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Abstract: Automated external defibrillators (AEDs) are portable emergency medical devices
critical for resuscitating individuals experiencing sudden cardiac arrest. The installation of
AED:s in public spaces is essential for enhancing society’s emergency response capabilities.
However, many cities in China currently face issues such as inadequate AEDs deployment
and uneven distribution. This study aims to explore a rational layout plan for AEDs
through systematic site optimization. Initially, this paper evaluates the current spatial
configuration of AEDs in the central urban district of Nanjing using various spatial analysis
methods. Subsequently, a coverage model is constructed to simulate the coverage capacity
of potential emergency needs for new facilities, and a genetic algorithm is utilized to solve
it. Finally, an AED site selection experiment is conducted, and the site selection results are
discussed and analyzed in conjunction with practical conditions. The research conclusions
are as follows: (1) AED distribution in Nanjing’s central urban district is clustered, with
some areas lacking facilities, and the coverage rate of AEDs within 100 m and 200 m ranges
is relatively low, particularly across different types of venues; and (2) the optimization
experiment, with 90 new site selection points, effectively addressed AED distribution gaps,
significantly improved coverage, and ameliorated the overall distribution across various
public venues. This study provides a scientific basis for the rational placement of AEDs in
urban public spaces through systematic analysis and optimization experiments. It enhances
the efficiency of current AED deployment in the main urban areas of Nanjing and offers
significant insights for the optimization of urban emergency resource allocation.

Keywords: automated external defibrillator; spatial distribution; genetic algorithm;
resource optimization; public health; health system; Nanjing

1. Introduction

Automated external defibrillators (AEDs) are portable emergency medical devices
designed for the resuscitation of patients experiencing sudden cardiac arrest. Due to their
user-friendly operation and significant improvements in the success rate of resuscitation,
AEDs are widely deployed in public places. In the pre-hospital emergency care system,
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increasing the number of AEDs and optimizing their deployment locations are not only
effective methods for enhancing the community’s emergency response capabilities but are
also crucial for safeguarding the life and health safety of urban citizens [1,2]. In recent
years, governments at all levels in China have been introducing policies and revising
laws to promote the construction of emergency care capabilities, repeatedly emphasizing
the need to “strengthen the deployment of automated external defibrillators in public
places.” However, the development of AEDs in China is still relatively lagging, with
most cities at the initial stage, facing situations such as insufficient numbers and uneven
distribution [3,4]. Therefore, the rational planning of AED locations has become a focal
point of current research.

Urban public service facilities include a variety of amenities such as medical, edu-
cational, and sports facilities, and the optimization of their allocation is a classic issue in
geography [5-7]. Scholars have already made significant progress in spatial configuration
and optimization. In terms of spatial configuration, analyzing the spatial distribution of
facilities can reveal the regularity and deviation of facility layout in cities, which is of
great importance for understanding the structure of facility layout and enhancing urban
service capabilities. Existing research mainly focuses on the balance and accessibility of
facility distribution, often employing methods such as kernel density analysis [8], k-means
clustering [9], spatial autocorrelation [10], geographically weighted regression [11], and
the two-step floating catchment area (2SFCA) method [12] to assess the spatial configu-
ration of facility distribution. For instance, Huang [13] utilized multi-source geospatial
data to study the allocation of various facilities, including medical and educational ones;
Tan [14] used a coupling coordination development model to analyze the rationality of
the distribution of public fitness service facilities. In recent years, discussions on the fair-
ness of facility services and the supply-demand relationship have been increasing. Many
studies have focused on the preference for public service facilities among different social
groups, such as children [15], women [16], and the elderly [17,18]. Additionally, socioe-
conomic status [19] and ethnicity [20] have also been considered as important factors in
the discussion. For example, Tahmasbi et al. [21] assessed the fairness of retail chain store
distribution for low-income populations using a multimodal gravity model; Liu et al. [22]
discussed the accessibility of medical resources based on public transportation, taking into
account racial differences. Secondly, in spatial optimization, reasonable site optimization
can maximize resource utilization efficiency while enhancing facility coverage and service
response speed. Classic site selection models include the P-center model [23], P-median
model [24], maximum coverage model [25], and set covering model [26]. These models
propose various site selection strategies based on different optimization objectives (such
as maximizing the number of facilities covered [27], minimizing travel distance [28], etc.),
providing a theoretical foundation for site selection optimization research. As societal
needs become more diverse and complex, site selection research is also evolving, gradually
transitioning from single-objective to multi-objective, multi-level models. For example,
Aydin [29] established a decision-dependent, multi-objective, and multi-period stochastic
model to minimize costs, distances, and carbon emissions for the site selection optimization
of public parking lots; Jiang et al. [30] combined the concepts of maximum coverage and
set coverage with the L-A model, taking into account factors such as land type, building
function, crime characteristics, and road congestion to perform multi-criteria optimization
for the layout of police stations in cities. Additionally, heuristic algorithms such as genetic
algorithms [31-33], simulated annealing [34], and particle swarm optimization [35] are
widely applied to site selection optimization problems, particularly showing high efficiency
and accuracy in large-scale, complex site selection optimizations.
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Existing research has achieved certain results in the optimization of public service
facility allocation, but AEDs, as medical emergency facilities with a small service range and
short response time, present unique challenges in their optimization that differ from general
medical facilities or public service facilities. In response, scholars have conducted extensive
research, exploring the optimization of AED deployment from multiple perspectives.
Lin et al. [36] constructed a novel AED deployment optimization scheme tailored for the
unique elongated urban structure. Lorenzo et al. [37] focused on residential areas and
proposed a new strategy for AED layout. Zhang et al. [38] employed a superimposed
spatiotemporal optimization method, assessing the effectiveness of new AEDs through
cost—effectiveness curves. Aeby et al. [39] integrated past out-of-hospital cardiac arrest
(OHCA) events with the existing distribution of AEDs to identify OHCA hotspots not
covered by AEDs, thereby re-planning the AED layout. Additionally, some scholars have
employed mathematical optimization techniques [6], mixed integer non-linear models [7],
or spatiotemporal models [33] to study the spatial optimization of AEDs.

