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Abstract: This research aims at establishing an integrated urban public transport system with a
subway route supplemented by conventional bus lines, in order to enable residents’ “door-to-door”
travel. This paper first analyzed the attraction area of the subway, and then used the GIS tools to
calculate and analyze residents’ accessibility to adjacent bus stops. Moreover, it created a preliminary
layout of bus stops for residential areas with extremely low accessibility using an improved potential
model. From the perspective of minimizing residents’ travel costs and bus stop infrastructure
deployment costs, a bus stop site selection optimization model was developed. According to the
characteristics of the model, the non-dominated sorting genetic algorithm II (NSGA-II) was employed
to solve the optimal bus stop locations. In addition, the entropy weight technique for order of
preference by similarity to ideal solution (TOPSIS) evaluation model was used to evaluate and sort
candidate schemes, accordingly, and thus the optimal site selection scheme was identified. Finally, a
before-after comparative analysis on residents’ travel accessibility was conducted. Results show that
the proposed method can effectively improve residents’ accessibility to bus stops, which facilitates
residents to transfer from conventional bus to subway. Furthermore, it provides a basis for the
follow-up optimization of the connection between subway and conventional bus lines.

Keywords: urban public transport; improved potential model; accessibility; bus stop location selec-
tion; sustainable development

1. Introduction

In most of the metropolises in China, subways and conventional buses are the two
main components of the urban public transportation system, which are crucial to the
sustainable development of the city. With the rapid development of subway system, the
conflicts between subways and conventional buses are increasingly significant. Therefore,
it is urgent to build an urban public transportation system with the subway network as
the main part and the conventional bus network as the supplementary part. In current
practice, the integration between conventional bus transportation and the subway network
is still relatively weak, and it is still a challenge for residents to walk to the bus stop, and
then transfer to the subway. This has been a critical barrier for realizing “door-to-door”
travel via public transportation. Optimizing the location of bus stops will improve the
accessibility of residents within the attraction area of subway stations. It will not only
provide more convenient services for residents to transfer between conventional buses and
the subway, but also promotes the sustainable development of the city [1].

At present, there are four typical research methods for determining the location of
conventional bus stops. The first type is to optimize the bus stop through analyzing
multi-source data. For example, Li et al. [2] proposed a visual analysis model for bus
stop optimization by sharing bicycle and urban interest point data and designed a visual
analysis system. Cheng et al. [3] established an evaluation index of the rationality of bus
stop layout based on the data of interest points and used the matter-element model to
evaluate and apply the rationality of bus stop layout. Duan et al. [4] extracted and inte-
grated bus GPS data and card swiping data, analyzed residents’ travel rules, and proposed
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bus stop optimization suggestions. Based on the multi-dimensional attributes collected by
in-vehicle GPS, Yue et al. [5] extracted the OD and traffic data of the residential districts
and explored the potential areas for deploying bus stops. Garg et al. [6] developed a new
algorithm that can automatically locate bus stops using GPS data. The second type is to
study the location of bus stops using graph theory. For example, Zhu et al. [7], Ge et al. [8],
Wang et al. [9] used the Voronoi diagram to establish bus stop location optimization models.
The third method is to use GIS technology to optimize the bus stop locations. For example,
Zhao [10], Bai and Liu [11] used the GIS spatial analysis function to optimize the site
selection factors. Xie and Du [12] used the GIS buffer analysis and superposition analysis
tools, as well as optimization theory to analyze the suitability of bus stops for determining
the optimal bus stop location. Shatnawi et al. [13] used GIS technology, PSO algorithm,
and GA algorithm to optimize bus travel time and service capacity. Delmelle et al. [14]
developed a simulated annealing algorithm in GIS to identify redundant bus stops. The
last type is based on mathematical analysis. For example, Huang et al. [15], Otto and
Boysen [16], Ibeas et al. [17] developed bi-level programming models to optimize bus
stop locations. Tang [18] transformed the functional types of bus stops into impact factors
and established a multi-objective optimization model. Mohammad et al. [19] proposed
a multi-heuristic method for location optimization based on the location of existing bus
stops and other factors, such as land use, construction cost, and node connectivity. Cipri-
ani et al. [20] developed a many-to-many algorithm for passenger demand with Rome
as a case study. Nikolić and Teodorovic [21] proposed a swarm intelligence bee colony
algorithm to optimize bus stops.

In summary, a critical prerequisite for solving bus stop optimization is to establish an
optimization objective (s). The selection of optimization objectives may include minimizing
bus delays to reduce passenger travel costs [22,23], minimizing total construction costs [24],
and reducing operational costs by optimized bus stop spacing [25]. The basic status of bus
stop location research is shown in Figure 1.
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Figure 1. Research status of optimizing the location of bus stops.

