Article

Integrating Space Syntax and Location-Allocation Model for
Fire Station Location Planning in a China Mega City

Fengshi Tian 12

check for
updates

Citation: Tian, F; Lei, J.; Zheng, X.;
Yin, Y. Integrating Space Syntax and
Location-Allocation Model for Fire
Station Location Planning in a China
Mega City. Fire 2023, 6, 64. https://
doi.org/10.3390/ fire6020064

Academic Editors: Guowei Zhang,
Diping Yuan, Guogqing Zhu and
Hongyong Liu

Received: 7 January 2023
Revised: 5 February 2023
Accepted: 8 February 2023
Published: 9 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Junjun Lei 3, Xin Zheng 1'* and Yanfu Yin 14*

Engineering Physics Department, Tsinghua University, Beijing 100084, China

School of Intelligence Policing, China People’s Police University, Langfang 065000, China
Changsha Urban Planning Information Service Center, Changsha 410000, China

Fire and Rescue Department, Ministry of Emergency Management, Beijing 100032, China

W N e

Correspondence: zhengxin@mail.tsinghua.edu.cn (X.Z.); yin-yf19@mails.tsinghua.edu.cn (Y.Y.)

Abstract: The appropriate planning of infrastructure protects people’s lives and property. Fire stations
are an essential part of a city’s infrastructure and they must be precisely located to shorten emergency
response times and reduce casualties. Recently, the focus of the city emergency service has shifted
from fire suppression to technical rescues. We compared the spatial distribution of fire suppression
and technical rescues at a city scale to show the variation in their influences. An integrated road-
network accessibility and location-allocation model (RNALA) for the location planning of a fire station
was proposed. Specific sites for fire stations were identified using the L-A model. Then, the spatial
design network analysis was performed to quantify areas around the selected site with high road
network accessibility. The RNALA model was used to extend the selection from a point to a region
by introducing road network accessibility to accomplish coverage and efficiency requirements. A
quantitative and universal approach that focuses on fire station location planning based on emergency
services is proposed. This methodology provides a practical solution for implementation, as a specific
identified location might not be available for implementation. These results can serve as a reference
for identifying fire station locations in cities.

Keywords: spatial analysis; points of interest; visitor throughput; road accessibility; spatial design
network analysis; fire station

1. Introduction

The rapid socioeconomic development and promotion of urbanization lead to an
accumulation of urban population and wealth. The risk of disasters [1] and the total
number and intensity of accidents in cities have also increased [2]. Proper planning of
hazard prevention infrastructure is critical for protecting urban systems from disasters
and ensuring the efficient functioning of emergency services [3]. Fire stations are vital
for hazard prevention in cities [4]. The effectiveness of emergency services, including
firefighting and technical rescue, can be greatly affected by the spatial configuration of fire
stations [3]. Appropriate location planning of fire stations can avoid delays, reduce overlap
in operating areas, and improve the efficiency of resource utilization [5,6].

The vigorous development of underground urban spaces has led to an increase in
various types of accidents and disasters in them, posing new challenges for emergency
services [7]. Therefore, emergency services should consider aboveground and underground
spaces. Underground spaces, such as subway systems, underground shopping malls,
and underground warehouses, are prone to evacuation difficulties; moreover, massive
casualties can occur in the event of a fire. It is difficult to operate large rescue equipment in
underground spaces where people are trapped [8].

Approximately 60% of the task of fire departments in China relate to technical res-
cues [9-12]; however, location planning continues to be based on standards oriented toward
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fire suppression, which is improper, as the spatial distribution requirements of these are
different [13]. To reduce response times to disasters and achieve an equitable supply of
emergency services, it is necessary to amend the method for the location planning of fire
stations by combining the needs of fire suppression and technical rescues [14].