In recent years, in Chinese society, with vigorous promotion and advocacy by gov-
ernment agencies and social organizations, the public’s awareness of first aid has been
gradually increasing. Emergency medical devices, such as AEDs, are increasingly drawing
attention. As a result, an increasing number of scholars have focused on the distribution
of AEDs in Chinese cities. Chen et al. [3] developed a GIS-based model to optimize the
spatial layout of AEDs in Hangzhou City. Liao et al. [40] utilized data from a WeChat mini-
program to compare the equity of AED distribution between Shenzhen and Guangzhou.
Some studies have assessed the awareness levels of AEDs among residents in different
cities through methods such as surveys [41,42]. However, in China, although research
on AEDs is gradually increasing, existing studies still have some shortcomings. For in-
stance, some studies lack empirical analysis and may not fully reflect actual conditions;
moreover, the research perspectives are relatively singular, failing to effectively integrate
facility characteristics and lacking comprehensive consideration of multi-dimensional and
multi-objective factors. Overall, most domestic research related to AEDs is qualitative, with
relatively fewer studies focusing on optimizing their spatial layout.

This study systematically evaluates the current distribution and optimized layout of
AEDs in Nanjing, China, focusing on spatial configuration and site selection optimization.
By integrating various spatial analysis methods, a coverage site selection model based on
genetic algorithms is proposed. The model is capable of self-adjustment and evolution,
providing effective optimization solutions for multi-objective systems by simulating the
system’s self-organization process and dynamically adjusting and optimizing its structure
to adapt to environmental changes. The development of AED deployment in most Chinese
cities has been slow, but Nanjing, with its relatively advanced AEDs infrastructure, serves as
a representative case for studying the spatial distribution of such equipment. This analysis
not only provides a valuable reference for other cities in China but also establishes a
theoretical framework for enhancing urban emergency response capabilities. Furthermore,
by identifying deficiencies in the spatial distribution of AEDs, this study constructs a
coverage site selection model, which is solved using genetic algorithms, and proposes a
practical AED layout optimization plan. By combining quantitative analysis with spatial
optimization, the research findings are more feasible and practically instructive. The aim of
this study is to explore scientific methods for the placement of AEDs in urban public spaces,
providing effective guidance for the rational allocation of emergency medical resources in
Nanjing. This research not only enhances the city’s emergency response capabilities but
also lays the theoretical foundation and offers practical references for future AED planning
and layout that are scientifically sound and reasonable.
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2. Materials and Methods

This study evaluates the spatial distribution and allocation of AEDs using a composite
spatial analysis approach and constructs a coverage site selection model based on genetic
algorithms to investigate spatial optimization issues. The research framework is illustrated
in Figure 1, which includes data acquisition and processing, an assessment of the current
configuration, and spatial site selection optimization.

Step 1: Data Collection and Processing
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Figure 1. Research framework.

2.1. Study Area

Nanjing, located in the eastern part of China at the lower reaches of the Yangtze
River, is economically prosperous and serves as the capital of Jiangsu Province as well as a
significant central city in the eastern region. In 2023, the city had a permanent population
of approximately 9.55 million. In recent years, Nanjing has been actively promoting the
construction of a social emergency aid system, with rapid development in the field of
emergency medical services. In 2021, Nanjing became the first city in the Yangtze River
Delta region to achieve full coverage of AEDs in subway stations [40]. As of 2024, more
than 4000 AEDs have been deployed across the city. Compared to other cities in China,
Nanjing has a relatively advanced level of AED deployment [43,44]. By examining the
optimization of AED placement in Nanjing, valuable insights can be provided for other
cities, contributing to the scientific layout of a broader urban pre-hospital emergency
medical system. This study selects the main urban area of Nanjing as the study area
(Figure 2), including Xuanwu District, Qinhuai District, Gulou District, and parts of Jianye
District, Qixia District, and Yuhuatai District, encompassing 43 sub-districts with a total
area of approximately 244 km?, which accounts for 3.7% of the city’s area.
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Figure 2. Study area: (a) Jiangsu province; (b) Nanjing city; (c) main urban area and distribution
of AEDs.

2.2. Data
e AED distribution data

The AED distribution data for the main urban area of Nanjing in 2024 used in this
study were sourced from the Nanjing Red Cross and include information on installation
locations, operating hours, and geographic coordinates. This study selected 1030 AEDs
within the main urban area as the subject of research, representing 25.4% of the city’s total
number [45].

e  Basic data on the city

The foundational data on the city characteristics, including the district boundaries,
city names, capital cities, road networks, urban centers, etc., were provided by the Yangtze
River Delta Science Data Center, National Science and Technology Infrastructure of China,
and National Earth System Science Data Sharing Infrastructure (http://nnu.geodata.cn,
accessed on 30 January 2024) [45]. These data were stored in shapefile format for subsequent
spatial analysis.

e  Socioeconomic data on the city

When evaluating the need of AEDs and their usage efficiency, the population density
and economic development, among other characteristics, are needed. Those socioeconomic
indicator data are sourced from the authoritative publications “China Urban Statistical
Yearbook” and “Jiangsu Statistical Yearbook” issued by the government [46].

