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ABSTRACT

In recent years, frequent fire disasters have led to enormous damage in China. Effective firefighting rescues can
minimize the losses caused by fires. During the rescue processes, the travel time of fire trucks can be severely
affected by traffic conditions, changing the effective coverage of fire stations. However, it is still challenging to
determine the effective coverage of fire stations considering dynamic traffic conditions. This paper addresses this
issue by combining the traveling time calculation model with the effective coverage simulation model. In addition,
it proposes a new index of total effective coverage area (TECA) based on the time-weighted average of the effective
coverage area (ECA) to evaluate the urban fire services. It also selects China as the case study to validate the
feasibility of the models, a fire station (FS-JX) in Changsha. FS-JX station and its surrounding 9,117 fire risk
points are selected as the fire service supply and demand points, respectively. A total of 196 simulation scenarios
throughout a consecutive week are analyzed. Eventually, 1,933,815 sets of valid sample data are obtained. The results
showed that the TECA of FS-JX is 3.27 km2, which is far below the standard requirement of 7.00 km2 due to the
traffic conditions. The visualization results showed that three rivers around FS-JX interrupt the continuity of its
effective coverage. The proposed method can provide data support to optimize the locations of fire stations by
accurately and dynamically determining the effective coverage of fire stations.
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1 Introduction

Fire hazard is a destructive natural disaster that can lead to the loss of lives and properties,
environmental damage, and social and economic stability [1–3]. The fire data released by the National
Fire and Rescue Administration of China showed that there were 825,000 fire accidents reported
nationwide in 2022, resulting in 2,053 deaths and 7.16 billion direct fire property loss [4]. Among these,
forest fires are not included. The losses of fires can be significantly reduced by prompt fire rescue [5,6].
However, traffic congestion and poor transportation infrastructure have been the biggest obstacles
to fire rescue [7–9]. Optimization of transportation infrastructure can release traffic congestion [10].
When traffic is congested, fire trucks spend more time reaching the fire scene, reducing the fire services’
effective coverage. As traffic conditions vary dynamically over time, the effective coverage also varies
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[11,12]. Due to the dynamic traffic conditions, it is difficult to determine the effective coverage in real
time [13]. Grasping the effective coverage variation rules is important under the impacts of traffic
conditions.

The government usually stipulates the effective coverage of fire services provided by each fire
station in China based on the administrative jurisdiction [14]. In the code for the planning of urban
fire control GB 51080-2015 in China, the jurisdiction area of each urban fire station was stipulated
as less than 7.00 km2 [14]. However, the planning pattern of fire stations based on the standard of a
7.00 km2 area fails to meet the requirement for fire safety in real-world scenarios with increasingly
complex transportation networks and rapidly changing traffic conditions [14]. When traffic gets more
congested, the response time of fire rescue has become a more significant factor for the efficiency of
fire rescue [8,15].

Considering the influence of traffic congestion on fire rescue, the real-time response time should
be considered as a determining factor [8,14]. As a result, the response time is more suitable for judging
the effective coverage of one fire station rather than the jurisdiction area. The Geographic Information
System (GIS) techniques can also calculate the response time. With the increasing applications, GIS is
increasingly being utilized in fire station planning [16–20]. Spatial data can be analyzed and processed
using GIS to calculate and evaluate fire station locations, coverage ranges, response times, and other
factors [21,22]. However, the data stored in the road network are updated slowly. Therefore, the real-
time traffic conditions failed to be considered, resulting in an inaccurate assessment of the effective
coverage of fire stations [23].

With the maturity of big data, online maps such as Google Map, Baidu Map, and Amap are
increasingly being utilized in fire planning [24,25]. These online maps offer various functions, such as
location services, navigation, and route planning [26]. Many points of interest (POIs) are stored in the
online map databases [27,28]. Utilizing the application program interface (API) of the online map’s web
service, the POI information, including names and addresses of buildings, latitude coordinates, and
longitude coordinates, can be extracted to visualize the fire risk points distribution [29]. Furthermore,
real-time traffic data can be accessed to calculate travel time and distance from any location to another
on Earth [30–32].

In recent years, several models have been developed using online maps and taking real-time traffic
conditions into account to simulate the response time for fire rescue [8,13,33]. These models rely on
a combination of real-time traffic data and points of interest (POI) data to simulate the service areas
of fire stations. A previous study developed one such system to estimate the service area of a fire
station called CS-FS in Changsha, China. This estimation results showed that the service area of the
fire station varied depending on traffic conditions. However, the variations in fire services coverage
areas pose challenges when evaluating the effectiveness of urban fire services. Therefore, there is a
need for a comprehensive model that can evaluate the effectiveness of urban fire services considering
all these factors. Furthermore, previous studies did not consider the impacts of rivers on the travel
of fire trucks; however, fire stations are generally located near rivers. Consequently, it is crucial to
study the influence of rivers on fire services in the simulation of fire station coverage. This research
provides valuable insights into the reasonable allocation of firefighting resources and urban planning,
especially about fire station locations. This study improves previously developed simulation models for
a more accurate simulation of fire services coverage [8]. Due to the constant variations of the effective
coverage area (ECA), ECA’s time-weighted value (TECA) at a consecutive time is added to the model
as a new evaluation index. Based on TECA, it is more convenient for the government to evaluate the
effectiveness of fire services. The FS-JX, surrounded by rivers on three sides in Changsha City, China,
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is selected as the study area. By combining data with visualization analysis, the proposed method helps
improve the rationality of firefighting resources allocation and the level of fire services.

2 Study Area

Changsha City is situated in the north-eastern area of Hunan province in China. The land area
here is 11,816.00 km2, of which the urban area is 2,150.90 km2, and the built-up area is 374.64 km2.
The satellite map of Changsha city and the geographical location of FS-JX is shown in Fig. 1.

Figure 1: Satellite map of Changsha city and geographical location of FS-JX

Fig. 1 shows that the FS-JX is a fire station in Changsha city, surrounded by River R1, River R2,
and River R3 on three sides. However, only three bridges, Bridge B1, Bridge B2, and Bridge B3, and
one tunnel, Tunnel T1, connect FS-JX to the other side of the rivers. The urban area of Changsha is
in the center of Changsha City, which is densely built, populated, and commercially prosperous. The
FS-JX is surrounded by high-rise buildings with great fire risk, as shown in Fig. 2. According to the
Chinese GB 51080-2015 standard. The FS-JX has the capability of a Class I fire station with a service
area of no more than 7 square kilometers.

Figure 2: FS-JX and its surroundings
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3 Method

The building footprints in a community can be automatically extracted by traditional GIS
technology. The travel time and distance between any two places on the Earth can be calculated
by importing the fire station information and the traffic data stored in the road network to GIS.
Compared to traditional accessibility analysis, the spatial accessibility of buildings can be calculated
more accurately using GIS technology, thus providing a quick and fair delivery of fire services.
However, the traffic data stored in GIS lacks real-time capability. Therefore, the travel time calculated
using GIS differs from the actual travel time. Compared to GIS, real-time traffic conditions are
considered in online maps. A large amount of traffic data and POI information is stored in online maps.
Using online maps, the geographic information of most buildings, such as residential communities,
hotels, shopping malls, factories, and schools, including fire stations, can be structured and then parsed
as longitude and latitude.

In this paper, the travel times calculation model and the effective coverage simulation model
were combined to simulate the effective coverage of FS-JX. Firstly, the travel times calculation model
was used to calculate fire trucks’ travel times and travel distances. Secondly, the effective coverage
simulation model was used to simulate the effective coverage of FS-JX.

3.1 The Travel Times Calculation Model
Based on the data crawl function of online maps, a numerical model was developed to calculate

the travel times of fire trucks in real time [8,12,13,33]. The calculation process of the model can be
divided into 6 steps.

