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Abstract
The crime of intentional homicide in Brazil is worrying. In the northern region, this type of crime has
been growing since 2020. In this sense, we decided to apply Kuldorff’s prospective space-time scan statis-
tics in order to identify emerging clusters. We conclude that there are two emerging clusters of high
relative risk (Amazonas and Para) that require rapid intervention and two clusters of low relative risk
(Acre, Roraima, Amazonas, Amapd, and Par) that do not require urgent intervention. Some character-
istics of these two clusters are presented: radius, population, relative risk, likelihood ratio.

Keywords: Likelihood ratio test, scan statistics, spatio-temporal clusters.

1. Introduction

Violence is a serious problem and constitutes a challenge for the health sector due to its impact
and negative repercussions in all areas of life, both individual and collective. It is a multifactorial
phenomenon related to historical, cultural, contextual, structural and interpersonal factors (Leite et
al,[2017). Violent actions are not only related to physical force, but also to attitudes that compromise
the emotional and psychological aspects of the victim or even any other way that can cause suffering
to the individual and their family (Dim, .

Homicide is characterized as the the most extreme manifestation of interpersonal violence, being
the main cause of death (Tavares et al.,. This phenomenon generates potential losses within the
scope of public policies and highlights structural deficiencies in economic and social development,
imposing the need for effective strategies to prevent and reduce mortality rates. Considering that
homicide is a consequence of interpersonal violence, it is observed that more people die as a result
of this problem worldwide than in all other criminal types since the year 2000.
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According to the Atlas of Violence 2023, an important document that reports violence in Brazil,
published annually by the Institute of Applied Economic Research (Ipea), in Brazil there were
616,095 victims of intentional homicides between the years 2011 and 2021 and, in that same pe-
riod, there was a drop in the rate per 100, 000 inhabitants of 18.3%. Of these, 77% are afro-Brazilian
people victims and, among indigenous people, the rate per 100, 000 inhabitants increased by 29%
in the same period. The risk of a afro-Brazilian people person being murdered is 2.9 times greater
when compared to a non-afro-Brazilian people individual. If there had not been an increase in
firearms in circulation between 2019 and 2021, Brazil would have recorded 6, 379 fewer homicides.
These facts can be consulted at https://www.ipea.gov.br/atlasviolencia/arquivos/artigos/7868-atlas-
violencia-2024-v11.pdf.

These high numbers occur due to existing problems in society, such as inequality, organized
crime, impunity, corruption and private living spaces that favor domestic violence. Among the
regions of Brazil, according to the Atlas of Violence 2023, the northeast and northern regions of
Brazil have the highest rates of intentional homicides per 100, 000 inhabitants. The northern region,
from 2020 onwards, is the most worrying, with rates even higher than Brazil itself. Several factors
are associated with homicides, such as psychological or biological dysfunctions at the individual level,
or factors criminogens such as weapons and psychotropic drugs, which can influence interpersonal
conflicts and the use of lethal violence.

Social, demographic and economic elements, for example, income, socioeconomic inequality,
population concentration and age structure, are conditions for the actions of individuals (Tavares
et al,2016). In addition to the factors already mentioned, it is possible to say that the occurrence of
the problem may be linked to the exploitation of the riches of land located in the northern region of
Brazil, since this almost entirely covers the Brazilian Amazon forest. Uncontrolled logging, fishing
and mining and other factors contribute to the increase in violent deaths in this region. Detecting
the counties in the northern region that have a higher relative risk of victims of intentional homicides
is essential.

These reasons are sufficient for a study aimed at the northern region of Brazil to combat this
type of violent crime to be carried out. The analysis and evaluation of spatial and space-time patterns
and trends in intentional homicides are necessary to control and eliminate these homicides.

Kulldorff’s spatial-temporal scan statistical method can detect the distribution characteristics in
the temporal and spatial axes, which is consistent with real-world conditions (Kulldorff & Nagar-
walla, [1995; Qian et al,[2016; Vieira et al,,|2014; Xia et al,2015). Furthermore, the relative risk of
any phenomenon in a cluster area can be estimated by comparing it with the area outside the cluster
area. For this reason, this method has been widely used in homicide studies (Mohammadi, 2023;
Silva et al,[2023; Steelesmith & Lindstrom, [2023; Uittenbogaard & Ceccato, 2012).

In this study, our objective was to use the Kulldorff scan statistical analysis to explore the prospec-
tive spatio-temporal dynamics of intentional homicides at the level of counties in the northern Brazi-
lian region, since this region presents itself as the most violent in Brazil in the last three years.