Fire station location planning should not only consider fire and technical rescue from
the object of study but should also focus on relevant research methods. The location-
allocation (L-A) model, used in several countries for fire station location planning, de-
termines the optimal location in terms of travel time and distance, coverage, and other
criteria [15]. For instance, Tali et al. [16] used the L-A model considering the data on
locations of existing fire stations and occurrences of fire events to site fire stations in Mysore,
India. Wang et al. [17] incorporated the L-A model with the network analysis to map
the spatial coverage of fire stations in Beijing, China, by optimizing the coverage of high
fire-risk areas and risk types. Jiang et al. [18] combined the L-A model with spatiotemporal
big data, such as population density and points of interest (POI), to predict areas of fire
hazards. Han et al. [19] conducted a clustering analysis using the K-means algorithm for
fire occurrence locations. Subsequently, the L-A model was optimized by incorporating the
speed of the road network into the location set coverage model using a travel time of 5 min
as the impedance to site future fire stations in Nanjing, China.

Some studies have used the L-A model to integrate urban fire and technical rescue and
other emergency services [20] to site fire stations [21]; however, studies comparing spatial
loadings of different emergency services for the purpose of site selection are inadequate.
Furthermore, L-A model-based methods provide specific optimal fire station locations,
which are often unavailable or are in conflict with planned facilities. Thus, the selected
location for a region must be sufficiently large and capable of maintaining the efficiency
of the emergency service. A reasonable consideration is to circle a region around the
selected site according to road accessibility (i.e., the ease of reaching service facilities or
accessing the corresponding services by some means of transport [22-25]). However, in
traditional planning, the location of fire stations is determined using the L-A model, and
then, the urban transportation network is used for routing fire trucks to disaster sites based
on road accessibility. These road accessibility studies have been extensively applied in
transportation network analyses, but they have not been integrated with the L-A model at
the planning stage.

Therefore, the present study aimed to compare the distribution of technical rescue
and fire suppression and establish their relationships to city components to develop an
integrated road-network accessibility and location-allocation model (RNALA) for siting
fire stations which was suitable for engineering applications.

2. Materials and Methods
2.1. Study Area and Data Preprocessing

Emergency service call log data from January 1, 2019, to December 31, 2020, including
time, location, and incident-type, were collected from a mega city in China with a popu-
lation of more than 10 million. All emergency services in the city during these two years
were marked on the map, and the study area was circled with ellipses of 68% standard
deviation [26,27], as shown in Figure 1.
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Figure 1. Selected area for case study (yellow zone) [28].

The use of internal circled roads comprising the circular ring highway effectively
covers most of the area in which emergency incidents occur. The data distribution within
the study area was relatively concentrated and included the core area for urban functions
and most of the expansion areas. The purpose of this paper is to delineate the study area
within the urban area based on data from the emergency response system of the city fire
department, which excludes the interference of areas with no emergency service and rural
areas [28].

Emergency services were classified into fire suppression and technical rescue [9-11].
Technical rescue includes assisting people trapped as a result of natural disasters, assisting
with traffic accidents, saving people from suicide, removing hornet nests, hazardous
material spills, and other rescues. Collected data included time, location, and type (fire and
technical rescue) of each incident. Social factors associated with emergency services are
determined to identify spatial fire safety risks and provide a basis for locating fire stations.
Types of PO, such as residences; public services; shopping; and other commercial premises,
offices, and population distribution, are factors that are strongly associated with emergency
services [29-31]. Thus, data on POI, visitor throughput, road network, and travel speed
were used in this study. Visitor throughput data consists of the origin and destination of
urban residents based on location based services, with separate recording of each departure
and arrival [32].

The occurrence of emergency services is strongly related to the activities of residents,
and visitor throughput reflects the spatial distribution of the movement of urban resi-
dents [33]. In urban areas, a large number of mobile population groups engage in a variety
of social activities. POI spatially describes regional community-level functions [34], supple-
menting demographic information. Adding POI features to population density may reduce
relative errors [35], and models containing both are superior to univariate models [34].