3.1.1 Initial Data Processing

The longitude and latitude of FS-JX can be obtained by parsing the geographic information of
FS-JX.

3.1.2 POIs Extraction

The surrounding buildings’ POI can be extracted using the longitude and latitude information of
FS-JX.

3.1.3 Data Cleaning

After examining the POIs and deleting the ineffective POIs, the remaining POIs that present the
fire risk points are effective and can be used to calculate the travel times of fire trucks.

3.1.4 Parameter Construction

The longitude and latitude information of FS-JX and its surrounding POIs construct the
calculation parameters.

3.1.5 Travel Times Calculation

The parameters obtained in Step 4 can be used to calculate the travel times and travel distances
combined with traffic data stored in online maps by calling the Web API of online maps. However, the
travel times calculated directly are those of ordinary vehicles because they produce traffic data under
the restrictions of traffic lights, etc. According to GB 51080-2015 in China, special vehicles such as fire
engines, ambulances, police cars, etc., are not limited to any driving velocity and traffic lights, making
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the travel times of fire trucks quite shorter than those of ordinary vehicles. However, the traffic data of
fire trucks is unpublic due to data protection. Therefore, it is necessary to achieve the conversion from
the travel times of ordinary vehicles to the travel times of fire trucks by multiplying the earlier with
the reduction factor (RF). In previous studies, the RF was set up for 80% [12,33,34], meaning that fire
trucks’ travel velocity was 25% quicker than ordinary vehicles. In this paper, based on the investigation
of 86 firefighters in China, the RF was set to 70%, 80%, and 90% [33].

3.1.6 Data Storage

All data, including the travel times of fire trucks, are stored in the database SQLite.

3.2 The Effective Coverage Simulation Model
The travel times calculation model calculates fire trucks’ travel times and travel distances. To

evaluate the fire services of FS-JX, the simulation model has been developed as follows [8,12,13,33].

3.2.1 Target Travel Time Determination

The effective coverage area of a fire station is decided on the response time. The response time
of fire rescue consists of the preparation time after receiving a fire alarm and the fire trucks’ travel
time. However, the preparation time is usually constant and limited to 1 min due to the strict rules
regarding the preparation time for firefighters. In contrast, the travel time of fire trucks can change
from 1 min to more than 1 h due to the dynamic traffic conditions. Therefore, the travel time of fire
trucks determines the response time of fire rescue and the effective coverage area of a fire station.

Different countries have various standards regarding the response time of fire rescue. For instance,
the fire station locations in the Istanbul metropolitan municipality were optimized based on a response
time of 5 min [35]. In the US, the objective is to have the first fire truck arriving within 4 min at 90%
of fire incidents [36]. The UK Home Office recommends classifying fires into four risk categories (A,
B, C, and D) with corresponding travel time limits of 4–5, 5–8, 8–10, and 10–20 min, respectively [37].
In China, according to GB 51080-2015, firefighters are expected to reach the edge of the service area
within 5 min after receiving dispatch orders [14]. This 5 min timeframe includes 1 min for preparation
and 4 min for travel. This study’s target value for travel time is 4 min, aligning with the Chinese
standard.

3.2.2 Fire Risk Points Classification

By calling the Web API of online maps, the travel time of fire trucks arriving at fire risk points
from FS-JX (t) can be calculated. Based on the target travel time, the fire risk points with t ≤ 240 s are
named effective covered points, which can be effectively covered; the fire risk points with t > 240 s are
named ineffective covered points, which cannot be effectively covered.

All fire risk points are discretely distributed, but the effective coverage of FS-JX is continuously
distributed. The polygon area defined by the effective covered points represents the effective coverage
of the fire station. Therefore, the boundaries of the effective covered points should be clearly
determined to accurately simulate the fire station’s effective coverage.

3.2.3 The Effective Coverage Simulation

This study applied a new boundary search algorithm of planar discrete points developed previ-
ously to simulate the effective coverage of FS-JX [7]. Compared to the traditional boundary search
algorithm, the new algorithm can be applied to both convex and concave polygons. Effective fire
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station coverage can be a polygon of any shape; thus, the simulated coverage by the new algorithm is
closer to the actual situation. Based on the newly proposed algorithm, the effective covered points are
taken as P (t ≤ 240 s), and the ineffective covered points are taken as P (t > 240 s). The implementation
of the boundaries search algorithm in this study can be divided into four steps: (1) construct a planar
centered by FS-JX; (2) divide the planar into k parts; (3) identify the furthest point in P (t ≤ 240 s)
for every divided part; (4) connect all points found by Step 3 in sequence. The technical process of the
simulation models in Sections 3.1 and 3.2 of this paper is shown in Fig. 3.

Figure 3: The technical process of the simulation models

The simulated effective coverage of FS-JX varied with traffic conditions. Therefore, the services
area (ECA) of FS-JX should be calculated in real time to analyze the variation rules of effective
coverage quantitatively. To calculate the ECA, the longitude and latitude coordinates should be
converted to two-dimensional coordinates. This paper adopted Mercator coordinates to calculate the
ECA [38]. The latitude and longitude coordinates of the i-th fire risk point were defined as (lngi, lati),
and the Mercator coordinates of the i-th fire risk point were defined as (xi, yi).

Suppose that there are n fire risk points around FS-JX, then a total of k fire risk points are
identified as the boundary points of the polygon standing for the effective coverage of FS-JX.
Thereafter, randomly select a boundary point and represent its longitude and latitude coordinates
as (lng1, lat1) and its Mercator coordinates as (x1, y1). The longitude and latitude coordinates of the
boundary points were sequentially represented as (lng1, lat1), (lng2, lat2), (lng3, lat3), . . . , (lngk, latk),
respectively. According to Eq. (1), the Mercator coordinates of all boundary points were represented
as (x1, y1), (x2, y2), (x3, y3), . . . , (xk, yk), respectively. The ECA of FS-JX can be calculated based on
the Shoelace Theorem, as shown in Eq. (1), among which xk+1 = x1, yk+1 = y1.

ECA = 1
2

∣∣∣
∑k

i=1
(xiyi + 1 − xi + 1yi)

∣∣∣ (1)

The firefighting resources (especially fire trucks) can be reallocated according to the variation of
ECA. However, it is inconvenient for the government to effectively manage firefighting resources with
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the dynamic changes of ECAs. Therefore, it is imperative to calculate the time-weighted value of ECA
at a continuous time (a day or a week) to help the local government make decisions on optimizing
the spatial distribution of firefighting resources. The time-weighted value of ECAs can represent the
average value of ECAs in a certain time, and the time-weighted value was defined as TECA. To analyze
the variation rules of ECA, m simulation scenarios were set for m time points. The j-th simulation
scenario was defined as tj, and the ECA in the j-th simulation scenario was taken as ECAj. The TECA
is the integral value of ECAs over time. The calculation formula of TECA in the whole m simulation
scenarios is shown in Eq. (2).

TECA = 1
tm − t1

m−1∑

j=1

1
2

(
ECAj + ECAj+1

) (
tj+1 − tj

)
(2)

After calculating the value of TECA, specific actions should be implemented based on the
comparison of TECA with the standard value of 7.00 km2 stipulated in GB 51080-2015. Through the
visualization of fire risk distribution, the firefighting resources should be deployed from places with
concentrated fire service demand points to places with sparse fire service demand points. In addition,
more fire stations should be built to improve the regional effective coverage rate of fire services.

