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ABSTRACT

Evaluating the accessibility of amenities is fundamental to achieving equitable urban planning of cities. The cumulative
opportunity measure (CO) and the two-step floating catchment area method (2SFCA) are widely used in previous studies.
Although there is ongoing debate and discussion about the choice of method for measuring accessibility, the comparison between
these two methods has not been thoroughly examined and differences in the spatial distribution of accessibility and the resulting
equity from them have tended to be ignored. Here, we contrasted the similarities and differences in spatial accessibility in 12
different scenarios by using CO and 2SFCA, respectively. The scenarios considered the two models in two transportation modes,
public transport (PT) and private car (PC), and six key urban services, company, education, healthcare, shopping, restaurant, and
scenery, are thoroughly explored. Equity, between different housing price areas, was also evaluated by using the Gini coefficient
and Palma ratio. The findings show that the spatial distributions of accessibility from CO are more related to the whole city
structure, while the results from 2SFCA can better reflect the local characteristics and spatial heterogeneity. Regarding equity, PT
accessibility is less equitable than PC under CO, but more equitable under 2SFCA. We also found that the accessibility and equity
of PT are more susceptible to the chosen method compared to PC. This study can help planners understand accessibility and equity
from different views and make adjustments of resources allocation in future planning.

Transport equity is concerned with how the benefits and burdens
of the transport system are distributed across individuals and

1 | Introduction

Accessibility was first defined by Hansen [1] as the potential of
opportunities for interaction. With the long-lasting development
in concept and measurement [2, 3], accessibility has been widely
applied in transportation and urban planning, which has led to a
shift from mobility planning to accessibility planning [4-8]. Good
accessibility facilitates access to urban services, while poor acces-
sibility can lead to a lack of socioeconomic activities, affecting
people’s quality of life and even resulting in social segregation
[9]. The variation in the spatial distribution of accessibility and
the resulting issues of transport equity is a considerable obstacle
to achieving high-quality urban development.

places, and how such distributions relate to broader ideas of
justice and fairness [10, 11]. Rather than focusing solely on
whether average accessibility levels are high or low, equity
analysis asks who experiences good or poor accessibility and
whether observed disparities are socially acceptable. This is
often framed in terms of horizontal equity, which refers to
equal treatment for individuals or areas with similar needs, and
vertical equity, which emphasizes prioritizing those with greater
needs or fewer resources [12]. Within an accessibility-based
planning paradigm, equity is often operationalized by examining
the distribution of accessibility indicators across socio-economic
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groups or neighborhood types [13]. Therefore, it is essential to
properly measure the distribution of accessibility, providing the
basis for the allocation and adjustment of transport and urban
facilities.

As reviewed by Geurs and van Wee [2], the theories and methods
of accessibility vary. Among them, the cumulative opportu-
nity model (CO), gravity-based model, and two-step floating
catchment area method (2SFCA) are the most frequently used
approaches to measuring accessibility. CO calculates accessibility
by summing up the number of opportunities that can be reached
within a travel cost threshold [14, 15]. CO is easy to operate and
understand but simply consider the spatial interaction originating
from Tobler’s first law of geography [16] through the binary
distance decay function. The gravity-based model differentiates
the weights of opportunities in potential destinations by introduc-
ing the continuous distance decay function based on the travel
cost. While the gravity-based model suffers from the operability
problem as the decay function and parameter are difficult to
select, the gravity-based model is more logical because of the
careful consideration of the spatial interaction between places.
Furthermore, as the other special form of the gravity-based model
[17], 2SFCA represents a new wave of place-based accessibility
theory as it not only considers the distance decay but also the
competition between supply and demand.

The approaches above are widely applied in different accessibility
studies. However, the accessibility results may change with
the choice of methods [18, 19]. Therefore, this conflict calls
for the discussion on the applicability and limitations of each
method. The purpose of comparing accessibility measures is not
to identify a universally superior method. Rather, different mea-
sures embody distinct conceptual assumptions regarding supply-
demand interaction and spatial competition, which may lead
to different interpretations of spatial accessibility and transport
equity. From the planning perspective, it is critical to understand
these differences as policy conclusions may vary substantially
depending on the metric adopted.

In the broader literature, there has been substantial research com-
paring accessibility using various methods. For example, the most
classic accessibility metrics, CO and gravity-based measures have
been intensively compared [20-23]. Their results revealed that the
choice of method has effects on accessibility. Moreover, studies
exploring different 2SFCA methods [24] and different gravity-
based measures [25] found that the catchment size and distance
decay function are also important in accessibility evaluation.

However, a remaining hurdle is that most studies tend to focus on
the comparison of correlations of accessibility by using different
distance decay functions and related parameters [22]. While cor-
relation analyses are useful for assessing overall consistency, they
provide limited insight into how different measures shape spatial
distribution patterns and equity outcomes. Thus, comparisons of
the spatial distribution of accessibility and the resulting equity
from different measures still need to be explored. Furthermore,
the 2SFCA has not been compared with CO in various scenarios
of the accessibility evaluation. The application scenarios in
existing comparison studies are limited to job accessibility by
public transit (PT) [26, 20, 22]. As a result, it remains unclear
whether conclusions regarding spatial accessibility patterns,

modal accessibility gaps, and transport equity are robust to the
choice between CO and 2SFCA, particularly in contexts involving
different types of travel modes and urban services. This gap limits
the interpretability and policy relevance of accessibility-based
equity assessments.