Although there have been quite a few research efforts on the location of bus stops,
most of them considered only a monotonous factor which cannot comprehensively and
intuitively optimize the location of bus stops. Therefore, based on the previous research,
this paper made the following contributions to the research on the location of bus stops:

1. Based on the influence range of subway and from the perspective of residents’ travel
accessibility, this paper used the potential model to improve the characteristics of
bus stops. Meanwhile, considering the travel costs of residents and the bus stop
infrastructure deployment costs, the location optimization model was established
with the full coverage of bus stops as the constraint.

2. Using GIS technology, the accessibility of residents was calculated and visualized.
Combined with the actual road conditions, the bus stops are deployed to make the
bus routing scheme more realistic and reliable.

3. Considering the conflict between the two types of objective functions in the model, the
non-dominated sorting genetic algorithm II (NSGA-II) was used to solve the problem,
and was combined with the entropy weight technique for order of preference by
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the similarity to ideal solution (TOPSIS) evaluation model to obtain the equilibrium
solution that can simultaneously optimize the two conflicting objective functions.

2. Methods

Residents’ travel accessibility reflects the convenience of travelers using the corre-
sponding transportation system and the difficulty of obtaining public facility services. From
the perspective of residents’ travel accessibility, we can judge the current situation of urban
public transportation system, provide index basis for locating public facilities, and provide
optimization direction for urban sustainable development [26]. In this paper, residents’
travel accessibility was defined as the convenience for residents to obtain bus services from
their demand points by walking.

First, this paper adopted the improved potential model to calculate the accessibility
level of residents to bus stops within the subway attraction area through ArcGIS, and
used the Kriging interpolation tool to analyze the results. Then, developed a preliminary
layout of the optimized locations of bus stops based on accessibility level. Finally, aiming at
minimizing residents’ travel costs and infrastructure deployment costs, NSGA-II algorithm
and entropy weight TOPSIS evaluation model were employed to solve the optimal site
selection scheme. An overview of the framework of this research is shown in Figure 2.
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2.1. Improved Potential Model

In this paper, an improved potential model was introduced according to the difficulty
of residents’ access to bus stops, and the accessibility of residents’ demand points to bus
stops were calculated and analyzed. Potential model is one of the classic models in regional
economics and geography to study the interaction between social and economic space
through the law of universal gravitation [27]. The classic potential model is depicted
as follows:

Ai =
n

∑
j=1

Aij =
n

∑
j=1

Mj

Dβ
ij

(1)

The potential model has been widely used to measure the spatial accessibility of vari-
ous public facilities, including hospitals, schools, garbage-disposal sites, etc. Nevertheless,
the classical potential model only considers the service capacity of facilities and travel
impedance. In this paper, based on the characteristics of bus stops, the potential model
was improved to accommodate the various compounding factors, such as the residents’
competition of bus ridership at an identical bus stop (i.e., on-board demand may vary by
bus stops, and thus the spatial accessibility varies), and the service range of a bus stop
(i.e., when the bus stop exceeds the acceptable walking distance of residents, they may
not choose this bus stop). In terms of residents’ maximum acceptable walking distance,
according to the current China Urban Road Traffic Planning and Design Specifications,
the service range of bus stops is usually between 300 and 500 m. The improved potential
model is described as follows:

Ai =
J

∑
j=1

Sj ·Yij

Vj · D
β
ij

(2)
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Sj =
60nR

ta
(3)

Vj =
I

∑
i=1

PiYij

Dβ
ij

(4)

Yij = 1−
(

Dij

Dj

)β

(5)

where Ai represents the accessibility of residents’ demand point i; I and J represent the
total number of residents’ demand points and bus stops; Sj represents the bus stop’s
service capability; Vj represents the population impact factor of bus stop j; Pi represents the
population of residents’ i; Dij represents the travel impedance factor of residents’ demand
point i to the bus stop j, which was set as distance in meters; β represents the travel friction
coefficient; n represents the number of bus lines at the bus stops; R represents the capacity
of the bus in number of passengers; ta represents the bus departure interval; Dj represents
the maximum acceptable walking distance from residents’ demand point i to the bus stop j,
which was set to 500 m. If the travel distance exceeds 500 m, residents will not choose this
bus stop; Yij represents the service radius influence factor of bus stop j; Yij = 0 if

Dij
Dj
≥ 1.