Data on visitor throughput and POI for individual cells were obtained from the big
data platform of Baidu Maps [36]. All data were normalized using Equation (1):

N — N; — Nyin

= 1 tmin 1
! Niax — Nmin ( )

where N; is the visitor throughput or the number of one of the four types of POIs (shops,
public services, residences, and offices) in each cell, Ny;4y is the maximum value, and N,,;,,
is the minimum value. The maximum value of POl is the sum of the four types of POIs. A
very small number of cells have no data in them, and N,,;,, for POI and visitor throughput
is 0.
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Moreover, the spatial distribution of emergency services, POI, and visitor throughput
were converted to kernel density using the following formula [37]:

fn(x)ZY;lX%k(x;xi) @)

where £ is the search radius; n is the number of sample points within the search radius;
x — x; is the distance between x and each observation x;; and k represents the weight of the
distance, where the default value of the system is used.

Road network data were obtained from the Open Street Map (OSM) platform (http:
/ /www.openstreetmap.org/ (accessed on 15 October 2021)). Two-lane roads and higher-
level roads were preserved and preprocessed as a single line. Non-municipal roads, such
as the inner roads in residential quarters, were removed.

The latitude and longitude coordinates were marked according to the addresses
of emergency service using the application program interface tool in Baidu Maps. The
projection coordinate system selected for the study area was “WGS 1984 UTM Zone 49N”.
The reported incidents were divided into 1200 x 1200 m cells in the urban area using
ArcMap 10.6 [38].

2.2. Analysis of Fire Station Location through the Comparison of Fire and Emergency Services

The weights for POIs and visitor throughput were determined using a Geodetector
model [39]. Different risk areas were identified using a spatial overlay. An L-A model was
used to compare the locations of new fire stations considering risks of fire and emergency.
Based on the identified locations of new fire stations, the boundaries of the probable sites
of each fire station were determined, considering accessibility and areas above a medium-
low risk that were conducive for engineering applications. The specific computational
procedure is as follows.

1. The traffic network dataset was constructed based on cleaned OSM data using ArcGIS
software. The travel time of roads was set as the access cost of the traffic network;

2. The spatial distribution of service demand was simulated using population and POlIs
to characterize fire suppression or emergency services. The spatial distribution of
existing facilities was simulated (using existing fire station locations as supply points);

3. Possible candidate locations for the facilities were identified, with the centroid of
the cell as the demand point. A calculation using the weights of fire and emergency
service data was performed. Locations that overlapped original fire stations and those
in low-risk areas were removed,;

4. The maximal coverage location problem (MCLP) of the L-A model and its parameters
were set;

5. The system automatically chose the appropriate location of the facility (“selected
location”) according to the model;

6.  Results of location selection were compared and determined based on the weighted
data of fire and emergency services;

7. Road network accessibility was calculated in the corresponding region of the selected
location using the spatial design network analysis (sDNA) model;

8. Areas with high road network accessibility were identified as areas for candidate fire
stations. Buffer zones were set for these roads;

9.  Buffer zones were spatially overlaid with the areas above low risk (areas covered by
existing fire stations were removed) to be used as the extension area for the results of
step 6;

10. Results of the specific point of step 6 and the extension area corresponding to step 9
were combined to select the engineering region for the construction of the fire station.

The schematic framework of the spatial extension analysis for locating new fire stations
is shown in Figure 2.
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Figure 2. Framework used for the spatial extension of a selected point for locating a fire station.

2.2.1. Determination of Weights in Spatial Overlay

Geodetector is a tool used to detect and exploit spatial stratified heterogeneity. The
degree to which spatial stratification heterogeneity of factor x interprets attribute Y was
measured using Equations (3)—(5) [40]. This study used four types of POlIs [41,42] and
visitor throughput to identify hotspots that would require fire suppression and emergency

services.
ZﬁZl Nha‘% =1 SSW

=" "N T st )
L
SSW = Y_ Nyoj, (4)
h=1
SST = No? (5)

where h =1, ..., Lis the zones in a layer of the independent variable x; and Nj, and N are
the number of zones in a layer /1 and the entire region, respectively. Additionally, ¢2 and
0 are the variances in the h layer and entire region, respectively. SSW is the sum of the
spatial variance of each layer, SST is the total variance of y in the region, and L is the layer
number of variable x. The q value lies between 0 and 1. If variable x completely controls
fire or technical rescue, the q value is 1; if variable x is completely unrelated to variable v,
the q value is 0 [43].

