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Abstract: Typically, emergency bells are security facilities that, when activated, trigger an alarm and
immediately dispatch a police car to prevent crime. However, there currently exists an ambiguity in
the criteria for emergency bell installation. Consequently, this study aims to find an optimal location
for emergency bells whilst considering several factors like cumulative crime incidents. In particular,
we exploited emergency bell location data, data on five major crimes, and the geographic information
of administrative dongs (primary division of districts) in this study. Specifically, we performed
correlation analysis, principal component analysis, and K-means clustering for exploratory data
analysis. To effectively cover all 17,437 crimes, which are not covered by the existing emergency
bells in Gwangju metropolitan city from 2018 to 2021, the results from the implementation of the
emergency bell location set-covering problem revealed the need for about 6228 emergency bells.
More precisely, the emergency bell maximal covering location problem was employed to derive
the coverage percentage for 250, 500, 800, 1000, and 1500 emergency bells. The results showed that
2850 emergency bells were required to cover over 80% of crime occurrence coordinates, saving over
half of the budget compared with covering them all. Overall, this study is noteworthy in its potential
role as a roadmap for the optimal placement of emergency bells for future crime prevention.

Keywords: MCLP; LSCP; optimization; surveillance; emergency bells

1. Introductions

In Korea, emergency bells play a crucial role in crime prevention and are frequently
deployed alongside closed-circuit television camera (CCTV, also known as surveillance
camera) systems. With the growing installation of CCTV and emergency alarm systems in
densely populated urban areas, there has been an increase in camera placement research [1].
Likewise, investigation on the optimal placement of emergency bells is also an urgent need.

Consistent with the Republic of Korea’s guidelines to create a safe street environment,
the following criteria should be considered in the placement of emergency bells. First, street
areas with high crime potential, such as school roads and blind alleys, should be identified
and installed in an eye-catching place with an easily recognizable design. The emergency
bell should link with police stations and CCTV cameras. Second, the emergency bell should
be designed to operate with a warning light or alarm sound when the emergency bell is
triggered, making it easily noticeable from a distance. Third, the emergency bell should be
installed at a height accessible for children to reach and activate it easily [2].

Furthermore, studies have shown that CCTV cameras can be effective in preventing
criminal activities [3,4]. However, the CCTV camera alone is not capable of promptly
addressing crimes that occur in its field of view. In particular, while research on CCTV is
actively being performed in the domain of crime prevention through environmental design
(CPTED) [5–7], the research on emergency bells is still in its cradle.

Specifically, the emergency bell system comprises a communication box, a broadcasting
terminal, a hub, a modem, a speaker, and a CCTV. The communication box is connected to

Appl. Sci. 2023, 13, 10686. https://doi.org/10.3390/app131910686 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app131910686
https://doi.org/10.3390/app131910686
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-0795-8305
https://doi.org/10.3390/app131910686
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app131910686?type=check_update&version=1


Appl. Sci. 2023, 13, 10686 2 of 17

a CCTV-integrated control center through a dedicated CCTV network. Additionally, the
broadcasting terminal, which is a voice-over-internet protocol (VoIP) device, transmits the
signal from the emergency bell to the 112 emergency response centers. Precisely, the hub
connects the VoIP broadcasting device to the emergency bell, while the modem establishes
the connection between the VoIP broadcasting device and the internet [8].

Interestingly, the installation of emergency bells is a critical component of crime
prevention, as it enables immediate response through a system. An activation of the bell
triggers a warning light or alarm with a report sent to the 112 emergency response centers,
initiating the dispatch of a patrol car (Figure 1).
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Meanwhile, the implementation of emergency bell systems to prevent crime is increas-
ing in South Korea. Incheon City, for example, has been proactively installing emergency
bells in crime-prone areas such as parks, public toilets, and civil complaint areas since 2014.
Additionally, according to the revised act on public toilets, safety emergency bells must be
installed in designated public restrooms starting from 20 July 2023 [9].

Furthermore, surveillance areas, applied to community safety planning activities,
can effectively eliminate the possibility of criminal activity and reduce the fear of crime.
Despite the establishment of individual guidelines by local governments for emergency
bell installations, there is no clear strategy for their optimal placement.

Recently, several studies on optimal locations using spatial analysis techniques such
as geographic information systems (GIS), spatial statistics, and spatial optimization are in
progress. In this sense, studying the optimal location for emergency bell installations is
necessary to effectively investigate the balance between the benefits and potential costs.

