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Abstract: Rapid urban expansion has brought new challenges to firefighting, with the speed of
firefighting rescue being crucial for the safety of property and life. Thus, fire prevention and rescuing
people in distress have become more challenging for city managers and emergency responders. Un-
fortunately, existing research does not consider the negative effects of the current spatial distribution
of fire-risk areas, land cover, location, and traffic congestion. To address these shortcomings, we use
multiple methods (including geographic information system, multi-criterion decision-making, and
location–allocation (L-A)) and multi-source geospatial data (including land cover, point-of-interest,
drive time, and statistical yearbooks) to identify suitable areas for fire brigades. We propose a method
for identifying potential fire-risk areas and to select suitable fire brigade zones. In this method,
we first remove exclusion criteria to identify spatially undeveloped zones and use kernel density
methods to evaluate the various fire-risk zones. Next, we use analytic hierarchy processes (AHPs) to
comprehensively evaluate the undeveloped areas according to the location, orography, and potential
fire-risk zones. In addition, based on the multi-time traffic situation, the average traffic speed during
rush hour of each road is calculated, a traffic network model is established, and the travel time is
calculated. Finally, the L-A model and network analysis are used to map the spatial coverage of the
fire brigades, which is optimized by combining various objectives, such as the coverage rate of high-
fire-risk zones, the coverage rate of building construction, and the maintenance of a sub-five-minute
drive time between the proposed fire brigade and the demand point. The result shows that the top
50% of fire-risk zones in the central part of Wuhan are mainly concentrated to the west of the Yangtze
River. Good overall rescue coverage is obtained with existing fire brigades, but the fire brigades in the
north, south, southwest, and eastern areas of the study area lack rescue capabilities. The optimized
results show that, to cover the high-fire-risk zones and building constructions, nine fire brigades
should be added to increase the service coverage rate from 93.28% to 99.01%. The proposed method
combines the viewpoint of big data, which provides new ideas and technical methods for the fire
brigade site-selection model.

Keywords: spatial optimization; point of interest; potential fire-risk zone; multi-criterion decision-
making; traffic situation

1. Introduction

In this era of rapid economic development in China, the expansion of cities and the
increasing building density have increased demand for public services [1]. In recent years,
urban development has decelerated, so more urban resources have been dedicated to
improving the quality of public services within cities [2]. The fire-protection rescue service
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is a key service to ensure urban safety and strongly affects the personal and property safety
of residents [3].

Judging from the classification of the fire brigade’s outings in 2020, a total of 395,000
instances of population rescues were undertaken, and 251,000 instances of fires were
extinguished [4]. Population rescues include helping people in distress, eliminating danger,
and handling traffic accidents. The above data show that the number of population rescues
exceeds the number of fires, so a quick response is needed to resolve problems in time
and increase the population’s sense of security. Fires are one of the most serious disasters
known, which seriously threaten public security and social development [5,6]. From 2007 to
2020, about 314 million fires occurred in China, causing property losses of CNY 36.8 billion
and 20,439 deaths [4]. Notable examples include the explosion in Tianjin Binhai New Area
in 2015 and the fire in Changchun, Jilin in 2021. These fire incidents seriously affected
economic activity and reveal the complexity and difficulty of fire rescue [7]. Given this
context, the rational location of fire brigades is of vital importance because it can reduce
losses by shortening the emergency response time. Therefore, to improve urban fire-rescue
services and thereby alleviate the seriousness of rescue events, it is crucial to study the
spatial site selection of urban fire brigades.

The functioning of urban areas is becoming increasingly diverse, with frequent
changes in building functions and the influx of large non-local populations, resulting
in excessive population density. A typical result is the emergence of zones with “all-in-
one” functions, such as production, accommodation, and factories. At the same time, the
complex distribution of urban functional zones such as industrial parks, residential areas,
hospitals, and schools also produces differentiated and population rescue that produce
different rescue requirements for fire brigades. In addition, the overall fire risk is the
integration of the fire risks of all the different functional zones.

When considering the accumulation of urban fire risks and population rescue, one
quickly finds a variety of new rescue problems. Concomitantly, the unique characteristics
of high-rises, underground constructions, and large-scale buildings in today’s megacities
have greatly increased the difficulty of fire rescue [8]. In this context, the uncertainty
and uncontrollable factors involved with fires have increased significantly, making fire
prevention and control more complex [9].

The location and layout of traditional fire brigades are divided mainly according to
the nature of the land, as determined by city planners, with fire brigades at the center
and the five-minute-travel-time distance serving as the radius. However, within the area
of responsibility of a fire brigade, researchers tend to ignore factors that may affect fire
risks, such as land cover, road width, building density, vehicle speed, and the potential for
fire events and population rescue. In addition, the insufficient number of fire brigades in
existing cities means that fire-rescue services lag behind actual needs [10]. This state of
affairs may significantly hinder fire-rescue services, and new ideas are urgently needed
to resolve this problem by providing a scientifically sound method to position urban fire
brigades.

The literature records a long history of research into the site selection of public facilities.
In 1909, Weber introduced the “Weber Problem” to discuss the location of warehouses
and launched theoretical research into location selection. To minimize the economic loss
caused by fire and the cost to the fire brigade of their rescue services, Hogg [11] argued in
1968 that the most important decision faced by firefighters was how many fire brigades
to have and where to build them. In 1975, Helly [12] argued that the most important
attribute of fire brigade location should be that it minimizes emergency response time,
which served as the basis of the fire brigade location model. This factor was used as
the basis for the fire brigade site-selection model developed by Plan and Hendrick [13],
who used response time as the coverage criterion and applied the theory of site selection
set coverage (LSCP) to the site-selection problem. In 1985, Reilly and Mirchandani [14]
located P stations from M candidate stations to maximize certain functions of the travel
time of the first- and second-arriving fire units under several constraints. Habibi et al. [15],
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Erden et al. [16], and Chaudhary et al. [17] used an analytic hierarch process (AHP) and
geographic information systems (GISs) to select sites and analyze the optimization in
various urban areas. Chen et al. [18] proposed a simple way to optimize the location of
fire brigades. This method minimizes the average driving distance for fire trucks, which
is calculated by abstracting the fire brigade coverage area as a “node”. Murray et al. [19]
formed the maximum coverage location problem (MCLP) to study the site selection of fire
brigades in California, USA, and proposed a system planning strategy for fire protection.
Owen et al. [20] divided the location problem into a median problem (p-median), a center
problem (p-center), a location set covering problem (LSCP), an MCLP, and a maximal
capacity covering location problem. Badri et al. [21] considered multiple goals, which
include travel time and travel distance from facilities to demand points. This model also
considered the technical policies and standards. After extensive direct interaction with
decision-makers, the model and experiments were designed to improve our understanding
of the positioning of fire brigades.