2.2. Optimization Model

The accessibility analysis of residents’ demand points was conducted with the im-
proved potential model and ArcGIS analysis tools. For the initial layout of bus stops for
residents’ demand points with accessibility less than or equal to α, it was found that there
were operational issues, such as dense distribution of bus stops and overlapped service
areas. To avoid the increase in bus stop development and operation costs, it is needed
to ensure that bus stops meet the accessibility requirements of residents, without over-
deployment of bus stops. Therefore, this research allocated at least one bus stop within the
travel origin of each residents’ demand point, and meanwhile minimize residents’ travel
costs and bus line operational costs. The objective function of the bus stop location site
selection optimization is depicted as follows:

min(z1) =
I

∑
i=1

J

∑
j=1

PiDijWij (6)

min(z2) =
J

∑
j=1

CjXj (7)

s.t. Dij ∈ [0, 500] (8)

J

∑
j=1

Wij ≥ 1 (9)

Wij ≤ Xj (10)

where z1 represents the travel cost of residents; z2 represents the operational cost of the
bus line; Pi represents the population of residential demand points with a low accessibility;
Dij represents the walking distance from the bus stop to the residential demand point;
Wij represents the distribution relationship between candidate bus stops and residential
demand points; Wij = 1 means residents’ demand point i is allocated to bus stop j, other-
wise, Wij = 0; cj represents the average bus stop deployment cost; Xj represents whether
candidate bus stop j is selected or not; Xj = 1 means the candidate bus stop is selected,
otherwise, Xj = 0.
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Equations (6) and (7) are objective functions, while Equations (8)–(10) are constraint
functions. Equation (8) indicates that the residents take the bus walking distance constraint;
Equation (9) suggests that each residential demand point has a bus stop constraint for its
service; and Equation (10) indicates that the selected bus stops are constrained by residential
demand points.

2.3. Algorithm Solution

Considering the conflict between the two objective functions in the optimization
model, it is challenging to accommodate both objective functions when solving the optimal
site selection scheme. Therefore, this paper used the NSGA-II algorithm and the entropy
weight TOPSIS evaluation model to optimize the site selection scheme.

NSGA-II algorithm is a multi-objective optimization algorithm based on the genetic
algorithm and Pareto selection strategy. The steps of the algorithm are described as follows:
First, initialize a randomly generated species group with a size of N, in which each location
has a certain probability of being selected. Second, after the species group is sorted non-
dominantly, the first generation descendants are obtained through selection, crossover,
and mutation. Then, starting from the second generation, the parent and the descendants
are merged for fast non-dominated sorting, and the crowding degree is calculated at the
same time. According to the non-dominated relationship and individual crowding degree,
an appropriate subgroup is selected to form a new parent. Finally, a new descendant
is generated by the basic operation of genetic algorithm. Until the iteration process is
completed, the candidate solution sets of the optimal site selection scheme that satisfy the
multi-optimization objectives are finally obtained.

Since the NSGA-II algorithm obtains the candidate solution sets rather than the optimal
scheme, the entropy weight TOPSIS evaluation model is used to evaluate and sort the
obtained solution sets, and eventually generate the optimal scheme [24].

The steps of entropy weight TOPSIS evaluation model are specified as follows: First,
the objective function values of each scheme in the solution set are combined into the initial
calculation matrix. Second, the two objective functions are transformed from minimal index
to maximal index, and the matrix is standardized. Third, the objective entropy weight
method is used to determine the weight of the objective functions, and the positive and
negative ideal solutions are solved. Finally, the distance and closeness between each scheme
and the ideal solution are calculated and sorted for identifying the optimal scheme.

3. Data Preparation
3.1. Establishment of Basic Data System

Based on ArcGIS, this paper plotted subway routes and stations and the conventional
bus lines within subway attraction areas in six layers: Traffic community layer, urban road
network layer, bus stop layer, bus line layer, subway route layer, and residents’ demand
point layer, as shown in Figures 3–8.
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3.2. Screening Road Network

By comprehensively considering the road hierarchy, road conditions, road network
conditions, and other influencing factors, the roads that are suitable for operating conven-
tional buses were selected, and the ArcGIS topology check was used to generate a road
network that can satisfy the requirements of conventional bus operation. The specific steps
are specified as follows:

1. Import basic data: The road network information related to the research scope were
obtained from Gaode map, and the road network layer was drawn using ArcGIS.

2. Check basic data: Using the ArcGIS topology check function to check the potential
errors in the road network data, and reverify the topology after the initial verification
to generate a complete and reliable road network topology.

3. According to the road grade for running conventional buses, select the road network
that is suitable for bus operation, including urban arterials, secondary roads, and
minor roads.

