Paulo 58,378 82,161 95,865 143,073
Rio de Janeiro 19,987 37,912 44,886 67,756
Distrito Federal 3787 6638 8300 16,623
Goias 1572 2443 3090 5813
Mato Grosso Sul 479 924 1262 2253
Mato Grosso 779 1462 1951 3878
Parana 2139 3212 3984 6897
Rio Grande do Sul 3597 6470 8234 12,139
Santa Catarina 4562 6696 8000 11,565
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Figure 4. TWC-f map.

The relative changes from data on Table 2 from May 24 to May 28, 2020 for
Brasilia (Distrito Federal) are 0.25 and for Sao Paulo is 0.17. This empirical re-
sult again is in agree with the result of TWC-a and it is an evidence that Brasilia
is an important hotspot. The results in Nicolelis ef al. (see Fig. 2 [11]) show the
contribution of Brasilia in covid-19 outbreak around March 20, 2020.

Castro et al. [12] used daily data from epidemiological week 9 (February 23-29,
2020) to week 41 (October 4-10, 2020). They calculated the geographic center of
the epidemic. They found the national trajectory of the centers started from Sado
Paulo and moved north then turned south. This trajectory is located in the
TWC-ahotspot and has a behavior similar to TWC-a path (see Fig. 2A in [12]).

Figure 4 shows the TWC-/ map, which is a map of where the disease accele-
ration would locate itself today (May 24th) to affect tomorrow’s future outbreak.
Basically, TWC-/ shows the outbreak around the present time (around May 24).
The outbreak is dominated in Northeast, Southeast and Central regions. The
hotspot with high intensity is located more towards the Northeast region. The
comparison between the results of TWC-a and TWC-g indicates the outbreak
whose initial “energy” started from the Central region (Brasilia) expanded to
the Northeast, Southeast and Central regions. Comparing Figure 4, TWC-§
map, with Figure 5, the map of the COVID-19 the map of the COVID-19 cas-
es on May 23, indicates the outbreak spreads intensively over the eastern side
of Brazil. The TWC-f does not seem to capture very well, the reported out-
break in the northwest of the country. However, we need to note that the TWC

maps represent the centers of intensity of the outbreak. Moreover, the

COVID-19 maps that are given by authorities are given by the number of
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Figure 5. COVID-19 map of Brazil on May 23, 2020.

confirmed cases without consideration of the population density and the area of
the regions. By comparing Figure 3 and Figure 5, one can see, in spite of a large
increase in the number of cases, the dynamics in the geographical perspective is
not changing significantly. Figure 5 shows the outbreak map on May 23 and this
can be used as an empirical map for TWC-p. This map shows a result well com-
parable with TWC-f map.

We can also use the relative changes for COVID-19 cases from May 24 to May
28 (using data in Table 2). The largest relative changes are in Mato Grosso Sul,
Mato Grosso and Paraiba (0.36, 0.33 and 0.42, respectively). Since the cases in
Mato Grosso Sul and Mato Grosso are low, these changes indicate the starting of
disease dynamics in these states. However, the large relative changes in Paraiba
can be considered as an evidence or empirical data, which is in agreement with
TWC-p method that shows there is an important hotspot region in northeast.

Figure 6 shows the TWC-y map. It can be seen from comparison of Figure 4
and Figure 5, the outbreak would expand through northeast, southeast and central
regions and the hot spots merge together and the high intensity moves from
northeast back toward the central region. If we compare the maps in Figure 3,
Figure 5 and Figure 8, there are major outbreak in northeast and southeast/south
of the country. These two hotspot places approached together and moved away
from each other. The results of TWC-8, TWC-y and TWC-6 maps (Figure 4,
Figure 6 and Figure 7) indicate this behavior. This kind of dynamics might
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Figure 7. TWC-6map.
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happen during different covid-19 peaks. In TWC-S (Figure 4) and TWC-6
(Figure 7) maps, the hotspot regions are separated from each other. However, in
TWC-0 these regions are expanded. It means the outbreak is expanding. The
relative changes, using the data in Table 2 between May24 and May 28, in Minas
Gerais are higher than Bahia and Sdo Paulo (north and south of Minas Gerais).
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This is in agree with TWC- y map that shows these two hotspots are approaching
each other.