The analysis of Chevalier et al. [22] involved multiscale GISs, which included a
comprehensive representation of physical, human, and economic realities, risk-modeling
methods, and an appropriate optimal location and allocation model (considering queuing
and staffing issues). Cath [23] chose to evaluate the fire brigade and rescue vehicles and
analyzed the logical relationship with these elements in determining the location of the
fire brigade. Yang et al. [24] combined fuzzy multi-objective programming and a genetic
algorithm to determine the location of fire brigades, whereas Schreuder et al. [25], Kanoun
et al. [26], and Liu et al. [27] selected the location of fire brigades according to the actual
situation in different regions. Other groups have approached this problem with methods
such as the particle swarm algorithm [28] and the ant colony algorithm [27].

This review of previous research shows that location–allocation (L-A) models (e.g.,
LSCP, MCLP, p-center, and p-median) and GIS technology have been widely used to
position fire brigades. However, the existing research is problematic: First, the current
urban construction is rarely considered in the site-selection and space-optimization analysis
of fire brigades. Second, the lack of detailed building structure information means that
existing methods usually simulate fire events occurring on simplified plots or blocks
without distinguishing between the functional heterogeneity of different buildings and the
differences within the buildings. Third, detailed information on the transport network is
rarely considered in site selection and spatial optimization.

The development of computer science and the Internet has led to numerous geospatial
data [29–34], which are available in the form of point-of-interest (POI) data, Baidu Maps,
and other data formats. POI data are point data of real geographical entities and include
attribute information such as longitude and latitude, address, and name. POI data are very
important for city managers and emergency responders to make strategic and operational
decisions [30,35]. POI data have the advantage of fast update speed, detailed content, a
large amount of data, wide coverage, and low acquisition cost. Therefore, this study uses
POI data to assess urban fire risk and thereby address the problem mentioned above of
a lack of detailed information on building construction. Finally, Baidu Maps are used to
obtain traffic network data to address the third problem mentioned above regarding the
transport network.

In this context, a method combining GISs with multi-criterion decision-making
(MCDM) is proposed to identify the most suitable zones for fire brigades. This research
aims to solve the limitations of the existing L-A model by integrating three sets of informa-
tion obtained from emerging geospatial datasets: (i) land-cover data, (ii) potential fire risk
levels from POI data, and (iii) average traffic data from Baidu Maps that are accurate to the
road scale.

This article is organized as follows: Section 2 outlines the study area and describes
the proposed methods, and the experimental results are analyzed in Section 3. Section 4
provides the discussion. Finally, Section 5 presents the conclusions.
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2. Materials and Methods
2.1. The Case Study

Wuhan is the central city of Hubei Province, China (Figure 1) and the core city of
the Yangtze River Economic Belt. It is the strategic fulcrum for the rise of central China
and a pilot area for comprehensive innovation and reform. According to the 2020 Wuhan
Statistical Yearbook [36], Wuhan has 13 districts covering a total area of 8569.15 km2, a
permanent population of 12.32 million, and a GDP that will reach CNY 1.56 trillion (USD
242 billion). As one of the hottest cities in China, Wuhan’s maximum temperature is
37 ◦C–39 ◦C, and its minimum temperature is 29 ◦C–30 ◦C. Being a typical global mega-
urban center, Wuhan has the associated fire problems. Considering the availability of data,
we choose as the study area the central urban area of Wuhan (i.e., the area within the third
ring road of Wuhan, China) (Figure 1c), which is the political center and the center of
foreign exchange countries. It has an important social status and includes all functional
core areas. To adapt to the rapid population growth in Wuhan, the appearance of the study
area has changed in recent decades. The city is now characterized by its large population,
developed economy, and dense construction, and new communities and regions have
appeared. These phenomena have contributed to an increase in fire events. Thus, the
selection of Wuhan central city as the study area for fire brigade location has important
social significance and should serve well for demonstrating the proposed method.
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2.2. Methodology

In this research, MCDM and GIS are combined to evaluate the most suitable locations
to construct fire brigades. Figure 2 shows the framework of the proposed method. The
method consists of five main steps: First, we use various high-resolution GIS databases to
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remove unsuitable layers from the initial layers according to the exclusion criteria. Second,
in view of the differences in the types of fire risks, the POI data are divided into five types
of standard fire risks. Third, three evaluation standards (including six sub-standards) are
proposed for suitable zones for constructing fire brigades. Fourth, we combine AHP and
GIS to determine the most suitable areas for fire brigades and produce a map showing the
distribution of the suitable and unsuitable areas for fire brigades. Finally, we use the L-A
model to analyze the rescue capability of existing fire brigades and determine whether it
meets the city’s fire safety goals based on the site selection.
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2.2.1. Exclusion Criteria

Areas that are not suitable for fire brigade construction due to terrain and legal factors
need to be removed from the initial map layer by using ArcGIS software. By analyzing the
actual geographic coverage in the study area, the following exclusion factors are deemed
desirable: EC1 (protected area), EC2 (land cover), EC3 (transportation infrastructure), and
EC4 (orography).

(EC1) Protected area. According to the definition of the International Union for Conser-
vation of Nature, a protected area is a geographical space that is recognized, dedicated, and
managed by law or other effective means to achieve the long-term protection of nature. It
produces relevant ecosystem services and has cultural value [37]. For example, the wetland
reserve, known as the “Kidneys of the Earth”, plays an important role in species protection
and environmental regulation. The total area of the Wuhan East Lake National Wetland
Park is about 10.2 km2, of which the water area is 6.5 km2. Human activities have led to the
destruction of wetlands, and many endemic species are on the verge of extinction. The area
of wetland bird habitat is decreasing year by year, which is not conducive to the habitat or
the reproduction of birds. Therefore, the government has strengthened the protection of
wetlands and prohibited the destruction of wetlands. The data on the protected area are
obtained by interpreting remote sensing images.