2.3. Research Method
2.3.1. Average Nearest Neighbor Index

The average nearest neighbor (ANN) method is commonly used to analyze the spatial
distribution characteristics of point features. It determines the distribution pattern of point
features by calculating the distance between a point and its nearest neighbor [47]. This
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study employs the average nearest neighbor method to investigate the spatial distribution
characteristics of AEDs. The calculation formula is as follows:

- (B4 ()

where N is the total number of AEDs, A represents the total area of main urban area, and

d; represents the distance from the ith point to its nearest neighbor. When the index is less
than 1, it indicates that the AEDs exhibit a clustered distribution; when the index is greater
than 1, it suggests a tendency towards a uniform distribution; and when the index equals 1,
it indicates a random distribution pattern of the AEDs.

2.3.2. Geographical Concentration Index

The geographical concentration index (GCI) is a statistical measure that quantifies the
degree to which a particular phenomenon, such as the distribution of AEDs, is concentrated
within a geographic area. It provides a single value that represents the overall concentration
or dispersion of the observed values across the spatial domain [48,49]. In the context of AED
distribution, a GCI could be calculated by considering the number of AEDs in each street
or neighborhood and comparing this to the expected number if AEDs were distributed
uniformly across the area. The formula is as follows:

G =100 x /Y (%:/X)> )

where N represents the total number of sub-districts in the main urban area, and x; is
the number of AED facilities in the ith sub-district. The higher the index value, the more
concentrated the distribution of AEDs across the sub-districts.

2.3.3. Standard Deviation Ellipse

The standard deviation ellipse (SDE) is utilized to describe the spatial distribution
characteristics of point features, with its major axis, minor axis, and orientation angle
representing the distribution direction, shape, and trend of the point features [50]. This
study employs the SDE to analyze the distribution characteristics of AEDs across different
venue types. The calculation formula for the standard deviation is as follows:

Se=/(1/mY 1, (xi —3)? ©)

sy =/ (/MY (i -7 @)

where S, and Sy represent the standard deviations of the AED facilities in the X-axis and
Y-axis directions, respectively, (x;,y;) are the coordinates of the ith facility, ¥ and ¥ are the
coordinates of the mean center, and 7 is the total number of facilities.

2.3.4. Kernel Density Estimation

Kernel density estimation (KDE) is a non-parametric method used to estimate the
spatial distribution of point features [51]. By extending point features into a continuous
surface, a density distribution map of the point features can be generated. This study
employs KDE to analyze the spatial distribution of AEDs. The mathematical model for
KDE is as follows:

Flx) = (1/nh)} L, K((x = xi) /) (5)

where f(x) is the estimated density function at point x, # is the total number of AED points,
x; represents the location of the ith point feature, K is the kernel function, which is a
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smoothing function often chosen to be the Gaussian function, and # is the bandwidth,
which is a smoothing parameter that determines the width of the kernel function and thus
the smoothness of the estimated density surface.

2.3.5. Buffer Analysis

Buffer analysis refers to the creation of buffer zones at specific distances around point,
line, or polygon features, often used to assess impacts or potential risks within a particular
area [52]. It can be divided into single buffer zones and multiple-ring buffer zones. This
study uses multiple-ring buffer zones to evaluate the coverage capability of AEDs at
different service distances. Figure 3 is a schematic diagram of establishing multiple-ring
buffer zones for point features.

Figure 3. Multi-ring buffer area of points.

2.3.6. Coverage Site Selection Model Based on Genetic Algorithm
e  Site selection model input

To achieve the goal of maximizing the service coverage area of AEDs, this study
employs the maximum coverage location problem (MCLP) [53] to address its optimization.

This model is a classic in location research and is extensively applied in the fields of public
facility siting and emergency resource allocation. The mathematical model is as follows:

maxy . w;y; (6)
Yiwi <] 7)
Yi < D jes(p) Xir Vi 8)
x; € {0,1},Y] )
y; € {0,1},Vi (10)

where Equation (6) represents the objective function, while Equations (7)-(10) denote the
constraints. # is the number of demand points, m is the number of facility sites to be located,
w; is the weight of demand point i, indicating whether the demand point is covered, x; is a
binary variable indicating whether facility j is selected, S(i) is the set of facilities that can
cover demand point I, and J is the maximum number of facilities allowed to be selected.
Considering the inherent randomness in the potential demand for emergency med-
ical services by urban citizens [54], this study divides the research area into a grid of
200 x 200 m squares, employing a continuous siting strategy to delineate demand points
and siting points [55]. Here, grids with a population greater than zero are defined as
demand grids, and grids with a population above the average and service capacity below
the average are considered candidate grids. The division results are shown in Figure 4.
Existing research indicates that the average walking speed for pedestrians is approxi-
mately 75 m per minute, while the average cycling speed is about 225 m per minute [56,57].
Furthermore, Jonsson points out that the speed of non-professional first aid responders is
around 108 m per minute [58]. According to the “golden four minutes” principle of first
aid, and considering the walking speed, the speed of non-professional first aid personnel,
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and the cycling speed as mentioned above, the distances that can be covered within four
minutes under different modes of transportation are approximately 200 m, 400 m, and
800 m, respectively [59,60]. However, urban road environments and architectural struc-
tures exhibit significant complexity, with various obstacles on the roads and differences in
building floor levels, all of which can lead to certain time losses during the first-aid process.
Additionally, the process of retrieving an AED and returning to the patient may require
a longer distance, which will double the driving time. Therefore, this study establishes
three tiers of service distances for AEDs: an optimal service distance of 100 m, a maximum
running distance of 200 m, and a maximum cycling distance of 400 m. Accordingly, the
grid coverage radii are set to 0 (100 m), 1 (200 m), and 2 (400 m) for different coverage
ranges. The coverage areas under different coverage radii are shown in Figure 5.