3.3. Extract Valid Data

Due to the defects in the data acquisition process, the obtained bus stops in the study
area may be overlapped. Therefore, all bus stops in the study area were extracted and
manually verified to achieve valid bus stop data.

4. Discussion

This paper employed the subway line X in Dalian as an example for analysis. The total
length of the line is 23.0 km and contains 17 stations. It services the east-west direction
passenger transportation in north Dalian and provides an effective connection between the
east and west of the core area in north Dalian.

4.1. Subway Attraction Area

In this paper, the direct attraction area of a subway station was assumed as an adjust-
ment attraction area of existing conventional bus stops, which is a belt-share area centered
to the subway line with a radius of 0.8 km. In addition, the indirect influence range of the
subway was assumed as the entire service range of the conventional bus network. In terms
of the indirect influence range of each individual subway stations, since the station type
and land-use characteristics of the traffic communities vary, this research determined the
indirect attraction area of subway stations by station type, which was estimated based on
the aggregation effects of the regional land-use characteristics [28], as shown in Table 1.

Table 1. The indirect influence scope by station type.

Station Type Radius of Attraction Area (km) Scope of Attraction Area (km2) Station Name

Transfer Station 7.82 190.62 Songjiang Road Station, Xinzhaizi Station,
Jinjia Street Station, and Suoyuwan Station

Central Business Area
Station 6.00 111.62 Xinda Street Station, Zelong Lake Station,

and University of Technology Station

Suburban Station 11.92 444.87

Xinping Street Station, Yinxing Avenue
Station, Zhoujiagou Station, Dongnanshan
Station, Qianmu Station, Xingfu Village
Station, and Yingchengzi Station

Regular Residential
Area Station 6.62 136.15 Dongfang Road Station, Jinsanjiao Station,

and Xibei Road Station

Due to the complexity of the network and dense stations, it is not practical to optimize
all existing bus stops. Therefore, this research, based on the historical traffic operational
data of the subway, selected three subway stations with large daily traffic volumes and
high complexity of the connecting road network (i.e., Xibei Road Station, Songjiang Road
Station, and Jinsanjiao Station) for optimization analysis, to illustrate the feasibility of the
proposed model. Daily passenger volumes of the selected stations are shown in Figure 9.
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There are 57 bus lines within the selected three subway stations’ direct attraction area, as
illustrated in Figures 10 and 11.
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A total of 360 valid bus stops and 394 residents’ demand points were extracted within
the study area, as shown in Figures 12 and 13.
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4.2. Accessibility Analysis

The accessibility of existing bus stops in the study area is the basis for further opti-
mization. The accessibility of residents’ demand points could, to some extent, reflect the
reasonable distribution of current bus stops, and it is a quantitative index of the difficulty
of residents’ demand points to bus stops. This paper analyzes the spatial accessibility of
bus stops in the study area based on the aforementioned improved potential model.

4.2.1. Determination of Friction Coefficient β

The value of β varies with the characteristics of station type, travel mode, crowd char-
acteristics, etc. The expressions include linear expression, exponential expression, etc. In
current practice, the value of β was typically set as 1 or 2. This research tested the sensitivity
of using β = 1 and β = 2; statistical testing results show that there was no significant
difference between the accessibility of residents’ demand points Ai at β = 1 and β = 2.
Eventually, the friction coefficient β = 2 was selected by combining the difference between
the maximum and minimum values, as well as the variance and standard deviation.

4.2.2. Implementation of Improved Potential Model in ArcGIS

The field calculator and summary tools in ArcGIS were used to calculate the improved
potential model; the detailed implementation process is shown in Figure 14:
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4.2.3. Analysis of Accessibility Results

ArcGIS was used to analyze the accessibility of the residents’ demand point layer that
stores the residents’ demand point travel accessibility, and develop the accessibility thematic
map (note that the accessibility classification in the figure adopted the natural discontinuity
classification method), as shown in Figure 15. Moreover, the Kriging interpolation analysis
tool was used to visualize the accessibilities, as shown in Figure 16.
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As shown in Figure 16, within the attraction area of the subway, the spatial accessibili-
ties from residents’ demand points to bus stops is unbalanced, which displays a pattern of
“Dense in the center, space in the periphery” and “dense in the east and sparse in the west”.

Specifically, the overall spatial accessibility in the western region is low, especially
in the southwestern region. The accessibility in the eastern region is slightly higher than
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the western region, but it is generally lower than the central area. The average spatial
accessibility from residents’ demand points to bus stops is 1.81. Among the 394 valid
demand points, 96 of them have no spatial accessibility bus stops, which account for 24.6%
of the total number of residents’ demand points.

Therefore, it is necessary to add some bus stops to improve the accessibility of the
overall spatial accessibility in these communities.

