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Measuring spatial accessibility
and supply-demand deviation of
urban green space: A mobile
phone signaling data
perspective

Jingyuan Chen, Cheng Wang, Yunbin Zhang* and Dan Li

Department of Urban and Rural Planning, School of Forestry and Landscape Architecture, Anhui

Agricultural University, Hefei, China

The reasonable distribution of urban green space (UGS) is a topic that urban

researchers have been exploring for a long time. Solving the imbalance

between the supply and demand of UGS plays an important role in improving

the health level of a city. This study examines the central urban area of

Hefei as an example. We developed a modified Gaussian two-step floating

catchment area method and used the path planning model of Gaode Map

to evaluate the accessibility of UGS under di�erent transportation modes

and di�erent time thresholds while integrating mobile phone signaling data.

Additionally, a fine-scale analysis of the actual supply and demand relationship

of UGS was conducted by integrating the accessibility evaluation results

with the recreational situation of UGS to analyze the deviation of supply

and demand to further discuss the spatial distribution equilibrium of UGS.

The main conclusions are as follows. (1) The spatial distribution of UGSs

in the central urban area of Hefei is uneven. Di�erent time thresholds

and di�erent transportation modes have a significant impact on the UGS

accessibility evaluation results. (2) With the increase in the time threshold

or travel distance, the number of grids above the moderate accessibility

level generally increases. The spatial distribution of the grids with moderate,

high and highest accessibility level present di�erent patterns of contiguous,

clusters, and spots distribution. (3) After combining these results with the actual

recreational situation of UGS, we found that the overall demand in the central

urban area exceeds the supply at the 15-min threshold, while the overall

supply exceeds the demand at the 30-min threshold. The grids with balanced

supply and demand or more supply than demand have comprehensive parks

with a moderate population density and strong road connectivity in the

neighborhood. This study strengthens the data granularity and improves the

accuracy of accessibility evaluation by integrating mobile phone signaling data

with the path planningmodel of GaodeMap. Also, we evaluate the accessibility

with multi-transport modes and di�erent time thresholds, which can bring

more practical guidance for optimizing the distribution of UGS.
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Introduction

With the acceleration of urbanization in China, residents’

demand for urban green space (UGS) is growing (1). Meanwhile,

as an important component of urban ecosystems (2), UGS

can reduce the negative impact of environmental factors such

as space pollution (3), noise (4), and high temperatures (5).

Prolonged exposure to UGS helps promote the physical and

mental health of residents (6) and reduces stress as well as

the risk of obesity, stroke, and other diseases (7). Due to that

the traditional evaluation of UGS is based on the traditional

indicators of urban park area per capita, the greening rate and

green coverage rate, it can be difficult to reflect the spatial

distribution, quality, and fairness of the service function of UGS

(8). In the context of limited urban construction land, it is of

great theoretical and practical significance to evaluate the spatial

distribution quality of the existing UGS.

Accessibility is an important index to measure the fairness

of UGS spatial distribution. Accessibility refers to the potential

of overcoming resistance, such as time and distance, to reach

a certain place (9). In recent years, an increasing number of

studies have introduced the concept of accessibility into the

evaluation of UGS. Researchers often measure the accessibility

of UGS by setting statistical indicators (10) and using the cost-

weighted distance method (11) or the gravity model method

(12). The statistical index method evaluates accessibility by

counting the number of places and area of UGS in the

region, or by counting the number of places and area of UGS

within a certain buffer zone from the living area (13). This

method is also known as the cumulative opportunities method

(14) or the covering method (15). The disadvantage is that

it does not take into account the resistance that residents

encounter on their way to UGS, and it is difficult to reflect

the accessibility within the UGS’ actual service area. Based on

remote sensing data, the cost-weighted distance method assigns

different crossing resistances to different urban landscape types,

and the accessibility is evaluated by calculating the cumulative

resistance encountered by residents on their way to the UGS

(8). The advantage is that this method takes into account the

impact of resistance on accessibility, but the disadvantage is

that it does not consider the attractiveness of UGS of different

qualities and levels; hence, the accessibility calculation results

cannot accurately reflect the actual recreational situation (16). In

the calculation of accessibility, the gravity model (17) adopts the

distance decay function and considers the service capacity and

potential of UGS, so that the results can better reflect the impact

of UGS’ attraction on accessibility. However, the relationship

between residents’ demand and accessibility remains to be

further explored (18). The two-step floating catchment area

(2SFCA) method was first proposed by Radke in 2000 (19) and

was further improved by Luo and Qi (20) in 2009. Accessibility

decreases with the increase of the resistance encountered by

the residents on their way to the UGS and increases with the

increase of the area and quality of the UGS. Based on the 2SFCA,

the accessibility of UGS can be calculated comprehensively and

simply from the perspective of the interaction between the

park supply and residential demand, which makes up for the

shortcomings of the gravity model (21). Due to its advantages,

this method has been widely used in accessibility evaluation (21–

24), and many studies have tried to improve this method to

promote the accuracy of the evaluation results (Table 1).

Some studies revealed the competition effect between supply

facilities and proposed the 3SFCA model to address the fact that

2SFCA cannot reflect the actual supply and demand situation.

Based on the traditional 2SFCA model, 3SFCA calculates the

option value between each pair of demand points and supply

facility points and measures the competitive effect of multiple

supply points within the same demand point search radius

(25). However, Delamater showed that 3SFCA overestimates

the competitive effect among supply points while ignoring the

availability of the facility resources (26). Therefore, a simpler

Modified 2SFCA model was proposed, which introduced the

attenuation function in the selection weight to reflect whether

facility resources are fully utilized, simplifying the quantification

process of competition effect between supply facilities. Luo

et al. (27) introduced the Huff model to reflect the selection

weights, and on this basis, proposed the Huff 2SFCA model,

which quantified the probability of people choosing supply

facilities with continuous weight functions, further improving

the applicability of the 2SFCA model. In the original form

of 2SFCA, distance decay is treated dichotomically (28): the

accessibility within the search radius is the same, and the

accessibility outside the search radius is 0. This method ignores

the influence of the spatial distance on accessibility. Some studies

used different distance decay functions to solve this problem.