(EC2) Land cover. Considering that significant surface area is required for the con-
struction of fire brigades, we analyze the land that can be used for the construction of fire
brigades based on the existing surface coverage distribution. Given the strict environmen-
tal and ecological regulations, fire brigades cannot be constructed on lands containing
forests, farmland, buildings, or rivers. The rapid collection of varying data is at the core
of the global land cover data update. The rise of Volunteer Geographic Information (VGI)
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provides a new way to solve this problem. In the current VGI project, OpenStreetMap
(OSM) has the advantages of rich data and strong reality and can be used as a source of
reference information for global land cover data updates. However, OSM data do not
directly correspond to the incremental data of land cover. Therefore, the present work is
based on the 2020 Wuhan geographic monitoring data and Google image data to verify
topological relationship errors and editing errors and implement the modifications to
obtain the land cover data.

(EC3) Transportation infrastructure. Affected by the feasibility area, the existing
airport area, highway area, and railway area are also selected as exclusion factors for traffic
safety. This study collected road and railway network data from the OSM database.

(EC4) Orography. Considering the time and money spent by fire brigades for training,
construction, and fire rescue, flat terrain is more desirable for the construction of fire
brigades than steep slopes. In the literature, the ground slope for a fire brigade should not
exceed 8◦ [38]. Thus, we apply a conservative threshold of 8◦ for building a fire brigade.
Information on slope and elevation comes from the NASA Space Shuttle Terrain Mission
digital elevation model and has a resolution of 30 m.

2.2.2. Fire-Risk Zone

First, the POI data of different spatial areas are divided into five fire-risk zones as
a function of building types. Next, we apply a nuclear density analysis to quantify the
spatial distribution of the different fire-risk areas. Finally, the weight of the fire-risk areas
is determined through the AHP, following which they are integrated using the weighted
linear combination (WLC) method to obtain the total potential fire-risk zone. Figure 3
shows the framework of the method.
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(1) Classifying point-of-interest type by fire risk

Fire-risk analysis is the basis of special fire planning, which helps to understand the
fire-risk status of the city. However, China’s urban fire-risk assessment method is still in
its infancy, so the basic data required are insufficient. Therefore, to determine the location
of the fire-risk zone, we must first select the best units for spatial analysis. For traditional
spatial analysis units, the recognition of building types is not sufficiently accurate, so urban
building plots are often used as the analysis unit. With this approach, multiple functional
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facilities may occupy a given building, such as supermarkets, factories, and residencies [3].
To solve this problem, we use POI data as the fire spatial analysis unit.

Existing research mainly considers the possibility of fire risks faced by the target
object, the fire response conditions, the vulnerability of the target object, the severity of the
consequences, and the impact on the economy and society [39]. The present work considers
the functions served by the different types of spaces in combination with the “Code of City
Fire Protection Planning” (GB51080-2015) and other existing research results. For different
types of POIs (e.g., attribute functions and social activities), the POI data type is divided
into five fire-risk zones according to the fire intensity, damage degree, number of casualties,
and disaster resistance safety of the refuge; see Table 1.

Table 1. POI data classification table.

Fire-Risk Zone POI Data Category

Flammable and explosive zone Chemical plants, gas stations, manufacturing
enterprises, etc.

Vulnerable-people zone Kindergartens, elementary schools, junior high schools,
emergency centers, hospitals, etc.

Crowded zone Shopping centers, train stations, subway stations, bus
stations, etc.

Key protected zone Government agencies, social organizations, museums,
scenic spots, etc.

General risk zone Business housing, corporate and lifestyle services, etc.

As shown in Table 1, the first fire-risk zone is the “Flammable and explosive zone”,
which refers to places with greater fire hazards such as chemical plants and gas sta-
tions, where secondary fires and explosions often occur. The second fire-risk zone is the
“Vulnerable-people zone”, which refers to places where more vulnerable populations gener-
ally congregate, such as elementary schools and hospitals. If a fire occurs in such a zone, it
may cause serious physical and mental injury to these populations. The third fire-risk zone
is the “Crowded zone”, which refers to important transportation hubs and commercial
centers, where it is easy to form the so-called “floating population”, which refers to the
flow of people through a given geographic space. The characteristics of large flows of
people lead to trampling and other casualties in the event of fire. The fourth fire-risk zone
is the “Key protection zone”, which refers to highly protected areas such as government
and historical buildings that may be irreplaceable or severely damage normal societal
functioning in the event of a fire. Finally, the “General risk zone” refers to places that do
not belong to the first four types of fire-risk zones, such as residential buildings and office
buildings.

After classification, a kernel density analysis is applied to determine the spatial hot-
spot distribution of each fire-risk zone and to quantify each fire risk, which is used to
display the influence of the neighboring grid POI on the current grid elements and the
distance attenuation effect. This method can analyze the spatial hotspot distribution map
of each fire-risk area and numerically quantify each fire risk. The kernel density analysis
method is a common method for analyzing the distribution of points and identifying hot
spots [40,41]. The kernel density analysis tool calculates the value per unit area according
to the elements (point or polyline elements) to fit each element to a smooth cone-shaped
surface. The surface value is the highest at the location of the element; this value gradually
decreases as the distance from the element increases, and the value is zero, where the
distance from the element equals the default search radius. The default search radius (also
known as the bandwidth) is calculated based on the space settings and the number of input
elements. This method can be used to correct the spatial outliers caused by other input
points that are very far so that the search radius is not too large [42].
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(2) Integrate fire-risk zone through Analytic Hierarchy Process and weighted linear
combination models.

1. Analytic Hierarchy Process

Choosing the most suitable evaluation system is a complicated problem that requires
selecting different evaluation indicators, scientifically analyzing their weight, and deriving
the most suitable solution. To address this problem, researchers often use the MCDM
method [43–46]. MCDM is a widely used technology in the research community and
allows researchers to choose the best option based on numerous criteria [47].