= = Main Urban Area
Demand Grid
Candidate Grid

Figure 4. Demand network and candidate network.

® VR ®
®®®@®
@@f@@@
®®\®,@®
R R QB ®

Figure 5. Coverage radius.

e  Objective function construction

In this study, the objective function is constructed based on the following three site
selection indicators: (1) average population number, representing the average permanent
resident population of the candidate grid; (2) new coverage number, indicating the im-
pact of the site selection combination on the number of covered grids; and (3) average
service capacity, representing the average coverage area of the current AED placement
combination—the higher the objective function’s value, the larger the area protected by
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the AEDs under that placement scheme [61,62]. After normalizing and standardizing all
indicators, this paper calculates the objective function according to the following formula:

£ COE, P(x) a
T S(xi)

In the formula, f represents the objective function, C(x) denotes the new coverage
number of the current site selection combination, x; is the ith candidate grid in the site
selection combination, N is the number of sites, and P(x;) and S(x;) refer to the average
population number and the average service capacity of the ith candidate grid, respectively.

e  Output of genetic algorithm

The genetic algorithm (GA) is an efficient optimization algorithm that simulates the
process of natural selection to continuously optimize individuals within a population,
solving complex optimization problems. The core steps of GA include population initializa-
tion, fitness (objective function) calculation, selection, crossover, and mutation operations.
Selection, crossover, and mutation are crucial for controlling the accuracy of the algorithm.
The selection operation refers to the process of choosing individuals with higher fitness
within the population for “reproduction” to inherit superior genes. The crossover operation
simulates genetic recombination, creating new individuals through gene exchange. The mu-
tation operation involves randomly altering an individual’s genes to maintain population
diversity [63,64]. The mathematical formula of the genetic algorithm can be represented
as follows:

P(t+1) = S(C(M(P(t)))) (12)

where P(t) represents the population at generation ¢, M represents the mutation operation,
C represents the crossover operation, and S represents the selection operation. The algo-
rithm process is illustrated in Figure 6, which shows that through continuous iterative
cycles, the algorithm eventually converges to a global optimal solution.

(' stat )= Population Initialization |
i

_fbl Calculate Fitness I \
v

I Select Parents I

|
|
* Iterationl
|
|

I Crossover and Mutation I Loop

\‘I Generate New Population I

— o o | = = =

Check if Maximum
Iterations Reached

( End )1—' Output Best Individual I

Figure 6. Algorithm process.

3. Results

3.1. Assessment of Distribution of AEDs
3.1.1. Spatial Distribution Patterns

In the main urban area of Nanjing, the average nearest neighbor index for AEDs is 0.78,
which is less than 1, suggesting a tendency towards clustered distribution with significant
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spatial clustering characteristics. Further exploration of the clustering distribution of AEDs
is conducted through kernel density analysis (Figure 7a). The results indicate that AEDs
have formed distinct distribution hotspots in the main urban area, generally exhibiting a
pattern of radiating from the central area to the periphery, with a more favorable distribution

on the southwest side compared to the northeast side.

(a) AEDs Kernel Density Analysis/ _
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Figure 7. Distribution of AEDs in main urban area of Nanjing: (a) kernel density analysis of AEDs;
(b) number of AEDs on street level; (c) density of AEDs on street level.

At the street level, the geographic concentration index for AEDs is 16.92, indicating
significant disparities in their distribution across different streets and a weak regional
balance in AED distribution. According to statistical data (Table 1) and visualization results
(Figure 7b,c), the number of AEDs in each street of the main urban area is generally low,
with significant density differences. Over 80% of the streets have fewer than 30 units, and
nearly 50% of the streets have fewer than 20 units. Regarding AED density, there is a
considerable variation in the density levels among the streets in the main urban area, with
only seven central and southwestern streets achieving an advanced national density level,
while twenty-one streets still have a facility density below 20 units per 100,000 people.

Table 1. Statistics of AEDs quantity and density at the street level.

AEDs Quantity

Density of AEDs

Quantity at Street Level (per 100,000 People)

Quantity of Street

0~10
11~20
21~30
31~50
51~100

3 0~20 8
17 21~30 13
16 31~40 9

6 41~50 6

1 51~100 7

3.1.2. Spatial Coverage Patterns

Spatial coverage capability is a key factor in assessing the spatial configuration of AEDs.
This study establishes multi-ring buffer zones for existing AEDs based on three levels of
service distance (Figure 8a), evaluating the coverage capability of AEDs in terms of both
covered area and served population. By calculating the buffer zone area at different
distances and the population within, the study determines the coverage area and served
population of AEDs in the main urban area and further calculates the spatial coverage rate
and population coverage rate. Figure 8b displays the population density distribution of the
main urban area.
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In terms of coverage area, the research findings indicate that while AEDs can cover
most areas of the main urban area within a 400 m range with a spatial coverage rate
exceeding 90%, excluding large scenic areas, the 400 m range represents only the minimum
level of service distance. Within a 200 m range, the spatial coverage rate of AEDs is
approximately 50%, and within a 100 m range, it is only about 16%. Regarding the served
population, the results are similar to the coverage area; the population coverage rates within
100 m and 200 m ranges are 20% and 50%, respectively, and the population coverage rate
within the 400 m range approaches 90%. Overall, the existing AEDs achieve a relatively high
level of coverage within a 400 m range, but there is still significant room for improvement
in short-distance coverage capabilities at 100 m and 200 m, and the density of AEDs needs
to be further enhanced.