For example, Luo and Qi (20) proposed the optimized 2SFCA

to segment the distance within the search radius. However, the

segmentation of distance is greatly influenced by subjectivity to a

certain extent, and the segmentation weight given to the distance

will lead to discontinuous results at the segmentation boundary.

Therefore, 2SFCA applies continuous functions such as the

gravity model (29), kernel density function (30), and Gaussian

function (31) to solve the above problems. The Gaussian

function is an s-shaped attenuation, and the attenuation rate

of accessibility with distance is slower in the near and far

stages than in the middle, which is more consistent with the

actual situation than the 2SFCA method. Therefore, it is widely

used in the optimization of accessibility evaluation methods

(32). The 2SFCA model also fails to consider multiple traffic

modes comprehensively. Yang et al. (23) proposed the multi-

mode 2SFCA model to solve this problem. This model uses

the weighted average time of multiple transportation modes to

replace the time of a single transportation mode, which can

better reflect the heterogeneity of accessibility under different

transportation modes. Taking the central urban area of Hefei

as an example, this study optimized the 2SFCA model for the
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TABLE 1 Main extensions of the Gaussian two-step floating catchment area (2SFCA) method.

Type Form Content Document

Improvement based on supply and

demand factors

Three-step floating catchment area

(3SFCA) method

The choice weight between the demand point and supply point is

used to represent the competition effect between facilities.

Wan et al. (25)

Modified 2SFCA method The primary attenuation function is reused considering the

suboptimal space configuration of facilities.

Delamater (26)

Huff 2SFCA method The Huff model is used to quantify the probability of people

choosing facilities when considering the influence of facility

supply factors on facility selection behavior.

Luo (27)

Improvement based on the search

distance

Dynamic 2SFCA method Different search distances are set by considering different demand

points for facility supply.

Mcgrail and Humphreys (33)

Variable 2SFCA method The search radius of variable supply and demand elements is set

to balance the supply and demand within the search radius.

Luo and Whippo (34)

Multi-catchment sizes 2SFCA

method

The search radius is set according to the size and quality of the

supply factors.

Tong et al. (22)

Improvement based on the

distance attenuation function

Enhanced 2SFCA method The distance is segmented within the search radius. Luo and Qi (20)

Gravity 2SFCA method The distance attenuation function of the gravity model is added

within the search radius, such as the power function, exponential

function, and logarithmic function.

Wang and Tang (29)

Gaussian 2SFCA method The Gaussian function-type distance attenuation function is

added within the search radius.

Dai and Wang (30)

Kernel density 2SFCA method The kernel density function-type distance attenuation function is

added within the search radius.

Dai (31)

Improvement based on the travel

mode

Multi-mode 2SFCA method The weighted average time of multiple transportation modes is

used to replace the time of the single transportation mode.

Yang et al. (23)

purpose of comparing the accessibility differences of UGS under

various transportationmodes. Mobile phone signaling data were

used in the study and combined with the Gaode map path

planning model to improve the shortcomings of poor timeliness

and low accuracy of the evaluation results caused by the use of

statistical data for evaluation in traditional research. The UGS

recreational situation extracted from the mobile phone signaling

data and accessibility evaluation results was used to calculate

the UGS supply and demand deviation to further elucidate the

fairness of UGS spatial distribution and optimization strategies.

Materials and methods

Research area

Hefei, located in east China, is a sub-center city of urban

agglomeration and a national science center, with a total area

of 11,445 km2 and a population of 9.36 million (China National

Bureau of Statistics, 2020). The government of Hefei has made

considerable efforts in ecological construction. After the 1956

edition of the urban master plan, a ring-city park system and

a fan-shaped urban structure were formed. Hefei was selected as

one of the first national garden cities of China in 1992. By the

end of 2020, Hefei city’s forest coverage rate reached 28.36% of

the total area, with a forest volume of 10.6 million m3, while the

urban built-up area green coverage rate reached 46%. The green

area per capita was 13 m2, far more than the minimum UGS

requirement of 9 m2 per capita recommended by the World

Health Organization. Although the greening level of Hefei is

higher than that of other surrounding cities, more in-depth

UGS accessibility evaluation research is needed for the future

optimization of UGS.

This study takes the central urban area of Hefei as the

research area (Figure 1) and the public parks in the central urban

area of Hefei as the UGS research objects (Figure 2). The central

urban area of Hefei has a total area of about 486 km2, according

to the definition of the central urban area of Hefei City Master

Plan (2011–2020).

Data source and processing

UGS data

The UGS data used in this paper were derived from the

Gaode Map. Using the Hefei Green Space System Planning

(2007–2020) andHefei CityMaster Plan (2011–2020), combined
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FIGURE 1

Central urban area of Hefei.

FIGURE 2

Distribution of UGS in central urban area of Hefei.

with the map and field survey, the spatial location, area,

and quantity of the UGS in the central urban area and its

surrounding area within a distance of 15,000m were further

verified. A total of 75 parks were obtained and considered to be

UGS (Table 2).

We converted UGS surface elements to point elements in

ArcGIS 10.2. The centroid of the park with an area of <100

hm2 was taken as the supply point, and the coordinates of

the entrances and exits of UGS equal to or >100 hm2 were

considered as supply points for the accessibility evaluation (35).

To avoid the repeated calculation of the area, UGS equal to or

>100 hm2 were also decomposed accordingly when the entrance

and exit coordinates were taken as its supply points, which can

reduce the error of accessibility calculation. Finally, 80 supply

points of the UGS were obtained.

Residential population and visitor data

The precision of the population statistics has a direct

impact on the evaluation results of UGS accessibility (36). It is

difficult to use traditional statistical data, such as census data,

to analyze the behavioral patterns of different populations at a

fine scale due to a large scale of statistical units (37). Compared

with traditional statistical data, mobile phone signaling data

have a higher accuracy and can reflect massive and real-time

population activities, and these data have been widely used

in urban population activity research, such as work-housing

commuting behavior, urban dynamic space identification, and

traffic efficiency evaluation (38). We used the mobile signaling

data of China Unicom users inMay 2021 to identify the residents

in the central urban area by screening the users who have

stayed in Hefei for over 10 days. Finally, we identified 929,916

residents from the China Unicom mobile phone signaling

database, accounting for 18.17% of the total population of

central urban residents.