The objective of this study is to investigate the spatial distribution patterns of the
emergency bells in Gwangju and subsequently employ a visibility analysis and spatial opti-
mization method, utilizing actual data, to identify the most optimal location for emergency
bells. This study highlights the importance of emergency bells and identifies the factors that
influence their placement. By combining GIS with the mathematical models of maximal
covering location problem (MCLP) and location set covering problem (LSCP), the optimal
locations for emergency bells can be determined based on real-world data. Finally, this
study compares the cost-effectiveness of installing emergency bells throughout the entire
grid, as well as at optimal locations determined by the emergency bell maximal covering
location problem (EBMCLP) and emergency bell location set covering problem (EBLSCP).
Overall, this analysis provides valuable insights for policymakers and urban designers.

2. Related Work

In this section, an analysis of previous studies related to principal component analysis
(PCA), K-means, MCLP and LSCP was conducted.

To consider the optimal placement of emergency bells, this study extracted ten signifi-
cant variables from a pool of 27 variables, simplifying the complexity of the dataset. For
the dimensionality reduction of the ten significant variables, PCA was conducted. PCA
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is a statistical methodology that has been actively employed in various fields for data
analysis [10–12] since its inception by Karl Pearson in 1901 [13]. The PCA simplifies the
complexity of high-dimensional data while preserving trends and patterns. It accomplishes
this by transforming data into a lower dimension, serving the purpose of summarizing
features [14].

K-means, introduced by MacQueen in 1967 [15], is a widely used unsupervised cluster-
ing method. It partitions a set of objects into k clusters, aiming for low intercluster similarity
and high intracluster similarity, typically represented by the mean values of objects within
each cluster [16]. In this study, PCA and K-means were utilized for dimensionality reduc-
tion and clustering of the data [17], allowing for analyzation of the administrative districts
corresponding to the high-level cluster.

Meanwhile, unlike other types of sensors characterized by hierarchical interconnec-
tion [18] and data transmission techniques [19], CCTV cameras require a flat structure
and do not employ data coding techniques. Interestingly, the optimization of coverage
has remained the main concern in CCTV camera deployment. Optimal location problems
determine the most efficient placement of facilities while considering budget constraints.
For example, the LSCP, which was proposed by Toregas [20], and the MCLP, introduced
by Church and ReVelle [21], have received significant attention due to their wide applica-
tion range.

Although LSCP and MCLP models have existed for some time, recent advancements
in computing power have enabled the application of these models to big data. Simultane-
ously, the availability of geographic visualization programs has facilitated their active and
recent utilization.

These methodologies have been applied in various fields, including schools, police
stations, fire stations, ambulances, hospitals, post offices, and even advertisements [22–25].
The objective of MCLP is to place a fixed number of facilities to maximize the coverage
of demanded points. Meanwhile, LSCP aims to deploy the minimum number of facilities
necessary to achieve the complete coverage of demanded points [25].

There has been a growing interest in analyzing location-based problems by utilizing
GIS. In particular, Murray outlined the interconnections between location analysis and
GIS, emphasizing how GIS has contributed to the field of location science in terms of data
entry, visualization, problem-solving, and theoretical advancements [26]. In another study,
Alexandris and Giannikos proposed the MCLP model, which incorporates the concept of
complementary partial coverage [27]. Specifically, they utilized GIS to enhance the visual
representation of locations. With the use of GIS, solutions for MCLP and LSCP can be
displayed on a map, and various analyses can be conducted based on the visualizations.

The study of optimal location has garnered significant attention in the fields of geogra-
phy and has progressed through the application of mathematical models. However, only a
few studies have focused on the issue of emergency bell location for crime prevention. This
highlights the necessity of this study.

3. Materials and Methods

In this section, emergency bell location data and crime data were collected from
sources such as the Gwangju Metropolitan City Hall. Exploratory data analysis (EDA)
was conducted through correlation analysis and PCA for dimension reduction. The EBM-
CLP/EBLSCP methods were then employed to determine the optimal locations for emer-
gency bells.

We initially conducted a correlation analysis on the original 27 variables. Ten signif-
icant variables were extracted after excluding variables with significance levels exceed-
ing 0.05. Subsequently, we performed PCA to reduce dimensionality, resulting in three
principal components. Using these three principal components, we conducted K-means
clustering to classify administrative districts into three groups: low-level, intermediate-
level, and high-level. This classification was based on the number of crimes, which exhibited
the highest correlation with the number of emergency bells. Therefore, to derive the weights
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(wi) for EBMCLP, we utilized the variable number of crimes. Moreover, we preassigned (F)
as the number of new emergency bells with values of 250, 500, 800, 1000, and 1500.