(a) AEDs Multiple Ring Buffer ZTei vy N (b) Population Density

00\

People/ha <120

Buffer Distance [0} <150
g

100m '<-.*_"—'\'— EE<50 Em<I90

200m 0 5km <70 <240

B 400m <90

Figure 8. Relationship between AED buffer zones and population: (a) AEDs multiple-ring buffer
zones; (b) population density.

3.1.3. Types of Distribution Locations

Based on the types of venues where existing AEDs are located, this study categorizes
AED:s into eight types: residential area, public services, companies and enterprises, educa-
tional institutions, leisure and entertainment, medical and health facilities, transportation,
and sports area. The quantity of AEDs in each category is as shown in Table 2.

Table 2. Statistics of AED quantities in different types of distribution locations.

Type Quantity Percentage/% Rank
Residential area 350 33.98 1
Public services 173 16.80 2
Companies and enterprises 123 11.94 3
Educational institutions 112 10.87 4
Leisure and entertainment 93 9.03 5
Medical and health facilities 89 8.64 6
Transportation 79 7.67 7
Sports area 11 1.07 8

The standard deviational ellipse model was utilized to analyze the spatial distribution
characteristics of AEDs across different types of areas (Figure 9). The study indicates signif-
icant differences in the distribution of AEDs in various settings. Residential communities
and public service venues have the highest number of AEDs, accounting for 33.98% and
16.80% of the total, respectively, with these two categories comprising over half of the AEDs
distribution. Specifically, AEDs in residential communities make up more than one-third of
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the total, with 154 units located in community service halls and party-mass service centers,
while the remaining 196 units are situated in property offices, fire stations, guardhouses,
and post stations. Public service venues, which include public security organs (such as
traffic police stations, police boxes, police stations), administrative organizations (such as
government offices, courts, administrative centers), and public facilities (such as hotels,
banks, ATMs), in combination with residential community AEDs, account for over 50% of
the total. The distribution of these two types of AEDs is similar to the overall layout, with
the sizes and orientations of the standard deviational ellipses being relatively consistent.
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Figure 9. Distribution of AEDs in different types of location: (a) distribution in residential areas;
(b) distribution in public services; (c) distribution in companies and enterprises; (d) distribution in
educational institutions; (e) distribution in leisure and entertainment; (f) distribution in medical and
health facilities; (g) distribution in transportation; (h) distribution in sports areas.

Corporate and educational institution categories have similar proportions of AEDs,
both slightly exceeding 10%, but their distribution characteristics differ. Corporate AEDs
are concentrated in the Hexi CBD area, with 40% (approximately 50 units) of their total
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number, resulting in a more flattened shape of the standard deviational ellipse, with the
major axis orientation toward southwest. Educational institution AEDs are predominantly
found in primary and secondary schools, with forty-three units in the southeastern Qinhuai
District, and eleven, eight, and two units in the northern Xuanwu District, Qixia District,
and Gulou District, respectively, causing the standard deviational ellipse to lean more
towards the southeast.

Leisure and entertainment venues and medical and health facilities have approxi-
mately 90 AEDs each, with their distribution closely resembling the overall layout. The
leisure and entertainment category includes a variety of types, such as museums, park
scenic areas, shopping centers, and art galleries, mainly concentrated in the central area,
leading to a smaller range of the standard deviational ellipse. In the medical and health
category, elderly care institutions (such as nursing homes, hospices, care facilities, etc.)
have the highest number of AEDs, accounting for more than half (51 units), in addition to
25 AEDs distributed across community health centers.

Transportation areas and sports areas have certain peculiarities. AEDs in transporta-
tion areas are primarily equipped in subway stations, and Nanjing has achieved full
coverage of AEDs in subway stations, placing it at the forefront nationwide. The sports
area category has the fewest AEDs, with only 11 units.

Based on the above analysis, the current spatial configuration of AEDs in Nanjing’s
primarily urban area exhibits the following characteristics:

(1) Spatial distribution: AEDs demonstrate a clustered distribution, radiating outward
from the central area, with better distribution on the southwest side compared to the
northeast. At the street level, distribution balance is poor, with a generally low number
of AEDs and significant density differences. This pattern reflects differences in urban
functional zones and population density, indicating that certain areas, especially in
the northeast, have an insufficient number of devices.

(2) Coverage capacity: The overall coverage of AEDs, in terms of both area and popula-
tion, is relatively consistent, with a coverage rate of around 90% within a 400 m range.
However, the coverage rates within 200 m and 100 m ranges are only 50% and 20%,
respectively, indicating substantial room for improvement, particularly in emergency
response times. This is especially relevant for areas with high population density and
high-risk zones, where increasing the density of AEDs is crucial to ensuring timely
access to life-saving equipment.

(38) Venue types: AEDs in residential areas and public service facilities account for more
than half of the distribution. AEDs in corporate and educational institutions are
concentrated in specific areas, with a bias towards the southwest and southeast sides,
respectively. Leisure and entertainment AEDs are centralized in the central region,
while AEDs in medical and health facilities are primarily located in communities with
higher elderly populations. While transportation hubs are adequately equipped, AEDs
in sports venues are scarce, and their availability needs to be significantly increased
to address potential high-risk sports scenarios associated with sporting activities.

