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Abstract: The question of whether each building of housing estate has equal access to nearby social
service resources (e.g., public transportation service, catering, entertainment, etc.) is a major concern
of citizens. This paper takes Wuhan as a case to explore the equality in social service resource sharing
of the housing estate at a microscopic level by analyzing the accessibility of each building under
different travel patterns. To estimate the accessibility of each building, we developed a novel model
with multi-travel modes and residential suitability evaluation of residents. The specific values of
the parameters involved in the proposed model were extracted from the multi-source spatial data
such as social media data, census data, point of interest, and road network data. These data were
acquired from multiple platforms, e.g., Gaode map, OSM (OpenStreetMap), and GeoQ. We chose
three types of districts in the city of Wuhan, including the old central district, new central district,
and suburban district. We applied the proposed model to assess the accessibility of communities in
these districts. Based on the results, we further analyzed whether and to what extent the distribution
of each building in urban communities is equitable for social service resource sharing in China.

Keywords: housing estate; equality analysis; urban community; accessibility measurement;
multi-source spatial data

1. Introduction

With the rapid development of urban economy, the demand for livability of the
housing estate has reached a higher level. Advanced residential planning and public
resource allocation have facilitated city dwellers’ daily travel and the utilization of social
resources [1]. Accessibility of housing estate as an index has been used to measure the
extent to which residents are able to reach grocery stores, public services, recreation centers,
and places of interest [2-4]. As an indicator for residential suitability, accessibility plays an
important role in decision-making for planners and potential residential groups. During
the last few decades, many studies have examined accessibility modeling and application
from the aspects of residential locations, transportation patterns, individual activities,
and economic benefits [4-8]. Geurs et al. [9] categorized the accessibility measurement
into four types: infrastructure-based measures, location-based measures, person-based
measures, and utility-based measures. Ben-Elia et al. [4] also indicated that the present
accessibility assessment approaches mainly included four aspects: (1) simply measure the
proximity between locations in time, distance, or both [10]; (2) using a gravity-type model
to count the cumulative number of reachable activities, opportunities, or locations within
a certain distance, time, or cost threshold from a given origin [11]; (3) applying utility-
based approaches (e.g., net benefits) to measure the accessibility from an econometrics
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perspective [12]; (4) evaluate the accessibility based on the factors of capability, coupling
and authority space-time constraints [13].

Based on the study by Geurs et al. [9], accessibility of housing estate is a typical
instance of location-based measures. The present studies on housing estate accessibility
mainly answered two research questions: (1) how to evaluate the accessibility of housing
estate; and (2) what are the relations between accessibility and social factors (e.g., housing
prices and public service facilities)? Research related to the first question has been ad-
dressed by constructing the accessibility measurement model from the aspects of distance,
time, the number of residents, etc., as stated by Ben-Elia et al. [4]. To discuss the second
issue, researchers investigated the potential social problems of housing price and resource
configuration [8,14-17]. Although lots of articles have discussed housing accessibility on
the above two questions, two additional problems still need to be addressed: (1) how to
model the accessibility considering multi-mode traffic to complete the travel; and (2) how
to model the community accessibility at small scales, e.g., building scale. The present
studies for addressing these two issues are still rare. To analyze the accessibility of housing
estate at a building level, Ben-Elia et al. [4] proposed to consider travel times by car and
public transit [18]. Although they further estimated the equity of commercial and indus-
trial buildings based on the accessibility measurement from the aspect of travel time, they
ignored other elements of buildings such as nearby amenities.

In this study, we proposed a novel method to evaluate the accessibility of housing
estate at a building scale accounting for multi-mode transport and amenity elements (e.g.,
the numbers and types of amenities). Meanwhile, we also integrated the feasible evaluation
from residents into the accessibility measurement model. The community accessibility at
the building scale can be computed using multi-source spatial data, which can be acquired
from multiple platforms, such as social median data from the Weibo platform, census
data of the GeoQ platform, and point of interest and transportation information from
map platforms (e.g., Gaode and OSM). In the case study, we selected nine communities
from four districts of Wuhan city, including the new central district: Wuchang, old central
district: Jiangan, Hanyang, and newly developed district: Caidian. The accessibility of
communities in these districts was calculated and visualized at the building level. Based
on the accessibility measurement results, we analyzed the distribution of activity resources
within the reachable area by taking three travel patterns (i.e., walking, walking and taking
public transportation, and walking and driving a private car). Meanwhile, we discussed
the uneven distribution of social service resources at the building level by evaluating the
association between housing prices and building accessibility.