When the user’s mobile phone communicates with the

mobile phone signaling base station of China Unicom, the base

station will locate the user and record the user interaction

information, including user ID, interaction time, base station

code, and territory code (Table 3). There are about 13,000 China

Unicom mobile phone signaling base stations in Hefei’s central

urban area, with distance intervals of 250–1,000 m.

In relevant studies, a regular hexagon, which has the same

distance from point to centroid in six directions, can reduce the

sample deviation caused by the boundary effect of grid shape

and is suitable for spatial analysis (39, 40). Therefore, we used

a regular hexagon grid with a lateral length of 500m to establish

the honeycomb grid network in ArcGIS10.2 and aggregated the

areas falling within the regular hexagon into the centroid of the

grid. On this basis, the spatial analysis honeycomb network was

formed, and 827 hexagon grids were obtained. We assigned the

corresponding attribute information to the grid according to the

land use category in the grid and identified the residential grids

and the UGS grids. The identification standard of the residential

grid was that there is a residential population within the grid

range, and the identification standard of the UGS grid was that

the centroid of the grid falls in the UGS area. The same grid can

be identified as both a residential grid and aUGS grid at the same

time. While the UGS grids are used for UGS recreational visitor

identification, the centroids of the residential grids are used as

the demand points in the accessibility evaluation. The residential
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TABLE 2 Summary of UGS in the central urban area of Hefei.

District Comprehensive park /hm2 Theme park /hm2 Community park /hm2 Garden /hm2 Total area of the park /hm2

Luyang 92.39 37.89 58.73 5.33 194.34

Shushan 1,106.54 263.23 65.69 18.77 1,454.23

Yaohai 69.98 12.19 34.34 5.06 121.57

Baohe 966.57 45.64 57.7 3.01 1,072.92

Total 2,235.48 358.95 216.46 32.17 2,843.06

Proportion (78%) (13%) (8%) (1%) (100%)

TABLE 3 Sample data of interaction information collected by mobile phone signaling base station.

User ID Interaction time 1 (the

beginning of an event)

Interaction time 2 (the

end of an event)

Base station

code

Territory code

773068*****3505730 2021-5-1 0:15 2021-5-1 9:56 7007403516115268 340104

777258*****8329382 2021-5-1 7:56 2021-5-1 18:38 70071403728115696 340104

772948*****5537730 2021-5-1 11:42 2021-5-1 15:29 7007403420115260 340104

. . . . . . . . . . . . . . .

grids are used as the basic units for both accessibility evaluation

and supply-demand deviation evaluation. By collecting data

on the places where the residents were at from 21:00 P.M. to

08:00A.M. the next day and marking the places with the longest

stay as the places of residence, the population of each place was

included in the residential grid that each of the places was in.

The distribution map of the residential population density in the

central urban area of Hefei is shown in Figure 3.

To acquire the deviation between the theoretical accessibility

and actual recreational activities in the UGS, we first needed to

identify UGS visitors who visited UGSs in themonth and were in

the UGS grids for 30min or more from 8:00A.M. to 21:00 P.M.

Then, the number of residents who have been to a UGS once

or more than once in each grid was counted for the supply and

demand deviation calculation.

Travel mode and travel distance data

If the speed of UGS visitors was 0–5 km/h, then they were

considered to be in walking mode. Visitors with speeds of 5–

15 km/h and 15–60 km/h were considered to be in riding mode

and driving mode, respectively. There were 244,017 residents

who went to UGS in May 2021 and made 801,311 trips to

UGS, including 72,622 walking trips, 147,530 cycling trips, and

581,159 driving trips, accounting for 9.06, 18.41, and 72.53% of

the total trips, respectively. The proportion data of the different

travel modes to UGS were used as the weight basis for the

accessibility evaluation.

The shortest travel path from each demand point to the

supply point of the UGSwas obtained through the path planning

interface in the Gaode API (application programming interface).

FIGURE 3

Distribution of the residential population density in the central

urban area of Hefei.

First, by using the coordinate conversion interface, the GPS

coordinates of the supply point and the demand point were
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TABLE 4 Sample data of the travel distance between UGS and

residential areas.

UGS

number

Residential

grid number

Walking

distance

Cycling

distance

Driving

distance

001 001 2,653m 3,055m 3,070 m

001 002 8,662m 9,633m 9,656 m

001 003 7,552m 8,873m 8,900 m

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

transformed into the Goethe coordinates. Then, by using the

path planning interface and taking the coordinates of the

origin and destination (OD) points as parameters, the path

planning requests of walking, cycling, and driving were initiated

to obtain the distance data under different travel modes as

the actual distance from each supply point to the demand

point (Table 4).

Methodology

Implementation of Ga2SFCA

In this study, the commonly used 2SFCA method is

improved in terms of the data source and OD cost calculation

rules. The Gaussian function decays slowly when approaching

the search threshold, which is more in line with the

actual travel situation of residents (41). Therefore, we used

the Gaussian two-step floating catchment area (Ga2SFCA)

method to calculate UGS accessibility, which includes the

following steps:

Step 1: For each supply point j of the UGS, all residents’

demand points k with j as the center and d0 as the threshold

range are searched. For the population of these demand

points, the Gaussian function is used for the attenuation

calculation, and then, the sum is obtained. Finally, the area

of the supply point is divided by the sum of the population

of the demand point to obtain the supply-demand ratio

Rj of the UGS j, which is the service capacity value of

the supply point of the UGS. The calculation formula is

as follows:

Rj =
Sj

∑

k∈{dkj≤d0}
G(dkj, d0)× Pk

(1)

where Sj represents the supply scale of UGS j, measured by

its area; dkj represents the travel time from residential area k to

park green space j; and Pk is the scale of demand for residential

area k in the search range, measured by population.