3.2. Optimization Strategy for the Distribution of AEDs
3.2.1. Analysis of Parameter Settings

This study adopts the average population number, the number of newly covered
people, and the average service capacity as site selection indicators. For detailed processing
and calculation methods, the parameter settings for the algorithm in this study are as
follows: population size 100, number of iterations 100, crossover probability 0.5, mutation
probability 0.1, demand grid count 5287, candidate grid count 964, and coverage radius of
0,1, and 2 levels.
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To determine the most appropriate number of sites, this study first conducts prelim-
inary experiments, setting the number of sites between 10 and 120, and comparing the
differences in indicators under different numbers of sites. The experimental results are
shown in Table 3. In terms of the rate of increase in fitness, when the number of sites
increases to 100, the rate of increase in fitness drops below 5%. Considering the coverage
rate within a 400 m radius, the rate of increase stabilizes at around 3% after the number of
sites exceeds 80. Regarding the coverage rate within a 200 m radius, the rate of increase
drops to around 10% when the number of sites reaches 90 and then tends to stabilize.
Therefore, this study ultimately sets the numbers of AED:s sites at 90 to meet the needs of
city residents for AEDs and to achieve efficient use of resources.

Table 3. Optimization experiment result.

Number of Newly Add AEDs Adaptation

Newly Add Quantity/Unit Change of Coverage Rate/%

200 m 400 m 200 m 400 m
10 117.47 50 80 0.95 1.51
20 298.09 99 138 1.87 2.61
30 403.84 147 172 2.78 3.25
40 468.56 189 184 3.57 3.48
50 537.99 232 203 4.39 3.84
60 593.94 275 218 520 4.12
70 639.75 311 227 5.88 4.29
80 687.87 328 251 6.20 4.75
90 734.28 381 247 7.21 4.67
100 771.08 406 252 7.68 4.77
110 793.65 439 261 8.30 4.94
120 827.34 481 262 9.10 4.96

3.2.2. Analysis of Site Selection Results

After multiple repeated experiments, the final site selection results indicate the follow-
ing findings (Table 4): For the average population size, over 50% of the selected sites in the
results have a population scale higher than the mean, and 20% of the selected sites have a
population exceeding 700, reaching the level of the top 10% of population density in the
main urban area. For the number of newly covered grids, the site selection results have
added coverage to 718 grids, with 381 new covered grids under the 200 m coverage radius,
correspondingly increasing the coverage rate by 7.21%, which is a significant improvement.
For the average service capacity, the AEDs’ service capability in the site selection results
is relatively weak, with 64 (over 70%) selected sites having a service capacity below the
average level, and about 25% (23 sites) having a service capacity of less than 1.0. Overall,
the site selection results are essentially located in areas where AED supply is insufficient
but demand is high, and the coverage rate improvement under the 200 m radius is evident.
Compared with the current spatial configuration of AEDs, the site selection results show
significant improvements on multiple levels and can effectively enhance the level of AED
equipment and optimize the layout structure of AEDs. The specific analysis is as follows.

Table 4. Optimization site selection result.

Newly Add Coverage/Unit Change of Coverage Rate/%
Newly Add Quantity Adaptation
100 m 200 m 400 m 100 m 200 m 400 m
90 734.28 90 381 247 1.70 7.21 4.67
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In terms of spatial distribution, the site selection results did not alter the current
distribution type of AEDs but complemented the existing gaps in AED coverage. As shown
in Figure 10a, the 90 site selection points are all located in the low-density areas surrounding
the medium-to-high-density areas of AEDs, effectively filling the AED vacancies in multiple
regions. At the street level (Figure 10b,c), the site selection results prioritized streets with
insufficient AED distribution, with 44 site selection points located in streets with lower
facility density levels and 59 site selection points in streets with medium-to-low facility
quantity levels. After the site selection, the facility quantity level of eleven streets was
upgraded, and the facility density level of seven streets was improved, indicating that the
site selection results were effective in enhancing the distribution of AEDs at the street level.
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Figure 10. Distribution of site selection and the influencing elements: (a) kernel density estimation
of site selection; (b) site selection result and number of AEDs on street level; (c) site selection result
and density of AEDs on street level; (d) site selection result and population density; (e) site selection
result for different location types.

In terms of coverage capability, the AEDs after site selection have seen an increase in
both coverage area and served population within the 200 m and 100 m ranges. As shown
in Table 5 and Figure 10d, within the 200 m range, the spatial coverage rate increased by
5.02%, with an average additional coverage area of about 1 km? per site selection point, and
the population coverage rate increased by 5.26%, with an average of about 1300 additional
people served per site selection point. Within the 100 m range, the spatial coverage rate
increased by 1.56%, with an average additional coverage area of about 300 m? per site
selection point, and the population coverage rate increased by 2.17%, with an average
of about 530 additional people served per site selection point. With the number of site
selections accounting for only about 8% of the total AEDs, the coverage area and served
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population within the 100 m and 200 m ranges have been enhanced by approximately 2%
and 5%, respectively, achieving a satisfactory optimization effect.

Table 5. Effect on coverage rate of optimization using 900 AED locations.

Spatial Coverage Rate/% Population Coverage Rate/%
100 m 200 m 400 m 100 m 200 m 400 m
Before optimization 15.96 48.65 90.22 17.40 50.77 87.95
After optimization 17.52 53.67 95.60 19.57 56.03 92.81

In terms of venue types, 90 site locations were considered for the placement of appro-
priate AEDs. The results are depicted in Figure 10e: thirty-one sites are categorized under
educational institutions, which include primary schools, secondary schools, and higher
education establishments; sixteen sites are designated for leisure and entertainment venues,
encompassing various scenic spots, shopping malls, and shopping centers; ten sites are
located within corporate enterprises; six sites are situated in professional sports facilities;
four sites are allocated to public service venues such as public security and administrative
authorities; and twenty-three sites are positioned within communities, where they can be
installed in community service halls, party—mass service centers, and community health
centers, among others.