The remainder of this article is organized as follows. Section 2 reviewed the related lit-
eratures. Section 3 described the methodology of building-level accessibility measurement.
Section 4 provided the implementation of accessibility measuring of the study area and
discussed the results. Section 5 summarized conclusions and future research directions.

2. Literature Review
2.1. Accessibility Measurement for Communities

The measurement for community accessibility [9] mainly includes two categories:
distance model [19] and potential measure [20]. Distance measures are usually applied to
estimate the maximum travel time or distance from an origin to a destination. For more
than two possible destinations, contour measure, also known as an isochoric measure, is
applied to count the number of opportunities that can be reached within a given travel time,
distance, cost, or measure of the time or cost required. For example, Shen [21] analyzed
the fairness of local zoning practices through the housing accessibility to facilities. The
accessibility defined in this research was quantified through a distance-oriented model,
which includes the shortest distances, aggregated mean distances, and descriptive statistics
of distances from homes to community amenities. Liang et al. [22] applied distance-based
measures to estimate the accessibility of housing estate to various surrounding public



ISPRS Int. ]. Geo-Inf. 2021, 10, 701

30f20

services through the shortest path, the fastest path, the second shortest path, and the
second-fastest path.

Potential measure is another approach to quantifying the accessibility of locations
(e.g., parks, universities, and shops.) based on the features of simplicity and generaliz-
ability [8,23-27]. As Geurs and Wee [9] mentioned in their article, potential measure is an
advanced approach in both theory and practice. It considers the combined effect of land-
use and transport factors and integrates the perceptions of transportation using a distance
decay function. In addition, the access scores can be computed due to the availability of the
land-use and transport data. Ben-Elia et al. [18] estimated the accessibility of commercial
and industrial buildings by calculating the door-to-door travel time of the shortest paths
by car and by public transit. However, they mainly considered the factors of travel time
and ignored the other elements of buildings such as the number of residents, jobs, and
other amenities.

2.2. Social Impact Related to Housing Estate Accessibility

Exploring social equity based on the analysis of housing prices and accessibility is
another research topic. For such cases, accessibility of communities has been incorporated
in the model, and the computation process is straightforward. For instance, Chin and
Foong [14] used a hedonic housing price model to explore the relationship between ac-
cessibility and housing values in Singapore. They used the number of employments and
the number of prestigious primary and secondary schools in a zone as the accessibility of
housing estate. Li et al. [16] investigated the accessibility to key amenities and its impact
on housing values in Salt Lake County. In their article, the accessibility of communities
was measured based on the percentage of regional employments within 10 min drive
and the number of light-rail stations and bus stations within 0.5 miles. In addition, they
further discussed the degree to which the real estate market is associated with structural
attributes, accessibility, public, and private services in Shanghai [17]. The accessibility of
communities in this article was calculated using the number of metro stations and bus
stops within 0.5 miles and the number of sharing bikes within 300 m [17]. Although
these studies have explored community or housing estate accessibility from the aspects
of housing prices, transportation, and amenity distribution, some additional questions
remain to be addressed [8]. First, accessibility was computed using fixed distance or time
cost, without accounting for the dynamics of an individual’s daily life. In metropolitan
areas, with a large population and complex road networks, residents have various travel
patterns. Therefore, it is important to set multiple travel times and distances in the model.
Secondly, most research on community accessibility was conducted at a district scale but
rarely discussed at a microscopic scale, such as community or single-building scale. As
a result, the difference in resource using among residential buildings cannot be captured.
With the growing trend of smart urban planning, understanding the heterogeneity of
resource allocation at microscopic scale has become crucial for policymakers.

3. Methodology
3.1. Modelling Accessibility of Housing Estate

To improve living quality, most people tend to rent or buy real estate located within
convenient access to work, schools, parks, or other amenities. There are two elements
for measuring housing accessibility, transport cost, and opportunity. Transport cost is
characterized by the travel time of the shortest path using the existing transport models
from an origin i, (single building) to a destination ji, (attraction) (Figure 1). Opportunity is
used to express absolute values such as the number of residents, capacity, and attractiveness
of surrounding amenities. Accessibility of housing estate with a combination of these
two elements is used to quantitatively describe the possibility of reaching desired goods,
services, activities, and destinations from residential locations [3].
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® Single-building: i, Amenity: j,
""" Boundary of the residential area | A residential area
-2 Buffer of the residential area

Figure 1. Relation between an origin (single building in) and a destination (amenity jm).