Of the numerous MCDM methods available, the AHP, developed by Saaty in 1977 [44],
is the most used method to solve complex decisions involving many different criteria and is
a popular tool for multi-standard decision-making [44,45]. The AHP is a mathematical and
psychological research technique based on a series of pairwise comparisons to determine
a standard weighting [48]. In addition, the AHP ensures consistent decision-making and
reduces deviations in the decision-making analyses. Therefore, the AHP method is used
to determine the weight of evaluation criteria for searching for fire brigade sites. At the
beginning of each AHP, goals, alternatives, and standards must be defined, following
which a pairwise comparison matrix M is generated.

Assuming that there are N criteria to determine the number of comparisons, the
specific steps for applying AHP technology are as follows [49]:

A pairwise comparison matrix A (n × n) is established according to the expert’s
judgment, where the element aij represents the intensity of importance of the standard i
to standard j. Therefore, aji is the reciprocal of aij, representing the relative importance of
standard j to standard i. The numerical scale 1–9 serves to measure the relative importance
of pairwise comparisons, as shown in Table 2 [49], where “1” means equal importance
of one standard relative to the other, and “9” means extreme importance of one standard
relative to the other. Please refer to Ref. [49] for a more detailed explanation of the score.

Table 2. Rating scale of AHP method.

Numerical Scale Definition (i with Respect to j)
Value

aij aji

1 Equal importance 1 1
3 Moderate importance 3 1/3
5 Strong importance 5 1/5
7 Very strong importance 7 1/7
9 Extreme importance 9 1/9

2, 4, 6, 8 Intermediate values 2, 4, 6, 8 1/2, 1/4, 1/6, 1/8

To ensure the consistency of the calculated weights, pairwise comparisons need to be
verified by the consistency ratio (CR). The formula is derived as follows:

i. Calculate the maximum eigenvalue λmax of each comparison matrix.
ii. Calculate the consistency index (CI) value by using

CI = (λmax − n)/(n− 1) (1)

where λmax is the maximum eigenvalue of each comparison matrix, and n is the
number of criteria or order matrix A.

iii. Use Table 3 and the number n of standards used to obtain the random consistency
index (RI) and then determine the CR by calculating the ratio of the CI to the RI:

CR = CI/RI (2)
The CR reflects the correctness of the program. When CR ≤ 01, the level of consistency

is acceptable. If CR ≥ 0.1, the AHP may provide significant results [50]. RI represents
the average deviation of randomly generated matrices of different sizes. After excluding
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restricted areas, the selected criteria serve to calculate and classify suitable sites. The CR
for all comparisons is less than 0.1, which means that the results are satisfactory.

Table 3. Random consistency index.

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

2. Weighted linear combination

In the ArcGIS software environment, WLC is a weighted overlay tool that generates
raster layers [48]. A weighted superposition is a simple analysis method that combines
superpositions, and that belongs to the field of binary statistical analysis, which uses
binary statistics to analyze the significance of factors [51–53]. This technology has been
widely used in research in other scientific fields and has proven to be a reliable tool for
weight-overlap addition [54]. The equation for a WLC is:

FSi =
n

∑
j=1

wjxij, (3)

where FSi is the evaluation index of zone i, Wj is the weight of criterion j obtained through
the AHP, xij is the standard value of area i under standard j, and n is the total number of
criteria [55].

To generate candidate fire brigades, the final suitability is divided into three categories:
most suitable zones (FS > 5), suitable zones (FS ≤ 5), and unsuitable zones including
exclusion zones (FS = 0) [56].

2.2.3. Evaluation Criteria

(1) Fire-risk zone. A fire-risk zone reflects the degree of fire hazard in a certain area.
When a fire occurs in a high-fire-risk zone, it may easily cause serious economic loss
and casualties. Therefore, fire brigades must protect such zones so that, in the event of
a sudden fire, firefighters can react optimally and save lives and property that would
otherwise be lost in the fire.

(2) Location. We now discuss spatial variables related to location. (i) Population. Accord-
ing to 2020 fire statistics, resident casualties account for 80.2% of the total casualties.
Given the value of human life, the weighting for these data should be significant.
Therefore, population is an important evaluation criterion for selecting sites for urban
fire brigades. To optimize the rescue function of fire brigades, they should be built
in densely populated areas. (ii) Proximity to roads. Being close to roads facilitates
the entry and exit of fire trucks into fire zones, thereby reducing the reaction time for
firefighting and rescue and the associated cost of firefighting. Therefore, the closer
a fire brigade is to the road network, the better it is for fire rescue. (iii) Proximity to
existing fire brigades. Gay and Siegel [57] and Johnston [58] argued that the criteria for
evaluating fire brigades should include the distance between these brigades, which
determines the location and number of fire brigades in a community. Therefore, the
distance between existing fire brigades is retained as an evaluation criterion. (iv) Prox-
imity to a river. Given that fire brigades must ensure adequate water supply for fire
trucks, fluvial water resources can be vital for firefighting and for vehicle maintenance.
Therefore, fire brigades should be positioned close to a river.

(3) Orography. The terrain strongly affects the displacement of fire trucks and the con-
comitant time and costs for training and rescue. This is an important factor in choosing
the location of fire brigades. The slope of the area near the fire brigade determines
the acceptability of the site. Flat areas are more conducive to the construction of fire
brigades than sloped areas.
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2.2.4. Average Road Network Datasets

This section mainly discusses how to get the average traffic data of the road network
from Baidu Map to the layer. We first collect multi-period traffic network speed data
and then analyze the time periods when the average driving speed decreases sharply on
weekdays and on weekends. The fire brigade location is selected based on the time interval
when the driving speed drops sharply so that the fire brigade can more quickly reach
the area that needs rescue during times of non-congestion. We then apply a statistical
analysis to calculate the average speed for each road segment. Finally, the road network
information is converted from average speed to time spent traveling each road segment,
which is obtained by dividing the length of each road segment by the average driving
speed.

In the process, the following two aspects need to be considered simultaneously: First,
the traffic data provided by Baidu Maps do not include non-congested road sections, so
road sections without traffic speed information must be replaced with the average driving
speed of other road sections during non-congested periods. Second, fire trucks have
priority on the road and are less affected by the rules of the road, such as turning and traffic
lights. Therefore, appropriate settings must be used for the corresponding road network
parameters, including travel time as a function of road impedance. Figure 4 shows the
overall process of generating an average-speed road network.
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2.2.5. Site Selection Standard and Model

After quantitatively determining various fire-risk zones, suitable zones for fire brigades,
and average speeds, the L-A model is applied to analyze the coverage of existing fire
brigades in the city. In this context, some spatial optimization goals related to standards
and relevant local laws are considered, including coverage of high-fire-risk zones, coverage
of important fire-risk zones, coverage of total building constructions, and coverage of
individual fire brigades.