The total POI and visitor throughput dataset was used to identify locations for fire
suppression and emergency services. Then, the POI dataset was interpreted considering
four types of POL Next, the weights for the four types of POI and visitor throughput for
fire suppression and emergency services were jointly calculated.

q was normalized to obtain the weighted values of different factors [44], as follows:

qj
wi =
J 271:1 q; ©

where w; is the weight of the jth indicator, g; is the degree to which spatial stratification
heterogeneity of the jth type of indicator affects the dependent variable, and m is the
number of indicator types.

The weights of the four types of POI and visitor throughput for fire and emergency
services were obtained from the analysis. POI and visitor throughput data were spatially
weighted and overlaid. By multiplying the number of POI or visitor throughput data
points in each grid by their respective weights and then summing the results, the final
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superimposed risk map was generated. The formula for calculating the fire safety risk score
of the study area is as follows:

n
R = 2 w;s; (7)
i=1

where R; is the regional safety risk score; m is the number of POI or visitor throughput in
the study area; w; is the weight of the jth POI or visitor throughput; and s;; is the value of
type j, observed at grid i.

2.2.2. Determination of Locations for New Fire Stations

The L-A model aims to identify appropriate facilities to serve the demand points [45].
ArcGIS software has several built-in L-A models to solve problems with different objectives
and assumptions [46,47]. The goal of the MCLP model is to facilitate serving the maximum
number of demand points within a defined impedance interrupt. The MCLP model is
generally preferred because emergency rescue services typically must reach all request
point locations within a specified response time [48]. Existing fire stations and cell centroids
in areas that are above low risk are introduced into the model as the installation and
demand points, respectively. The time from the fire station to the incident location will be
the focal point, and hence, time (minutes) is determined as impedance.

The coverage of fire stations was computed based on the configuration of existing fire
stations. Impedance interruption was set according to a 4 min travel time [49], the existing
fire station location was loaded, and the existing fire station coverage zone was calculated.
All segments had a mean travel speed of 32 km/h, which was determined using real-time
Baidu Map road data for the considered city. The same travel speed was used for each line
segment in the calculation [36].

The number of new fire stations in the near future needs to be determined based on
financial resources of the government and future municipal planning, rather than locating
all possible fire stations. By using the MCLP model in the L-A model [50], the locations of
potential new fire stations were computed with a target of 10 new fire stations in the future.
This parameter can be adjusted based on the planning of different cities.

The constraints of the maximized coverage model were determined using
Equations (8)—(10) [47]:

Y x—Z>0,i=12,...,m (8)
JEN;
n
Y. xj=p )
j=1

1,  demand point “i” covered
Zl = H L1

0, demand point “i” not covered
1“7

v {1, candidate point “j” selected (19
;=

"

0, candidate point “j” not selected

where N; is the set of alternative fire station points that can serve a demand point i; m is the
demand point; 7 is the candidate fire station point; and p is the total number of fire stations
to be installed, with p = 10 in this study.

2.3. Spatial Extension of Locations of New Fire Stations

The method proposed in this section permits the extension of a point by the L-A model
to an area. A range of locations was identified for each new fire station by calculating
road accessibility and combining this with the area of risk already calculated according to
Section 2.2.1.