As an instance of location-based measure, the model of housing accessibility follows
the concept of the potential model. Meanwhile, in terms of spatial interaction, the concept of
a potential model is related to the gravity model [8,26]. Thus, inspired by the gravity model,
the spatial interaction between two points: an origin i and a destination j is quantified
as follows:

T. — (Oi X D]) (1)

= Tk
j

where Tj; represents spatial interaction between the origin i and destination j; O; is the
number of residents in a building i; D is the population capacity of surrounding amenities;
cij is the travel time of the shortest path from an origin (single-building in a residential
area) i to a destination j (amenity around the residential area); k is a parameter that reflects
increasing rate in friction of the time, and its value usually set as 1 or 2 [8]. Tj; is proportional
to the O; (number of residents) and D; (population capacity) and inversely proportional
to the travel time ¢jj. For single building i, its accessibility is a cumulative value of the
spatial interactions between origin i and all surrounding amenities. Thus, the accessibility
measurement model in this paper is written as Equation (2).

Ai (Ol X D])

T, = =1
Nd i Cijk

i=1,2 ..., m )

where A; is an attractiveness index that is used to reflect the main characteristics of a
residential area; Tj is the accessibility of building i; N4 is the total number of destinations.

The accessibility in Equation (2) quantifies the inverse of the average cost of travel
time from the given building: high values of T; correspond to the low values of ¢;;. The
parameter A; indicates the main characteristics of a community that attracts residents. In
general, the attractiveness of a community depends on a few factors, including housing
prices, surrounding environment, services available, etc. In this study, we are going to
start from three aspects to evaluate the attractiveness of communities, including (1) the
number of amenities; (2) the number of amenity types; (3) residents’ evaluation of their
living environment. The first two factors reflect the potential of surrounding amenities of
communities, and the last one embodies the real experience of residents. In this study, we
assume that these three factors have the same impact on a residential attractiveness score.
To quantify the effects from these three factors, the calculation of A is defined in Equation (3),
where parameters p1, pa, and p3 represent the quantitative results of the above three factors,
respectively. In addition, considering the spatial heterogeneity, the computations of these
three parameters py, py, and p3, are defined as Equations (4)—(6), respectively.

Ai=(p1+p2+p3)/3 3)
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where p; represents the proportion of amenities in a buffer of building i to all amenities in
the experimental area; p, represents the proportion of amenity types in the buffer to the
total number of amenity types in the experimental area; p3 represents residents’ evaluation
of their living environment based on the textural analysis of social media data. It should be
emphasized that the buffer of building 7 in a community is defined using a fixed-radius
(denoted as: r) and the community’s boundary information, as shown in Figure 1. The value
of buffer radius r is determined by the travel distance of residential activities. The specific
computation for p1, pp, and p3 is as follows.

pP1 = 100% x % (4)

where Nq indicates the total number of amenities in a buffer of building i, NT presents the
total number of amenities in the experimental area.

p2 = 100% x ;’;—; ®)

where tpq and Np represent the number of amenity types in the buffer of building i and the
total number of amenity types in the experimental area, respectively.

%, Ngood .
ps = {100/ X N Noign >0 ©)

0 Nsign = 0

As mentioned above, the parameter p3 is proportional to the number of positive
comments which were reviewed by residents. In Equation (6), parameters ng,,4 and
Niign represent the number of positive comments and the total number of comments from
residents. Also, note that all comments from residents were extracted from social media
data. However, for some residential areas, there was no feedback about living experiences
on the social media platforms. Therefore, Equation (6) presents two kinds of algorithm:
Niign equals zero and Njgn does not equal zero. The detailed definition of these symbols is
listed in Table 1.

Table 1. The definition of the symbols for accessibility assessment.

Symbol Definition

i Origin (single building)
j Destination(amenity)

T Spatial interaction between the origin i and destination j

(o] The number of residents in a building i

D; The population capacity of surrounding amenities j

Cij The travel time of the shortest path from the origin i to a destination j
k A parameter that reflects increasing rate in a friction of the time

A An attractiveness index which is used to reflect the main characteristics of a

residential area

T; The accessibility of building i

Ng The total number of amenities in a buffer of building i

NT All amenities in the experimental area

tpq The number of amenity types in the buffer of building i

NP The total number of amenity types in the experimental area

p1 The proportion of Ny to NT
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Table 1. Cont.