3.3 The Added Index: The Time-Weighted Average Value of Effective Covered Area
In addition to ECA, the average travel time (AT), the average travel distance (AD), and the average

travel velocity (AV ) of fire trucks could also be simulated. Suppose that the travel time from a fire
station to the i-th fire risk point in the j-th simulation scenario is defined as T(i, tj); the travel distance
from a fire station to the i-th fire risk point in the j-th simulation scenario is defined as D(i, tj). The
calculation formulas of AT , AD, and AV in the j-th simulation scenario are shown in Eqs. (3)–(5).

AT (t = j) = 1
n

×
n∑

i=1

T
(
i, tj

)
(3)

AD (t = j) = 1
n

n∑

i=1

D
(
i, tj

)
(4)

AV (t = j) = AD (t = j)
AT (t = j)

(5)

Similar to the calculation of TECA, the time-weighted values of TAT , TAD, and TAV can be
calculated, as shown in Eqs. (6)–(8).

TAT = 1
tm − t1

m−1∑

j=1

1
2

(
ATj + ATj+1

) (
tj+1 − tj

)
(6)

TAD = 1
tm − t1

m−1∑

j=1

1
2

(
ADj + ADj+1

) (
tj+1 − tj

)
(7)

TAV = 1
tm − t1

m−1∑

j=1

1
2

(
AVj + AVj+1

) (
tj+1 − tj

)
(8)
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3.4 Simulation Scenarios
FS-JX is in the center of Changsha, where traffic conditions change throughout the day. As a

result, the travel time of fire trucks varies significantly over time. Around 06:00–08:00 and 17:00–19:00
are the peak traffic hours, and around 00:00–04:00 is the period of least traffic density. The simulation
scenarios were set up to obtain the dynamic variation characteristics of the effective coverage of FS-
JX. Considering that the traffic conditions may differ between weekdays and weekends, the simulation
scenarios were set up every hour for a consecutive week from December 12, 2022 (Monday) to
December 18, 2022 (Sunday). In addition, the scenarios for peak traffic hours were increased, and four
additional simulation scenarios were set up at 7:30, 8:30, 17:30, and 18:30. Therefore, 196 simulation
scenarios were set for 7 days.

4 Results and Discussions
4.1 Total Results

In the data crawling phase, 9,917 risk points were obtained as samples by calling the Web API of
Baidu Map. Theoretically, 1,943,732 sets of sample data could be obtained in the end. However, only
195 estimation scenarios were valid, and 1,933,815 sets of valid sample data were obtained. The values
of ECA at different RF , AT , AD, and AV in all simulation scenarios are shown in Appendix A

The results of data analysis showed that the ECAs of FS-JX present a significant periodic pattern
during the whole week. During the daytime, the traffic was more congested than at night, the distance
traveled by fire vehicles was shorter within the same time, and the value of ECA was lower; at night,
the traffic was smoother than during the daytime, the distance traveled by fire vehicles within the same
time was longer and the value of ECA was higher. In addition, the AT and AV variations also present
a periodic pattern. The variations of the AT are opposite to the variations of the ECA because the
more travel time the fire trucks take, the fewer fire risk points will be effectively covered, and the value
of the ECA will be lower. On the contrary, the variations of the AV are the same as the ECA’s because
the quicker fire trucks travel, the more fire risk points can be reached simultaneously, and the value of
the ECA will be higher.

4.2 Detailed Results and Typical Simulation Scenarios Visualization
In order to analyze the variation rules of ECA more brightly, the data of ECAs in all scenarios at

different RF are shown in Fig. 4 in a line chart form. Combining the detailed data of ECA presented
in Table S1 in Appendix A and Fig. 4, it is easy to see that when the RF was set to 70%, the value
of ECA fluctuated between 2.16 and 6.20 km2, and the corresponding TECA was calculated as 4.40
km2; when the RF was set to 80%, the value of ECA fluctuated between 1.58 and 4.17 km2, and the
corresponding TECA was calculated to be 3.26 km2; when the RF was set to 90%, the value of ECA
fluctuated between 1.09 and 3.71 km2, and the corresponding TECA was calculated to be 2.64 km2.
Whatever value the RF was set to, the variations of ECA over time indicated that the dynamic change
of traffic conditions greatly influenced the effective coverage and fire services level of fire stations.
Whatever value the RF was set to, the value of TECA is much lower than 7.00 km2, indicating that
the fire services level of FS-JX is relatively low. Therefore, firefighting resources (especially fire trucks)
must be reasonably allocated to improve the level of fire services. In addition, because fire trucks travel
faster in smaller RF , the ECA and the TECA will be larger.
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Figure 4: The variations of ECA in 195 simulation scenarios at different RF

From Fig. 4, it is easy to observe that the ECA is smaller during the day and larger at night.
The ECA reached the minimum throughout the day at 7:30–8:00 and 17:30–18:30 when the traffic
conditions were the most congested; on the contrary, the ECA reached the maximum throughout the
day approximately at 0:00–5:00 when the traffic conditions were the smoothest. In addition, impacted
by the COVID-19 pandemic, the number of vehicles going out in Changsha was greatly reduced in the
last two days (Saturday and Sunday). Consequently, the ECA was generally higher during these two
days, especially during the daytime compared to the previous days.

The detailed data of ECA in 195 simulation scenarios are shown in Table S1 in Appendix A. To
quantitatively analyze the impact of the RF on travel times of fire trucks, the mean value, the variance,
and the standard deviation of ECA in the whole week are calculated, as shown in Table 1. From Table 1,
it can be seen that the mean value, the variance, and the standard deviation are all getting smaller, with
RF getting larger. With smaller RF , the travel velocity of fire trucks is quicker, and the longer distance
can they arrive during the same time. As a result, the fluctuation range of ECA is bigger when the RF is
smaller. The variations of mean value show that the ECA is increasing throughout the entire week. The
results show that the effective coverage is getting bigger because the traffic in Changsha City is getting
smoother due to the fewer vehicles on the street daily under the impact of the COVID-19 pandemic.

Table 1 : Statistical results for ECA (m2) at different RF

Time RF Mean Variance Standard deviation

Monday 4,047,013.56 830,566,959,893.75 911,354.46
Tuesday 4,155,389.26 839,882,340,177.33 916,450.95
Wednesday 4,122,381.28 625,370,585,726.85 790,803.76
Thursday 70% 4,206,526.58 747,085,679,629.66 864,341.18
Friday 4,186,374.60 575,750,760,182.29 758,782.42
Saturday 4,542,702.23 392,825,208,942.11 626,757.70
Sunday 4,622,564.25 598,278,721,131.78 773,484.79
Monday 3,032,343.83 527,542,704,253.46 726,321.35
Tuesday 3,086,489.19 518,477,394,738.21 720,053.74
Wednesday 3,088,804.56 370,585,704,147.35 608,757.51
Thursday 80% 3,115,235.58 442,989,158,222.74 665,574.31
Friday 3,163,736.88 308,011,877,279.86 554,988.18

(Continued)
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Table 1 (continued)

Time RF Mean Variance Standard deviation

Saturday 3,315,619.12 224,839,968,835.14 474,172.93
Sunday 3,351,679.42 201,888,069,336.27 449,319.56
Monday 2,432,524.35 496,804,368,246.26 704,843.51
Tuesday 2,486,610.87 545,732,620,472.46 738,737.18
Wednesday 2,452,784.50 421,084,403,938.23 648,910.17
Thursday 90% 2,479,453.26 416,759,517,598.37 645,569.14
Friday 2,551,170.16 322,611,104,980.35 567,988.65
Saturday 269,7818.63 262,010,696,194.06 511,869.80
Sunday 272,1595.82 223,920,365,956.00 473,202.25

Referring to previous studies, the RF value is 80% for detailed data and visual analysis [8,13,33].
Assuming that the RF was 80%, the ECA reached the minimum at 17:30 on Tuesday and the maximum
at 3:00 on Saturday. In order to analyze the variation rules of AT , AV , and AD more comprehensively,
the data of AT , AV , and AD in all scenarios are presented in Figs. 5–7 with the assumption that the
RF was 80%. The variation rules of AT are opposite to the variation rules of ECA. The variation rules
of AV are the same as the variation rules of ECA. However, the variation rules of AD are different
from the variation rules of the AT and the AV , and the value of AD over time fluctuated slightly. In
the last two days, the value of AD increased greatly due to the COVID-19 pandemic. Many roads were
closed these two days, making fire trucks travel more distances to arrive at the same place. It is easy to
see that the traffic operation also greatly influenced the fire services. Therefore, the local government
must resume the traffic as soon as possible after a car accident or other emergencies requiring close
roads. Like the calculation of the TECA, the time-weighted average values of AT , AD, and AV were all
calculated. The TAT , TAD, and TAV were calculated to be 526.10 s, 3,672.45 m, 7.07 m/s, respectively.
Among them, the TAT was much larger than the target travel time of 240 s, indicating that fire services
cannot effectively cover most fire risk points near the FS-JX.