To fill the gaps, this paper compared the performance of CO and
2SFCA in 12 different scenarios in Beijing. The spatial patterns
of accessibility in these two models are explored and contrasted.
Furthermore, equity is investigated using the Gini coefficient and
the Palma ratio. As the two most important modes in urban
transport [27, 28], the effects of method choice on PT and PC are
contrasted, and the modal accessibility gap index is introduced to
understand the differences between the two modes. Meanwhile,
we compared six widely studied key urban services in existing
accessibility research, including job [29, 30], education [31],
healthcare [32-35], shopping [36], recreation [37], and scenery
[38, 39].

The study answers two key research questions:

1. How does the spatial distribution of accessibility and the
resulting equity differ between the CO and 2SFCA?

2. Which transportation modes and urban services are more
susceptible to the choice of accessibility method?

The remainder of this paper is organized as follows. Section 2
reviews the accessibility measures and their comparison. Sec-
tion 3 introduces the methodology and study area and data,
respectively. Section 4 presents the main results. Section 5 pro-
vides the discussion and the final section makes the conclusion.

2 | Literature Review
2.1 | Accessibility Measures

Geurs and van Wee [2] identified four main types of accessibil-
ity measures, infrastructure-based, location-based, person-based,
and utility-based. Infrastructure-based measures focus on the
performance or service level of transportation infrastructure,
which is more related to the mobility measurement. Person-
based and utility-based measures provide more refined individual
components, however, they are more difficult to operationalize
and communicate as they require more data and parameter
specification. Overall, location-based measures have become
mainstream in accessibility applications [37, 40-45].

Among the location-based measures, CO [14] and gravity-based
methods [46, 1, 47, 48] are the most classic and widely used
measures. The biggest modeling difference between CO and
gravity-based methods is the distance decay function. CO can be
viewed as a special case of the gravity-based model [3]. The binary
distance decay function gives CO the advantage of simplicity and
interpretability, but the variability of the opportunities is not dif-
ferentiated, and the selection of the threshold can notably affect
the results [20]. Previous research shows that transportation
agencies and policymakers favour the CO in practical applications
such as when developing metropolitan or regional transportation
plans [49, 50, 8]. Moreover, at the same time, more complicated
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methods are proposed based on classic gravity-based models
[51], such as the improved gravity model [52], 2SFCA [17], and
enhanced 2SFCA [53].

The consideration of demand in accessibility modeling is more
and more important [54, 55]. As the new wave in the place-
based accessibility theory, 2SFCA is popular as it both considers
the spatial interaction and the competition between supply and
demand. Specifically, the 2SFCA first calculates the supply-
to-demand ratio by dividing the capacity of the supply point
by the surrounding population into the demand points within
the travel distance threshold, then aggregates all the calculated
supply-to-demand ratios of supply points for each demand
point.

Many scholars have extended the original 2SFCA since Luo and
Wang [17] applied the 2SFCA method to evaluate healthcare
accessibility. The improvements can be categorized into three
parts, the catchment area, the distance decay function, and
the competition between supply and demand [56]. Although
these three aspects are essential for more accurate accessibility
modeling, the distance decay function has been paid the most
attention. For instance, Luo and Qi [53] proposed the Enhanced
2SFCA (E2SFCA), which assigns fixed coefficients to several sub-
areas based on distance. Moreover, continuous functions such
as the inverse power function [57], exponential function [58],
Gaussian function [59], and kernel density function [60] have
been introduced to depict the effects of travel distance or cost
between the supply point and demand point. Because of the
consideration of the competition of supply and demand, 2SFCA
has further applied to many other scenarios such as employment
location [30], schools [61], public libraries [62] and green spaces
[63, 64, 39].

2.2 | Method Comparison in Accessibility
Evaluation

Kwan [19] compared the relationships of 30 accessibility mea-
sures including CO, gravity-based measures, and the space-time
model, and found that the observed accessibility in a particular
analytical context depends on the accessibility measure used.
Since then, a growing body of research has focused on the
comparative study of accessibility. Amongst these, two important
areas were identified, first, studies focusing on accessibility
variation resulting from different distance decay functions within
the particular model. Second, research concentrated on the
comparison between different accessibility models.

Regarding the comparison of different distance decay functions,
for example, Vale and Pereira [25] measured and compared
pedestrian accessibility of 20 gravity-based measures with varying
distance decay functions and parameters. They found that spatial
results are similar for locations with high and low accessibility,
while quite different for locations with medium accessibility.
Likewise, Chen and Jia [24] analyzed the statistical correlations
of 24 2SFCA models with various distance decay functions in the
evaluation of food store accessibility, the results indicated that the
catchment size is essential for small study scales and the distance
decay function is critical for large study scales.

Among the other important research areas, CO and gravity-based
measures receive considerable focus. Klar et al. [21] used 12
accessibility measures including CO, gravity-based measure, and
the hybrid measure to evaluate the accessibility to all potential
destinations by PT before and after transit interventions. The
results show that the accessibility change from CO is notably
different from other measures, and CO cannot fully reflect the
geographic extent of affected areas. Similarly, Kapatsila et al. [20]
compared the job accessibility of PT and PC in eight metropolitan
regions across Canada by using CO and gravity-based mea-
sures. The correlation coefficient between different measures
reaches approximately 0.90 when the commute time threshold
approximates the regional mean travel time, which supports
the reliability of the CO measure. Moreover, McCahill et al.
[22] tested 15 accessibility metrics that include different modes
(walking, transit, and driving), destination types (job and non-
work), analytical geographies (block and block group), and metric
definitions (CO and gravity-based measure) across the U.S. They
hold that these factors are all important in choosing the appropri-
ate accessibility measure in practice. However, the differences in
spatial distribution patterns of various metrics are still unknown.