We can compare the TWC maps with other results in (Nicolelis ez al [11]) for
more empirical evidence. The contribution of the northeast region in the out-
break from the beginning of April until almost May 20 increases, however, the
contribution of southeast and south during this period decreases (see Figure 2,
Nicolelis et al [11]). This trend is significant particularly around May 20, 2020.
This is an evidence for having a hotspot in northeast particularly in TWC-/. Be-
sides, the contribution of northeast in the outbreak decreases from the last week
of May to the first week of July (see Figure 2, Nicolelis et al [11]). This means
the intensity of two hotspots are getting closer and the two regions are ap-
proaching to each other as shown in TWC-y.

Figure 7 shows the TWC-6 map. The comparison of Figure 6 and Figure 7
shows the hot spot breaks into two parts, one hotspot mainly over the northeast
region and the second over the central and south regions. Figure 8 shows the
map of COVID-19 on June 6, 2020 (the future outbreak relative to May 24,
2020). The results of TWC-yand TWC-6& compare well to Figure 8 as the future
map, that is, the result of Figure 7 matches very well with Figure 8.

Figure 9 shows the network of the disease outbreak. This network is given
from the algorithm. This figure shows Brasilia is a main node of this network.
This is in agreement with our observation (see Figure 3 and Figure 5). As we
mentioned we did not use the transportation information, however the TWC-8
network (Figure 9) is comparable with the results obtained by Nicolelis et al
(see Figure 1-M, N, O and P in [11]). Moreover, Brasilia is also the second bu-
siest airport in Brazil, which is another piece of evidence for confirming the
TWC-6&network.

& -~ '*“V- .YQ *{e?
g L A
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. 0
ERAS
O
A/

Figure 8. COVID-19 map of Brazil on June 6, 2020.
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Figure 10 shows TWC-/ map. It shows how the outbreak point moves away
from the east mainly toward the central region. This region can be the final des-
tination of the outbreak, if there are no new sources that come into the play in
the meantime. The results TWC-a, TWC-S, TWC-y, TWC-6 and TWC-¢ show

the disease dynamics has some propagation toward west. This result is in agree
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with relative changes 0.36 and 0.33 of COVID-19 cases between May 24 and
May 28 (Table 2) in Mato Grosso Sul and Mato Grosso, respectively.

4. Conclusions

Topological Weighted Centroid (TWC) was applied to May 24, 2020 COVID-19
cases in Brazil updated and more detailed data can be used. However, our focus
is on illustrating the efficacy of our approach. The algorithms located hotspots,
that is, the centers from which on succeeding days new cases of the disease are
generated. In other words, if there were new case of the corona virus, the hots-
pots would be their centers of distribution from which they would most effec-
tively cause of the cases as reported.

The paths, from which these cases center is located, are indicated by the undi-
rected graph that is produced (Figure 9, the outbreak network). These analyses
are given for the beginning of the outbreak, and we had limited information.
Additionally, we focused on the outbreak over the entire country not the local
level. Therefore, we used TWC-original. If we want to know more about the de-
tail of the outbreak, we can use TWC-windowing. These analyses use only lati-
tude and longitude information for the capitals of the states with confirmed cas-
es on May 24, 2020. One of the advantages of the TWC method is that it can use
a minimum of information for disease outbreak, which is especially useful and
beginning of outbreak.

This study did not use the transportation information. However, the results of
TWC-6 are comparable with the results obtained by Nicolelis ef a/. (see the pic-
tures M, N, O and P in [11]). The TWC-8 network identified how COVID-19
spread through the country. It is reasonable that CIVID-19 spread through the
country by road and air transportation and the TWC- & network Figure 9 is very

similar with the main Brazilian roads and air network.
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