Fire stations should be built along streets with good accessibility to the road network.
sDNA [51] was used to quantitatively calculate road network accessibility. The accessibility
of fire vehicles to a location in the area was evaluated using closeness, which is the travel
cost from the road segment x to segment y within the radius, and this was quantified using
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the network quantity penalized by distance in the radius angular (NQPDA) parameter [52];
the higher the closeness, the better the accessibility of the location and the more efficient
the emergency service. The equation for the NQPDA is as follows:

P(y)
NQPDA = 11
< (x) ygx dg(x,y) an

where x and y represent network segments. The set of links in the network Euclidean radius
from segment x is denoted as R,. The proportion of any segment x within the radius is
denoted as P(x), where P(y) is the weight of y within the search radius R. In discrete space,
if the point is within the search radius, then the value is 1; otherwise, it is 0. In continuous
space, it is determined by the ratio of the radius to the length of the section, 0 < P(y) < 1.
In addition, dy(x, y) is the distance along a geodesic line between the origin segment x and
destination segment y for the angular metric.
The search radius was used to calculate the coverage of a fire station with the following
formula [53]:
A=2P2=2x(S/A)? (12)

where A is the area protected by the fire station (km?); P is the straight-line distance from
the fire station to the farthest point of the protection zone, i.e., the radius of the protection
by a fire station (km); and S is the distance from the fire station to the farthest point at
the edge of the protection zone, i.e., the farthest distance (km) a fire truck can travel in 4
min [49]. Additionally, A is the road curvature coefficient, i.e., the ratio of the traffic distance
between two points to the straight-line distance, which is 1.3-1.5 [53]. In this study, A was
1.4, which yielded a protection radius of P = 1.87 km, i.e., the search radius in the SDNA
was 1870 m.

A quantitative analysis of the local accessibility of the urban road network in the study
area was performed by fixing a search radius of 1870 m as the closeness value. Spatial
syntax theory counts roads in the top 20% of closeness values as high accessibility areas in
the region [54]. The road segments with high accessibility were set as a buffer zone with
a 300 m range [55,56]. Fire stations are not required to cover the entire urban city; it is
sufficient for them to reach 90% of the major hazardous areas within the specified time [57].
In this study, the natural breakpoint method [58,59] was used to remove low-risk areas
and retain areas above medium-low risk for calculation. After spatial overlaying, the area
at above medium-low risk was selected to be overlaid spatially with the road buffer. The
area already covered by the existing fire stations was removed, and areas where new fire
stations could be optimally situated were derived.

3. Results and Discussion
3.1. Spatial Distribution

The spatial distribution of technical rescue, fire suppression, POI, and visitor through-
put are presented in Figure 3. Fires were concentrated in the center (old town) and the
visitor throughput was highly concentrated as well. In contrast, technical rescues were
spread extensively, with various secondary clusters scattered outside the old town. Simi-
larly, POIs were also distributed in parts, the primary occurrence in the old town and three
smaller occurrences in the east, west, and south, where the new districts are situated. Such
a coincidence might reflect the potential connection between rescues and POlIs.
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Figure 3. Kernel density distribution maps (natural breakpoint classification).

POIs were classified into shops, public services, residences, and offices, and their
distributions are shown in Figure 4a—d. The densest part of all groups was in the center (as
expected), which is the old town with a high frequency of fires and rescues, and thus, is the
core area for emergency concern. Multiple additional subcenters for residences and shops
exist in the periphery region that was superimposed on the strong clustering of public
services and offices in the center to form the distribution map of total POls (Figure 3c). The
close association of shops with residences was rational, as the former was driven by the
market to follow the development of new residential sites because the city was extended
outward, while the movements of public services and offices were less efficient. Therefore,
the connection between technical rescues and POls in Figure 3 should be attributed to
the residences. This was verified by examining the technical rescue records, wherein the
majority of which was composed of removing hornet nests, saving trapped people, and
sealing gas leaks.
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Figure 4. Kernel density distribution maps (natural breakpoint classification).
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3.2. Spatial Weighting and Overlay Analysis

The spatial distributions of technical rescue and fire suppression were determined
through kernel density analysis. Although there were some spatially overlapping areas
among these, the spatial distribution of technical rescue was extensive. Technical rescue
accounted for a much larger proportion of emergency services; hence, locating fire stations
should be based on technical rescue and fire suppression.