(1) Standard for rescue time and construction area of fire brigades. According to China’s
“Code for the Planning of Urban Fire Control” (2015) and “Urban Fire Station Con-
struction Standards” (2017), a fire brigade should be able to reach the edge of its
jurisdiction within five minutes after receiving an alarm call. Thus, the coverage area
of an ordinary fire brigade should not be greater than 7 km2. Special fire brigades
with firefighting and rescue tasks have the same jurisdiction regulations as ordinary
fire brigades.

(2) Location allocation. The L-A model provides an effective method for selecting sites
for public facilities [59–62] and has been successfully applied to the site selection of
emergency facilities [62], such as the selection of a school site [60], a hospital site [61],
and fire brigade site [19]. The scientific positioning of public service facilities can
make supermarkets convenient for residents to shop, and supermarkets will also be
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profitable. Appropriate locations enable service facilities such as police stations and
fire brigades to provide better services and make schools easier for students to access.

This article therefore uses two algorithms in the L-A model: the maximum coverage
location problem (MCLP) and the minimize facilities coverage problem (LSCP). The goal
of the MCLP is to maximize the number of demand points within the maximum service
radius of the facility under the condition of selecting the spatial distribution of a given
number of facilities from all candidate facilities. The goal of the LSCP is to maximize the
number of facility demand points within the maximum service radius of the facility under
the condition of selecting the fewest facilities among all service facilities. Table 4 presents
the mathematical expressions of the two algorithms. The L-A parameters are explained in
the literature [12,13,17].

Table 4. Mathematical expressions for both L-A algorithms.

Maximize Coverage Location
Problem (MCLP)

Minimize Facilities
Coverage

Problem (LSCP)

Objective function Maximize ∑
i

aiyi Minimize ∑
j∈J

cjxj

Subject to

∑
i

aiyi ≥ yi∀i

∑
j

xj = p

xj = {0, 1} ∀ j
yj = {0, 1} ∀ j

∑
j∈J

xj ≥ 1∀j ∈ J

xj ∈ {0, 1} ∀ j ∈ J

3. Results
3.1. Spatial Distribution of Exclusion Criteria

According to Section 2.2.1, Figure 5 shows the spatial distribution of each exclusion
criterion, and Table 5 shows the area. Among all the exclusion criteria, the building
construction area in the study area is the largest and is mainly concentrated within the
second ring road of the city. The area of construction around the third ring road gradually
decreases, and the total construction area of the research area is 176.36 km2. The second-
largest area is the water source area because Wuhan is in the Yangtze River Basin. East
of the central city is East Lake, with abundant water resources, with a total coverage area
of 125.74 km2. The white area is the unused free area, which is suitable for building fire
brigades with an area of 67.32 km2. Finally, we remove the restricted area from the initial
layer with an area of 566.5 km2.

3.2. The Spatial Distribution of Fire-Risk Zones

According to Section 2.2.2, we first classify the POI data, divide the results into five
types of fire-risk zones, and then use the kernel density analysis method to obtain the
spatial agglomeration distribution map of each fire risk. The final distribution of fire-risk
hot spots is shown in Figure 6. The result is that the “Vulnerable people zone” and “Key
protected zone” are mainly distributed in the first ring of the city, the “Flammable and
explosive areas” and “General risk zone” are mainly distributed within the city center, and
the “Crowded zone” is mainly distributed in congested zones, such as Wuchang station
and Wuhan Hongji locomotive passenger station and other areas.
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Table 5. Detailed data information of various exclusion criteria.

Exclusion Criterion Constraint Variable Restrictive Area

EC1 Protected area Wetland park 10.20 km2

EC2 Land cover

River 125.74 km2

Agriculture 8.86 km2

Mountains 117.61 m2

Forest land 42.72 km2

Building construction 176.36 km2

EC3 Transport infrastructure Road (including railway) 61.53 km2

EC4 Slope >8◦ 23.48 km2

After calculating the kernel density analysis of each fire-risk zone, the AHP and WLC
methods are used to obtain the total fire-risk area. The weights are determined based on the
analysis of fire statistics in China for five consecutive years. The largest number of fires are
mainly distributed in the “General risk zone”, followed by the “Flammable and explosive
zone”, then the “Crowded zone”, and finally the “Vulnerable people zone”, whereas the
“Key protected zone” has the least number of fires. Therefore, the final decision matrix is
shown in Table 6. The comparison shows that the final CR is less than 0.10, indicating that
the paired comparison matrix passes the consistency test. Each fire-risk area is divided into
nine grades at equal intervals. Table 7 shows the corresponding score of the evaluation
criteria.
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Table 6. Decision matrix of various fire-risk zones. (Z1 is general risk zone; Z2 is flammable and
explosive zone; Z3 is crowded zone; Z4 is vulnerable people zone; Z5 is key protected zone).

Z1 Z2 Z3 Z4 Z5 Weights CR (%)

Z1 1 2 2 2 2 32.3%

4.3
Z2 1/2 1 1 1 2 24.5%
Z3 1/2 1 1 1 2 18.5%
Z4 1/2 1 1 1 2 14.1%
Z5 1/2 1/2 1/2 1/2 1 10.7%

Figure 7 shows the spatial distribution of the fire-risk results, and Table 8 presents the
area proportion of the fire-risk zones, enabling us to evaluate the fire risk from high to low.
In this case, the high-fire-risk zone refers to events with high fire risk or high severity, and
the low-fire-risk zone refers to events with relatively small fire risk or relatively low loss.
These data show that the top 10% of fire-risk areas are mainly concentrated to the west
of the Yangtze River. The Hankou railway station is in zone a, which also contains many
shopping malls and hospitals. Zones b–d contain numerous residential and shopping malls.
Hanyang railway station is in zone e and is surrounded by many homes. Wuhan Hanyang
hospital is also in zone e. Zones g and h contain many schools and shopping malls, and
zone f contains many important places such as hospitals and museums.