Symbol Definition
P2 The proportion of tpy to NP
p3 The proportion of Ngood tO Niign
good The number of positive comments from residents
Nsign The total number of comments from residents, Njg, = 0 for no comment
The travel mode, pk = 1 for walking, pk = 2 for public transportation, pk = 3 for
P private car
dis;; The shortest network distance from an origin i to a destination j
dis;s The shortest network distance from i to a stop/station s
disg The shortest network distance from s to j
disip The shortest network distance from i to a nearest parking lot p
disp; The shortest network distance from p to j
(1 The average speed of walking
(2 The average speed of public transportation
U3 The average speed of private car

3.2. Travel Time in Multimodal Transportation Networks

In an urban area, a well-designed transportation system offers multiple options of
transportation modes to residents. Thus, the travel mode between residential locations
and their destinations is not limited to one type. In this case, we categorized the trip of
a resident into three patterns: (1) walking, (2) walking and then taking public transport,
and (3) walking and then driving a private car. In Figure 2, the first pattern reveals that
residents start the trip from their homes and then walk to the destination. For this case, the
buffer of a residential area confirms the number and locations of amenities within walking
distance. The second and third patterns were defined based on the long-distance travel that
people must take a car or public transportation system (e.g., bus or subway). Therefore,
for the second pattern, residents need to walk to the nearest station and then take public
transportation to the destination. The third pattern presents those residents walking to the
nearest parking lot and then driving their car to the destination.

A -4 ML
II'II W

Destination: j

Pattern 1:

Walking

k Stopg/stations 'R

Walking Public transportation: bus/subway/taxi

Pattern 2:

Origin: i

Pattern 3:

[
k “Parking lot
]

Walking Private car
Origin: i Destination: j

Figure 2. Three travel patterns of residents when they come out from their home to reach their
destinations.
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These three travel patterns applied different computation methods for travel time in
accessibility measurement. In addition, to get an accurate estimation of travel time, the
distance measuring from an origin i to a destination j used the shortest network distance
based on the A* algorithm [27], as shown in Figure 3. It should be noted that the shortest
network distance for each transport mode was acquired from different road networks. The
corresponding data were collected from pedestrian road networks (for walking), public
transportation routes (for public transport), and traffic road networks (for private vehicles).

Destination; j

& Ori gin

Road node Road segment
Projection point of building
The shortest network distance

Figure 3. Network distance from an origin i to a destination ;.

The travel time of the shortest path for each trip pattern is expressed as follows:

diSij/?]l pk =1
Cij = disis/v1 + diSsj /02 pk = )
disip /o1 + dispj/v3 pk=3

where pk represents the trip pattern, dis;j denotes the shortest network distance from
an origin i to a destination j; disjs represents the shortest network distance from i to a
stop/station s; disgj represents the shortest network distance from s to j; dis;, denotes the
shortest network distance from i to the nearest parking lot p; disp; denotes the shortest
network distance from p to j; v1, v, and v3 represent the average speed of walking, public
transportation (e.g., bus), and private car, respectively (Figure 2).

4. Case Study
4.1. Study Area and Data

Wuhan is an important city in central China with a multi-center urban spatial struc-
ture [17]. In the city of Wuhan, there are 13 districts. Seven of them are located in the central
urban region, and the rest are located in suburban area (Figure 4). The central districts
in the city of Wuhan were further classified into the new central district (e.g., Wuchang,
Qingshan, Hongshan) and the old central district (e.g., Jiangan, Jianghan, Jiangan, Qiaokou)
based on the economic development sequence. To verify the proposed method in this
study, we selected nine gated communities from three kinds of districts as a case study,
including the new central district - Wuchang, old central district—Jiangan, Hanyang, and
newly developed district — Caidian. The detailed information, including the identification
number, total area, and the number of buildings, was listed in Table 2. In this study, the
housing price used for the analysis of association with social factors was acquired by
manual searches from the real estate websites (e.g., HomeLink Real Estate).
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%

Huangpi

mm Old central district

Hannan | i . New central district
4 i i .
angxia Suburban district
0 100,000

Figure 4. Districts in the city of Wuhan.

Table 2. Add a descriptive label of the table here.