2. Material

The northern Brazilian region is known worldwide for having the largest tropical forest in the
world: the Amazon forest. Extensive varieties of fauna and flora are found. Mining, deforestation
and illegal fishing are recurrent in this region and, in this sense, territorial disputes with indigenous
civilizations are a strong justification for the considerable increase in violent deaths in this region in
the last three years. Figure |1 highlights the northern region on the map of Brazil and presents the
territorial distribution of indigenous conservation areas, locations with easy access to healthcare and
also located schools.

These characteristics form an important contributing factor to the increase in violent deaths
in the northern region of Brazil. Table [1| describes the federation units belonging to the northern
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Figure 1. Characterization of the northern region with the demarcation of indigenous land, school areas and areas with
easy access to health care.

Brazilian region. The state of Pard (PA) has the largest number of counties (144) and is also the
most populous, also presenting the largest number of victims of intentional homicide over the period
between 2018 and 2022. Roraima (RR) is the less populous state and with fewer victims of intentional
homicide over the period between 2018 and 2022.

Table 1. Description of federative unit in the northern Brazilian region - 2018 to 2022. A total of 450 counties were consid-
ered

Population (victims)

FU  Counties
2018 2019 2020 2021 2022
RO 52 1,757,589 1,777,225 1,796,460 1,815,278 1,815,278
(395) (371) (403) (416) (479)
AC 22 869,265 881,935 894,470 906,876 906,876
(396) (270) (270) (171) (207)
AM 62 4,080,611 4,144 597 4,207,714 4,269,995 4,269,995
(1,101) (996) (923) (1,464) (1,319)
RR 15 576,568 605,761 631,181 652,713 652,713
(159) (176) (174) (197) (171)
PA 144 8,513,497 8,602,865 8,690,745 8,777,124 8,777,124
(3,827) (2,764) (2,198) (2,193) (2,185)
AP 16 829,494 845,731 861,773 877,613 877,613
(301) (232) (239) (281) (210)
TO 139 1,555,229 1,572,866 1,590,248 1,607,363 1,607,363
(368) (336) (404) (338) (396)

FU: represents the acronym of the federative unit. Counties: is the number of counties in each FU. Here: RO - Rondénia,
AC - Acre, AM - Amazonas, RR - Roraima, PA - Pard, AP - Amapi, TO - Tocantins.

Homicide rates are important indicators for measuring and comparing the situation of this im-
portant crime in the FU’s belonging to the northern region. Because we believe that the calculation
of rates per 100, 000 inhabitants is quite widespread in the literature, we chose not to highlight how
to obtain it here. Table 2| presents the rates per 100,000 inhabitants for these municipalities. Rates
are an important indicator of the presence of population heterogeneity in FU’s (see Tabela .

Here, we highlight Acre (AC) which had the highest rate of intentional homicide in 2019 (60.61)
and Roraima (RO) which, in the same year, had the lowest rate (20.87). We also note that Acre (AC)



332 Brazilian Journal of Biometrics

Table 2. Description of rates of federative unit in the northern Brazilian region - 2018 to 2022. A total of 450 counties were
considered

Rate (100.000)
2018 2019 2020 2021 2022

FU  Counties

RO 52 2247 2087 2243 2291 26.39
AC 22 4555 60.61 30.18 1885 22.82
AM 62 2698 24.03 2193 3428 30.89
RR 15 2757 29.05 27.57 30.18 26.20
PA 144 4495 3213 2529 2498 24.89
AP 16 36.28 27.43 27.73 32.02 2393
TO 139 23,66 2136 2540 21.03 24.64

FU: represents the acronym of the federative unit. Counties: is the number of counties in each FU. Here: RO - Rondénia,
AC - Acre, AM - Amazonas, RR - Roraima, PA - Pard, AP - Amapd, TO - Tocantins.

is the FU with the highest rates in almost all years except 2021 in which it presented the lowest rate
among all FU’s. Pard (PA) presents high rates in 2018 and 2019, showing a drop between 2018 and
2021, Stabilizing in 2022.

2.1 The dataset

The data considered here are made available by the Brazilian National Public Security Secretariat
(Senasp), and can be obtained at https://dados.mj.gov.br/dataset/sistema-nacional-de-estatisticas-
de-seguranca-public. We prepare this data in such a way that information on the total number of
victims in each counties in the northern region of Brazil is consolidated annually. The original
database available has the number of intentional homicide victims consolidated monthly.