Regarding transport equity, although equity evaluations are
often conducted using methods such as the Lorenz curve and
Gini coefficient in many accessibility studies [65], few studies
consider equity when comparing various accessibility methods.
Giannotti et al. [26] compared the transit inequity based on job
accessibility in London and Sao Paulo by using the CO, gravity-
based measure, and 2SFCA. The results from the Lorenz curve
and Gini coefficient suggest larger inequalities in Sao Paulo than
in London. However, to our knowledge, no studies have focused
on the equity comparison of various transportation modes and
services.

2.3 | Research Gaps

In conclusion, although substantial research efforts have been
made on method comparison of accessibility, there are still some
challenges and knowledge gaps that require further research.
Most existing research mainly focuses on the overall relevance of
accessibility from various measures, overlooking the comparison
of the spatial distribution pattern of accessibility and the resulting
equity by using different measures. Furthermore, there has yet
to be a study that simultaneously concentrates on the com-
parison between CO and 2SFCA in various scenarios including
different transportation modes and key urban services. Thus, the
heterogeneity effects of the method choice on different modes
and services remain unknown. In general, previous research has
not explored the similarities and differences between CO and
2SFCA in various scenarios, which raises questions regarding
their appropriate application. Consequently, in this study, we
compare the spatial distribution of accessibility, and equity by
using these two models in 12 typical scenarios including different
transportation modes and urban services.

3 | Material and Method

The research framework is illustrated in Figure 1. First, three
data sets were collected that were required for accessibility and
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FIGURE 1 | Research framework.

equity modeling, including transport, land use, and demand
data. Second, we compared the accessibility distribution from
the CO and 2SFCA in 12 different scenarios, which included two
transportation modes (PT and PC) and six key urban services.
Then, the modal accessibility gap distribution was investigated.
Finally, equity, focusing on the entire population and the subset of
disadvantaged populations, was evaluated by the Gini coefficient
and Palma ratio.

3.1 | Study Context

The areas within the sixth Ring Road of Beijing were selected
as the study area (Figure 2). It covers about 2267 km?, including
12 districts in both central and suburban areas. Among these
districts, Dongcheng, Xicheng, Chaoyang, Haidian, Fengtai, and
Shijingshan districts are considered as six central districts in
Beijing while Changping, Shunyi, Tongzhou, Daxing, Fangshan,
and Mentougou are viewed as suburban areas. As of 2020, there
are 24 urban rail transit lines and 311 metro stations in the study
area, with a total operational mileage of 727 km.

The residential population in the study area accounts for 78% of
Beijing’s total population [66]. Furthermore, 79% of employment
in Beijing is located within the study area, with nearly half of
these jobs concentrated within the fifth ring road, in clusters
such as the CBD, Zhongguancun, Jinrongjie, Wangjing, and
Fengtaikejiyuan. Given the high population and employment
opportunities, the study area provides an excellent case study for
researching accessibility and equity.

To balance the fineness of spatial scale and computational power,
we chose a 1 kmx1 km grid as the study unit. After excluding
several peripheral grids, we ultimately defined 2,219 study units
within the study area.

3.2 | Data Collection

We used the travel route planning API (Application Programming
Interface) of Gaode Map (https://Ibs.amap.com/) to obtain real-
time route planning data during 2 weeks in May 2020. It includes
the travel data of 9,847,922 OD pairs between the centroids
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FIGURE 2 | Study area: (a) the whole Beijing city, and (b) the population distribution in the areas within the sixth ring road.

TABLE 1 | The statistics and Global Moran’s I of different POI.

Total Global
POI number Mean Std Moran’s I
Company 95,055 42.84 80.07 0.59
Education 8,970 4.04 11.33 0.45
Healthcare 20,105 9.06 15.55 0.55
Scenery 4,547 2.05 8.16 0.45
Restaurant 78,271 35.27 65.29 0.54
Shopping 53,498 24.11 51.84 0.32

of any two grids using both PT and PC during morning peak
hours. Data contains coordinates, travel distance, travel time by
PC, and travel time by PT including the time of walking to
the station/destination and the waiting/in-transit/transfer for PT.
Moreover, the estimated travel time considers the real-time traffic
congestion, which improves accuracy and helps to better conduct
the comparisons between PT and PC.

We applied the POI (Point of Interest) search API of Gaode Map
to obtain 260,446 POIs of six kinds of urban services within the
study area, including company, education, healthcare, shopping,
restaurant, and scenery. Each POI data mainly includes name,
address, coordinates, and category. The spatial distribution and
statistics and Global Moran’s I of each type of POI are depicted
in Figure 3 and Table 1. Company-type POIs comprise various
enterprises in agriculture, industry, and services, predominantly
located around CBD and the northern areas between the third and
the fifth ring road. The company POI also has the highest Global
Moran’s I, indicating strong spatial autocorrelation. Education-
type POIs include different levels of school, such as university,

middle school, elementary school, kindergarten, and adult edu-
cation, mostly distributed in the Haidian district. Healthcare-type
POIs contain various medical services such as hospital, clinic,
and emergency center. Scenery-type POIs include different kinds
of park, square, and tourist spot, mainly distributed in the areas
within the second ring road. Shopping-type POIs consist of
different shopping center, market, and store. And restaurant-type
POIs feature various places providing food and beverage.