Finally, in follow-up work, the fire-risk area can be used as the site-selection target of
the fire brigade and one of the evaluation criteria for constructing a suitable area for the
fire brigade.



ISPRS Int. J. Geo-Inf. 2021, 10, 777 14 of 26

Table 7. Reclassification of the assessment criteria and corresponding scores.

Score
Evaluation Criteria

Flammable and
Explosive Zone

Vulnerable People
Zone Crowded Zone Key Protected Zone General Risk Zone

9 >84,966.50 >860,656.25 >1,648,156.50 >577,049.50 >20,545,847.33

8 48,545.16–84,966.50 596,949.00–
860,656.25

962,945.25–
1648,156.50

400,483.00–
577,049.50

15,293,334.50–
20,545,847.33

7 33,427.66–48,545.16 406,699.50–
596,949.00

578,310.16–
962,945.25

286,380.50–
400,483.00

11,730,192.83–
15,293,334.50

6 23,864.00–33,427.66 277,284.00–
406,699.50

355,903.00–
578,310.16

204,857.83–
286,380.50

8,857,090.00–
11,730,192.83

5 16,737.50–23,864.00 184,978.00–
277,284.00

214,923.75–
355,903.00

144,612.00–
204,857.83

6,454,159.00–
8,857,090.00

4 11,100.50–16,737.50 114,927.25–
184,978.00

127,995.00–
214,923.75 94,521.00–144,612.00 4,377,895.75–

6,454,159.00

3 6384.75–11,100.50 63,171.50–114,927.25 67,135.00–127,995.00 51,279.16–94,521.00 2,536,605.50–
4,377,895.75

2 2088.50–6384.75 22,307.00–63,171.50 24,054.25–67,135.00 17,038.00–51,279.16 943,294.00–
2,536,605.50

1 ≤2088.50 ≤22,307.00 ≤24,054.25 ≤17,038.00 ≤943,294.00
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Table 8. Area and proportion of fire-risk zones.

Type of Fire-Risk Zone Fire-Risk Area Category
(9 Levels)

Area
(km2)

Proportion
(%)

Fire-risk zone

1 227.48 43.38
2 110.91 21.15
3 79.98 15.25
4 44.02 8.39
5 29.34 5.60
6 17.71 3.38
7 9.86 1.88
8 3.79 0.72
9 1.30 0.25

3.3. Spatial Distribution of Evaluation Criteria

According to the content of Section 2.2.3, the evaluation criteria are divided into three
criteria and six sub-criteria. Figure 8 shows the spatial distribution of various evaluation cri-
teria. (a) The population data from Baidu heat map data are combined with the population
data (population data are from the Wuhan Statistical Yearbook) to calculate the population
in the study area by using the grid vector data in geospatial space. The details of the data
are as follows: From 0:00 to 24:00 on workdays (4 August 2021, Wednesday; 5 August 2021,
Thursday) and weekends (7 August 2021, Saturday), data are collected from Baidu heat
map. The collection frequency is once per hour, and a total of 72 data points are collected.
The demographic data come from geographic and national conditions (the permanent
resident population of Wuhan is 10.081 million). Figure 8bi shows that the population is
mainly concentrated north of the Yangtze River and diminishes as you move away from the
central city. (b) Wuhan is a central city with a dense road network, as shown in Figure 8bii.
(c) The existing fire brigades in the central city of Wuhan are evenly distributed, but fire
brigade rescue services lack in the edge area of the third ring road. To ensure the accuracy
of the data for existing fire brigades, multi-source data such as Gaode, Baidu, and Tencent
maps are used for mutual verification. After data deduplication, merging, and elimination,
a total of 47 fire brigades data points are obtained, as shown in Figure 8biii. (d) Wuhan is in
the Yangtze River Basin, and the East Lake is on the right, as shown in Figure 8biv. Wuhan
has sufficient water sources, which facilitates the construction of fire brigades. (e) Wuhan
is at a low altitude, with 84.85% being below 50 m. There are only a few mountains to the
north of the Huangpi district and to the east of the Xinzhou district, accounting for only
0.13% of the city’s total area. The terrain of the study area fluctuates little, as shown in
Figure 8c.

After completing the AHP method and before executing the WLC process, we must
reclassify various evaluation standards, which are divided into nine levels by using the
natural discontinuity method (as shown in Table 9), which is based on natural groupings
inherent in the data. Recognizing the classification interval allows the most appropriate
grouping of similar values and maximizes the differences between each class. The features
are divided into multiple classes and their boundaries are set where the difference in data
is relatively large. Classification by natural breaks can very well “gather things together”
so that the differences between categories are obvious, making the differences within each
category very small so that a clear break appears between each category.
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Table 9. Evaluation criteria reclassified with the corresponding scores and weight of criteria.