The optimal location for installing a new emergency bell in Gwangju has been de-
termined to be outside the current range of the emergency bell monitoring system. To
determine the optimal location, we collected population data for a 100 × 100 (m2) grid
of each administrative dong and performed data cleaning procedures. An administra-
tive dong is a primary division of districts, which refers to the smallest administrative
unit in South Korea, typically located in districts (gu). It plays a crucial role in various
administrative functions, including population registration, address management, and
electoral processes [28]. Specifically, EDA was conducted to select important variables.
Meanwhile, PCA and correlation analysis were conducted to extract features relevant to the
installation of emergency bells. Consequently, these variables were used to determine the
optimal location through spatial optimization models EBMCLP and EBLSCP. The results
were displayed on a map.

3.1. Data Collection and Processing

In this section, detailed descriptions of all datasets utilized in this study are provided.
Data used for this study are as shown in Table 1. Particularly, data was collected

from various sources, including Gwangju metropolitan city hall, Korea Telecom (KT), the
national land information platform, and the statistical geographic information service.
More precisely, the data analysis was conducted using open-source tools, including Python
(Ver 3.9.7), QGIS (Ver 3.16), and RStudio (Ver 4.2.1). The Gwangju city hall provided data on
the location of emergency bells and the cumulative status of five major crimes. These data
were collected as of January 2022 and contained information on the models of emergency
bells, their installation locations, and corresponding coordinates. The cumulative status of
five major crimes was recorded from 2015 to September 2021, including information about
the type of crime and the specific location where it occurred.

Table 1. List of dataset files and their descriptions.

Data Source Reference Date Type Description

Emergency bell location data Gwangju Metropolitan
City Hall 2022 csv

Emergency bell location by
coordinate, address, district,

administrative dong

CCTV location data Gwangju Metropolitan
City Hall 2022 csv

CCTV camera’s location by
coordinate, address, district,

administrative dong

The cumulative status of five
major crimes

Gwangju Metropolitan
City Hall 2015~2021 csv

Crime occurrence location by
address, district,

administrative dong

The status of the
transient population KT (Korea Telecom) 2021 csv

Transient population of each
administrative dong, by

18:00~6:00 and 7:00~17:00
The geographic information

of administrative dong
Statistical Geographic
Information Service 2021 shp Geographic data of

administrative dong

The resident population data National Land
Information Platform 2021 shp

Geographic data of resident
population data in

100 × 100 (m2) grid format

The building-type data National Land
Information Platform 2021 shp

Geographic data of building
type by single-family building

and detached building in
100 × 100 (m2) grid format

Furthermore, since the address information provided in the five major crime datasets
only allows for a limited specification of crime locations in the GIS program, geocoding
was utilized to convert the address data into a coordinate form. Particularly, the transient
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population status is a dataset that can be purchased from KT, a leading mobile telecom-
munications service provider in South Korea. Precisely, the information on the transient
population status is classified by time zones for each administrative dong, and data from
2021 were used for the analysis. In addition, the total transient population was stratified
by transient population between 18:00 and 6:00 and transient population between 7:00
and 17:00.

Meanwhile, the data on resident population and building types were obtained from
the national land information platform in the form of shp files. More precisely, the data for
each 100 × 100 (m2) grid in five districts in Gwangju were provided and combined with
the above data using QGIS. The combined data was exported as a csv file and preprocessed
using the R programming language. Subsequently, the final datasets for each grid and
administrative dong were extracted. Finally, the EBMCLP and EBLSCP were considered by
utilizing the variables such as the cumulative total of crimes, crime locations, and existing
emergency bell locations to determine the optimal location for the emergency bells with
Python (Ver 3.9.7).

3.2. GIS (Geographic Information System)

In this section, the GIS software, tools used for coordinate extraction, and the method
employed to calculate the surveillance range of CCTV and emergency bells are introduced.

In spatial data analysis, geocoding refers to the process of extracting latitude and
longitude coordinates from address data. Particularly, the extracted data enable improved
visualization and analysis. Python offers numerous geocoding techniques, such as
Geocoder and GeoPy. Additionally, the use of the Pandas module also facilitates geocod-
ing processing [29].

In this study, geocoding was used to convert the address information provided in
the five major crime datasets into coordinates. More precisely, the GIS program, QGIS
(Ver 3.16), was utilized to integrate the datasets for analysis based on the grid from the
geographic information of the administrative dong. As a result, a 50 m buffer was realized
based on the obtained coordinates of the CCTV cameras and emergency bells. Subsequently,
the area of the buffer that fell within the 100 × 100 (m2) grid was calculated to determine
the surveillance area.