District Community ID Total Area (m?) The Number of Buildings
Wuchang 101 40,282 8
201 32,000 8
Jiangan 202 111,106 19
203 37,647 9
Hanyang 301 62,651 13
302 67,412 7
Caidian 401 103,572 23

The data used for accessibility measurement include the demographic data, road net-
works, building information, point of interest (POI) data, and social media data. The demo-
graphic data of experimental area were acquired from the GeoQ) platform, which provides
the latest population data according to the national census data. Road networks, including
pedestrian networks and vehicle networks, were downloaded from OpenStreetMap (OSM).
These road networks were used to compute the travel time between residential locations
and destinations. The information of the point of interest (POI), including the type and
location coordinates, was acquired from the Gaode map. The detailed information of
communities was extracted from the OSM platform, including the boundary of the com-
munity, location, and geometry structure of each building in a community. Beyond that,
comments for residents’ living experiences were acquired from the Weibo platform using
web crawler technology. Figure 5 shows part of POI locations, road networks, communities
and buildings, and public transport stations in the Wuchang district.
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Figure 5. Data used for accessibility measurement.

4.2. Data Preprocessing

Since our research data including POI, road networks, and community buildings were
acquired from multiple platforms (e.g., Gaode map, OSM, GeoQ)), the spatial references
of all data were standardized to the WGS84 coordinate system. Beyond that, residents’
comments for their community will be used to estimate the residential suitability by two
steps: (1) location information extraction from the textual data which were collected from
the platform of Weibo; and (2) spatial matching between comments and communities. For
the first step, we used the NLPIR! (Natural Language Processing & Information Retrieval)
platform to extract the location information from all textual data [28]. Then, we matched all
comments to the corresponding community based on the location information. Normally,
one comment should be matched to a specific community. To avoid the situation that one
comment matched to multiple communities, we proposed an optimized spatial matching
algorithm (OPMA) based on the dynamic programming (DP) technique. DP technique is
mainly applied to get the optimal solution for a complex problem by decomposing it into
several simple sub-problems and getting the solution of these sub-problems [29]. Thus,
during this process, the redundant results were matched again based on the DP technique.
The details of the proposed OPMA method are shown as Algorithm 1.

The estimation of residential suitability for each community was then performed
based on the matched comments. In this process, we summed all positive reviews from the
matched comments based on the results of NLPIR.
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Algorithm 1. Optimized spatial matching algorithm (OPMA)

1: Input: the position of a community: S;,i=1,2, ..., n; the position of textual data: sj,]' =1,2,...,m

2: Output: the optimized matching set P;?

Function

step 1: computing the distance between S; and sj and sorting distance results

4: for each gin Sj, do

5: for each p in Sj, do
6: x; = getDistance (g, p)
7: end for

8: sort distance set X; = (xq, . -

., X;) based on the value of x;

step 2: selecting the initial matching set

. ]
9 G; = getGeometricAverage (j > {/]1x))
1

10: get the initial matching set P; based on the G;

11: if xj > G; then
12: emit X;

step 3: getting the order for the following optimization

13:for each gin S;, do

14: Nj = getProportion (i, § > 1)

15:end for

Yi4q

16:get a descending order of S; based on the value of Nj

step 4: optimizing the initial matching set P;! based on the order of step 3
17:Matching: P;! = match (Sj, Pi(xj, j=1,2, ... , Ny*m)

step 5: finding the redundant
these redundant results again
18: for each P in P;1, do

19:P;% = DP (match = (S;, Pi(xj,

20:end for
21:emit set P;2

matching results through a traversal, and using dynamic programming (DP) technique to match

j=1,2,...,Ni*m)), num > 1)

End function

4.3. Accessibility Measurement

Based on the proposed accessibility measurement, we first determined the values of O;,
Dj, and ¢;. The values of O; and D; in this study were acquired based on the demographic
data. For travel time computation, the shortest path distance from a building (i) to a POI (j)
was computed using the Dijkstra algorithm in this study. Meanwhile, based on the existing
research [30], the average speed of walking was set as 1.25 m/s. The average speed of
public transportation was acquired from the Gaode Map according to the corresponding
travel route. For private cars, the speed limit of the road was used as the average speed to
compute the travel time. In addition, the value of parameter k was set as two based on the
existing research [8].