Gaode Map is one of the most widely used online map services
in China. The route planning data and POI data from Gaode map
have been widely applied in accessibility research [35, 67]. And it
is important to note that although the data were collected during
the pandemic, they are still valid for our study for several reasons.
Firstly, there were no new COVID-19 cases in Beijing in May 2020,
and the government downgraded the emergency response level
for public health emergencies at the end of April, considering
the reduced impact of the pandemic. Secondly, according to the
report from Baidu Map, the road congestion index during peak
hours in Beijing in May 2020 increased by 15.4% compared to the
same period in 2019 [68]. It indicates that the road traffic did not
decrease due to the pandemic.

Regarding the demand data, we first acquired a large-scale dataset
of residential communities in Beijing from Lianjia (https://bj.
lianjia.com/), a prominent real estate brokerage company in
China. After pre-processing to eliminate errors and missing val-
ues, we compiled housing data for 7,575 residential communities,
including details such as name, address, coordinates, housing
price, and the number of households. Moreover, to determine
the population distribution within each grid, we utilized 100m-
level population data from Worldpop (https://hub.worldpop.
org/project/categories?id = 3), adjusting it using data from the
seventh Population Census of China in 2020 at the Jiedao level.
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Finally, the population of each grid was aggregated, resulting in
a total population of 15,577,525 within the study area, with an
average of 7,020 per grid. As shown in Figure 2(b), the population
in the study area is primarily concentrated within the fourth ring
road and in areas between the fifth and sixth ring road along the
metro lines.

3.3 | Accessibility Calculation
3.3.1 | Cumulative Opportunity Measure (CO)

CO calculates the accessibility of different urban services by PT
and PC using the formulas below:

A=Y oy (t;j) )
J
re)={o Fis @

(e) Restaurant

KM i1 7 ) . 0 KM

ducation

(f) Shoppin

where A™" is the accessibility to the n'" urban service of grid i by
the m™ mode; O' is the number of the n'™ urban service in grid j
and the size and quality of different POIs is not taken into account
due to the lack of information; f(-) is the 0-1 function; ti’;.’ indicates
the traveling time from the centroid of grid i to the centroid of gird
j by the m'™ mode; t, is the travel time threshold, which is set as 60
min considering that the average commuting time in Beijing is 47
min [69] and the goal of one-hour travel circle in the metropolitan
proposed by the ministry of transport of China [70].

332 |
(2SFCA)

Two Step Floating Catchment Area Method

The 2SFCA that measures the accessibility of different urban
services by PT and PC at each grid can be estimated as
follows:

Step 1: For each supply point j, the supply-to-demand ratio R;"’”
is calculated by:
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m,n O.}]’l
R = ——— ®

3es()

where P, is the population of the demand location i; g() is the
distance decay function. In this paper, the standardized Gaussian
function is chosen as the distance decay function due to its
relatively slow decay rate near the origin (Dai, 2010; [71-73]). It
can be illustrated as:

if tf <t 4)

l-¢ 2
0, if tf; >t

Step 2: For each demand location i, Aim’", namely the accessibil-
ity to the n'" urban service of grid i by the m™ mode, can be
aggregated as follows:

A=Y R g (&'}’) )
J

It is noted that we only use the standardized Gaussian distance
decay function for various urban services for several reasons.
First, considering the limitation of travel behaviour data for
people accessing different urban services, it is hard to determine
the unique distance decay function for each urban service.
Second, by using the same distance decay function, we can better
compare the accessibility and equity of different urban services
and analyze their variations.

Furthermore, it is also important to note that the same travel
time matrices are used for both the CO and 2SFCA calculations.
This ensures that differences in accessibility outcomes arise from
the formulation of the measures rather than from travel time
estimation.

3.3.3 | Modal Accessibility Gap Index

We apply the classic measurement of the modal accessibility gap
(MAG) proposed by [74] to explore the accessibility differences
between PT and PC, which is also widely applied in subsequent
research [28, 75-77]. It can be illustrated as follows:

PT,n _ APC,n
i

MAGr= LT (6)
i PT, PC,
AT+ AT

where MAG! is the MAG of n' service in the grid i; Af) 1 and
Af ©" represents the PT and PC accessibility of n' service in the
grid i.

There are two advantages to using this MAG index. First, the mea-
surement has both good operability and interpretation. The index
isbetween -1 and 1, with values above 0 indicating PT accessibility
is better, and values below 0 indicating PC accessibility is better.
Furthermore, by using the same measurement as other studies,
we can make a comparison of MAG among different study areas.

3.4 | Equity Evaluation
3.4.1 | Lorenz Curve and Gini Coefficient

In this study, we first use the Lorenz curve to quantify equity. The
Lorenz curve shows the relationship between residential areas
and their corresponding cumulative accessibility. Specifically, the
girds with residential communities were ranked in ascending
order by the average housing price, which allows us to investigate
the spatial equity of urban services in different residential areas.
The resulting Gini coefficient G can be approximated using the
following formula [78]:

U
G=1-Y (X, =X, ) (Y, +Y,,) ©)

u=1

where X, and Y,, are the cumulated percentage of the residential
communities and accessibility, respectively. u is the index of the
residential area, u =1, 2, ..., U. The value of U equals the number
of study units. Correspondingly, X,= 0, Xy=1, Y,=0, and Y =
1. The G ranges from 0 to 1 and the higher the value means the
accessibility distribution is more unequal.