Data on emergency services change daily, while data on POI and visitor throughput
remain relatively consistent over time. The analysis in Section 3.1 revealed that shops,
public services, residences, offices, and visitor throughput have a high spatial overlap
with emergency services, but they do not contribute equally to emergency services. The
Geodetector tool was used in this study to determine the weight of each POI and visitor
throughput, and spatial overlaying was used to identify different spatial risk zones. Total
PQI and visitor throughput q value and weights for fire suppression and emergency
services are given in Table 1.

Table 1. The q value and weights of points of interest (POI) and visitor throughput for fire suppression
and emergency services.

POI Visitor Throughput
q Fire suppression 0.70 *** 0.76 ***
Emergency services 0.88 *** 0.60 ***
C Fire suppression 0.48 0.52
Weighting Emergency services 0.59 0.41

*** represents p < 0.001.

The q value and weights (q') of four types of POI and total POI are given in Table 2.

Table 2. The q value and weights (q’) of four types of POI for total POL

Pub.hc Offices Shops Residences
Services
q 0.55 *** 0.80 *** 0.28 *** 0.80 ***
q POI 0.23 0.33 0.11 0.33
*** represents p < 0.001.

The final q” value and weights of the four types of POI (public services, offices, shops,
and residences) and visitor throughput for fire suppression and emergency services are
given in Table 3. The q” value is derived by multiplying q’ from Table 2 with the different q
values from Table 1 for the total POI for fire suppression and emergency services.

Table 3. The q” value and weights of four types of POI and visitor throughput for fire suppression
and emergency services.

Public Services Offices Shops Residences Visitor Throughput
" Fire suppression 0.16 0.23 0.08 0.23 0.76
E Emergency services 0.20 0.29 0.10 0.29 0.60
N Fire suppression 0.11 0.16 0.05 0.16 0.52
Weighting Emergency services 0.13 0.20 0.07 0.20 0.41

Table 3 shows that there is a difference in the weights of POI and visitor throughput
for fire suppression and emergency services. Visitor throughput was 0.52 for fire suppres-
sion compared to 0.41 for emergency services, with weights of 0.11, 0.16, 0.05, and 0.16
for different types of POI for fire suppression, compared with 0.13, 0.20, 0.07, and 0.20
corresponding to emergency services. The consideration of technical rescue in emergency
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services is the main factor that increased the contribution of POIs, which is consistent with
results of kernel density. Risk values were determined considering the weighted overlay of
Equation (7).

Based on the values of calculated risk, the five intervals were classified into high
risk, medium-high risk, medium risk, medium-low risk, and low risk using the natural
breakpoint method (Table 2) [58,59].

As shown in Table 4, low-risk areas occupied 17.51% of the area of the case study, and
these were not analyzed further. Therefore, data from medium-low to high risk were used
for determining the locations of new fire stations. The results covered approximately 90%
of the risk area.

Table 4. Correspondence between risk overlay values and risk areas.

Risk Overlay Value Risk Level Spatial Distribution %
0.2110-0.2330 High risk 11.06
0.1887-0.2109 Medium-high risk 16.82
0.1720-0.1886 Medium risk 27.65
0.1577-0.1719 Medium-low risk 26.96
0.1430-0.1576 Low risk 17.51

3.3. Analysis of Fire Station Location through the Comparison of Fire and Emergency Services

Ten fire stations are planned to be built in the city, and this study used a location
distribution model to determine the location planning map of these fire stations considering
only fire data and fire data combined with technical rescue data. The results based on POI
and visitor throughput are shown in Figure 5.
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Figure 5. Map of potential fire station locations using (a) fire weighting data and (b) emergency
service weighting data.

A comparison between Figure 5a,b shows that the service area obtained based on
the real road network is an irregular polygon rather than a circle. The figure visually
shows the coverage of fire stations, and many areas exceed the 4 min driving service radius
specified, which indicates that the service level of fire stations in the area is insufficient.
Most of the identified new locations for the fire stations had obvious differences. Only
four locations of fire stations (2, 3, 6, and 10) remained essentially the same, with the same
distribution areas for technical rescue and fire incidents, indicating locations of new priority
fire stations. However, there were significant spatial differences in other regions, probably
because of the high fire safety design standards and new circuitry systems in recently
developed urban areas, which reduce the fire hazard. However, the rapidly increasing
external population results in higher technical rescues, which influences the location of fire
stations. Additionally, as old town roads are relatively narrow, driving speeds are slow,
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and typically minor traffic accidents occur often, without the requirement of assistance
from the fire station. New urban areas, however, often have expressways, where traffic
speeds are much greater, and traffic accidents can lead to trapped people, thereby requiring
more rescues.