4.3.1. Traveling Cost Analysis for Multi-Mode of Trip Pattern

In this study, we applied travel time to estimate residents’ daily traveling costs. As
mentioned above, there are three types of travel modes: (1) walking, (2) walking and then
taking public transport, and (3) walking and then driving a private car. Among these three
patterns, the priority mode is walking. For example, residents need to walk from their
home to a transit place (e.g., bus stop, metro station, or parking lot) before they decide
to take public transport or drive a private car. The path distance from each building to a
transit place determines the duration of walking time. Therefore, the varying locations of
buildings in a community are associated with the difference in walking time, thus further
affecting the total travel time. To understand the difference in the three trip patterns, we
analyzed the reachable area for each pattern by constructing the accessibility equivalent
circle. That is, the accessibility threshold for each equivalent circle was computed by setting
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several thresholds of fixed travel time. In this study, the thresholds of travel time included
four levels: 0-5 min, 5-15 min, 1545 min, and longer than 45 min. Then, we computed the
reachable area of each building within the accessibility equivalent circle under different
trip patterns. It should be noted that for the last two patterns (e.g., walking and then
taking public transport, and walking and then driving a private car), the fixed travel time
also included the time that residents walk to the bus station or parking lots from their
living building. Figure 6 visualized the reachable area of the third trip pattern in three
communities. Here, the buildings in each community were represented as a single point,
marked with a red asterisk. As in a normal case, residents spend 0-15 min walking to
the nearest transport stations. To overcome the potential issue that the reachable area
approaches zero, especially for the second and third trip patterns, we defined the area
using 15-45 min traveling time.

Reachable
region
region - 0-5min
B 0-5min - 5-15min
[ 5-15min

a 5 15-45mi
=2 2| [ 11545min L 15 4smin
[ >45min

Reachable

region
0-5min

[15-15min
[ h5-45min
[C1>45min

()

Figure 6. The reachable region of each community for the third trip pattern, (a) community in Wuchang district; (b) commu-

nity in Jiangan district; (¢) community in Caidian district.

To further analyze the difference of the reachable area by taking different trip patterns,
we computed the area of all reachable regions in the districts of Wuchang, Jiangan, and
Caidian (Figure 7). Based on the statistics in Figure 7, there is subtle variation in the
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reachable area by taking Pattern 2 and Pattern 3. Therefore, the location difference of each
building in a community slightly affects the reachable area for the last two trip patterns.
However, building-level heterogeneity was identified for the reachable area under the
first trip pattern. This variation typically existed during short-distance travel, between
residential buildings and public transport stations. For example, the maximum difference
of the reachable area under the first trip pattern for each building in the Caidian district
was approximately 1 km?. This distance difference may not affect the traveling experience
for a long distance trip under the other two trip patterns: Pattern 2 and Pattern 3. But
it has a significant impact on walking activities. Therefore, we focused on analyzing the
sensitivity of the proposed method for accessibility measurement at the building level
under the first trip pattern (i.e., walking from the building to the destination).
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Figure 7. Cont.
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Figure 7. Statistics of the reachable area by taking different patterns of trip pattern, (a) community in Wuchang district;
(b) community in Jiangan district; () community in Caidian district.

°
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4.3.2. Accessibility Measurement Results within Walking Distance

In terms of the travel time cost analysis, a building’s location in a community has
a major impact on residents” walking activity time. The walking time cost may further
influence the travel time by taking public transportation or private car. But this effect
will decrease with travel distance increases. In this study, to explore the sensitivity of
the proposed method for accessibility measurement at the building level, we computed
the accessibility of all experimental communities within the walking distance. Based on
the existing research, the scope for most residents” walking activity should be within
1 km [31]. So, the buffer radius r was set to 1 km and constructed based on the boundary of
communities. For a community, buildings were considered as origins while amenities in
the buffer were accounted as destinations. Taking community “101” in Wuchang district
as a case (Figure 8), the value of Nd, NT, tp4, Np, ngood, and Nign for each building in
community ‘101" is about 27, 355, 4, 10, 15, and 23. Since the area and floors quantity of
each building in community ‘101" are different, the value of O; of each building i is different.
Here, the number of residents for C1701, C1702, C1703, C1704, C1705, and C1706 is about
848. The buildings C1707 and C1708 have about 420 residents. Figure 8a shows that
amenities in the buffer are considered as the destinations. Figure 8b shows the population
capacity of surrounding amenities which was acquired based on the demographic data.
The accessibility of these buildings in Figure 8a was further computed based on the results
of the travel time.
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° \\ °
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Road network \\ [
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/ : £ s
% 5 : 6
/ e @
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Figure 8. Accessibility measurement for the community ‘101’, (a) buffer construction; (b) population capacity of surrounding
amenities.
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Figure 9 shows the results of accessibility measurement for a part of communities in
the experimental districts within the walking distance. The left panel of Figure 9 shows the
accessibility of each building, and the right panel is the 3D visualization of accessibility

with information of the boundary and gate of the community.
N
A N
W 7.65.7.66
7.66-7.81 N -
7.81-8.11 .