G (dkj, d0) is a Gaussian function, and the calculation

formula is as follows:

G
(

dkj, d0

)

=























e
− 1

2×

(

dkj
d0

)2

− e−
1
2 , dkj ≤ d0

01−e−
1
2 ,

dkj > d0

(2)

Step 2: For each residential grid i, all UGS j values with i as the

center and d0 as the threshold range are searched. Similarly, the

supply-demand ratio Rj of each UGS is calculated and summed

by Gaussian function attenuation. Finally, the accessibility index

Ai of each residential area i is obtained. The calculation formula

is as follows:

Ai =
∑

i∈{dij≤d0}

G(dij, d0)× Rj (3)

where Rj is the supply and demand ratio of park green space

j in the threshold range; and dij is the walking time between

residential area i and UGS j. Ai represents the accessibility index

of UGS of residential area i, and the larger the value, the higher

the accessibility of UGS.

Step 3: The accessibility index of UGS under different traffic

modes is calculated for each residential area i. The accessibility

index is overlayed according to the proportion of various traffic

modes used by permanent residents in the central urban area in

May 2021 to obtain the comprehensive accessibility Ci of each

residential area i. The larger the calculated Ci, the better the

comprehensive accessibility of residential area i. The calculation

formula is as follows:

Ci =
∑

n∈{1,2,3}

Wn × Ain (4)

where Wn is the proportion of traffic mode n used by

permanent residents in the central urban area in May 2021, and

Ain represents the accessibility index of UGS in the traffic mode

n of residential area i.

Considering that residents have different traffic modes to go

to the UGS and are willing to bear different travel time costs,

we divided the search thresholds into six categories, namely,

the walking comfort threshold, cycling comfort threshold,

driving comfort threshold, walking limit threshold, cycling limit

threshold, and driving limit threshold. Combined with the

average speed of various traffic modes, the final search threshold

was determined, as shown in Table 5.

Overlay analysis of accessibility and UGS
recreational characteristics

We obtained the UGS visitor data from the mobile phone

signaling data and analyzed the coupling matching degree
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TABLE 5 Summary of accessibility search thresholds for UGS.

Time

Travel mode Walking Cycling Driving

15min 1,250m 3,750m 7,500 m

30min 2,500m 7,500m 15,000 m

between the number of UGS visitors and the accessibility level

results to explore the actual situation of the UGS supply and

demand relationship. We used the normalized value of the

number of residents who have visited UGS between May 9th

and 15th and lived in residence i as the demand for UGS and

the accessibility level as the supply of UGS. Then, the two were

overlayed to calculate the supply and demand ratio. The spatial

distribution of the measured results was visualized to visually

examine the spatial difference between the UGS supply and

demand in the central urban area of Hefei. The calculation

formula is as follows:

Zi =
Ai/A

Pi/P
(5)

where A represents the sum of the accessibility levels of all

grids in the central urban area, Pi is the number of visitors

who have visited UGS between May 9th and 15th and lived in

residential area i, and P denotes the total population of all UGS

visitors in the central urban area. Zi represents the deviation

between the supply and demand of UGS. The calculation

results between 0 and 0.8 were considered as “low supply–

high demand” areas; 0.8–1.2 were considered “supply–demand

balance” areas; and above 1.2 were considered “high supply–low

demand” areas.

Results

Accessibility analysis

In this study we used the Ga2SFCA model to calculate

the accessibility of the three travel modes under different

time thresholds; then, the accessibility results of three travel

modes were overlayed according to the weight values obtained

from the proportion data of the different travel modes. Based

on the results of the above analysis, the comprehensive

comfort accessibility and comprehensive limit accessibility

were obtained. The standardized results were visualized in

ArcGIS10.2 and divided into five grades according to the

geometric interval, representing the lowest, low, moderate, high,

and highest accessibility scores (Figures 4, 5).

Figures 4, 5 shows that there is an obvious uneven

distribution of UGS resources in the central urban area of

Hefei. In general, with the increase in the time threshold

or travel distance, the number of grids above the moderate

accessibility level generally increases, and the spatial distribution

of the grids with moderate, high and highest accessibility

level present different patterns of contiguous, clusters, and

spots distribution, respectively. Specifically, the accessibility of

the surrounding areas of the Four Seasons Flower Sea City

Garden, the Emerald Lake Park, the Nanyan Lake Park, and

the Jindou Park at different time thresholds and different

travel modes is much higher. The accessibility of UGSs in

the western Yaohai District, the southeastern Luyang District,

the northeastern Shushan District, and the northern Baohe

District is poor, mainly because these areas are old urban

areas with a relatively dense population and a large demand

for UGS.

The accessibility of UGS under different thresholds was

analyzed based on the residential grid scale. (1) At the 15-

min threshold, the areas with a moderate or higher walking

comfort accessibility level are small, accounting for about

11.85% of all the grids, and are mainly distributed in spot

patterns along the periphery of the UGSs. The areas with

a moderate or higher cycling comfort accessibility level are

slightly more than those with walking comfort accessibility,

accounting for about 13.06% of all the grid units, and show

a cluster distribution pattern. The areas with a moderate or

higher driving comfort accessibility level are far larger than those

with walking and cycling comfort accessibility, accounting for

about 48.25% of all the grid units, among which the moderate-

level areas are regularly distributed all around the central

urban area, and the high-level areas are mainly distributed

in the west of the central urban area, showing a contiguous

distribution pattern along the Four Seasons Flower Sea City

Garden, the Shushan National Forest Park, the Swan Lake

Park, the Ring City Park, the Green Axis Park, the Emerald

Lake Park, and the Nanyan Lake Park. (2) At the 30-min

threshold, there are relatively fewer areas with a moderate or

higher level of walking comfort accessibility, accounting for

about 11.97% of all the grids, mainly distributed in linear

patterns along the periphery of the UGSs. The areas with

moderate or higher cycling accessibility were far greater than

the former, accounting for about 48.25% all the grid units,

mainly distributed regularly around the west part of the central

urban area. The areas with a moderate or higher level of driving

accessibility are fewer than those with a moderate or higher

level of cycling accessibility, accounting for about 45.22% of

all the grid units, and the moderate-level areas are distributed

regularly, while the high-level areas have fewer numbers and

mainly distributed in the northwest part of the central urban

area. The high level of comprehensive comfort accessibility

with the 15-min threshold is distributed around the Four

Seasons Flower Sea City Garden, the Xiaoyao Jin Park, the Swan

Lake Park, the Taochong Lake Park, the Emerald Lake Park,

the Jindou Park, and the Nanyan Lake Park, accounting for

about 1.45% of all the grid units. The Four Seasons Flower
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FIGURE 4

Accessibility of UGS in the central urban area of Hefei at the 15-min threshold. (A) Comprehensive accessibility. (B) Walking accessibility. (C)

Cycling accessibility. (D) Driving accessibility.