Although the Lorenz curve and Gini coefficient have been
widely applied in the evaluation of transport equity [65, 79-81],
the Gini coefficient has the disadvantage of disproportionately
highlighting the inequality experienced by individuals in the
middle of the Lorenz curve, while failing to adequately capture
the disparity faced by those at both ends of the distribution curve
[82].

3.4.2 | Palma Ratio

To address this limitation, we further apply the Palma ratio to
measure the equity between the grids with the highest housing
price (top 10%) and the grids with the lowest housing price
(bottom 40%). Specifically, the Palma ratio is calculated as
follows:

—m,n
Ai to %
,top10%

Ph= = ®

Ai,boltom40%

where P}, is the Palma ratio calculated from the accessibility of
the n™ urban service by the m™ mode; ZZ:MO% and ZT,,’ZH(,MO% is
the average accessibility of the n'" urban service by the m™ mode
for the grids with the highest 10% housing price and the lowest

40% housing price, respectively.

The Palma ratio does not have a defined theoretical range.
Typically, a higher Palma ratio indicates more serious inequality
in accessibility between different populations, while a lower
Palma ratio suggests less disparity in accessibility. Specifically, a
Palma ratio equal to or below 1 is commonly viewed as indicative
of a low level of inequality, in accordance with the results of Liu
et al. [83].
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3.5 | Global Moran’s I

Global Moran’s I [84] is the most common indicator of global
spatial autocorrelation statistics, which ranges between —1 and
1. The closer the value is to 1, the more pronounced the spatial
clustering of similar values. A value closer to —1 indicates a
dispersed spatial distribution, while a value near 0 suggests a
random spatial distribution. It can be calculated by the following
equation:

N Zi Z_jWij(Xi_)_()(Xj_)_()

1= . ©
Zi Zj Wij Zi (Xl _Y)

where N is the total number of observations; X; and X ; are the ith

and j® variable values and X is the mean of all variable values;
and W, is the spatial weight between the i and j™ variable.

4 | Results
4.1 | Accessibility Distribution

Figures 4 and 5 show the spatial distribution of accessibility to
company, healthcare, and education from CO and 2SFCA by
using PT and PC, respectively (results for scenery, restaurant,
and shopping services are included in Appendix A). Accessibility
values are divided into five classes based on natural breaks to
show the heterogeneity of different grids.

The distribution pattern of accessibility from the two measures
varies substantially. The results from CO present that the accessi-
bility by PT is extremely high within the third ring road and is
much lower in the areas between the fifth and sixth ring road
(see Figures 4a-c). It indicates that Beijing has a monocentric
urban structure, with most resources highly concentrated in
urban central areas. However, the results from 2SFCA show
that the grids with high accessibility values are dispersed in
both central and peripheral areas (see Figures 4d-f). Meanwhile,
more local characteristics are shown under 2SFCA. For example,
although the accessibility distribution from the CO presents a
certain degree of corridor characteristic along the subway lines,
the phenomenon is much more evident when using the 2SFCA.
It indicates that the 2SFCA that considers the supply-demand
competition and distance decay can better identify the key role
of urban rail transit.

Furthermore, compared with CO, the accessibility distribution
pattern of various urban services by 2SFCA demonstrates greater
differences. When considering the company, the areas with the
highest accessibility values concentrate in the western third
ring road where the CBD is located, and southeastern areas
in Yizhuang, an economic-technological development area in
Beijing. It indicates that Yizhuang has higher job accessibility and
achieves a better population-to-employment balance than other
new towns. As for healthcare services, the Fangshan district and
some areas in the northwest and northeast were found to have the
best accessibility. When considering education accessibility, it has
a relatively similar pattern to that of CO, with a strong focus on
the Haidian district which is a district with many colleges and
universities in Beijing. The distribution pattern of accessibility

to scenery considerably changed in 2SFCA. The central areas no
longer have huge advantages.

In contrast with PT, the accessibility of PC shows two different
characteristics (see Figure 5). First, regardless of the kind of
service, all accessibility distributions decrease from the city center
to outer areas, and the accessibility in the north and east are better
than the south and west. It corresponds to the overall structure of
urban resources and private transportation in Beijing. The results
of 2SFCA are similar to that of CO. The unique local features
presented in PT evidently no longer exist in the context of PC.
This change can be attributed to the enlarged catchment areas
of PC (the average number of accessible grids for PT and PC
is 62 and 925, respectively), reducing the regional advantages in
some peripheral areas. Therefore, it can be concluded that the
accessibility distribution of PT is more sensitive to the choice of
the calculating measure.

Second, in terms of accessibility values, the overall accessibility of
PC is much higher than that of PT in CO. This is because PC has
higher mobility and provides door-to-door travel, enabling people
to easily access various opportunities. For CO, the gap between
the accessibility of PT and PC is evident. For 2SFCA, although
the accessibility value of many grids by PT is higher than that of
PC, especially in the outer areas along the lines of PT, the overall
accessibility level of PC is still higher. These findings indicate that
PC has accessibility advantages in Beijing in both methods.

4.2 | MAG Distribution

To further evaluate the accessibility differences between PT and
PC, MAG was calculated for each gird in Figure 6 (see the results
of the other 3 urban services including scenery, restaurant, and
shopping in Appendix B). The MAG values are divided into 5
classes based on natural breaks to show the heterogeneity of
different grids.