Figure 5: The variations of AT in 195 simulation scenarios
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Figure 6: The variations of AD in 195 simulation scenarios

Figure 7: The variations of AV in 195 simulation scenarios

The detailed data of AT , AD, and AV in 195 simulation scenarios is shown in Table S2 in
Appendix A. Based on the detailed data, the mean value, the variance, and the standard deviation are
calculated and presented in Table 2. From Table 2, it can be observed that the variation rules of AV are
consistent with the variation rules of ECA; the variation rules of AT are contrary to the variation rules
of ECA. With traffic getting smoother due to the COVID-19 pandemic, the velocity of fire engines is
faster during the same time. The variations of AD are few and can be ignored.

Table 2: Statistical results for AT , AD, and AV when RF = 80%

Time Parameter Mean Variance Standard deviation

Monday AT (s) 557.99 7,903.34 88.90
Tuesday 550.66 6,306.69 79.41
Wednesday 567.62 5,607.34 74.88
Thursday 544.71 5,049.10 71.06
Friday 543.88 4,030.53 63.49
Saturday 514.97 2,313.21 48.10
Sunday 508.94 1,360.77 36.89
Monday AD (m) 3,672.35 1.45 × 10−3 0.04
Tuesday 3,672.32 1.04 × 10−3 0.03
Wednesday 3,672.32 1.63 × 10−3 0.04
Thursday 3,672.30 6.45 × 10−3 0.08

(Continued)
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Table 2 (continued)

Time Parameter Mean Variance Standard deviation

Friday 3,672.33 1.21 × 10−3 0.03
Saturday 3,672.48 0.07 0.27
Sunday 3,673.03 0.10 0.32
Monday AV (m/s) 6.74 0.97 0.98
Tuesday 6.80 0.86 0.93
Wednesday 7.08 0.84 0.91
Thursday 6.85 0.73 0.85
Friday 6.84 0.61 0.78
Saturday 7.17 0.40 0.64
Sunday 7.26 0.33 0.57

To take feasible measures to improve the fire services by expanding the effective coverage of FS-
JX, four typical simulation scenarios were set up for visualization analysis. Detailed information on
the scenarios is presented in Table 3. The four typical simulation scenarios included two scenarios with
ECA closed to TECA and scenarios with mini and max ECA.

Table 3: Detailed information of four typical simulation scenarios

Simulation scenarios ECA (m2) Description of scenarios

Thursday 13:00 3,250,365.57 ECA is closest to TECA
Saturday 8:30 3,253,879.52
Tuesday 17:30 1,580,579.72 ECA is minimum
Saturday 3:00 4,172,625.64 ECA is maximum

The visualization of the typical simulation scenarios is presented in Fig. 8, providing a horizontal
angle for analyzing the fire risk points’ distribution characteristics and the effective coverage variation
rules. It can be seen that the effective coverage points are concentrated near FS-JX. However, many
risk points near FS-JX still cannot be covered effectively. This is because many buildings (including
large residential communities, vegetable markets, old neighborhoods, etc.) are excluded from fire
services coverage due to the difficulty of vehicles entering these buildings. Therefore, some specific
measures are needed to improve the fire services of FS-JX, such as strengthening the reconstruction
of old communities, regulating the vehicles parking in vegetable markets to clear the fire passages, and
increasing the number of entrances in large residential communities.

In order to understand the variation rules of ECA from a vertical angle, the day with the biggest
variation of ECA (Tuesday) was selected as the visualization target. The visualization results of the
total 28 simulation scenarios on Tuesday are shown in Fig. 9.
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Figure 8: The effective coverage of FS-JX in the four typical simulation scenarios (green dots represent
effective covered points and red dots represent ineffective covered points; visualization results when
RF = 70% and RF = 90% are presented in Appendix A: Figs. S1 and S2)

From Fig. 9, the effective coverage changes dynamically over time, and its variation rules are
based on Fig. 4. The effective coverage was much smaller during the daytime than at night. Due to the
random traffic flows, the shapes of the polygon representing the effective coverage of FS-JX are all
different in the 28 scenarios. The areas of the polygon change greatly throughout the day, indicating
that ECA varies significantly during the day. Regardless of whether the traffic condition is congested or
smooth, there are many ineffective covered points in the simulated effective coverage, suggesting that
there are always deviations between the simulated effective coverage and the actual effective coverage.
Therefore, the algorithm for simulating the effective coverage should be improved consecutively to
obtain the most accurate and scientific simulation results. In addition, the shapes of effective coverage
are impacted significantly by rivers. As a result, the fire risk points across the rivers cannot be covered
effectively.
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Figure 9: The visualization of effective coverage in 28 simulation scenarios on Tuesday (visualization
results when RF = 70% and RF = 90% are presented in Appendix A: Figs. S3 and S4)

Combining Figs. 4 and 9 shows that the effective coverage of FS-JX has been separated by the
rivers (River R1, River R2, and River R3). However, except for a few highways, only three bridges
(Bridge B1, Bridge B2, and Bridge B3) and one tunnel (Tunnel T1) connect fire risk points across the
rivers with the land where the FS-JX is located. In addition, the bridges are long, forcing fire trucks
to pass when traffic conditions get congested, especially during commuting hours. As a result, the
fire services can be improved in two aspects. On the one hand, new bridges and tunnels should be
built, or the roads of existing bridges should be widened to earn more time for fire rescue. On the
other hand, the locations of fire stations should be adjusted, and the firefighting resources should be
allocated dynamically when considering the separation impact of rivers. Consequently, the government
must consider the impact of rivers before constructing new fire stations. By vertically observing and
analyzing the variation rules of ECA, the space layout of firefighting resources can be adjusted, and
the usage efficiency of firefighting resources can be improved. The method proposed in this paper suits
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common scenarios but does not suit the simulation of effective coverage after an earthquake and the
prompt allocation of firefighting resources. Therefore, it is necessary to improve the models for a wider
range of applications [39].

5 Conclusions

Since effective coverage of fire stations varies dynamically with traffic conditions, it is difficult for
the government to evaluate the effectiveness of fire stations’ fire services. In this paper, the travel times
calculation model and the effective coverage simulation model were used to simulate a fire station in
China. The real-time effective coverage of FS-JX was simulated, and the ECA was calculated by calling
the Web API of Baidu Maps. In order to achieve a reasonable allocation of firefighting resources and
an effective evaluation of urban fire services, the time-weighted value of ECAs within a consecutive
week (TECA) was added to the simulation models as a new index. The effectiveness of fire services can
be evaluated by comparing TECA to the maximum area of effective coverage in a fire station specified
in China’s national standard GB 51080-2015. In previous studies, the influence of rivers on urban fire
services has been ignored. Therefore, FS-JX, a fire station surrounded by rivers on three sides located
in Changsha, China, was chosen as the study object.