Sea City Garden is located in the western suburbs of Hefei,

about 10 km from the center of the old urban area. The road

network around the Four Seasons Flower Sea City Garden is

relatively developed, and the living density of the surrounding

population is moderate; so, the comprehensive accessibility is

high. The Jindou Park, the Emerald Lake Park, and the Tao

Chong Lake Park are surrounded by other UGSs, with a lower

residential population. Although the Xiaoyao Jin Park and the

Swan Lake Park are surrounded by high-density residential

population, their better green space construction and road

system planning make up for the accessibility level. The low

comprehensive comfort accessibility areas are distributed in

the west part of the Yaohai District, the south part of the

Luyang District, the northeast part of the Baohe District, and the

north of the Shushan District. There are few UGSs but a large

number of residential areas in the above regions, and the road

network connectivity is poor, all leading to low comprehensive

comfort accessibility.

The high and highest comprehensive limit accessibility

levels with the 30-min threshold are distributed around the

Four Seasons Flower Sea City Garden, the Emerald Lake

Park, the Nanyan Lake Park, and the Jindou Park, accounting
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FIGURE 5

Accessibility of UGS in the central urban area of Hefei at the 30-min threshold. (A) Comprehensive accessibility. (B) Walking accessibility. (C)

Cycling accessibility. (D) Driving accessibility.

for about 0.48% all the grid units, which is slightly less

than the comprehensive comfort accessibility with the 15-min

threshold. The areas with a low comprehensive limit accessibility

are distributed in the west part of the Yaohai District, the

southeast part of the Luyang District, the northeast part of

the Shushan District, and the north part of the Baohe District.

With the increase in the general travel distance of users in

the central urban area, the comprehensive limit accessibility

shows a significant regular distributed phenomenon, and

the number of areas with the highest and lowest grades

decreased significantly.

Analysis of supply and demand deviation

According to the distribution of the UGS recreational

population density in the central urban area of Hefei (Figure 6),

it can be concluded that there are 10 parks favored by the

central urban population for UGS recreational activities, namely

the Swan Lake Park, the Taochong Lake Park, the Shushan

National Forest Park, the Four Seasons Flower Sea City Garden,

the Ring City Park, the Xiaoyao Jin Park, the Yaohai Park,

the Binhu Lakeshore National Park, the Leijie Park, and the

Huiyuan Garden.
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FIGURE 6

Distribution of the UGS recreational population density in the

central urban area of Hefei.

Using Formula 5, the hexagonal grid was used as the

statistical unit to calculate the deviation between supply and

demand of UGS at different time thresholds (Figure 7). In the

grid, the China Unicom users without UGS recreational demand

in May 2021 were not included in the consideration of the

deviation of supply and demand of UGS, and this result appears

as the blank area.

According to results, for the 15-min threshold, the overall

demand of the central urban area is greater than the supply,

and the proportion of grid units where demand exceeds supply

accounts for about 63.97% of all the grid units. The number

of grids with a balanced supply and demand of UGS is small

and scattered, accounting for about 3.75% of all the grid units.

The grid units where supply exceeds demand account for about

32.29%, and these are mainly distributed in the north and south

part on the edge of the central city near the suburbs. For the 30-

min threshold, the central urban area shows a pattern of supply

being greater than demand, but the proportion of areas with

balanced supply and demand decreased, accounting for 1.09%

of all the grid units.

Further analysis was carried out based on the distribution

of the recreational population density of UGS in the central

urban area of Hefei. First, the old urban area is the center of

the city, which has a high residential population density and

low per capita green space, which are the main reasons for

the deviation of the supply and demand of the UGS. Second,

comparedwith the old urban area, the northern ShushanDistrict

and southern Baohe District are both newly built and have

better UGS construction, better road infrastructure, and low

population density, which leads to a lower demand than the old

urban area, resulting in the supply exceeding demand. Third,

there are many comprehensive parks near the periphery of the

old urban area, and residents are generally more inclined to

use these comprehensive green spaces. The abovementioned

comprehensive effects lead to the contradiction between the

supply and demand of accessibility of UGS in the urban area.

Discussion

In this study, mobile phone signaling data were used instead

of traditional statistical data to obtain accurate population

positioning data. The distance between supply and demand

points was represented by the actual distance of the Gaode Map

path planning tool, which strengthened the data granularity and

improved the accuracy of the evaluation results. The optimized

Ga2SFCA method was used to measure the accessibility level

under different transportation modes, and the actual traffic

mode proportion data were used to calculate the comprehensive

accessibility level. In addition, two different search distances

for the time threshold were set based on residents’ comfort

and limited travel time. The accessibility differences under

different travel modes and time thresholds were discussed.

Finally, we combined the results of the UGS accessibility

evaluation with the actual use of UGS to analyze the difference

between supply and demand. In this study, we focused on

the application of mobile phone signaling data in measuring

the actual usage of UGS. Based on mobile signaling data,

we acquired the precise resident positioning data in the

residential area and the actual recreational activities in the

UGS. Combined with the path planning interface in the

Gaode API, with the support of refined travel data, we can

analyze the coupling matching degree between the number of

UGS visitors and the accessibility level results to explore the

actual situation of the UGS supply and demand relationship.

The use of fine-grained data and the improvement of the

2FSCA method are the most important contributions of

this study.