The distribution of fire stations (3, 4, 5, 6, 7, and 8) in Figure 5a is highly concentrated,
mostly in the old town, wherein electrical wiring in buildings and other facilities are old,
with piled up debris and outdated firefighting facilities, making it a high fire-risk area. If
traditional planning is adopted to construct fire stations, then stations will be concentrated
in the old town with limited financial resources. Based on the weighted calculation of emer-
gency services data, only four fire stations (3, 5, 6, and 7) were shortlisted, and the number
of stations was reduced and their distribution decentralized, as seen in Figure 5b. Selected
locations (4 and 8) in Figure 5b are fire stations with different spatial sites compared to
Figure 5a, where the selected location (8) is a university town with a concentration of higher
education schools, vocational education schools, and technical engineering schools. This
area is spatially superimposed on the city’s high-tech development zones and industrial
parks, some of which have technology parks, factories, or processing plants attached to
the schools. Location (4) is also an industrial park in the new town, and these areas have a
high demand for technical rescue.

These results are consistent with the pattern of distribution of fire suppression and
technical rescue based on kernel density analysis, indicating that using POI and visitor
throughput data can better characterize the spatial pattern of the distribution of emergency
services.

3.4. Network Accessibility Analysis

Results of sSDNA on the accessibility of the road network indicate closeness on a log
scale (Figure 6).
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Figure 6. Map of closeness within a search radius of 1870 m from low (cool colors; blue-violet) to high
(warm colors; orange-dark red); high values of closeness indicate that the link has good accessibility.

The average closeness of the road network in the study area was —1.28 within a search
radius of 1870 m. For all roads in the road system, the average value was 56.99% of the
total, indicating that there are many roads with poor accessibility in the city. Roads with
low closeness values of —3.80 to —1.49 accounted for 19.75% of the total.

Figure 6 shows that the integration of the road network was high in the east and low
in the west. The eastern and western parts had well-developed and underdeveloped road
network structures, respectively. Two contiguous areas with a high closeness in the eastern
and western areas were national economic and technological development districts. The
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contiguous area with a high closeness in the center of the eastern part is the largest business
district in the city with the highest kernel density for technical rescue and fire suppression,
and therefore, it requires new fire stations.

In spatial syntax theory, roads with higher closeness values are counted as foreground
networks, which can reveal areas with high accessibility in a region [15]. Results show
closeness values of —0.65 to —0.01, —0.95 to —0.65, and —1.13 to —0.95 accounted for 3.91,
11.40, and 20.01%, respectively, with a total of 35.32%, and these are preferred options for
locating fire stations. This inference is consistent with the requirement that a “fire station
should be located on a street where vehicles can be quickly dispatched” [53].

3.5. Extension of the Fire Station Location from a Specific Site to a Region

Based on the calculated accessibility of the road network, segments with higher
closeness values were selected to fix buffer zones. The areas with a risk value of above
medium-low were then overlapped to obtain areas for the optimal location of a new fire
station (Figure 7).

O Fire Station
® Selected Location
A Candidate Location
— Selected Location Coverage
— Road
Current Coverage

Figure 7. Map showing extension of the location of a fire station from a specific site to a region using
the weighting of emergency service data (purple shaded areas are the optimum areas for new fire
stations; the closer a new fire station is to a selected location, the better).