3.3. Exploratory Data Analysis and Statistical Analysis

In this section, as part of EDA, we conducted a correlation analysis to extract ten
significant variables with high correlations from the initial set of 27 variables. Additionally,
using PCA, we obtained three principal components. Reflecting the results of PCA, we
employed K-means clustering to divide administrative districts into three clusters based on
the variables number of emergency bells and number of crimes.

3.3.1. Correlation Analysis

In this subsection, a correlation analysis was conducted to identify significant vari-
ables associated with the major crime incidence index as a part of the EDA. Additionally,
descriptions for each variable were described.

Correlation analysis plays a crucial role in examining the relationships between dif-
ferent factors. By exploring these connections among variables, valuable insights into the
decision-making process for selecting the ideal variable for bell location can be obtained.

Major Crime Index =
Number o f f ive major crimes per each grid

Total number o f the f ive major crimes in Gwangju
(1)

The National Police Agency categorizes the five major crimes as murder, robbery, theft,
violence, and sexual harassment [30,31]. Specifically, the major crime index was calculated
by dividing the number of incidents of the five major crimes in each grid by the total
number of the five major crimes in Gwangju.
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The focus was initially on the number of crimes occurring within each grid, enabling
the calculation of the Major Crime Index, which reflects the grid-level crime situation in
comparison to the entire Gwangju Metropolitan City. Subsequently, a correlation analysis
was conducted among 27 variables to elucidate their relationships. However, 17 variables,
including the Major Crime Index, were found to be statistically insignificant and were
thus excluded from the analysis. The results indicated that ten variables were significantly
correlated with a p-value of less than 0.05. Consequently, an in-depth investigation was
carried out into the correlations among these 10 variables.

The variable “Num.CCTV” represents the number of CCTV installations. The vari-
able “Num.Bell” represents the number of emergency bell installations. The variable
“Float.pop.D” denotes the sum of the transient population during daytime hours from
07:00 a.m. to 05:00 p.m. The variable “Float.pop.N” represents the sum of the transient pop-
ulation during nighttime hours from 06:00 p.m. to 06:00 a.m. The variable “Pop.Woman”
stands for the total female population within the studied region. The variable “Fac.Build”
represents the total number of buildings. The variable “Num.Crime” represents the total
number of reported crimes. The variable “Request.CCTV” indicates the number of requests
for the installation of additional CCTV systems. The variable “Area.Building” refers to
the spatial extent of buildings within the study area. It was derived by summing up the
spatial building area of each grid for administrative dongs. The variable “Area.CCTV”
represents the coverage area or surveillance range of the installed CCTV systems. To
determine the variable “Area.CCTV,” a 50 m buffer zone around each CCTV was created
for each 100 × 100 (m2) grid cell. The corresponding percentage coverage for the entire
administrative dong was then calculated. This area of CCTV surveillance within each grid
was then calculated using QGIS.

As shown in Figure 2, these variables included the number of emergency bells (r = 0.6836);
the transient population during the hours of 06:00 p.m. to 06:00 a.m. (r = 0.6706); the number
of CCTV cameras (r = 0.6537); the transient population during the hours of 07:00 a.m. to
05:00 p.m. (r = 0.6338); the CCTV surveillance area (r = 0.6176); total population (r = 0.6104);
total female population (r = 0.6104); the number of communal buildings (r = 0.5412); build-
ing area (r = 0.2019); and the number of requests for CCTV camera installations (r = 0.3132).

It was observed that the correlation between the number of emergency bells and the
number of CCTV cameras (r = 0.94), and the correlation between the number of emergency
bells and the CCTV surveillance area (r = 0.94) were found to be very high. This could be
attributed to the frequent installation of emergency bells alongside the CCTV cameras.

3.3.2. Principal Component Analysis

In this subsection, prior to conducting K-means analysis, dimensionality reduction
was carried out through PCA to obtain three principal components.

PCA is a statistical technique that reduces high-dimensional correlated data into lower-
dimensional uncorrelated data to extract features. Specifically, this method identifies the
problem of multicollinearity, which occurs when there is a correlation between independent
variables and then aims to reduce dimensionality while minimizing the loss of information
and maintaining the high explanatory power of the data.

In this subsection, PCA was employed to improve the efficiency of cluster analysis.
The most important cluster derived from K-means clustering was then examined at the
administrative dong level.