In general, the grids with high accessibility to the UGSs

in the central urban area of Hefei tend to be distributed near

large urban parks, and this phenomenon is more obvious in

the evaluation results of walking and cycling accessibility at

the 15-min time threshold. However, with the increase in the

time threshold and travel distance, the accessibility evaluation

results gradually show a regular distributed pattern. In addition,

the accessibility level of the driving mode at the 15-min time

threshold and the walking and cycling mode at the 30-min time

threshold shows that the number of grids above the moderate

level increases significantly. For some socially vulnerable groups,
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FIGURE 7

Deviation between supply and demand of UGS at di�erent time thresholds. (A) At the 15-min time threshold; (B) At the 30-min time threshold.

especially low-income groups and the elderly, the ownership of

a private car and the ability to undertake long-distance travel

are clearly unfair conditions for access to more UGSs (42, 43).

Therefore, it is still necessary to increase the area of UGSs to

increase the opportunities for urban residents to obtain green

space resources and ensure fairness of access to UGS for socially

vulnerable groups. When urban land resources are limited and

incremental expansion of old urban areas is difficult, decision-

making departments should first consider improving the quality

of existing UGSs. In densely populated areas with limited vacant

land, smaller street gardens, pocket parks, and rooftop gardens

should be considered to improve the accessibility of the UGS.

Decision-makers should increase the number of large park

entrances and strengthen the construction of roads around

comprehensive parks.

In addition, China’s government recommends that residents

stick to low-carbon travel modes, which means giving priority

to walking, cycling, and public transportation. For the old

urban area, where there is limited urban construction land, it is

undoubtedly a better choice to further develop the low-carbon

transportation system than to increase the green area of the

park. The construction of pedestrian and cycling networks, as

well as the public transportation system, should be strengthened

to improve the connectivity between residential areas and

UGSs. According to the specific situation, decision-making

departments should consider increasing the residential land area

around UGSs to improve the utilization rate of UGSs in the new

urban area, where the resources are sufficient.

Conclusion

The fairness of the UGS layout is the basic guarantee of

urban residents’ quality of life. Based on the optimized Ga2SFCA

method, we evaluated the spatial accessibility of the existingUGS

in the central urban area of Hefei under different travel modes

and analyzed the supply and demand deviation of the UGS

combined with the actual recreational population. The results

show the following:

(1) Setting different travel modes and different time

thresholds significantly affects the evaluation results of the UGS

accessibility level. At the 15-min threshold, the areas with

a moderate or higher walking comfort accessibility level are

small, and the areas with a moderate or higher driving comfort

accessibility level are far larger than those with walking and

cycling comfort accessibility. At the 30-min threshold, there

are relatively fewer areas with a moderate or higher level of

walking comfort accessibility, while the areas with moderate or

higher cycling accessibility were far greater than the former.

The spatial distribution of UGSs in the central urban area

of Hefei is uneven. In general, with the increase in the time

threshold, the number of grids above the moderate accessibility
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level generally increases, and the spatial distribution of the

grids with moderate, high and highest accessibility level present

different patterns of contiguous, clusters, and spots distribution

respectively. The accessibility of UGSs in old urban areas

is poor, mainly because these areas have a relatively dense

population and a large demand for UGS. Due to the shortage

of construction land, it is difficult to add new UGS, even if

the problem of the relatively small number of UGSs becomes

more severe.

(2) The characteristics of supply-demand deviation of UGSs

are revealed by analyzing the coupling matching degree between

the number of UGS visitors and the accessibility level results. At

the 15-min threshold, the demand of UGSs in the central urban

area is greater than the supply, but at the 30-min threshold, the

supply exceeds the demand. In addition, at the two different

time thresholds, the number of grids with balanced supply and

demand is small and the grids are scattered, mostly distributed

around large comprehensive parks. Such areas usually have

moderate residential density and good road connectivity. The

grids with balanced supply and demand or more UGS supply

than demand are mainly concentrated in the southern area

and the edge of the central city near the suburbs. All these

areas have large, comprehensive parks. The population density

of the surrounding communities is moderate, and the road

connectivity is better, with a higher level of transportation

infrastructure than that in the old urban area. The southern

area is the new urban area established by Hefei City, which

has more capital and land for the construction of UGSs and

various urban infrastructure, and the construction level of

living environment is relatively high. At the same time, an

increasing number of people choose to live in the new urban

area, which further brings capital and population vitality and

reduces the supply-demand deviation. Due to the increasing

urban population, the population density of the old urban

area is not decreased, which makes UGS resources scarce. The

government should pay attention to improving the existing

quality of UGSs, as well as alleviating UGS inequality by using

small vacant lands and inefficiently developed lands to increase

the area of UGSs.

Refined and scientific evaluation of UGS accessibility

is an important foundation for the accurate restoration of

urban green space fairness. Based on the refined mobile

phone signaling data, we can obtain the precise accessibility

evaluation results and actual supply and demand situation,

which can certainly help the government to understand

the status of the actual park usage. For the area with

imbalanced supply and demand, the government should

carry out thematic studies and further explore the reasons.

This study can provide guidance for the government to

formulate fair green space policies, advocate to guarantee

access to green space resources for the socially vulnerable

groups, and finally promote the healthy and sustainable

development of cities. This study also had some limitations,

largely due to the availability of data. When calculating the

supply capacity of UGS, we did not consider the internal

facilities, service quality, and service facilities of UGS. In

the calculation of UGS demand, only the population number

of the statistical unit was considered, without an in-depth

consideration of the needs of people with different social

attributes, which can be significant (44). A discussion on the

causes of the discrepancy between the supply and demand

of accessibility is needed and will be further explored in

future research.
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perception of noise exposure in relation to urban green space availability. Urban
For Urban Green. (2018) 31:93–102. doi: 10.1016/j.ufug.2018.01.018

5. Zhang Y, Murray AT, Turner BL. Optimizing green space locations to reduce
daytime and nighttime urban heat island effects in Phoenix, Arizona. Landsc Urban
Plan. (2017) 165:162–71. doi: 10.1016/j.landurbplan.2017.04.009

6. Qiao Y, Chen Z, Chen Y, Zheng T. Deciphering the link between mental health
and green space in Shenzhen, China: themediating impact of residents’ satisfaction.
Front Public Health. (2021) 9:615432. doi: 10.3389/fpubh.2021.561809

7. Slater SJ, Christiana RW, Gustat J. Recommendations for keeping parks
and green space accessible for mental and physical health during COVID-
19 and other pandemics. Prev Chronic Dis. (2020) 17:E59. doi: 10.5888/pcd17.
200204

8. Yu K, Duan T, Li D, Peng J. Landscape accessibility as a measurement of the
function of urban green system. City Plan Rev. (1999) 165:7–10.