Regarding educational areas, in accordance with the aforementioned planning, eigh-
teen schools in the northern part of the main urban area and nine schools in the south-
western part will be newly equipped with AEDs. This not only increases the number of
AEDs in educational institutions but also balances the distribution of AEDs in educational
institutions within the main urban area, safeguarding the lives of students during their
time on campus.

For residential and medical areas, the site selection experiment in this paper focuses
on the emergency medical needs of residents at the community and street levels. Therefore,
approximately one-fourth of the newly added AEDs are set up in public institutions within
communities (service centers, health centers) to enhance community emergency medical
standards and serve more community residents.

As for sports-related areas, among the new sites, six AEDs are installed in large sports
venues, which essentially achieves AED coverage in the large sports venues within the
main urban area. However, many smaller sports venues still face a significant shortage of
AEDs, such as small basketball courts, football fields, standalone gyms, swimming pools,
boxing gyms, etc., within communities. Due to their scattered distribution and small size,
adding a small number of AEDs is insufficient to meet their needs, while the cost pressure
of adding a large number of AEDs is considerable, making it very challenging to achieve
full AED coverage in small sports venues.

In conclusion, the site selection outcomes exhibit satisfactory performance across
various selection metrics, thereby achieving an optimal effect. Relative to the current
configuration, the spatial distribution of the selected sites has effectively addressed the
AED coverage deficits within the main urban areas, thereby enhancing the quantity and
density of AEDs across numerous streets. With respect to coverage capacity, the outcomes
of the site selection have significantly improved the coverage area and the number of
people served within the 100 m and 200 m radii. In terms of venue types, the site selection
has compensated for the current insufficiencies in AED distribution within educational
institutions, increased the number of AEDs in communities, and optimized the layout of
AEDs in large sports facilities.
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4. Discussion
4.1. Characteristics of Spatial Optimization Research

This study systematically assessed the spatial configuration of AEDs in Nanjing’s
main urban area and optimized their layout by constructing a coverage location model.
The findings reveal significant deficiencies in current AEDs layout concerning spatial
distribution, coverage capacity, and venue types [65]. To address these issues, the study
used a genetic algorithm for site optimization experiments, effectively enhancing the city’s
emergency medical service capabilities. The optimization results indicate that the site
selection has performed well in filling gaps, improving coverage rates, and improving the
configuration of AEDs in key venues, fully demonstrating the effectiveness of the genetic
algorithm in solving the spatial optimization of public medical facilities [66]. The main
findings are reflected in the following three aspects.

Firstly, the effectiveness of the optimization algorithm was validated. This study
utilized a site selection method based on a genetic algorithm, with parameters includ-
ing population size, iteration count, crossover probability, and mutation probability, etc.
Systematic experiments were conducted with varying site selection numbers, identifying
90 as the optimal number of locations. Unlike traditional fixed or simplified methods, this
study dynamically adjusted parameters and conducted multiple experiments to find the
optimal site selection number for the best optimization results. This method has higher
adaptability and precision, which can better meet the needs of AEDs and achieve efficient
use of resources in practical applications [67]. Currently, AEDs in the main urban area
of Nanjing show a clear clustered distribution, mainly concentrated in the central area
and radiating outward. Particularly in core commercial areas such as Gulou, Xinjiekou,
and Confucious Temple, as well as financial service areas like Hexi CBD, significant AED
hotspots have formed. In contrast, the northeastern Zhongshan Scenic Area and Muyan
Binjiang Scenic Area have less demand and a sparser distribution of AED facilities. The
new site selection scheme effectively fills the gaps in AED equipment in the main urban
area of Nanjing, especially in areas with medium and low density and insufficient AED
distribution. This optimization not only maintains the clustered distribution pattern of
AEDs but also significantly improves the coverage in urban fringe areas, enhancing the
balance of AED configuration between different areas.

Secondly, a significant enhancement in coverage capacity was achieved. While the
coverage of existing AEDs is relatively sufficient within a 400 m range, it decreases sharply
within smaller ranges (200 m and 100 m) [67,68]. This indicates that in critical emergency
situations, especially in high-density population areas, the current number and distribution
of AEDs are insufficient to meet the requirements for efficient emergency medical services.
Although the layout of AEDs generally aligns with population distribution, there remains
considerable room for optimization in densely populated areas, necessitating an expansion
of both the breadth and depth of coverage to achieve a higher level of emergency medical
services. The research results show that optimized site selection led to a 7.21% increase in
spatial coverage within a 200 m range, with each new site providing an average additional
coverage area of approximately 1 km?. The population coverage rate also increased by
5.26%. Compared with traditional static distribution models, this study significantly
improved coverage capacity and served the population by dynamically adjusting the
location of site selection points, indicating that the optimization algorithm can effectively
enhance the coverage effect of emergency resources [68].

Lastly, a multi-level, targeted approach was employed to address the complex dis-
tribution challenges of AEDs across different venue types. Significant disparities exist in
AED distribution, with educational institutions concentrated in the southeast, while the
northwest remains underserved, and sports venues face a severe shortage of AEDs [65].
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The new site selection optimization not only focuses on the overall coverage rate and
service capacity but also refines specific coverage radii (100 m, 200 m, 400 m), different
venue types (educational institutions, leisure and entertainment venues, sports venues,
etc.), and street-level distributions. Forty-four new site selection points were added to
streets with lower facility density, improving the facility density of seven streets [66]. This
multi-level analysis method makes the research more comprehensive, allowing for tailored
optimization based on specific scenario requirements and adjusting configurations accord-
ingly. It better addresses real-world needs and application scenarios, enhancing both the
rationality and effectiveness of site selection. In contrast, traditional system theory often
focuses on overall distribution optimization and may not fully consider the complexity of
different fields, potentially overlooking specific demand differences.