Further, to determine the optimal number of principal components for the analysis,
a scree plot was utilized, as shown in Figure 3 and Table 2. The cumulative explained
variance of the first three principal components amounted to 0.8602, and beyond this point,
the slope of variance thereafter flattened. As a result, it was determined that three principal
components were appropriate. In particular, to identify the variables that contribute to
each principal component, only those variables with large absolute values of coefficients
were selected for analysis.
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Comp. 1 Comp. 2 Comp. 3 Comp. 4

Standard Deviation 2.7570326 1.02277867 0.90301824 0.80002960
Proportion of Variance 0.6910208 0.09509784 0.07413109 0.05818612
Cumulative Proportion 0.6910208 0.78611862 0.86024971 0.91843583
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As shown in Figure 4, the first principal component comprised “Number of emergency
bells (Num.Bell),” “CCTV surveillance area (Area.CCTV),” “Number of CCTV cameras
(Num.CCTV),” “Transient population (07:00–17:00) (Float.pop.D),” and “Transient popula-
tion (18:00–06:00) (Float.pop.N).” The second principal component comprised the variable
“Building area (Area.Building).” The third principal component comprised the variable
“Requests for CCTV (Request.CCTV),” and variables that were under zero (Num.Crime,
Fac.Build, Population, Pop.Woman) of the Dim2 axis were excluded from the analysis.
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3.3.3. K-Means Clustering

In this subsection, K-means clustering was performed to group by administrative
dongs. K-means clustering is a widely adopted unsupervised clustering algorithm that
partitions a dataset into K clusters based on the similarity of the data points’ features.
Specifically, the algorithm works by minimizing the sum of squared distances between data
points and their respective cluster centers. In this study, K-means clustering was performed
by using variables derived from the PCA.

Interestingly, the results indicated that number of crimes and number of emergency
bells, respectively, were the most discriminating factors in clustering data. Figure 5 il-
lustrates the clusters divided into low-level, intermediate-level, and high-level based on
the variables of number of crimes and number of emergency bells. While East and South
districts were mainly located at the intermediate level, they did not appear at the high level.
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3.4. EBLSCP & EBMCLP

In this subsection, we provide a description of the variables and formulas used for the
EBLSCP and EBMCLP models, which were suitable for the optimal location of emergency
bells. These models were derived from LSCP and MCLP.

Considering the limitations of the processing memory required to operate EBMCLP
and EBLSCP, the scope of the criminal data was limited to crimes committed between 2018
and 2021. The variables used for EBLSCP and EBMCLP are described in Table 3.

Table 3. The variables for EBMCLP and EBLSCP.

Variable Description

i Index of unmonitored crime occurrence location.
j Index of new emergency bell candidate location.
I Index set of unmonitored crime occurrence locations.
J Index set of new emergency bell candidate locations.
D Coverage distance (50 m buffer from new emergency bell).

dij
Binary parameter: 1 if the distance from new emergency bell j to crime

occurrence location i is less than or equal to D, 0 otherwise.
wi Numbers of crime occurrences at i.
F Number of new emergency bells to be located.

xj
A decision variable, binary parameter: 1 if there is a new emergency bell in

j, 0 otherwise.

yi

A decision variable, binary parameter: 1 if unmonitored crime occurrence
location i is covered by one or more new emergency bells located within D,

0 otherwise.

Index set I was generated by crime occurrence locations that were not covered by the
existing emergency bells in each district. Set J was generated by regular points with a 25 m
interval, intersecting horizonal and vertical lines to cover all possible coordinates in each
district’s entire area. For this study, the coverage distance D was set as a 50 m buffer from
new emergency bells.
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Specifically, EBLSCP aims to determine the minimum number of new emergency bells
required to cover all unmonitored crime occurrence coordinates.

Minimize ∑
j∈J

xj (2)

Subject to
∑
j∈J

dijxj ≥ 1 ∀ i ∈ I (3)

xj = {0, 1} ∀ j ∈ J (4)

Equation (2) represents the objective function that minimizes the total number of
emergency bells that need to be installed. The expression in Equation (3) explains the case
when there is an emergency bell at each candidate location and the distance from the new
emergency bell to the crime occurrence location falls within the 50 m buffer. The sum of
such cases should be greater than or equal to 1. This constraint ensures that at least one
new emergency bell, which covers crime location i, will be installed. Equation (4) defines
the role of variable xj as a binary parameter, where xj takes the value of 1 if there is a new
emergency bell installed in location j and 0 otherwise.