Factor Fire-Risk Zone Location Orography

Evaluation
Criterion

Potential
Fire-Risk Zones Population Proximity to

Roads

Proximity to
Existing Fire

Brigade

Proximity to
the River Slope ≤ 8◦ Evaluation

Criterion

Score

9 >6.37 >133,563 ≤58.64 ≤705.91 ≤75.26 ≤1.26

8 5.46–6.37 91,067–
133,563 58.64–130.64 705.91–

1163.75 75.26–208.77 1.26–2.25

7 4.73–5.46 67,120–
91,067

130.64–
223.76

1163.75–
1611.16

208.77–
352.69 2.25–3.02

6 4.09–4.73 49,356–
67,120

223.76–
346.78

1611.16–
2110.72

352.69–
509.25 3.02–3.80

5 3.45–4.09 36,906–
49,356

346.78–
507.10

2110.72–
2716.73

509.25–
682.81 3.80–4.57

4 2.82–3.45 26,289–
36,906

507.10–
712.75

2716.73–
3424.88

682.81–
879.39 4.57–5.36

3 2.09–2.82 16,683–
26,289

712.75–
971.23

3424.88–
4208.33

879.39–
1114.99 5.36–6.21

2 1.36–2.09 6861–16,683 971.23–
1317.62

4208.33–
5121.03

1114.99–
1451.79 6.21–7.08

1 ≤1.36 ≤6861 >1317.62 >5121.03 >1451.79 >7.08

After calculating the kernel density analysis of each factor, the AHP and WLC meth-
ods are used to obtain the most suitable fire brigade construction areas. The weight is
determined based on a statistical analysis of national fire rescues in 2020. Judging from
the rescue situation of the fire brigades, the number of population rescues over the whole
year reached 395,000 (including handling traffic accidents and helping people), and the
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number of firefighting events reached 251,000. These data show that the fire brigade mainly
serves people rather than saving property. The number of social rescues is approximately
twice that of firefighting. The service of the fire brigade services is mainly to serve the
people and help the people solve problems because the location includes population, so
the location weight is slightly higher than the fire-risk zone. The orography weight is lower
than the location and fire-risk zone because a degree of less than 8◦ has little impact on the
construction of a fire brigade. Therefore, the population in the location is the main factor.
The second major factor is the fire-risk zone. The final decision matrix of factors is shown
in Table 10. The comparison shows that the final CR is less than 0.10, which indicates that
the paired comparison matrix has passed the consistency test.

Table 10. Decision matrix of factors.

Fire-Risk Zone Location Orography Weight (%) CR (%)

Fire-risk zone 1 1/2 3 32
1.9Location 2 1 4 56

Orography 1/3 1/4 1 12

As explained in Section 2.2.3, the final decision matrix of the evaluation criterion is
shown in Table 11. The comparison shows that the final CR is less than 0.10, indicating that
the paired comparison matrix passes the consistency test.

The WLC method is used for weight overlay to obtain the total evaluation area for
possible fire brigade construction. The most suitable areas, suitable areas, and unsuitable
areas for fire brigade sites are shown in Figure 9, and the area and proportion are shown
in Table 12. Suitable areas for the fire brigades in the study area cover 67.31 km2, and the
proportion of suitable areas is 12.84%. Candidate fire brigades should be built in the most
suitable areas first, before considering building in suitable areas.

Table 11. Decision matrix of evaluation criteria. (L1 is population; L2 is proximity to roads; L3 is
proximity to existing fire brigade; L4 is proximity to the river).

L1 L2 L3 L4 Weight (%) CR (%)

L1 1 1/2 1/4 2 14

6.1
L2 2 1 1/5 2 18
L3 4 5 1 4 58
L4 1/2 1/2 1/4 1 10

3.4. Coverage of Existing Fire Brigades

Time-period analysis shows that the average driving speed in Wuhan during week-
days decreases significantly during the morning rush hour (i.e., between 07:00 and 09:00)
and the evening rush hour (i.e., between 17:00 and 19:00). On weekends, the average driv-
ing speed in Wuhan City significantly decreases during the morning peak (i.e., between
09:00 and 11:00) and evening peak (i.e., between 17:00 and 19:00), as shown in Figure 10.
Similarly, the average driving speed at the same time on weekends is mostly slightly higher
than that on weekdays. Therefore, the average driving speed of all roads at six time points
on weekdays and weekends in the study area is calculated. Applying the above method
gives the average speed on various roads, which is shown in Figure 11. The results show
that the Yangtze River is the rescue barrier, hindering firefighting rescue on both sides of
the river. Wuluo Road, the Second Ring Road, and Xudong Street are express roads, and
Sanyang Road, Qinyuan Road, and the Wuhan Yangtze River tunnel are the main roads.
The Wuhan Bridge is thus a fast track line that allows faster access to the scene through the
river, not through small narrow roads.
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Figure 11. Average speeds on Wuhan road network.

The MCLP method was used to analyze the coverage of the 47 existing fire brigades
and set the response time to five minutes (see Figure 12). From the analysis of the overall
coverage of urban buildings, of the 9981 buildings, existing fire brigades cover 9310 build-
ings, which gives a coverage rate of 93.28%. An analysis of the spatial distribution of
uncovered buildings indicates that fire brigade rescue services are lacking in the north,
south, southwest, and east areas. An analysis of the coverage of fire-risk areas indicates that
the existing fire brigades cover 100% of the top 30% of fire-risk areas, and 98.3% of the top
50% of fire-risk areas, as shown in Figure 13. This spatial analysis shows that the existing
fire brigades are evenly distributed but that there is a lack of fire brigades in the north, and
there are fewer fire brigades in the edge areas. Some important risk areas, especially the
top 50% of fire-risk areas, cannot achieve 100% full coverage within a response time of
five minutes. Therefore, new fire brigades must be added in these fire-blind areas.

3.5. Spatial Optimization of Fire Brigades

(1) Idealized fire brigade coverage predictions

In this section, two methods are used to solve the minimum facilities coverage prob-
lem, which allows us to optimize the spatial distribution and number of fire brigades.
The problem involves several scenarios: In scenario 1, we select the candidate points of
fire brigades for simulation without considering existing fire brigades to determine the
minimum number of fire brigades needed. In scenario 2, we consider the existing fire
brigade functions, and the candidate fire brigades are simulated for areas that do not satisfy
the demand, and the maximum upper limit of new fire brigades is determined under
the condition of existing fire brigades. Finally, in scenario 1, 36 fire brigades are simu-
lated through five interactions and, in scenario 2, 63 fire brigades are simulated through
three interactions (see Figure 14).
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The 47 existing fire brigades are between the minimum and maximum number of
fire brigades estimated in the above experiment. Although this number is reasonable, the
spatial distribution shows that some fire brigades in the middle of the study area are densely
distributed. The idealized model is established without considering the factors such as fire
brigade area, human, and material resources. In practice, these factors should be considered
together with the fire-risk and land-use differences over the whole study area. Therefore,
we now consider the current situation of fire brigade coverage by existing fire brigades of
fire-risk zones and building constructions within a response time of five minutes, and the
fire brigade shall be built as dictated by local conditions. The following analysis determines
which existing fire brigades to retain and where to add new fire brigades.

(2) Selection of fire brigade sites for high-fire-risk zones

High-fire-risk zones refer to the top 50% of fire-risk areas. We set specific optimization
indicators to increase the coverage of the top 50% of high-fire-risk areas to over 99%. Based
on the 47 existing fire brigades, the MCLP model is used for the simulation. The results
show that a new fire brigade should be added near the intersection of Zhiqi and Meilin
roads to increase the coverage of high-fire-risk zones from 98.3% to 99.08% (as shown in
Figure 15), which satisfies the specific optimization indexes.