A total of 196-time points in a consecutive week were set as simulation scenarios for effective
coverage (195 effective simulation scenarios) to grasp ECA’s variation rules over time. In the data
extraction phase, 9,917 risk point POIs around FS-JX were extracted, and 1,933,815 sets of valid
sample data were obtained. In order to analyze the variations of ECAs more accurately, the reduction
factor of travel times of fire trucks was assumed to be 70%, 80%, and 90%. With the assumption that
the RF is 80%, the results of data analysis show that the ECA fluctuated between 1.58 and 4.17 km2.
The corresponding TECA was calculated to be 3.26 km2. The results indicate that the fire services
level of FS-JX is quite low and has great room for improvement. The visualization results show that
the effective coverage points are concentrated near FS-JX. However, many fire risk points around FS-
JX are still out of effective coverage. By visualizing the four typical simulation scenarios and all 28
simulation scenarios on Tuesday, it is obvious to see the separation impact of River R1, River R2,
and River R3 on the fire services of FS-JX. Therefore, urban planners and relevant departments need
to consider the impacts of terrain factors such as rivers. In summary, to improve urban fire services,
there are two ways to achieve scientific planning for the fire stations: fire station locations should be
planned according to the data and visualization results, and the impact of rivers should be considered
before building new fire stations.

In the future, the models for simulating effective coverage should be improved, considering special
scenarios when the travel of fire trucks can be impacted after an earthquake disaster. In addition, the
impact of the mountain terrain on the fire services should also be studied. The proposed simulation
models can provide data support for optimizing the fire station locations, increasing the effective
coverage of fire stations, and improving the fire services level.
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Appendix A

Table S1: ECA (m2) in 195 simulation scenarios at different RF

Day Time RF = 70% RF = 80% RF = 90%

Monday 00:00 4,875,431.55 3,860,367.29 3,361,840.72
Monday 01:00 5,220,390.04 3,910,876.63 3,622,505.07
Monday 02:00 5,388,606.43 4,088,153.45 3,482,989.89
Monday 03:00 5,322,942.04 4,040,695.01 3,440,764.59
Monday 04:00 5,388,606.43 4,010,344.27 3,624,671.15
Monday 05:00 5,322,942.04 3,895,524.47 3,303,036.09
Monday 06:00 4,733,520.29 3,904,718.44 3,087,447.36
Monday 07:00 3,933,396.42 3,357,667.34 2,490,354.57
Monday 07:30 3,071,103.15 2,290,675.93 1,876,267.57
Monday 08:00 2,437,266.44 2,004,694.53 1,350,852.01
Monday 08:30 3,158,889.68 2,058,989.21 1,499,413.92
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Table S1 (continued)

Day Time RF = 70% RF = 80% RF = 90%

Monday 09:00 3,929,665.45 2,800,149.25 2,104,301.04
Monday 10:00 4,135,208.84 2,811,569.57 2,260,020.92
Monday 11:00 4,584,227.26 2,995,514.20 2,528,395.96
Monday 12:00 4,584,227.26 2,937,312.48 2,406,475.88
Monday 13:00 4,654,777.83 3,507,899.99 2,696,746.88
Monday 14:00 4,490,060.10 2,981,754.18 2,503,095.79
Monday 15:00 4,338,778.80 2,896,271.08 2,256,093.11
Monday 16:00 3,919,855.30 2,839,319.75 2,321,636.07
Monday 17:00 2,741,778.67 2,067,753.60 1,501,648.64
Monday 17:30 2,586,100.61 1,848,541.76 1,439,937.30
Monday 18:00 2,705,672.48 2,025,191.00 1,448,616.46
Monday 18:30 2,948,318.07 2,312,842.27 1,739,561.61
Monday 19:00 3,278,706.41 2,391,358.76 1,902,504.92
Monday 20:00 3,327,493.39 2,626,335.91 2,018,532.28
Monday 21:00 3,660,487.48 2,837,482.60 2,172,894.48
Monday 22:00 4,154,845.42 3,779,165.88 2,570,418.08
Monday 23:00 4,423,081.89 3,824,458.38 3,099,659.35
Tuesday 00:00 5,075,835.68 4,022,979.65 3,320,706.32
Tuesday 01:00 5,431,477.47 4,079,658.87 3,703,518.59
Tuesday 02:00 5,388,606.43 4,079,658.87 3,685,176.37
Tuesday 03:00 5,388,606.43 4,034,054.74 3,632,202.31
Tuesday 04:00 5,557,448.51 4,071,345.99 3,699,832.04
Tuesday 05:00 5,164,504.08 3,938,054.33 3,476,476.81
Tuesday 06:00 5,075,835.68 3,924,356.03 3,385,837.29
Tuesday 07:00 4,077,214.34 3,640,462.27 2,537,269.36
Tuesday 07:30 3,593,024.17 2,734,348.16 2,018,612.74
Tuesday 08:00 3,182,584.43 2,174,667.75 1,639,539.80
Tuesday 08:30 3,697,323.77 2,501,224.90 1,804,768.01
Tuesday 09:00 3,952,938.55 2,816,791.45 1,977,987.52
Tuesday 10:00 4,048,075.05 2,908,006.77 2,205,913.84
Tuesday 11:00 4,484,547.07 3,055,699.14 2,400,502.11
Tuesday 12:00 4,399,474.09 2,990,295.63 2,311,870.77
Tuesday 13:00 4,767,340.42 3,411,201.92 2,700,733.38
Tuesday 14:00 4,290,268.69 3,032,602.55 2,377,856.44
Tuesday 15:00 4,582,325.80 3,142,937.34 2,531,453.35
Tuesday 16:00 4,351,789.69 2,949,926.22 2,303,479.87
Tuesday 17:00 2,991,514.43 2,518,123.50 1,901,422.96
Tuesday 17:30 2,400,753.60 1,580,579.72 1,087,176.69
Tuesday 18:00 2,159,067.26 1,754,423.20 1,367,310.21
Tuesday 18:30 2,907,867.62 2,244,367.22 1,634,367.38
Tuesday 19:00 3,109,815.88 2,290,476.64 1,865,927.91

(Continued)
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Table S1 (continued)