Meanwhile, EBMCLP aims to identify location alternatives that consider budget
constraints and determine the optimal solution by limiting the number of emergency bells
to provide the most efficient coverage. The model for EBMCLP applied in this study is
as follows.

Maximize ∑
i∈I

wiyi (5)

Subject to
∑
j∈J

dijxj ≥ yi ∀ i ∈ I (6)

∑
j∈J

xj = F (7)

xj = {0, 1} ∀ j ∈ J (8)

yi = {0, 1} ∀ i ∈ I (9)

The objective of function (5) is to maximize the number of unmonitored crime occur-
rences to be covered by the optimal installation of emergency bells. To find the optimal
location, the cumulative number of crime occurrences for each I was multiplied as wi.
The expression in Equation (6) explains the case when there is an emergency bell at each
candidate location and the distance from the new emergency bell to the crime occurrence
location falls within the 50 m buffer; The sum of such cases should be greater than or
equal to yi. This statement indicates that if yi is 1, then unmonitored crime occurrence
coordinates i must be covered by at least one new emergency bell. When yi is 0, in which
none of the new emergency bells cover any unmonitored crimes i, the formula can still
be maintained. The difference between constraints (3) and (6) arises from a characteristic
of EBLSCP and EBMCLP. While EBLSCP seeks to minimize the number of emergency
bells needed to cover all unmonitored crimes, EBMCLP aims to maximize the weighted
number (frequency) of unmonitored crimes with a fixed number (F) of new emergency
bells for cost-effectiveness. In other words, for EBMCLP, not all unmonitored crimes need
to be covered by new emergency bells, while EBLSCP must cover all unmonitored crimes.
Equation (7) describes the number of new emergency bells as F. Equation (8) serves the
same purpose as Equation (4), and Equation (9) defines the role of variable yi as a binary
parameter. In this case, yi takes the value of 1 if the distance from new emergency bell j to
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the location of crime occurrence i is equal to or less than the coverage of the 50 m buffer
and 0 otherwise.

EBMCLP and EBLSCP do not significantly differ from traditional MCLP and LSCP
models. However, in order to take into account the critical coverage area of emergency
bells in this study, we added dij as constraints (3) and (6). Moreover, in contrast to the
conventional MCLP model, which primarily considers population as weights, EBMCLP
selected the number of crimes as its weights. In comparison to other papers that applied
LSCP and MCLP, we have included additional detailed explanations for each variable
and formula.

4. Results and Discussion

In this section, we analyze the top cluster of administrative dongs, obtained through
the earlier k-means clustering process. We then explore the spatial characteristics of emer-
gency bell installations throughout Gwangju Metropolitan City. GIS software was utilized
for visualization and elucidates the ideal positions for emergency bells as determined by
EBLSCP and EBMCLP.

4.1. Spatial Characteristics of Emergency Bell

In this subsection, the spatial characteristics of emergency bell installations across
Gwangju Metropolitan City were examined by districts. Table 4 shows the installation
status of five districts. Specifically, 2317 emergency bells have been previously installed
in the metropolitan city of Gwangju. Gwangju is divided into five districts: North, South,
West, East, and Gwangsan. Precisely, the North district had the highest number of instal-
lations with 600 units, while the East district had the lowest with 272. Because of its low
population, the East district had the highest number of emergency bells per 10,000 people
(25.89). Meanwhile, the Gwangsan district had a high number of emergency bells (598)
but the lowest density of emergency bells per 1 km2 (2.68), considering the population
and area characteristics. Despite a considerable budget being allocated for installation
of emergency bells in the Gwangsan district, the comprehensive surveillance of the ex-
tensive area remained unattainable. Particularly, the low number of emergency bells per
1 km2 in the Gwangsan district indicated that the district should prioritize installing new
emergency bells.

Table 4. Spatial characteristics of emergency bell installation by district.

District Population Area (km2)
Population
Density per

1 km2 *

Number of
Emergency

Bells

Number of
Emergency Bells per

10,000 People **

Number of
Emergency Bells

per 1 km2 ***

East 105,077 49.31 2130.95 272 25.89 5.52
West 292,837 47.76 6131.43 492 16.80 10.30
South 217,032 60.99 3558.48 355 16.36 5.82
North 431,587 120.27 3588.48 600 13.90 4.99

Gwangsan 416,012 222.79 1867.28 598 14.37 2.68
Total 1,462,545 501.12 2918.55 2317 15.84 4.62

* Population density per 1 km2 (people): population/area; ** Number of emergency bells per 10,000 people
(number): (number of emergency bells/population) × 10,000; *** Number of emergency bells per 1 km2: (number
of emergency bells/area).