For both measures the characteristics of the MAG are similar
with most areas below 0, indicating that PT accessibility is lower
than PC accessibility. It indicates that Beijing is still highly PC-
dominated. There were also some differences between the two
measures. The average MAG for CO and 2SFCA were —0.83
and —0.3, respectively. The disadvantage of PT is narrowed after
considering the population demand and distance decay in 2SFCA.
Furthermore, the spatial distributions of MAG are distinct in the
two measures. For CO, although the MAG is relatively higher in
outer areas surrounding urban rail transit lines, the areas with
the highest MAG are mostly located in the central areas. For
2SFCA, however, MAG is the highest and above 0 in the outer new
towns along the end of the subway such as Fangshan, Yizhuang,
Tongzhou, and Changping. In these areas, the accessibility of
PT is higher than that of PC, reflecting the social value of TOD
(transit-oriented development).

4.3 | Equityin Accessibility

After identifying the average housing price of 1074 grids, Figures 7
and 8 display the Lorenz curves and the Gini coefficient based on
different kinds of accessibility, respectively. When considering the
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FIGURE 4 | The accessibility to company, healthcare, and education opportunities by PT (left side from CO and right side from 2SFCA).
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FIGURE 5 | The accessibility to company, healthcare, and education opportunities by PC (left side from CO and right side from 2SFCA).
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FIGURE 6 | Spatial distributions of modal accessibility gap of company, healthcare, and scenery opportunities (left side from CO and right side
from 2SFCA).
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FIGURE 7 | Lorenz curves of various urban services by PT and PC: (a) CO and (b) 2SFCA.
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FIGURE 8 | Gini coefficient of various urban services by PT and PC.

CO, curves are divided into two groups by modes (see Figure 7a).
The curves of PT are below that of PC and farther away from
the equity line, indicating that the accessibility distribution is
more unequal for PT. For instance, the 20% of vulnerable grids
with the lowest housing price only account for less than 5%
of total accessibility. This phenomenon demonstrates that the
PT accessibility by CO is much lower in the outer areas where
housing price is also lower. Therefore, people in these outer areas
are more likely to suffer from spatial inequity, especially those
transit-dependent travellers.

However, the result of 2SFCA shows an opposite trend (see
Figure 7b). The curves of PT dramatically rise closer to the equity
line and the curves of PC fall. Therefore, the curves of PT are
higher than that of PC. For example, the Gini coefficient of
PT dramatically decreases from about 0.4 to 0.1 for shopping,
healthcare, company, and restaurant, while the Gini coefficient
of PC slightly increases to about 0.3 (see Figure 8). It means
that the accessibility distribution of PT is more equal in contrast
to PC, which is different from the result of CO. This change

Shapping [Heahthcare| Scenery |Education| Company [Restaurant

can be attributed to the accessibility advantage for outer areas
after considering the demand distribution and distance decay in
2SFCA.

The equity in different urban services also varies. Regardless of
calculating measures and transportation modes, the curves of
shopping, healthcare, company, and restaurant are quite similar
and close to each other, while the curves of education and scenery
deviate most from the equity line. It illustrates that education
and scenery are the least equitable urban services in Beijing.
Consequently, more resources should be allocated to affordable
housing areas to provide the basic needs of amenities such as
schools and parks.

As indicated in Figure 9, the Palma ratios in all scenarios are
much higher than 1, indicating that the average accessibility of
the areas with the highest 10% housing price is considerably
higher than that of the areas with the lowest 40% housing
price. The inequity between different populations means that the
accessibility of the disadvantaged needs further improvement by
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FIGURE 9 | The Palma ratio of various urban services by PT and PC.

providing more transport facilities and urban services. In terms of
the differences between CO and 2SFCA, the results of the Palma
ratio show similar patterns to that of the Gini coefficient. First,
the Palma ratios of PT are higher than that of PC when using
CO while the Palma ratios of PT are slightly lower than that
of PC when using 2SFCA. It also can be attributed to the local
advantages of accessibility in outer areas surrounding the metro
network in the results of 2SFCA.

Regarding various urban services, it also can be found that the
accessibility distribution of scenery and education in different
populations is the most unequal among all urban services. From
CO to 2SFCA, it is noted that the Palma ratios of company,
healthcare, and education service by PT change most, reaching
almost 80%. These results are a result of the distributions of
company, healthcare, and education being highly concentrated
(their global Moran’s I reach 0.59, 0.55, and 0.45, respectively)
and the housing price of these gathering areas tending to be high.
On the other hand, the Palma ratios of scenery, education, and
company service by PC change the most, reaching 67%, 49%, and
37%, respectively. Thus, it can be concluded that the company
and education service are more susceptible to the method choice
when measuring the equity focusing on disadvantaged people.

From the results of the Gini coefficient and Palma ratio, it can
be concluded that the distribution of PT accessibility is more
unequal than PC in CO while the distribution of PC accessibility
is more unequal in 2SFCA. Furthermore, the results of the two
methods both show that equity can be improved by providing PT
rather than PC, especially for those vulnerable areas.