4.2. Planning Policy Recommendation

Based on the study of the existing distribution characteristics of AEDs and the site selec-
tion optimization in the main urban area, in order to enhance the efficiency of urban AEDs
emergency facilities, this paper proposes the following three policy recommendations:

(1) Reduce regional disparities and balance facility distribution. The study’s results
indicate that there are significant differences in the density of AEDs across various streets.
In densely populated areas, despite a higher number of facilities, they still struggle to
meet actual needs; in contrast, in sparsely populated areas, the number of facilities is
significantly insufficient. According to the “Requirements for the Placement of Automatic
External Defibrillators in Public Places”, the facility density should reach 100-200 units
per 100,000 people. Although the current level of AED deployment has not yet met the
standards, the optimization plan proposed in this paper can effectively enhance the AED
configuration in several areas of the main urban district of Nanjing, thereby meeting the
emergency medical needs of a broader population. Therefore, it is suggested that relevant
departments develop a more refined AED allocation plan based on the population size,
mobility, and emergency medical needs of each area, particularly focusing on areas with
low AEDs density, to ensure that all citizens can receive emergency medical services in a
timely manner [69].

(2) Enhance coverage and strengthen emergency medical services. The study results
show that while the main urban area has essentially achieved full coverage within a 400 m
range, the coverage capacity within 100 m and 200 m ranges is still insufficient. Relevant
studies point out that it is necessary to reasonably control the distance between AEDs and
the coverage range of facilities to reduce patients” waiting time and maximize the use of
emergency medical resources. Therefore, it is recommended that relevant departments
enhance the coverage capacity within 100 m and 200 m ranges of AEDs, enabling more areas
to receive emergency medical services within a shorter time frame and thereby enhancing
the overall emergency response capacity of the city.

(3) Prioritize key venues and optimize spatial configuration. The research indicates that
in public places, especially sports venues (such as community basketball courts, gyms, etc.)
and educational institutions, entertainment venues still have an insufficient configuration of
AEDs. The “Nanjing Pre-hospital Medical Emergency Regulations” specify that schools and
sports venues, as densely populated places, should be equipped with necessary emergency
medical devices to safeguard the health rights of citizens. Therefore, optimizing the AED
configuration layout in key public places in the city is of great significance for building an
urban emergency protection system.
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4.3. Study Limitations and Future Work

This study analyzed the current spatial configuration of AEDs in the main urban area
of Nanjing and used a genetic algorithm to optimize their layout. However, there are
still some shortcomings. The AED data used in this study are limited, as some mobile
AEDs and those not open to the public were not included, leading to a certain deviation
between the AED data and the actual situation. In the site selection optimization study, the
opening hours of AED were not taken into account. Since the opening hours of the venues
where AEDs are located can limit the usability of AEDs, this means that the service level of
AEDs at night should differ from that during the day. Future research should consider the
dynamic distribution of AEDs, combining spatial and temporal changes of AEDs to study
their layout and optimization issues.

5. Conclusions

In this study, various spatial analysis methods were employed to examine the current
spatial distribution of AEDs in the main urban area of Nanjing. A genetic algorithm was
utilized to construct a coverage location model aimed at optimizing the placement of AEDs
in the city. The primary conclusions are as follows.

This study evaluates the current spatial configuration of AEDs in the main urban area
of Nanjing by analyzing their spatial distribution, coverage capacity, and the types of venues
where they are located. The findings indicate the following characteristics: (1) Uneven
spatial distribution: The current distribution of AEDs is clustered, showing a pattern of
“radiating from the center to the periphery, with better distribution on the southwest”.
Several “vacuum” areas, where AEDs are lacking, are evident. At the street level, there is
an imbalance, with a low overall number of AEDs and significant density variations across
different streets. (2) Insufficient coverage capacity: The spatial and population coverage
of AEDs reaches 90% within a 400 m range, but coverage within 100 m and 200 m ranges
remains inadequate. Future optimization efforts should focus on improving coverage at
these shorter distances to ensure more efficient emergency response times. (3) Significant
differences in venue types: There are notable disparities in the types of venues where
AEDs are installed, indicating poor distribution equity. Certain types of venues, such as
sports and recreational facilities, are particularly underserved, revealing a pressing need to
address this shortage and improve the overall distribution of AEDs.

Based on the current distribution of AEDs, this study constructs a multi-objective
decision-making coverage location model, using the maximum coverage model as a pro-
totype, and employs a genetic algorithm to simulate site selection experiments, thereby
optimizing the layout of AEDs in the main urban area of Nanjing. The site selection op-
timization study concludes as follows: (1) Optimized spatial layout: Spatially, by setting
90 site selection points, the study effectively filled the AED deficiency areas, improves the
quantity and density of AEDs across various streets, and enhances the overall spatial layout
in the urban area. (2) Enhanced coverage capacity: There is a significant improvement
in spatial and population coverage rates within the 100 m and 200 m ranges, ensuring
more comprehensive emergency coverage. (3) Improved venue distribution: The study
addressed the shortage of AEDs in educational institutions, increased AED deployment in
communities, and optimized their layout in sports venues.

In conclusion, this research demonstrates a clear advantage over traditional systemic
theory in distribution optimization by optimizing the site selection algorithm, refining
coverage analysis, targeting venue configurations, and improving the street-level place-
ment of AEDs. The limitations of traditional systemic approaches, such as their lack
of adaptability to dynamic demands and specific scenarios, are addressed in this study
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through systematic experimentation and dynamic adjustments, providing more accurate
and practical solutions.
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