4.2. Result of K-Means Cluster Analysis

After reducing the number of variables using PCA, the K-means clustering method
was employed to analyze the data. A group of administrative dongs with high values
for both the number of bells and crime was derived as a high-level cluster from K-means
clustering, as shown in Figure 5.

According to Table 5, Suwan-dong was found to have the highest number of emergency
bells and CCTV cameras installed. While there was a high demand for CCTV cameras in



Appl. Sci. 2023, 13, 10686 12 of 17

the area, further examination revealed that Suwan-dong had a high volume of transient
population during the daytime (07:00~17:00) and was also one of the districts with a
high crime rate. Meanwhile, Hanam-dong, which had the highest volume of transient
population during the daytime, was found to be the district with the second-highest number
of emergency bells and CCTV cameras, as the transient population during the daytime had
a high correlation with the number of emergency bells and CCTV cameras.

Table 5. The high-level cluster derived through cluster analysis.

Administrative
Dong N *.Bell N *.CCTV Area.CCTV

(%) **
Request.

CCTV ***
Area.Build

(km2)
Float.Pop.D

****
Float.Pop.N

*****
N *.Crime
(2015~2021)

Suwan-dong 92 282 0.51 27 19.417353 740,313.71 497,229.83 4223
Hanam-dong 62 232 0.41 18 74.018946 797,992.87 413,941.94 1621

Chipyeong-dong 53 192 0.29 6 14.49957 588,982.6122 347,001.45 7601
Yongbong-dong 48 176 0.31 27 6.403424 676,030.6806 497,929.84 3886

* N: Number; ** Area.CCTV: Surveillance area of CCTV; *** Request.CCTV: Request numbers of CCTV;
**** Float.pop.D: Transient population during daytime (07:00 a.m. to 17:00 p.m.); ***** Float.pop.N: Transient
population during nighttime (18:00 p.m. to 06:00 a.m.).

Furthermore, Chipyung-dong was identified as an area where crime occurred most
frequently among the high-level cluster. Despite having a relatively high number of emer-
gency bells and CCTV cameras in the cluster, the surveillance area received a rating of
0.29, which was relatively low considering the number of crimes committed in the area.
Although the number of installation requests for CCTV cameras is the lowest among admin-
istrative dongs in the upper cluster, it is still important to consider additional installations
of emergency bells and CCTV cameras.

Yongbong-dong was the district with the third highest crime occurrence, following
Chipyung-dong and Suwan-dong. Despite the high crime rate of Yongbong-dong, it had
the lowest number of emergency bells and CCTV cameras installed among high-ranking
clusters. This suggests a potential need to consider installing additional emergency bells or
CCTV cameras.

In summary, the analysis of the high-level cluster revealed variations in the installation
of emergency bells and CCTV cameras among different administrative dongs. Some
districts had a need for these systems more urgently due to their higher crime rates and
larger transient populations. However, other factors, such as age demographics, may have
also played a role in the implementation of these security measures. Additional research
could offer valuable insights into the efficacy of security systems and help pinpoint areas
where supplementary installations could bolster public safety.

Employing a clustering technique based on K-means, determining the optimal lo-
cations for the top clusters corresponding to administrative districts was considerable.
However, restricting the optimal location solely to administrative districts would result in
too limited of a scope. Therefore, this study conducted an analysis encompassing the entire
city of Gwangju to identify the optimal placement of emergency bells.

4.3. Optimal Location of Emergency Bells

The optimal locations for new emergency bells were determined by considering the
existing emergency bells. Based on a surveillance area of 50 m, 17,437 unmonitored crimes
were targeted to determine optimal locations for new emergency bells. Precisely, the yellow
dots indicate the ideal positions for emergency bells, the red dots represent the coordinates
of crime incidents, and the blue dots show where emergency bells have already been
installed (Figure 6b).
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4.3.1. EBLSCP

The result of the EBLSCP implementation to cover a cumulative total of 17,437 crimes
as shown in Figure 6 is as follows. To achieve complete coverage of all unmonitored crime
coordinates, the following numbers of new emergency bells are needed in each district:
1743 in Gwangsan District, 1741 in the North District, 1255 in the West District, 614 in the
East District, and 875 in the South District. This totals 6228 newly installed emergency bells.

Meanwhile, the price of the HB-112, which is the most commonly used model in
security emergency bells, is approximately 1,019,000 Korean won [32], equivalent to $771.67.
If 6228 emergency bells were to be installed, it would require a budget of $4,805,960.76.