5 | Discussions

5.1 | The Causes of the Differences From the
Method Choice

The key differences in accessibility between CO and 2SFCA
originate from the consideration of population and distance decay
function in the modeling. CO calculates accessibility by directly
aggregating the supply within the catchment area. This uniform
treatment makes the accessibility of the place much more similar
to the surrounding grids at the large scale (see in Figure 4).
CO treats every opportunity within the threshold as equally

available, regardless of how many people are competing for it.
This inherently favors central areas where the absolute number
of amenities is high, reinforcing a monocentric view of the city.

Compared with accessibility from CO, accessibility from 2SFCA
not only depends on the surrounding supply but also on the
demand and is more affected by closer places than distant places
in the catchment areas due to the distance decay function. There-
fore, accessibility from 2SFCA has more local characteristics and
spatial heterogeneity at the small scale (see in Figure 4). That
is also the reason that accessibility from 2SFCA can be viewed
as the average urban service that each person can obtain within
the certain travel cost. In Beijing, while the city center has
the most hospitals and jobs, it also has the highest population
density, leading to intense competition. 2SFCA captures this
congestion effect, lowering the accessibility score in the center
and highlighting sub-centers (like Yizhuang and Fangshan)
where the ratio of amenities to population is more favorable. As
shown in Table C1 (Appendix C), the average global Moran’s
I of accessibility from CO is much larger than that of 2SFCA,
confirming higher spatial heterogeneity in the accessibility dis-
tribution from 2SFCA. It is noted that these spatial differences
and causes are lacking in existing studies that merely consider the
correlation of accessibility results from various measures [24, 20],
thus underlining the importance of spatial distribution in future
accessibility comparability studies.

Furthermore, the results also show that PT is more susceptible to
method choice than PC (see in Figures 4 and 5). The causes may
come from the spatial scale of the catchment areas of different
modes. The catchment areas of PT are much smaller than those
of PC. The gap of catchment areas can be attributed to the
mobility differences and various supply patterns of transportation
networks. Thus, the accessibility by PT is more susceptible
to the supply and demand of local areas. For some suburban
areas, urban services concentrate along the metro lines and the
potential demand in PT’s catchment areas is not huge, leading to
higher accessibility in these areas by using the 2SFCA. And the
accessibility by PT is even higher than by PC (see in Figures 4
and 6). On the other hand, even after considering the population
distribution, the accessibility by PC is still measured in large
catchment areas and the potential demand is also massive at the
region level. Consequently, the accessibility in these suburban
areas is still low and the accessibility in central areas even
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presents a more concentrated distribution (see in Figure 5). The
high global Moran’s I of the accessibility by PT from 2SFCA also
confirms that (see in Table C1). The heterogeneity in PT and PC
from various measures has not been found in previous compara-
bility studies [26, 20, 22], which raises more consideration of the
method choice in the evaluation of accessibility by PT in future
research.

The differences between PT and PC then naturally result in
the significant equity change. Because the affordable housing
areas tend to be located in the suburban areas with good PT
accessibility by using the 2SFCA. Therefore, the PT accessibility
distribution is more equal compared with the results of CO (see
in Figures 8 and 9). Regarding different urban services, the equity
of company and education are more susceptible to the method
choice. Because they are highly concentrated in several areas with
high housing price and are more likely to be affected by the local
supply-demand ratio, especially considering the advantaged and
disadvantaged people.

Generally, it is needed to consider the effect of the method choice
on the accessibility and equity evaluation by PT in future practice,
especially for the company and education service. Different
methods may lead to very different results. From the perspective
of CO, the results more suggest the macro supply pattern at
the city level, which is close to the city structure. While for
the perspective of 2SFCA, the results more indicate the pattern
of interactions between supply and demand at the local level,
providing insights for the equitable allocation and adjustments
of transport and urban resources.

5.2 | Limitations

There are several limitations to the present study. First, while CO
can be extended through the introduction of distance decay or
competition effects, such modifications often blur the conceptual
boundary between CO and gravity-based or floating catchment
area approaches. This study focuses on the standard forms of
CO and 2SFCA to maintain conceptual clarity and comparability.
Future studies could explore how modified CO compares with
2SFCA based on this study’s analytical frameworks. Second, we
only chose the 2SFCA with the Gaussian distance decay function
and 60-min threshold for all kinds of urban services and thus
ignore the heterogeneity in travel behaviour for various purposes.
While the existing research shows highly similar characteristics
between various kinds of 2SFCA [24], the correlations and
differences in accessibility between CO and more forms of 2SFCA
still need to be explored further. Third, regarding the limitation
of the data from the Gaode Map, the POI data only include
the quantity of different kinds of amenities, ignoring the quality
and scale of various POIs. Moreover, we merely used the travel
route planning data in the morning peak hour, neglecting the
dynamics of accessibility that has become the research focus in
recent years [32, 85]. Therefore, the accessibility of PT and PC and
the resulting MAG in more periods should be considered in future
studies. Forth, we did not consider other transportation modes
such as cycling and multimodal travel, which is more and more
important in accessibility modelling [64, 86]. In future studies, the
comparisons between more modes should be included and the
multimodal accessibility needs to be modeled. Finally, the results

of the method comparison from Beijing, a rapidly changing
monocentric city, may be different from other research areas.
Thus, more comparison research can be done in other cities
to deeply understand the associations and differences between
various accessibility methods.