9. Páez A, Scott DM,Morency C. Measuring accessibility: positive and normative
implementations of various accessibility indicators. J Transp Geogr. (2012) 25:141–
53. doi: 10.1016/j.jtrangeo.2012.03.016

10. Shi T, Li J, Li Y, Yin H. Analysis of urban park accessibility in Shenyang City.
Chin J Ecol. (2016) 35:1345–50. doi: 10.13292/j.1000-4890.201605.005

11. Xiao H, Yuan Q, Xu H. Green space distribution based on accessibility and
serving area. Planners. (2009) 25:83–8. doi: 10.3969/j.issn.1006-0022.2009.02.016

12. Zhu H, Pan L, Li Y, Jin H, Wang Q, Liu X, et al. Spatial accessibility
assessment of prehospital EMS with a focus on the elderly population:
a case study in Ningbo, China. Int J Environ Res Public Health. (2021)
18:9964. doi: 10.3390/ijerph18199964

13. Higgs G. A literature review of the use of GIS-based measures of access
to health care services. Health Serv Outcomes Res Methodol. (2004) 5:119–
39. doi: 10.1007/s10742-005-4304-7

14. Perry B, Gesler W. Physical access to primary health care in Andean Bolivia.
Soc Sci Med. (2000) 50:1177–88. doi: 10.1016/S0277-9536(99)00364-0

15. Nicholls S. Measuring the accessibility and equity of public parks: a case
study using GIS. Manag Leisure. (2001) 6:201–19. doi: 10.1080/136067101100
84651

16. Li B, Song Y, Yu K. Evaluation Method for Measurement of Accessibility in
Urban Public Green Space Planning. Acta Scientiarum Naturalium Universitatis
Pekinensis (2008). p. 618–24.

17. Hillsdon M, Panter J, Foster C, Jones A. The relationship between access
and quality of urban green space with population physical activity. Public Health.
(2006) 120:1127–32. doi: 10.1016/j.puhe.2006.10.007

18. Liu D, Kwan M, Kan Z. Analysis of urban green space accessibility and
distribution inequity in the City of Chicago. Urban For Urban Green. (2021)
59:127029. doi: 10.1016/j.ufug.2021.127029

19. Radke J, Mu L. Spatial decompositions, modeling and mapping service
regions to predict access to social programs. Ann GIS. (2000) 6:105–
12. doi: 10.1080/10824000009480538

20. Luo W, Qi Y. An enhanced two-step floating catchment area (E2SFCA)
method for measuring spatial accessibility to primary care physicians.Health Place.
(2009) 15:1100–7. doi: 10.1016/j.healthplace.2009.06.002

21. Ren J,Wang Y. Spatial accessibility of park green space inHuangpuDistrict of
Shanghai based on modified two-step floatina catchment area method. Prog Geogr.
(2021) 40:774–83. doi: 10.18306/dlkxjz.2021.05.005

22. Tong D, Sun Y, Xie M. Evaluation of green space accessibility
based on improved Gaussian two-step floating catchment area
method: a case study of Shenzhen City, China. Prog Geogr. (2021)
40:1113–26. doi: 10.18306/dlkxjz.2021.07.004

23. Yang W, Li X, Chen H, Cao X. Multi-scale accessibility of green
spaces and its equity in Guangzhou based on multi-mode two-step floating
catchment area method (M2SFCA). Acta Ecologica Sinica. (2021) 41:6064–
74. doi: 10.5846/stxb202004080829

24. Guo P, Sun Y. Accessibility of urban green space in downtown
area of Tianjin based on internet map service and Gaussian 2-step
floating catchment area method. J Tianjin Normal Univ. (2020) 40:63–9.
doi: 10.19638/j.issn1671-1114.20200509

25. Wan N, Zou B, Sternberg T. A three-step floating catchment area method
for analyzing spatial access to health services. Int J GIS. (2012) 26:1073–
89. doi: 10.1080/13658816.2011.624987

26. Delamater PL. Spatial accessibility in suboptimally configured health care
systems: a modified two-step floating catchment area (M2SFCA) metric. Health
Place. (2013) 24C:30–43. doi: 10.1016/j.healthplace.2013.07.012

27. Luo J. Integrating the huff model and floating catchment area methods
to analyze spatial access to healthcare services. Trans Gis. (2014) 18:436–
48. doi: 10.1111/tgis.12096

28. Tao Z, Cheng Y. Research progress of the two-step floating
catchment area method and extensions. Prog Geogr. (2016) 35:589–
99. doi: 10.18306/dlkxjz.2016.05.006

29. Wang F, Tang Q. Planning toward equal accessibility to services: a quadratic
programming approach. Environ Plan B. (2013) 40:195–212. doi: 10.1068/b37096

30. Dai D, Wang F. Geographic disparities in accessibility to food stores in
southwest Mississippi. Environ Plan. (2011) 38:659–77. doi: 10.1068/b36149

31. Dai D. Racial/ethnic and socioeconomic disparities in urban green space
accessibility: Where to intervene? Landscape Urban Plan. (2011) 102:234–
44. doi: 10.1016/j.landurbplan.2011.05.002

32. Bagstad KJ, Johnson GW, Voigt B, Villa F. Spatial dynamics of ecosystem
service flows: a comprehensive approach to quantifying actual services. Ecosyst
Serv. (2013) 4:117–25. doi: 10.1016/j.ecoser.2012.07.012