In a previous analysis and with unpublished results, we calculated the Local Moran Index in
each year and, in the northern region, the clusters found present a strong correlation and are of
the “high-high” type, suggesting a high correlation of intentional homicides in these areas (Coelho
et al,|[2021). A limitation of the Local Moran Index is that it does not provide a measure of the
risk of victims of this type of crime. We then decided to use the prospective spatio-temporal scan
method, proposed by Martin Kulldorff (Kulldorff er al,,[1998), to obtain the relative risks of each of
the clusters found.

3. Prospective spatio-temporal scan statistic

We used prospective spatio-temporal scan statistics according to a Poisson probability distribu-
tion model, which is implemented in the SaTScan TM software (Kulldorff, 2018; Kulldorff, 2001).
This method finds the most likely clusters in several cylindrical candidates. The cylinders are deter-
mined by a circular basis (the spatial scan window) that is centered on a candidate location (centroid)
and that has a radius r. The height of the cylinder is determined by the time scan window ¢. There-
fore, each counties centroid is the center of a series of candidate groups for clusters of different radius
r and heights ¢.

Consider the null hypothesis Hy: “There is no difference in the risk of intentional homicide
between the inside and outside of the cylinder”, and alternative hypothesis Ha: “There is a greater
or lesser risk of intentional homicide inside the cylinder” . We calculate the number of expected
cases [ using

C
PL=PF, (1)
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where p is the population within the cylinder, C is the total number of intentional homicide victims
and P is the total population. The most likely cluster is the one that maximizes the likelihood ratio
given by the expression

LR = L(Z) _ (H@))nz (NIY:?Z))N_% )
Loy ( N )N '
w(T)

where L(Z) is the likelihood function for the cylindrical cluster candidate Z, Ly is the likelihood
function under Hy, n is the number of cases within the cylinder, p(Z) is the number of cases
expected in the cylinder Z, N is the number of cases observed for the entire study area during the
entire study period T and u(T) is the total number of cases expected in the study area over all time
periods T.

High relative risk clusters are those in which the ratio LR is greater than 1, that s, ﬁ > NA—] :’(ZZ }-

If the same ratio is less than 1, these clusters are of low relative risk. The LR ratio is a measure of
how the relative risk inside a cylinder differs from the outside risk, and typically its logarithmic
transformation is reported as the logarithmic likelihood ratio LLR.

We ran 999 Monte Carlo simulations for significance testing, where we randomized the locations
and times of intentional homicide cases to obtain a likelihood ratio for each run and candidate cluster
that form a distribution under Hy. Furthermore, we included statistically significant secondary
clusters (p < 0.05) in our results. Finally, to illustrate the distribution of relative risk within the
clusters, we report choropleth maps that contain relative risk RR¢yries» which is the relative risk
within a county divided by the relative risk outside that same county. The relative risk of each
counties is given by the expression

Ceounties! Ccounties
RR countiess = (3)

(C - Ccountie&)/(c - ‘)counties) ’

where counries is the total number of intentional homicides in a given counties, e;oypusies is the number

of intentional homicides expected in that counties, being obtained by the expression (1) using the

population (peoymries) of the counties and C is the total number of intentional homicides observed.
In a similar way, we calculated the relative risk within each cluster according to the expression

RR _ Celuster! Ccluster ’ ( 4)

! >
chuster (C - Cclust(’r)/ (C - eclust(’r)

where ¢.j,.gers €.luster a0d C are, respectively, the total number of intentional homicides, the number
of expected intentional homicides and the total number of intentional homicides observed within
each cluster. To obtain e, we use the expression , with p being the cluster population.

Unlike its retrospective variant, prospective spatio-temporal scan statistics find clusters that are
“active” or “emerging” at the end of the study period. Prospective analysis only evaluates cylinders
that have a “current” end time. Therefore, the set of candidate cylinders is reduced to include only
“active” cylinders at the end of the study period (Kulldorff, 2001), i.e., only those cylinders with an
end date equal to the end of the study period.

4. Main results

The prospective spatio-temporal scan statistic did not detect significant clusters (5%) in the years
2018, 2019 and 2020. However, significant prospective spatio-temporal clusters of intentional homi-
cides were detected in the period 2021-2022 (see Figure . The two low-risk clusters detected
include, in cluster 1, the state of Acre (AC), Roraima (RO) and a large part of Amazonas (AM) and,
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for Cluster 2, a large part of the state of Pard (PA) and some counties in Amap4 (AP) are part of this
cluster. For the two high-risk clusters, some counties in Amazonas and a large part of Pard form
these clusters.

Intentional homicides - Brazil
Counties - 2021 to 2022
Cluster 1 (Low)
Cluster 2 (High)
Cluster 3 (High)

Cluster 4 (Low)

Non-significant (§%)

Figure 2. Clusters detected by prospective space-time scan statistics. Here, the term “High” means the cluster is high risk
and the term “Low” means the cluster is low risk.