Red points in Figure 7 correspond to the locations of the new fire stations, and areas
with purple shading are extensions of these points. The shaded area corresponding to each
point is not regular, and the extension area of a position (1, 2, 5, and 7) is larger, indicating
larger space for building fire stations. These four regions correspond to the new urban
areas of the city with wide roads and better accessibility compared to other regions. The
same driving time can cover a wider area. Locations (3, 4, 6, 8,9, and 10) correspond to
small extension areas. Locations (4 and 8) have relatively fewer available roads owing
to natural conditions (small lakes and mountains in the urban area) but have a relatively
high demand for emergency services. Locations (3, 6, 9, and 10) are in relatively densely
populated areas, and fire stations are present around them, but they cannot cover demand
areas. The fire station should be constructed close to the optimum location to ensure that it
does not overlap with the coverage area of an existing fire station.

Compared to the locations calculated using the L-A model, the optimal planning areas
that were derived in this study are relatively large in scope and provide suitable options for
appropriate planning. If a building already exists in an identified location, the final location
can be selected from within the extension area of that point, preferably near the point.
Locations (1, 2, 5, and 7) have larger available areas for localization (Figure 7). Locations (1
and 2) have a better transportation network and relatively comprehensive infrastructure
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support, but the coverage of the existing fire station is not adequate, indicating more
available space for locating fire stations. Location 5 in the southern part of the city is in
an area of commercial and economic importance and has many public-service institutions
with a higher demand for a fire station. Location 7 currently has a low coverage of utility
facilities; however, integration with neighboring southern cities is likely to accelerate,
resulting in an increase in public service facilities and infrastructure, and therefore, more
space is available to meet the increase in demand for fire stations.

A comparison between Figures 6 and 7 reveals that existing fire stations are built in
areas with better accessibility to the road network. Fire stations in these areas should avoid
situations wherein their vehicles are prevented from being dispatched because of traffic
congestion around them. The increase in population in large cities is likely to increase
traffic congestion, and hence, road accessibility is vital for the siting and construction of
new fire stations.

4. Conclusions

The present study analyzed the emergency service records of a mega city in China to
show the spatial distribution of fire suppression and technical rescues and their connections
to POI and visitor throughput quantities. A fire station location planning method was
proposed by adding the accessibility of road networks to the traditional L-A model to
outline a region for the construction of a fire station. The findings are as follows:

1. The spatial distribution of technical rescues was different from that of fire suppres-
sion. The former was concentrated in the city center but with a few additional secondary
hot spots scattered in expansion areas of the city forming new subcenters. The latter was
highly concentrated in the old town at the center. The emergency map was a combination
of these two parts but reflected more technical rescues as it has emerged as the primary
emergency task;

2. The connections between the distribution of emergencies to local POI and visi-
tor throughput were quantified. Fires were evenly correlated between POI and visitor
throughput, indicating that these static and dynamic components were significantly related.
Emergency rescues were more aligned with the static component (POI), even though it was
naturally cross-related to the dynamic visitor throughput;

3. An integrated RNALA model for siting fire stations was proposed by integrating
the L-A model with road-network accessibility. The location planning of fire stations was
steered more toward emergency services compared to fire suppression alone based on the
distribution of POI and visitor throughput.

The identified locations for fire stations were significantly different when sites were
selected using the weights of data on fire and emergency services. Selected sites were
concentrated in the old town while considering weights of fire data, whereas they were
dispersed while considering weights of data on emergency services. The location was
pinpointed to a specific site using the traditional L-A model. The SDNA model using the
spatial syntax method was applied to quantify the accessibility values of different roads.
Roads with higher accessibility were selected according to the classification, and a buffer
zone was established and spatially overlaid with the risk area identified using weights of
data on emergency services to outline an extended area for siting. The final site selection
was based on the availability of vacant land closer to the selected site based on the L-A
model.

In general, the spatial difference between fire suppression and technical rescues is
significant for the siting of fire stations, as the latter forms a major part of emergency
services. Extending the selected site to an extended region is practical as the specific
location might not be available for construction. The findings of the current study are in
line with the development of the emergency service in cities and can serve as a reference for
other cities. In future studies, the impact of weather and holidays on emergency services
can be analyzed to explore the influence of the location of a fire station while considering
spatiotemporal dimensions.
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