33. Mcgrail MR, Humphreys JS. Measuring spatial accessibility to primary health
care services: utilising dynamic catchment sizes. Appl Geograp. (2014) 54:182–
8. doi: 10.1016/j.apgeog.2014.08.005

34. Luo W, Whippo T. Variable catchment sizes for the two-
step floating catchment area (2SFCA) method. Health Place. (2012)
18:789–95. doi: 10.1016/j.healthplace.2012.04.002

35. Wei Y, Xiu C, Gao R, Qi W. Evaluation of green space accessibility of
Shenyang using Gaussian based 2-step floating catchment areamethod. Prog Geogr.
(2014) 33:479–87. doi: 10.11820/dlkxjz.2014.04.005

36. Shan Z, Zhang X, Huang Y. The research on the spatial distribution layout
of city permanent residents in metropolitan development area and main urban
area in WuHan: Based on the sixth census in 2010. Hum Geogr. (2016) 31:61–
7. doi: 10.13959/j.issn.1003-2398.2016.02.011

37. Cheng S, Liao Z, Zhu Y. Dynamic changes in community deprivation of
access to urban green spaces by multiple transport modes. Front Public Health.
(2021) 9:561809. doi: 10.3389/fpubh.2021.615432

38. Feng J, Zhong Y. The spatial structure of urban residents’ quality of
life in Changzhou based on residential environment. Acta Geographica Sinica.
(2020) 75:1237–55. doi: 10.11821/dlxb202006011

39. Fu L,Wang Y, Zeng B, Mao Y, GaoM. Spatial accessibility of medical facilities
in Beibei district based on modified two-step floating catchment area method. J
GIS. (2019) 21:1565–75. doi: 10.12082/dqxxkx.2019.190188

Frontiers in PublicHealth 13 frontiersin.org

https://doi.org/10.3389/fpubh.2022.1029551
https://doi.org/10.13287/j.1001-9332.20140731.007
https://doi.org/10.1016/j.ijdrr.2018.01.027
https://doi.org/10.3390/su6128827
https://doi.org/10.1016/j.ufug.2018.01.018
https://doi.org/10.1016/j.landurbplan.2017.04.009
https://doi.org/10.3389/fpubh.2021.561809
https://doi.org/10.5888/pcd17.200204
https://doi.org/10.1016/j.jtrangeo.2012.03.016
https://doi.org/10.13292/j.1000-4890.201605.005
https://doi.org/10.3969/j.issn.1006-0022.2009.02.016
https://doi.org/10.3390/ijerph18199964
https://doi.org/10.1007/s10742-005-4304-7
https://doi.org/10.1016/S0277-9536(99)00364-0
https://doi.org/10.1080/13606710110084651
https://doi.org/10.1016/j.puhe.2006.10.007
https://doi.org/10.1016/j.ufug.2021.127029
https://doi.org/10.1080/10824000009480538
https://doi.org/10.1016/j.healthplace.2009.06.002
https://doi.org/10.18306/dlkxjz.2021.05.005
https://doi.org/10.18306/dlkxjz.2021.07.004
https://doi.org/10.5846/stxb202004080829
https://doi.org/10.19638/j.issn1671-1114.20200509
https://doi.org/10.1080/13658816.2011.624987
https://doi.org/10.1016/j.healthplace.2013.07.012
https://doi.org/10.1111/tgis.12096
https://doi.org/10.18306/dlkxjz.2016.05.006
https://doi.org/10.1068/b37096
https://doi.org/10.1068/b36149
https://doi.org/10.1016/j.landurbplan.2011.05.002
https://doi.org/10.1016/j.ecoser.2012.07.012
https://doi.org/10.1016/j.apgeog.2014.08.005
https://doi.org/10.1016/j.healthplace.2012.04.002
https://doi.org/10.11820/dlkxjz.2014.04.005
https://doi.org/10.13959/j.issn.1003-2398.2016.02.011
https://doi.org/10.3389/fpubh.2021.615432
https://doi.org/10.11821/dlxb202006011
https://doi.org/10.12082/dqxxkx.2019.190188
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Chen et al. 10.3389/fpubh.2022.1029551

40. Coxeter HSM. Packing and Covering (C. A Rogers). SIAM Review. (1965)
7:303–5. doi: 10.1137/1007061

41. Wang F. Measurement, optimization, and impact of health care
accessibility: a methodological review. Ann Assoc Am Geogr. (2012) 102:1104–
12. doi: 10.1080/00045608.2012.657146

42. Yang L, Liu J, Liang Y, Lu Y. Yang H. Spatially varying effects of
street greenery on walking time of older adults. ISPRS Int J Geo Inf. (2021)
10:596. doi: 10.3390/ijgi10090596

43. Yang L, Ao Y, Ke J, Lu Y, Liang Y. To walk or not to walk?
Examining non-linear effects of streetscape greenery on walking propensity
of older adults. J Trans Geogr. (2021) 94:103099. doi: 10.1016/j.jtrangeo.2021.
103099

44. Huang Y, Liu X, Liu Y, Zhang H. Spatial and temporal accessibility analysis
of urban parks based on Amap APl by means of multiple transportation:a
case study of Haizhu District in Guangzhou. Geogr Geo Inf Sci. (2018)
34:50–7. doi: 10.3969/j.issn.1672-0504.2018.06.008

Frontiers in PublicHealth 14 frontiersin.org

https://doi.org/10.3389/fpubh.2022.1029551
https://doi.org/10.1137/1007061
https://doi.org/10.1080/00045608.2012.657146
https://doi.org/10.3390/ijgi10090596
https://doi.org/10.1016/j.jtrangeo.2021.103099
https://doi.org/10.3969/j.issn.1672-0504.2018.06.008
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Measuring spatial accessibility and supply-demand deviation of urban green space: A mobile phone signaling data perspective
	Introduction
	Materials and methods
	Research area
	Data source and processing
	UGS data
	Residential population and visitor data
	Travel mode and travel distance data

	Methodology
	Implementation of Ga2SFCA
	Overlay analysis of accessibility and UGS recreational characteristics


	Results
	Accessibility analysis
	Analysis of supply and demand deviation

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