However, because of budget constraints, it is necessary to determine the most optimal
locations using a methodology that allows for more efficient installation within the limited
budget (Figure 6a).

4.3.2. EBMCLP

In this subsection, the budget is calculated based on a pre-determined number of
emergency bells by using EBMCLP. Additionally, the number of emergency bells required
to achieve 80% coverage for each district is determined.

EBMCLP was solved to derive the optimal locations for new emergency bells in each
district of Gwangju. More precisely, based on the proposed formula (7), 250, 500, 1000, and
1500 new emergency bells (F) were pre-determined. Specifically, weights were assigned
based on the cumulative number of crimes for each unmonitored crime coordinate. The
results generated by GIS are shown in Figure 7 below.

Following the results of EBMCLP as shown in Table 6, approximately 90% of crimes in
each district could be covered with 1000 optimized new emergency bells.

Table 6. Coverage percentages by numbers of new optimal emergency bell.

F * Gwangsan (%) North (%) West (%) South (%) East (%) Total Price (HB-112)

250 58 51 63 67 83 $964,587.5
500 77 71 83 89 98 $1,929,175
800 88 85 94 99 100 $3,086,680

1000 92 90 98 100 100 $3,858,350
1500 98 98 100 100 100 $5,787,525

* F: Number of new emergency bells to be located.
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When installing 500 emergency bells in each district, the total installation cost is
calculated as follows: $771.67 multiplied by 500 equals $385,835 for each district. Therefore,
the total cost for all five districts would be $1,929,175. The East district would require
614 emergency bells with $473,805.38 ($771.67× 614) to cover all crimes, while with just
250 bells costing $192,917.50, it can still achieve 83% coverage. This brings out the advantage
of obtaining the desired coverage for each district by considering the budgetary constraints.

To cover over 80% of crime occurrences, the following amounts of emergency bells
were required for each district: 800 in the Gwangsan and North districts, with coverage
percentages of 88% and 85%, respectively; 500 in the West and South districts, with 83%
and 89% coverage rates, respectively; and 250 in the East district with an 83% coverage
rate. The cumulative cost totaled $2,199,259.5 for the installation of 2850 new emergency
bells. This represented a budget reduction of more than fifty percent when compared to the
scenario of achieving 100% coverage as calculated by EBLSCP ($4,805,960.76).

The results of EBLSCP and EBMCLP can be utilized to obtain precise addresses by
geocoding coordinates. In this paper, candidate locations were generated by creating
regular points at 25 m intervals throughout the entire Gwangju Metropolitan City. This
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approach enabled the proposal of more refined installation candidates. An example of such
optimized emergency bell addresses is presented in Table 7.

Table 7. Detailed addresses derived from EBLSCP and EBMCLP.

Model District Longitude Latitude Detailed Addresses

EBLSCP

Gwangsan 126.7306 35.24077 289-9 Osan-dong
North 126.9091 35.258 571 Yonggang-dong
West 126.843 35.17561 5 Dongcheon-dong
South 126.9003 35.15336 43-28 Songha-dong
East 126.9164 35.16584 561-1 Sansu-dong

EBMCLP
(F = 250)

Gwangsan 126.839 35.22292 757-4 Wolgye-dong
North 126.8409 35.22789 1 Oryong-dong
West 126.9031 35.14594 57-22 Wolsan-dong
South 126.8644 35.17144 651 Dongcheon-dong
East 126.9164 35.16584 518-91 Usan-dong

5. Conclusions

This study aimed to identify the optimal locations for emergency bells in the city
of Gwangju by analyzing the crime data of the entire area. After analyzing the current
situation, the optimal location for emergency bells was derived for all districts of the
city. This study offers valuable insights for policymakers in their crime prevention efforts.
The application of this research with on-site inspections not only aids in effective budget
management but also contributes to enhanced crime prevention measures.

This study provides a practical guide for effective crime prevention based on the actual
cost of the commonly used emergency bell model (HB-112). It calculates the minimum
required budget for installing emergency bells to cover all unmonitored crimes and the
costs of installing 250, 500, 800, 1000, and 1500 emergency bells in each district. These
findings contribute to a realistic approach towards crime prevention.

In future research, it would be possible to conduct a study that provides meaningful
indicators for crime-prone areas by establishing a more sophisticated basis for calculating
weights. Additionally, machine learning could be used to derive optimal facility sites for
high-risk areas based on cumulative crime incidents.
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