[118.11-8.15
M8 15819

Accessibility -
Bl 765 - 7.7 N ™

| EAIEEA
I 7.90 - 7.96 )
7.97 - 8.00 P
8.01 - 8.04 *
8.05 - 8.13
— : :Z : : Z ’ .t Boundary of th'e closed
' ’ “ 0 70 140 m community
530 - 837 s [
Il s 38 - 850 \ g
(b)
Accessibility
B 755 - 7.7
| EAIERA
P 7.90 - 7.96
| 7.97 - 8.00
8.01 - 8.04
8.05 - 8.13
[ ]su1-819
P 8.20 - 8.29
B .30 - 8.37
Bl s 38 - 8.50
Accessibility
B .65 - 7.70
-
[ 790 - 7.96
7.97 - 8.00
8.01 - 8.04
8.05 - 8.13 |
b ls1u-819
[ 8.20 - 8.29
B s.30 - 8.37
Bl s 38 - 8.50

(d)

Figure 9. Accessibility measurement for four communities, (a) community ‘101" in Wuchang district; (b) community 202" in

Jiangan district; (¢) community ‘301" in Hanyang district; (d) community 401" in Caidian district.
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Based on the experimental results, we have two major findings: (1) in a gated commu-
nity, the accessibility varied among buildings within walking distance (Figure 9); and
(2) there was substantial variation in the accessibility of communities across regions
(Figure 10). The results in Figure 10 were computed from the average accessibility of
all experimental communities. In the next section, we will further discuss the implications
of these two situations from the aspect of resource equity.

Caidian district [
Hanyang distict |

district

Tiangan district |

g
[#]
=3
=+
[=]
7
[= N
e
wl
=
&
—

Comunities in the experimental

785 719 795 8 805 81 815 82

Average accessbility of communities in each district

Figure 10. Average accessibility of communities in each district.

4.4. Resource Equity Analysis Based on the Accessibility Measurement

In an urban area, public transportation and amenity are the most important activity
resources for residents. The utilization of these resources reflects the rationality of urban
planning. In this study, we proposed to analyze the spatial equality of resources based
on the accessibility measurement at the micro-level. Based on the experimental results,
the accessibility difference exists at both the building level and community level. This
result implied two levels of inequality. First, at the building level, for any district, there
was variation in accessibility. According to the method proposed in this study, the factors
including transportation and amenity allocation were involved when evaluating building-
level accessibility. Since the amenities of buildings were selected based on the same buffer,
the total numbers and types for each building are the same. Thus, the locations of a building
and an amenity, and the transportation network connecting these two places, became a key
factor for leading the heterogeneity of building-level accessibility. This difference revealed
that residents living in different buildings in the same community experienced inequality
resources access.

To further analyze the inequality of resources allocation at the building level, we
evaluated the association between housing prices and building accessibility. Based on the
existing research, housing prices reflect the cost of the public resources [16,22]. We found
that there is a positive correlation between resource accessibility and housing price in the
area with lower overall accessibility (Figure 11a,b). The average accessibility of buildings
shown is about 7.991 and 7.996, respectively. The correlation of these communities is
stronger than the ones with overall high accessibility (Figure 11c,d), where the average
accessibility reached 8.415 and 8.161. In summary, housing prices vary among buildings
in the same community. Although the elements affecting housing prices are multifold,
for example, policy, environment, educational resources, and transportation, the price
differences of buildings in the same community also reflect the fact that, at the micro-level,
there is inequality in resource allocation.
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Figure 11. The correlation between accessibility and housing price of buildings in the experimental area; (a,b) respectively
show communities in area with lower overall accessibility; (c,d) respectively indicate communities in area with higher
overall accessibility.