Among the clusters with the highest relative risk, although it has the smallest number of counties
(2), cluster 2 is the most populous, has the highest relative risk and smallest coverage (57.59 km),
with only 2 forming counties. Cluster 3 has 35 counties, has the smallest population, number of
victims, relative risk, and has the largest coverage (381.43 km) (see Table 3).

Table 3. Descriptive measures of significant high and low relative risk clusters detected

Measurements
Level Cluster

Counties  Population c(e) RR LLR  Radius (km) p-value
1 92 6,535,235 2,457 0.64 24437 T744.48 0.0234

Low (3,631.9)
4 118 4,010,444 1,706 0.72 90.99 1,238.9 0.0421

(2,297.87)
. 2 2 2,260,868 2,144 1.70 241.63 57.59 0.0378

High (1,302.09)
3 35 1,526,900 1,338 1.55 108.03 381.43 0.0138

(877,69)

Here: ¢ - total victims in the cluster, e - victims expected in the cluster, RR - relative risk, Radius - the radius of the
circular base of the cluster, in kilometers, LLR - logarithmic likelihood ratio, p-value - indicates the significance of the
clusters.
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Tabledetails the characteristics of these high and low relative risk clusters, providing informa-
tion such as number of counties, total number of intentional homicide victims, total cluster popu-
lation, relative risk, logarithm of the likelihood ratio LLR. We note that, among the low relative
risk clusters, cluster 1 is the most populous and has the highest number of victims, even though
it contains the smallest number of counties (92) and the lowest relative risk (0.64), and is also the
cluster of smaller scope (744.48 km). Cluster 4 is the least populous and contains the largest number
of counties (118). This has the lowest number of victims, but with greater relative risk and greater
coverage (1,238.9 km) (see Table .

Figure presents the relative risks of each counties in each of the years considered: 2018 to 2022.

(a) year: 2018 (b) year: 2019

Lo

(c) year: 2020 (d) year: 2021

s

(e) year: 2022

Figure 3. Relative risk (see expression ) in each of the counties forming the federative units in the northern region of
Brazil.
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Over the years, we noticed that the location of high relative risks is mainly concentrated in the
south of the state of Pard (PA). In general, the FU of Pard and Amapa (AP) have the counties with
the highest relative risks in all years .

5. Discussion

In this study, we carried out periodic surveillance of victims of intentional homicide using
prospective spatio-temporal scan statistics, in counties in the northern region of Brazil. We de-
tected emerging groups of victims at the municipal level and provided annual results during the
study period from 2018 to 2022. Our objective is to show that this statistical tool is useful in guiding
competent Brazilian authorities in directing resources and actions to combat this type of violence in
Brazil, which is emerging and worrying mainly in the northern region. Additionally, we include
informative numbers that illustrate changes in cluster characteristics as 2021 and 2022 unfold.

The periodic application of prospective spatio-temporal scan statistics is attractive because of its
ability to consider updated case counts of intentional homicide victims on a daily, monthly, and even
annual basis, as in the present study, while tracking previous existing clusters. Although it identifies
emerging areas of concern (high relative risk clusters), this statistical method also identifies those
areas that do not require immediate intervention (low relative risk clusters). However, the latter are
important indicators of possible underreporting of cases. Furthermore, this method also makes it
possible to track the characteristics of previously detected clusters, for example, to determine whether
they are increasing or decreasing in magnitude, or whether the relative risk is increasing or not.
These capabilities allow us to evaluate current strategies to control the spread of this type of crime
and provide a basis for anticipating the future development of hot spots.

Despite the contributions of our study, there are a number of limitations and assumptions. First,
we apply prospective spatio-temporal scan statistics in its basic form, which generates clusters with
a circular shape base. Circles may be a poor choice in a study area that presents substantial spa-
tial heterogeneity, causing overestimation or underestimation of significant clusters. Second, the
number of confirmed intentional homicide victims largely depends on police efforts and records
and, therefore, may not represent the true magnitude and spatial distribution of this type of crime.
These are the well-known problems of under-registration. Third, clusters with irregular shapes
may be undetected using circles as a basis (Costa et al,,2012; Duczmal et al,,[2006; Liang et al,,[2020;
Yiannakoulias ef al.,[2007).

Even with all these limitations and assumptions presented, there are numerous studies with the
aim of improving the performance of this method. What we did was show that the application
of this, even in a simpler way, is valid in this type of study. Possible progress in this study is the
possibility of using other relevant distributions in counting the analyzed cases, such as the negative
binomial, binomial and normal distribution.
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