6 | Conclusion

This paper contrasted the accessibility and equity in 12 different
scenarios by using CO and 2SFCA, respectively. The key findings
from this study show that there are considerable differences
between the results of CO and 2SFCA. The spatial distributions
of accessibility from CO are more related to the whole city
structure, while the results from 2SFCA can better reflect the local
characteristics due to the consideration of population distribution
and distance decay. We also answer the second proposed question
that the accessibility and equity of PT are more susceptible to the
method choice than PC because of the much smaller catchment
areas of PT. Regarding equity, the distribution of PC accessibility
is more unequal than PT in 2SFCA, which is opposite to the result
of CO. Moreover, for different urban services, the accessibility of
scenery and education is distributed most unequally. Company
and education are more susceptible to the method choice when
measuring the equity focusing on disadvantaged people.

These findings have direct implications for environmentally
friendly transport planning. The CO method suggests that PT is
vastly inferior to PC across the board, which might discourage
investments in transit under the assumption that the gap is too
wide to bridge. However, 2SFCA reveals that in specific suburban
new towns, PT accessibility already rivals or exceeds PC when
competition is considered. This suggests that green transport
policies should target these specific transit-oriented hubs to max-
imize utility. Furthermore, understanding these differences helps
planners internalize the externalities of congestion; by using
2SFCA, planners can identify areas where high facility density is
negated by overcrowding, prompting a need for decentralization
rather than just adding more capacity to the center.

Our contributions are mainly twofold. On the one hand, this
paper provides the research framework to compare the accessi-
bility and equity of CO and 2SFCA in many typical scenarios.
Based on the correlations of the accessibility results that most
existing research focuses on [24, 20-22], we further include
the comparison of the spatial distributions of accessibility and
MAG and the equity in 12 different scenarios including two
transportation modes and six key urban services. In this way,
this paper broadens the research on method comparison in
accessibility evaluation and sheds light on future research to
compare various models from more perspectives.

On the other hand, from the perspective of accessibility planning,
the key findings of this work can help planners and policymakers
better understand the effect of method choice on the evaluation
of accessibility and equity. The massive differences in the results
of CO and 2SFCA in Beijing reveal that different accessibility
metrics should be used in various application scenarios in
practice, especially for PT. For example, for one new subway
line, the method choice on the job accessibility evaluation may
eventually affect the planning or operating issues. From the
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overall perspective of CO, a new metro line in Beijing indeed
can improve accessibility but may not change the monocentric
structure. But from the local perspective of 2SFCA, it may
considerably improve the equity along the lines and help us to
plan the hub and properly allocate the urban services according
to the accessibility considering the potential demand. Therefore,
these spatial comparisons not only can test the robustness of
accessibility and equity but also provide the complementation
to know the integration of transport and land use from different
views to provide insights for accessibility planning.
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Appendix A: Accessibility of Other Three Urban Services
Figures Al and A2.
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Appendix B: MAG of Other Three Urban Services

Figure Bl1.
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FIGURE B1 | Spatial distributions of MAG of scenery, restaurant, and shopping opportunities (left side from CO and right side from 2SFCA).
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Appendix C: The Global Moran’s I of the Accessibility to Different

Kinds of Urban Service

TABLE C1 | The global Moran’s I of the accessibility to different

kinds of urban service.

Urban service PT PC PT PC
Company 0.92 0.86 0.62 0.88
Education 0.92 0.85 0.51 0.89
Healthcare 0.92 0.86 0.60 0.87
Scenery 0.94 0.86 0.10 0.73
Restaurant 0.92 0.87 0.66 0.88
Shopping 0.92 0.86 0.29 0.87

IET Intelligent Transport Systems, 2026

21 of 21

85UB017 SUoWWIOD aAIERID 9|cedldde ay) Ag peusenob a1e SajoiLe YO 8sn JO Se|nJ 10 Aeiqi 8UIIUO A8]IAA UO (SUONIPUOD-PUE-SWB) A0 AB 1M ARIg 1 jBU 1 |UO//:SdL) SUONIPUOD pUe Swe | 8Y) 89S *[920z/20/vz] Uo Ariqiaulluo A8|IM ‘80us|BoXT 81eD pue LiesH Jojaimisu| feuotieN ‘IO IN Aq S9TOL ZN1/6Y0T OT/I0p/Wod A3 | im Aseid Ul o yosessa |/ :sdny wolj pspeojumod ‘T ‘9202 ‘8.S6TSLT



	Revisiting Accessibility to Amenities: Equity Implications From Comparing Cumulative Opportunity Measure and Two-Step Floating Catchment Area Method
	1 | Introduction
	2 | Literature Review
	2.1 | Accessibility Measures
	2.2 | Method Comparison in Accessibility Evaluation
	2.3 | Research Gaps

	3 | Material and Method
	3.1 | Study Context
	3.2 | Data Collection
	3.3 | Accessibility Calculation
	3.3.1 | Cumulative Opportunity Measure (CO)
	3.3.2 | Two Step Floating Catchment Area Method (2SFCA)
	3.3.3 | Modal Accessibility Gap Index

	3.4 | Equity Evaluation
	3.4.1 | Lorenz Curve and Gini Coefficient
	3.4.2 | Palma Ratio

	3.5 | Global Moran’s I

	4 | Results
	4.1 | Accessibility Distribution
	4.2 | MAG Distribution
	4.3 | Equity in Accessibility

	5 | Discussions
	5.1 | The Causes of the Differences From the Method Choice
	5.2 | Limitations

	6 | Conclusion
	Author Contributions
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Appendix A: Accessibility of Other Three Urban Services
	Appendix B: MAG of Other Three Urban Services
	Appendix C: The Global Moran’s I of the Accessibility to Different Kinds of Urban Service