At community scale, the average accessibility shows variation across regions (Figure 10).
For example, the average accessibility in Jiangan district scored higher than that in the
Caidian district. Table 3 summarizes the statistics of the annual GDP (Gross Domestic
Product) of each experimental district in the city of Wuhan. Based on the statistics, Caidian,
as a suburban district, has the lowest GDP among all experimental districts in the city
of Wuhan. These statistical data were acquired from the regional statistical yearbook of
Wuhan city in 2018. This economic shortage in Caidian results in low development of
infrastructure, including transportation system (Figure 12). Meanwhile, Figure 12 shows
that most public transportation systems are in the central districts, especially in old districts.

Table 3. Statistics of experimental districts in 2018.

District Name Population Area (km?) Annual GDP (Billion)
Jiangan 690,000 64 1100.8
Hanyang 530,000 108 1100.2
Wuchang 1,140,000 81 1290.1

Caidian 470,000 1094 440.7
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Figure 12. Distribution density of public transportation in each district of Wuhan city.

In addition, accessibility differs across communities in the same district (Figure 13).
Based on the statistics in Figure 13d, community 202" had the highest average accessibility
score 8.415, while the other two communities scored substantially lower with values of
7.874 and 7.955, respectively. The variation in accessibility indicates that there is spatial
heterogeneity in activity resources within a district. The community with the highest
average accessibility has the priority to get the social service resource.

In summary, either at the building scale, community, or district scale, the uneven
distribution of public resources exists. The analysis of building-level accessibility could be
used to evaluate whether the current planning for amenities, transportation, and building
locations is reasonable. Improving the planning of buildings in a community and its
surrounding amenities can further enhance the equality of public resource sharing at the
community or district level. To follow the trend of smart urban planning, it is important
for urban planners to understand the heterogeneity of accessibility among communities
and buildings.
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Figure 13. Difference of average accessibility of communities in Jiangan district; (a) accessibility of buildings in community
“201’; (b) accessibility of buildings in community 202’; (c) accessibility of buildings in community ‘203’; (d) average value of
accessibility of each community.

5. Conclusions

Accessibility measurement is an important way to evaluate the equity of public
resource allocation. This study proposed a novel method to assess the accessibility of
communities at a micro-level. This new approach measured the accessibility of each
building in a community. In addition, the travel cost of multi-mode transit and residential
suitability evaluation were incorporated in accessibility measuring. To our knowledge, this
is the first study to evaluate building level accessibility for a housing estate. Our model
captured various residential trip patterns with multi-travel modes, features of nearby
amenities, and subjective evaluation from residents.

Multi-source spatial data including demographic data, road networks, community
buildings, point of interest (POI) data, and social media data were used to compute the
accessibility of each building in a community. These data were acquired from multiple
platforms, such as the Gaode map, OSM, and GeoQ platform, which provide us with
a low-cost and fast way of understanding the spatial configuration of urban resources.
Through using social media data collected from the Weibo platform, we accounted for the
residents’ opinions on public resources. Taking Wuhan city as the experimental area, we
applied the proposed method to compute the accessibility of buildings of nine experimental
communities in three different types of districts (e.g., new central district, old central district,
and suburban district). The results of community accessibility demonstrated that there was
substantial heterogeneity in accessibility at each scale level, including building-level and
community-level. At the building level, results showed that buildings are not equitable
for resource sharing, especially in walking activities. Meanwhile, at the community scale,
the resource-access level of residential communities is higher in the central district than
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that in the suburban district. With the growth of smart urban planning, these differences
should be captured. In summary, the major contributions of this study include: (1) we
modeled the accessibility considering the effect of multi-mode transport, amenity elements,
and the subjective evaluations from residents; and (2) the housing estate accessibility was
measured at building scale and community scale.

However, improvements are still required to make the accessibility estimation more
accurate and credible. In the procedure of travel time computation, this study mainly
considered three types of trip patterns, with a focus on analyzing building-level accessibility
using walking distance. The discussion will be expanded to additional types of transport
modes (e.g., bicycles and electric motorcycles) in future work. Also, during the travel time
computation for three trip patterns, especially for Pattern 2 and Pattern 3, we used the
average speed of public transportation and private cars and did not consider the effects of
the real-time traffic. The follow-up work would include acquiring the speed of each type of
transport according to the traffic. In this study, we consider evaluating the accessibility by
adding the effect of residents” own opinions which are extracted from the text data collected
from the Weibo platform. In addition, we mainly analyzed the spatial inequality of resource
allocation for gated communities based on the accessibility result. Future work will be
conducted to investigate whether there is a difference in the accessibility between open
communities and gated communities. We will also discuss the implications in economic
development and living safety.
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