In this regard, this paper research set α to 0, for developing new bus stops for the 96
residents’ demand points with no accessibility. These new bus stops were exported as a
separate layer in ArcGIS to prepare for the subsequent optimization.

4.3. Preliminary Layout

Based on the accessibility analysis results, and in accordance with the bus stop selection
criteria, ArcGIS was used for generating the preliminary layout. The preliminary layout
criteria adopted in this paper are described as follows:

• Within the attraction area of subway, the premise for residents to transfer to the subway
from conventional bus is that the transfer distance from the bus stop to a subway
station is shorter than the maximum acceptable walking distance. Therefore, it is
necessary to add bus stops for the residential district with no accessibility to bus stops.

• The service radius of a bus stop is 500 m, which is the maximum acceptable walking
distance for residents to take the bus.

• No more bus stops will be developed at other residents’ demand points.

For the 96 residents’ demand points with no accessibility, a new layer was created
in ArcGIS. As the bus stops need to be developed along the road, the buffer analysis tool
of ArcGIS was used to analyze the residents’ demand points with a walking distance of
500 m. Usually, a bus stop can be located in the vicinity of an intersection (upstream or
downstream the intersection) or in the middle of the road section. Previous research on
the impacts of bus stops on road capacity indicated that bus stops located in the vicinity
of an intersection could more effectively converge and disperse passenger flow from all
directions [29,30]. In this regard, when locating the bus stops in the buffer zone of residents’
demand points, they are primarily located near the intersection according to the actual
road conditions and the surrounding environment. If there is no intersection or the actual
conditions are not suitable for deploying bus stops, they are deployed in the middle of the
road section. The preliminary layout of the 96 candidate bus stops is shown in Figure 17.
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4.4. Algorithm Solution

The bus stop location optimization model was processed based on the aforementioned
NSGA-II algorithm. The following modeling parameters were employed: Crossover
probability was 0.8, mutation probability was 0.8, the initial population was 100, and
the number of iterations was 500. Eventually, a group of 32 equilibrium solutions were
obtained, and the Pareto frontier curve was plotted as shown in Figure 18.
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The entropy weight TOPSIS evaluation model was used to determine the weights of
the two objective functions in the bus stop location optimization model, where residents’
travel costs account for 39% and the construction costs account for 61%. Figure 19 presents
the optimal bus stop locations determined after final evaluation and sorting.
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The optimal scheme added 51 new bus stops to the subway attraction area, and the
accessibility of residents to bus stops after bus stop location optimization was analyzed by
Kriging interpolation, as shown in Figure 20. After optimization, the average accessibility
of residents to bus stops is 1.97, which is significantly higher than before optimization.
At the same time, combined with the results of accessibility interpolation before and
after optimization, it can also be clearly seen that the residents’ overall accessibility after
optimization is improved, and the distribution is more balanced, indicating that the full
coverage of bus stops within 500 m of walking distance is also achieved.
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5. Conclusions

To effectively operate an integrated subway and conventional bus transportation
system, it is crucial to ensure that travelers have a good accessibility to bus stops. This
paper analyzed residents’ accessibilities to existing conventional bus stops located within
the attraction area of a subway and identified traffic districts with no accessibility to bus
stops. Then, based on NSGA-II and entropy weight TOPSIS models, this paper proposed
the addition of 51 new bus stops to the study area, and the optimization of the layout
of the bus stops for residents’ demand points with an accessibility of less than or equal
to α. Through a comparative analysis of accessibility before and after optimization, it was
found that the average accessibility after optimization increased by 0.16, indicating that the
proposed model has the potential of improving the spatial accessibility and realizing the
full coverage of bus stops within 500 m of all residents’ demand points in the study area. It
provides a foundation for the subsequent optimization of subway and conventional bus
operations and provides insights for the locating bus stops in other cities.

This paper used ArcGIS software to calculate and analyze the accessibility of residents
using an improved potential model and visualized the bus stop locating problem in a clear
and institutive manner. A real-world case study was conducted, where the locations of bus
stops well represent the actual road network conditions, and it is applicable to analyzing
large-scale road networks with a large number of bus stops.
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In addition, since this research employs two conflicting objective functions aiming
at minimizing both residents’ travel costs and infrastructure deployment costs in the
optimization model, it is challenging to obtain an optimal solution to accommodate both
objectives simultaneously. Therefore, the NSGA-II and entropy weight TOPSIS models
were adopted to solve the optimal solution that can balance the tradeoffs between the
two objective functions. This method was proven as a simple and valid solution for the
conflicting multi-objective optimization problems.
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