Day Time RF = 70% RF = 80% RF = 90%

Tuesday 20:00 3,512,971.33 2,633,996.41 1,998,685.59
Tuesday 21:00 4,015,956.37 2,747,283.77 2,357,136.17
Tuesday 22:00 4,010,212.18 3,464,081.68 2,711,399.66
Tuesday 23:00 4,733,520.29 3,680,092.49 2,987,940.79
Wednesday 00:00 5,075,835.68 3,974,048.32 3,375,452.07
Wednesday 01:00 5,289,288.62 3,961,588.44 3,529,515.62
Wednesday 02:00 5,388,606.43 4,164,228.93 3,635,214.86
Wednesday 03:00 5,322,942.04 4,010,209.01 3,578,476.66
Wednesday 04:00 5,388,606.43 3,962,379.39 3,627,943.41
Wednesday 06:00 4,404,172.37 3,765,174.12 3,099,177.28
Wednesday 07:00 3,907,862.07 3,410,535.70 2,486,324.67
Wednesday 07:30 3,928,249.52 2,743,809.62 2,032,649.34
Wednesday 08:00 3,344,609.59 2,427,993.02 1,742,011.91
Wednesday 08:30 3,736,959.75 2,588,969.24 2,041,363.25
Wednesday 09:00 3,675,712.75 2,837,756.15 1,986,824.44
Wednesday 10:00 4,135,208.84 2,874,653.58 2,274,588.76
Wednesday 11:00 4,582,325.80 3,182,362.21 2,572,783.73
Wednesday 12:00 4,582,325.80 3,027,343.89 2,344,801.31
Wednesday 13:00 4,811,067.31 3,542,416.62 2,821,461.33
Wednesday 14:00 4,196,606.68 2,908,708.32 2,461,140.73
Wednesday 15:00 4,221,985.29 2,813,905.08 2,151,211.36
Wednesday 16:00 4,205,195.71 2,909,363.87 2,265,982.42
Wednesday 17:00 2,972,943.36 2,284,680.53 1,649,818.75
Wednesday 17:30 3,014,092.04 2,283,177.65 1,722,349.95
Wednesday 18:00 2,599,639.56 2,124,262.08 1,427,181.95
Wednesday 18:30 2,926,079.62 2,391,701.82 1,822,941.22
Wednesday 19:00 3,162,555.32 2,612,383.38 1,884,328.97
Wednesday 20:00 3,538,547.94 2,644,227.20 2,071,790.71
Wednesday 21:00 4,192,211.36 2,811,328.75 2,124,407.44
Wednesday 22:00 3,989,779.16 3,269,682.46 2,494,103.56
Wednesday 23:00 4,710,885.57 3,870,833.70 3,001,335.75
Thursday 00:00 5,075,835.68 3,922,791.28 3,125,076.76
Thursday 01:00 5,388,606.43 4,048,894.55 3,581,901.77
Thursday 02:00 5,322,942.04 4,123,649.80 3,498,425.98
Thursday 03:00 5,322,942.04 4,023,859.57 3,452,794.60
Thursday 04:00 5,622,807.03 4,048,999.39 3,452,794.60
Thursday 05:00 5,322,942.04 3,925,503.02 3,465,928.06
Thursday 06:00 5,050,867.61 3,791,580.48 3,172,065.74
Thursday 07:00 3,938,140.99 3,241,748.71 2,406,858.45
Thursday 07:30 3,386,511.01 2,499,377.51 1,950,607.94
Thursday 08:00 3,164,071.33 2,341,693.73 1,717,127.05

(Continued)
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Table S1 (continued)

Day Time RF = 70% RF = 80% RF = 90%

Thursday 08:30 3,938,492.27 2,643,200.19 1,998,126.08
Thursday 09:00 4,302,917.77 3,042,555.74 2,153,922.96
Thursday 10:00 4,389,949.03 2,946,412.28 2,303,503.38
Thursday 11:00 4,484,547.07 3,027,343.89 2,414,322.55
Thursday 12:00 4,584,227.26 3,027,343.89 2,360,480.38
Thursday 13:00 4,573,362.85 3,250,365.57 2,620,612.05
Thursday 14:00 4,133,979.22 2,964,943.83 2,325,155.06
Thursday 15:00 4,245,071.65 3,027,343.89 2,447,336.73
Thursday 16:00 4,181,392.23 2,859,269.69 2,317,195.33
Thursday 17:00 2,906,486.01 2,392,571.22 1,816,272.11
Thursday 17:30 2,362,655.69 1,821,914.20 1,334,331.22
Thursday 18:00 2,882,310.77 2,271,524.73 1,604,446.79
Thursday 18:30 3,001,102.65 2,169,373.76 1,612,997.18
Thursday 19:00 3,468,668.49 2,457,088.33 1,909,108.85
Thursday 20:00 3,570,255.77 2,723,841.23 2,073,553.31
Thursday 21:00 3,726,272.56 2,846,741.31 2,334,597.20
Thursday 22:00 4,700,894.45 3,871,931.09 2,861,036.47
Thursday 23:00 4,734,492.22 3,914,733.35 3,114,112.55
Friday 00:00 4,249,255.13 3,840,731.28 3,169,905.79
Friday 01:00 5,289,288.62 3,926,718.80 3,554,097.23
Friday 02:00 5,322,942.04 3,981,815.39 3,537,402.24
Friday 03:00 5,388,606.43 4,031,783.25 3,547,006.03
Friday 04:00 5,388,606.43 4,000,378.96 3,645,890.66
Friday 05:00 5,322,942.04 3,964,572.87 3,388,257.74
Friday 06:00 5,075,835.68 3,785,339.65 3,064,619.27
Friday 07:00 4,434,284.89 3,398,708.15 2,474,125.07
Friday 07:30 3,642,658.48 2,708,830.97 2,029,729.66
Friday 08:00 3,576,945.94 2,681,851.55 2,207,600.45
Friday 08:30 4,133,561.60 2,935,457.44 2,229,753.67
Friday 09:00 3,964,623.48 2,859,555.79 2,132,367.75
Friday 10:00 4,051,547.60 2,923,315.68 2,245,245.13
Friday 11:00 4,484,547.07 3,027,343.89 2,484,582.69
Friday 12:00 4,484,547.07 2,956,176.42 2,193,557.94
Friday 13:00 4,654,777.83 3,452,781.91 2,601,983.73
Friday 14:00 4,196,606.68 3,045,530.80 2,551,247.84
Friday 15:00 4,484,547.07 3,072,938.93 2,424,246.91
Friday 16:00 3,536,904.02 2,835,017.30 2,203,835.44
Friday 17:00 3,003,871.49 2,338,502.51 1,779,974.57
Friday 17:30 3,009,774.02 2,354,471.87 1,927,562.82
Friday 18:00 2,984,994.71 2,317,892.41 1,880,662.74
Friday 18:30 2,934,757.19 2,531,355.30 1,957,494.37

(Continued)
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Table S1 (continued)

Day Time RF = 70% RF = 80% RF = 90%

Friday 19:00 3,625,316.17 2,719,667.26 2,152,632.19
Friday 20:00 3,404,938.17 2,713,934.46 2,039,014.33
Friday 21:00 4,017,151.38 2,919,882.34 2,367,282.30
Friday 22:00 3,989,779.16 3,389,243.66 2,608,162.55
Friday 23:00 4,564,878.51 3,870,833.70 3,034,523.48
Saturday 00:00 5,225,730.61 3,938,054.33 3,290,730.65
Saturday 01:00 5,322,942.04 3,929,155.55 3,458,516.30
Saturday 02:00 5,787,077.30 3,946,583.37 3,479,145.43
Saturday 03:00 6,072,309.12 4,172,625.64 3,705,420.34
Saturday 04:00 5,888,999.42 3,977,912.68 3,646,673.10
Saturday 05:00 5,142,135.28 3,881,583.19 3,379,272.73
Saturday 06:00 5,003,362.74 3,803,192.15 3,240,613.25
Saturday 07:00 4,685,796.09 3,516,195.43 2,876,708.91
Saturday 07:30 4,300,053.46 3,541,190.75 2,858,871.40
Saturday 08:00 4,293,231.64 3,541,898.21 2,682,999.99
Saturday 08:30 4,167,670.43 3,253,879.52 2,506,140.50
Saturday 09:00 4,136,654.76 3,080,842.56 2,452,970.31
Saturday 10:00 3,976,372.87 3,149,845.11 2,456,167.44
Saturday 11:00 4,412,517.99 3,064,382.49 2,503,381.89
Saturday 12:00 4,433,333.15 3,471,548.23 2,653,336.09
Saturday 13:00 4,233,250.74 3,321,773.28 2,546,285.81
Saturday 14:00 4,202,075.30 3,072,380.28 2,533,566.22
Saturday 15:00 4,320,601.27 3,041,606.02 2,415,102.69
Saturday 16:00 4,426,510.61 3,054,509.18 2,394,952.74
Saturday 17:00 3,663,185.53 2,694,986.74 2,095,308.09
Saturday 17:30 4,046,832.74 2,611,344.83 2,071,655.59
Saturday 18:00 4,094,669.42 2,648,105.40 2,008,878.45
Saturday 18:30 4,445,181.03 2,779,989.35 2,089,116.87
Saturday 19:00 4,075,923.14 2,610,053.34 2,012,591.97
Saturday 20:00 3,588,474.41 2,684,109.20 2,165,026.89
Saturday 21:00 4,412,517.99 2,924,279.24 2,380,056.98
Saturday 22:00 4,123,642.30 3,340,956.92 2,532,213.88
Saturday 23:00 4,714,610.92 3,784,352.29 3,103,216.99
Sunday 00:00 5,810,839.54 3,897,227.08 3,259,202.34
Sunday 01:00 5,948,249.06 3,957,378.71 3,374,663.42
Sunday 02:00 5,694,154.03 3,900,496.02 3,388,715.88
Sunday 03:00 5,888,999.42 4,025,042.47 3,496,134.02
Sunday 04:00 6,204,364.81 4,073,918.86 3,516,109.48
Sunday 05:00 5,491,784.13 3,860,367.29 3,357,769.58
Sunday 06:00 5,070,889.80 3,679,033.03 3,120,871.94
Sunday 07:00 5,054,648.48 3,760,811.54 3,104,216.90