(3) Fire brigade optimization for total building construction rate

The purpose is to improve the coverage of all buildings in the study area. This is
carried out based on experiment (2) above (selection of fire brigade sites for high-fire-risk
zones). According to the actual situation of the study area, the specific optimization index
is to increase the total building constructions coverage to more than 99%. When a new fire
brigade is added, the coverage of buildings in the study area reaches 93.73% (as shown
in Figure 16). Combined with the actual situation of the study, the goal is to increase the
overall coverage of buildings to more than 99%. The simulation based on the MCLP model
shows that the total coverage rate increases to 99.01%, covering a total of 9882 buildings
(as shown in Figure 17), when a new fire brigade is set near the intersection of Cheyou
road and Taojialing road, third ring road and Baiwei road, Baisha road and Baisha 3rd
road, Lizhi road and Yezhi Wuhan road, Guandong road and Guangu road, Yujia road and
Luoyu road, Luoyan road and Yanzhong road, and Yanjiang road and Rail transit line 21.
This totals eight new fire brigades and ensures the coverage of most demands.



ISPRS Int. J. Geo-Inf. 2021, 10, 777 22 of 26
ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 22 of 27 
 

 

 
Figure 15. Spatial distribution of fire brigades that satisfy the needs of the top 50% high-fire-risk zones. 

(3) Fire brigade optimization for total building construction rate 
The purpose is to improve the coverage of all buildings in the study area. This is 

carried out based on experiment (2) above (selection of fire brigade sites for high-fire-risk 
zones). According to the actual situation of the study area, the specific optimization index 
is to increase the total building constructions coverage to more than 99%. When a new fire 
brigade is added, the coverage of buildings in the study area reaches 93.73% (as shown in 
Figure 16). Combined with the actual situation of the study, the goal is to increase the 
overall coverage of buildings to more than 99%. The simulation based on the MCLP model 
shows that the total coverage rate increases to 99.01%, covering a total of 9882 buildings 
(as shown in Figure 17), when a new fire brigade is set near the intersection of Cheyou 
road and Taojialing road, third ring road and Baiwei road, Baisha road and Baisha 3rd 
road, Lizhi road and Yezhi Wuhan road, Guandong road and Guangu road, Yujia road 
and Luoyu road, Luoyan road and Yanzhong road, and Yanjiang road and Rail transit 
line 21. This totals eight new fire brigades and ensures the coverage of most demands. 

 
Figure 16. For experiment (2), the spatial distribution of 48 fire brigades in all building construction sites. 

Figure 15. Spatial distribution of fire brigades that satisfy the needs of the top 50% high-fire-risk zones.

We establish an evaluation system for suitable areas for fire brigades with respect to
fire-risk zones and use GIS methods to analyze and locate the existing fire brigades and
candidate fire brigades under multiple scenarios (such as the coverage of the top 50% of
fire-risk zones and buildings) using the MCLP and LSCP models. Finally, the optimized
results for fire brigades in the study area are obtained. On top of the 47 fire existing fire
brigades, nine fire brigades need to be added, making a total of 56 fire brigades, which is
within the given range.
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4. Discussion

As China experiences rapid industrialization and urbanization, urban safety has
become an important problem that concerns many people, so a reasoned placement of
urban fire brigades is very important. In cities, land-use, building functions, and risk
status often vary, so there may be a lack of assessment of the risk profile, making fire
brigade placement irrational. For city managers and emergency responders, the challenge
of prevention can be daunting. As one of the biggest cities in China, Wuhan has the same
urban security problems that most cities face. Therefore, Wuhan is a good representative
region for use as a research area in this article. Due to the constraints imposed by the
existing buildings in the city, areas that are not suitable for building fire brigades are
excluded. In addition, considering the POI has high timeliness and wide coverage in terms
of geographic location, we demonstrate herein the potential and value of POI in urban
fire-risk assessment. At the same time, with the development of Internet technology, the
spatiotemporal road network data cover most cities. Therefore, the framework of this work
can be transferred to other types of cities.

However, cities are giant, complex, and dynamic systems, which means some prob-
lems remain unsolved. First, POI data are abstract points without building area, building
volume, and building shape, so they cannot reflect the size of the building, which may
affect the estimation accuracy of firefighting areas. Second, the same type of POI data
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may indicate a different fire intensity. For example, different materials processed inside
a chemical plant may cause a different fire risk. Such detailed information is difficult to
obtain. Third, the methods and frameworks proposed in this article are implemented in
different fields of interest, and the impact of different facility locations may need to consider
different factors and local characteristics. For example, PV and CSP site selection needs
to combine the effects of light intensity and light time [56]. Finally, a comprehensive site
selection of the fire brigade needs to be conducted based on historical fire data. We believe
that with the development of information and communication technology, the emergence
of new data will further aid in solving these problems.

5. Conclusions

This paper presents the results of an evaluation of the suitability of sites for fire
brigades in Wuhan, China. According to the city fire-risk assessment method and the
existing specifications, the POI data are divided into different fire-risk zones, which are
standardized and weighted with the help of an AHP model, and the distribution of fire-
risk zones is identified through overlay. The position of new fire brigades is optimized
based on the existing fire brigades and upon considering their impact on the top 50%
high-fire-risk zones and the overall building construction areas, with the overall goal being
to improve service efficiency and shorten attendance time. The results lead to the following
conclusions:

(1) An analysis reveals a good overall building coverage offered by the existing 47 fire
brigades in the study area. These fire brigades cover 9310 buildings, for a coverage
rate of 93.28%. An analysis of the coverage zones indicates a lack of fire brigade
rescue services in the north, south, southwest, and east of the study area. An analysis
of the coverage of fire-risk zones shows that the existing fire brigades cover 100% of
the top 10% fire-risk areas, 100% of the top 30% fire-risk areas, and 98.3% of the top
50% fire-risk areas.

(2) To attain the goal of improving the overall coverage of the top 50% high-fire-risk
areas and buildings, we selected optimal fire brigade sites. Nine new fire brigades
are proposed, which would increase the overall coverage to 99.01% for buildings and
99.08% for the top 50% high-fire-risk areas, thereby ensuring that most demand points
are covered.
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