(Continued)
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Table S1 (continued)

Day Time RF = 70% RF = 80% RF = 90%

Sunday 07:30 4,585,742.84 3,548,393.56 3,059,672.38
Sunday 08:00 4,354,355.93 3,336,349.49 2,659,792.21
Sunday 08:30 4,162,396.91 3,362,579.04 2,546,077.72
Sunday 09:00 4,300,053.46 3,264,146.21 2,559,247.08
Sunday 10:00 3,823,970.54 2,993,398.30 2,379,549.38
Sunday 11:00 4,226,118.30 3,285,011.26 2,608,015.75
Sunday 12:00 4,684,082.81 3,461,776.59 2,612,542.72
Sunday 13:00 4,661,599.65 3,226,466.19 2,612,008.31
Sunday 14:00 4,426,510.61 3,119,478.07 2,400,915.69
Sunday 15:00 4,329,188.28 2,968,781.95 2,374,437.09
Sunday 16:00 3,938,581.25 2,994,176.57 2,274,275.84
Sunday 17:00 3,691,923.50 2,884,103.65 2,237,292.90
Sunday 17:30 3,611,838.36 2,648,847.18 2,119,353.69
Sunday 18:00 3,760,256.65 2,868,100.26 2,370,879.31
Sunday 18:30 4,452,815.01 2,752,654.04 2,230,587.16
Sunday 19:00 4,046,832.74 2,640,921.77 1,987,022.57
Sunday 20:00 3,628,639.77 2,719,201.92 2,176,202.50
Sunday 21:00 4,080,966.94 3,168,048.31 2,316,498.83
Sunday 22:00 4,010,212.18 3,480,231.29 2,670,319.48
Sunday 23:00 5,491,784.13 3,970,083.02 3,392,308.70

Table S2: AT , AD and AV in 195 estimation scenarios with the assumption that RF = 80%

Day Time AT (s) AD (m) AV (m/s)

Monday 00:00 472.82 3,672.37 7.77
Monday 01:00 456.40 3,672.37 8.05
Monday 02:00 456.38 3,672.37 8.05
Monday 03:00 456.10 3,672.37 8.05
Monday 04:00 452.72 3,672.37 8.11
Monday 05:00 471.34 3,672.37 7.79
Monday 06:00 479.84 3,672.37 7.65
Monday 07:00 536.88 3,672.37 6.84
Monday 07:30 664.80 3,672.27 5.52
Monday 08:00 785.27 3,672.28 4.68
Monday 08:30 727.39 3,672.33 5.05
Monday 09:00 600.59 3,672.33 6.11
Monday 10:00 560.89 3,672.37 6.55
Monday 11:00 521.25 3,672.37 7.05
Monday 12:00 527.21 3,672.31 6.97

(Continued)
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Table S2 (continued)

Day Time AT (s) AD (m) AV (m/s)

Monday 13:00 503.91 3,672.37 7.29
Monday 14:00 524.49 3,672.31 7.00
Monday 15:00 535.43 3,672.37 6.86
Monday 16:00 551.30 3,672.37 6.66
Monday 17:00 622.14 3,672.38 5.90
Monday 17:30 688.27 3,672.28 5.34
Monday 18:00 680.37 3,672.24 5.40
Monday 18:30 657.65 3,672.34 5.58
Monday 19:00 594.16 3,672.34 6.18
Monday 20:00 570.50 3,672.38 6.44
Monday 21:00 548.58 3,672.38 6.69
Monday 22:00 497.64 3,672.34 7.38
Monday 23:00 479.28 3,672.34 7.66
Tuesday 00:00 467.99 3,672.34 7.85
Tuesday 01:00 453.39 3,672.34 8.10
Tuesday 02:00 457.22 3,672.34 8.03
Tuesday 03:00 454.13 3,672.34 8.09
Tuesday 04:00 452.03 3,672.34 8.12
Tuesday 05:00 464.81 3,672.34 7.90
Tuesday 06:00 475.81 3,672.34 7.72
Tuesday 07:00 526.82 3,672.34 6.97
Tuesday 07:30 615.14 3,672.25 5.97
Tuesday 08:00 689.98 3,672.25 5.32
Tuesday 08:30 686.23 3,672.31 5.35
Tuesday 09:00 592.35 3,672.31 6.20
Tuesday 10:00 558.63 3,672.34 6.57
Tuesday 11:00 523.84 3,672.34 7.01
Tuesday 12:00 526.89 3,672.28 6.97
Tuesday 13:00 503.11 3,672.34 7.30
Tuesday 14:00 539.94 3,672.28 6.80
Tuesday 15:00 530.35 3,672.34 6.92
Tuesday 16:00 543.56 3,672.34 6.76
Tuesday 17:00 611.06 3,672.34 6.01
Tuesday 17:30 692.93 3,672.25 5.30
Tuesday 18:00 724.30 3,672.26 5.07
Tuesday 18:30 634.78 3,672.31 5.79
Tuesday 19:00 597.58 3,672.31 6.15
Tuesday 20:00 565.81 3,672.34 6.49
Tuesday 21:00 545.61 3,672.34 6.73
Tuesday 22:00 510.14 3,672.34 7.20
Tuesday 23:00 473.93 3,672.34 7.75

(Continued)
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Table S2 (continued)

Day Time AT (s) AD (m) AV (m/s)

Wednesday 00:00 466.82 3,672.34 7.87
Wednesday 01:00 460.87 3,672.34 7.97
Wednesday 02:00 457.60 3,672.36 8.03
Wednesday 03:00 453.11 3,672.34 8.10
Wednesday 04:00 453.29 3,672.34 8.10
Wednesday 06:00 476.88 3,672.34 7.70
Wednesday 07:00 528.86 3,672.38 6.94
Wednesday 07:30 618.53 3,672.25 5.94
Wednesday 08:00 702.82 3,672.20 5.22
Wednesday 08:30 656.47 3,672.31 5.59
Wednesday 09:00 583.49 3,672.31 6.29
Wednesday 10:00 550.19 3,672.34 6.67
Wednesday 11:00 523.14 3,672.34 7.02
Wednesday 12:00 524.63 3,672.28 7.00
Wednesday 13:00 499.32 3,672.34 7.35
Wednesday 14:00 542.33 3,672.28 6.77
Wednesday 15:00 535.80 3,672.34 6.85
Wednesday 16:00 543.49 3,672.34 6.76
Wednesday 17:00 614.10 3,672.34 5.98
Wednesday 17:30 667.13 3,672.25 5.50
Wednesday 18:00 676.89 3,672.25 5.43
Wednesday 18:30 635.60 3,672.31 5.78
Wednesday 19:00 588.99 3,672.31 6.23
Wednesday 20:00 563.93 3,672.34 6.51
Wednesday 21:00 538.11 3,672.34 6.82
Wednesday 22:00 511.40 3,672.34 7.18
Wednesday 23:00 474.64 3,672.34 7.74
Thursday 00:00 477.43 3,672.34 7.69
Thursday 01:00 460.13 3,672.34 7.98
Thursday 02:00 457.40 3,672.34 8.03
Thursday 03:00 455.71 3,672.34 8.06
Thursday 04:00 447.49 3,672.34 8.21
Thursday 05:00 468.71 3,672.34 7.83
Thursday 06:00 477.11 3,672.34 7.70
Thursday 07:00 537.21 3,672.38 6.84
Thursday 07:30 620.54 3,672.25 5.92
Thursday 08:00 668.39 3,672.20 5.49
Thursday 08:30 625.05 3,672.31 5.88
Thursday 09:00 572.63 3,672.31 6.41
Thursday 10:00 544.11 3,672.34 6.75
Thursday 11:00 521.74 3,672.34 7.04

(Continued)



508 CMES, 2024, vol.139, no.1

Table S2 (continued)

Day Time AT (s) AD (m) AV (m/s)

Thursday 12:00 522.83 3,672.28 7.02
Thursday 13:00 509.19 3,672.34 7.21
Thursday 14:00 542.66 3,672.28 6.77
Thursday 15:00 532.81 3,672.34 6.89
Thursday 16:00 542.95 3,672.34 6.76
Thursday 17:00 607.09 3,672.34 6.05
Thursday 17:30 713.49 3,672.25 5.15
Thursday 18:00 670.61 3,672.20 5.48
Thursday 18:30 620.94 3,672.31 5.91
Thursday 19:00 586.09 3,672.31 6.27
Thursday 20:00 559.18 3,672.34 6.57
Thursday 21:00 538.47 3,672.34 6.82
Thursday 22:00 504.64 3,671.95 7.28
Thursday 23:00 467.30 3,672.34 7.86
Friday 00:00 484.81 3,672.34 7.57
Friday 01:00 463.48 3,672.34 7.92
Friday 02:00 459.34 3,672.34 7.99
Friday 03:00 456.29 3,672.34 8.05
Friday 04:00 454.72 3,672.34 8.08
Friday 05:00 470.88 3,672.34 7.80
Friday 06:00 479.91 3,672.34 7.65
Friday 07:00 527.34 3,672.38 6.96
Friday 07:30 607.32 3,672.25 6.05
Friday 08:00 650.72 3,672.26 5.64
Friday 08:30 596.37 3,672.31 6.16
Friday 09:00 574.12 3,672.31 6.40
Friday 10:00 547.40 3,672.34 6.71
Friday 11:00 523.54 3,672.34 7.01
Friday 12:00 531.17 3,672.28 6.91
Friday 13:00 509.76 3,672.38 7.20
Friday 14:00 532.58 3,672.28 6.90
Friday 15:00 531.89 3,672.34 6.90
Friday 16:00 551.39 3,672.36 6.66
Friday 17:00 607.46 3,672.34 6.05
Friday 17:30 667.25 3,672.27 5.50
Friday 18:00 667.22 3,672.28 5.50
Friday 18:30 624.83 3,672.33 5.88
Friday 19:00 595.01 3,672.33 6.17
Friday 20:00 571.76 3,672.36 6.42
Friday 21:00 546.14 3,672.36 6.72
Friday 22:00 515.62 3,672.36 7.12

(Continued)
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Table S2 (continued)

Day Time AT (s) AD (m) AV (m/s)

Friday 23:00 480.43 3,672.36 7.64
Saturday 00:00 477.24 3,672.36 7.69
Saturday 01:00 466.20 3,672.36 7.88
Saturday 02:00 455.39 3,672.36 8.06
Saturday 03:00 453.74 3,672.34 8.09
Saturday 04:00 452.51 3,672.36 8.12
Saturday 05:00 465.98 3,672.36 7.88
Saturday 06:00 472.40 3,672.36 7.77
Saturday 07:00 491.49 3,672.41 7.47
Saturday 07:30 510.66 3,672.27 7.19
Saturday 08:00 525.59 3,672.23 6.99
Saturday 08:30 531.34 3,672.33 6.91
Saturday 09:00 534.31 3,672.15 6.87
Saturday 10:00 535.32 3,672.36 6.86
Saturday 11:00 522.99 3,672.36 7.02
Saturday 12:00 511.83 3,672.30 7.17
Saturday 13:00 509.79 3,672.36 7.20
Saturday 14:00 524.70 3,672.30 7.00
Saturday 15:00 523.68 3,672.28 7.01
Saturday 16:00 529.74 3,672.81 6.93
Saturday 17:00 555.56 3,672.81 6.61
Saturday 17:30 577.90 3,672.75 6.36
Saturday 18:00 582.65 3,672.69 6.30
Saturday 18:30 567.94 3,672.75 6.47
Saturday 19:00 563.28 3,672.75 6.52
Saturday 20:00 563.13 3,672.78 6.52
Saturday 21:00 534.13 3,672.78 6.88
Saturday 22:00 507.98 3,672.78 7.23
Saturday 23:00 471.77 3,672.78 7.79
Sunday 00:00 463.15 3,672.78 7.93
Sunday 01:00 454.15 3,672.78 8.09
Sunday 02:00 455.89 3,672.78 8.06
Sunday 03:00 451.23 3,672.78 8.14
Sunday 04:00 443.31 3,672.78 8.28
Sunday 05:00 463.59 3,672.78 7.92
Sunday 06:00 480.37 3,672.78 7.65
Sunday 07:00 481.15 3,672.78 7.63
Sunday 07:30 507.10 3,672.69 7.24
Sunday 08:00 527.01 3,672.69 6.97
Sunday 08:30 517.41 3,672.75 7.10
Sunday 09:00 527.59 3,672.75 6.96

(Continued)
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Table S2 (continued)

Day Time AT (s) AD (m) AV (m/s)

Sunday 10:00 533.16 3,672.78 6.89
Sunday 11:00 516.58 3,672.78 7.11
Sunday 12:00 501.97 3,672.72 7.32
Sunday 13:00 512.02 3,672.75 7.17
Sunday 14:00 522.16 3,673.36 7.03
Sunday 15:00 521.48 3,673.42 7.04
Sunday 16:00 530.08 3,673.42 6.93
Sunday 17:00 551.59 3,673.42 6.66
Sunday 17:30 564.40 3,673.36 6.51
Sunday 18:00 560.45 3,673.33 6.55
Sunday 18:30 551.81 3,673.39 6.66
Sunday 19:00 555.80 3,673.39 6.61
Sunday 20:00 559.19 3,673.42 6.57
Sunday 21:00 529.60 3,673.42 6.94
Sunday 22:00 505.40 3,673.42 7.27
Sunday 23:00 462.81 3,673.42 7.94

Figure S1: The effective coverage of FS-JX in the four typical simulation scenarios, RF = 70%
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Figure S2: The effective coverage of FS-JX in the four typical simulation scenarios, RF = 90%

Figure S3: (Continued)
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Figure S3: The visualization of effective coverage in 28 simulation scenarios on Tuesday, RF = 70%

Figure S4: (Continued)
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Figure S4: The visualization of effective coverage in 28 simulation scenarios on Tuesday, RF = 90%
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