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Abstract: The urban rail transit stations are an important part of an urban transit system. Scientific
and reasonable location of rail transit station can greatly alleviate traffic pressure. The number
of people in the surrounding area of a rail transit station is an important factor for site selection.
However, it is difficult to obtain the spatial distribution of population, which brings great difficulties
in terms of site selection. Due to the large-scale popularization of AP (Access Point) in China, the
spatial distribution of AP is used instead of population distribution to assist site selection. Therefore,
a density visualization method based on a dynamic grid is proposed, which can help decision-makers
intuitively see the AP density of the uncovered grid of rail transit stations, and then cluster the AP
density of the uncovered area to predict the location of new rail transit stations. The validity of the
proposed method is demonstrated by using the AP dataset and rail transit data of Beijing in 2013.
The results show that our method has high accuracy in predicting the location of rail transit stations.
It can provide data support for urban traffic development and management.

Keywords: dynamic grid; density visualization; gaussian mixture model; station prediction

1. Introduction

In recent years, the continuous and rapid development of China’s rail transit has
greatly increased the convenience of residents’ journeys. Urban rail transit stations provide
services such as transferring, parking, distribution and guidance, which is closely related to
economy, politics, culture and society. The construction of urban rail transit is difficult, risky
and costly. With its advantages of fast speed, rail transit greatly improves the accessibility
of the areas around the station, optimizes the urban traffic structure, promotes the optimal
utilization of the land around the station, improves the development intensity of the land,
and promotes the prosperity and development of the economy along the line [1,2]. The
planning and construction of urban rail transit are affected by many factors such as urban
development, economic level and geographical conditions. The site selection of rail transit
stations will affect the efficiency of rail transit operation, the stability of passenger flow, the
urban layout and even social and economic benefits. Therefore, a reasonable site selection
scheme of urban rail transit station can better coordinate the station layout and the overall
planning of the line.

The key factors affecting the station planning of urban rail transit line can be sum-
marized in two points: (1) The current traffic situation and future traffic demand; (2) The
urban land use structure [3]. Among them, land use structure represents the focus and
goal of urban planning and development, so it is closely related to the planning goal of
rail transit. The change of the current situation and future traffic demand depends on
the change of urban population spatial distribution caused by the change of land use
structure. Therefore, the key factors affecting the planning of urban rail transit routes and
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stations can be attributed to the characteristics of urban population spatial distribution in
the planning period.

Due to the difficulty in obtaining census data [4], most of the existing studies usually
use land as research subjects [5]. However, the land area is only a two-dimensional plane
space, which cannot reflect the spatial distribution of the urban population. Therefore, it
is necessary to select the subjects that can represent the spatial distribution of population
for research.

With the continuous development of modern network technology, AP (Access Point
of WiFi) plays an increasingly important role in people’s life. The distribution of WiFi
is related to the population density in the city, since WiFi is deployed in close to every
household, offices, shops or public places [6,7]. Therefore, the number of AP in a certain
area reflects the population in a certain period of time to a certain extent, which has great
value for the study of urban development planning. Accordingly, we propose a dynamic
grid generation algorithm, and utilizes spatial distribution of AP instead of population
distribution to visualize its density and predict the location of rail transit stations, so as to
put forward reasonable suggestions for urban traffic planning.

Our main contributions are summarized as follows.

1.  We proposed a dynamic grid generation algorithm which can adapt to different
scenes and regions. It can dynamically determine the focus and step size of the
grid according to the spatial distribution of the research object, and avoid human
intervention;

2. We implemented the visualization of spatial data, which can provide the global
display of spatial data and allow detailed data analysis according to the user’s request;

3.  We employed a clustering method based on the spatial distribution of AP to predict
the location of rail transit stations. The experimental results show that our method is
helpful to determine the location of rail transit stations.

The rest of the paper is organized as follows. In Section 2, we review some works
about spatial data visualization, clustering based on grid division and station location
selection. In Section 3, we give some basic definitions that are used in the proposed methods.
In Section 4, we introduce the dynamic grid generation method in detail. In Section 5,
we introduce how to obtain the covered and uncovered grids of rail transit stations. In
Section 6, we describe how to predict the location of urban rail transit stations. In Section 7,
we illustrate the experimental results and evaluations. In Section 8, we conclude this paper
and propose future work.

2. Related Work

The research of this paper mainly includes spatial data visualization, clustering based
on grid division and station location selection. The work related to the above three aspects
will be introduced in this section.

2.1. Spatial Data Visualization

With the improvement of the availability of location acquisition technology, a large
number of urban spatial data can be collected, such as traffic data [8], commuting data [9],
mobile phone data [10] and geo-tagged social media data [11,12]. Data visualization
performs a key function in addressing the problems arising from large-scale, multi-modal,
and unstructured spatial data [13].

Liu et al. integrated visual analysis with the spatiotemporal trajectory data of buses,
and designed an interactive visualization system. The system provided multi-dimensional
display to explore the bus data so that the complicated data can be shown in easy-to-
understand charts [14]. To enhance the readability of sampled OD flows, Zhou et al.
designed a set of meaningful visual encodings to present the interactions of OD flows. They
implemented a visual exploration system that supports visual inspection and quantitative
evaluation from a variety of perspectives [15]. Slingsby et al. utilized treemaps to represent
multivariable data as nested rectangular hierarchies. Each level of the hierarchy was used
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to carry information about a variable. The size, arrangement and color of the rectangle
reflected the attributes of the data [16]. Based on smart card data on the Tokyo Metro and
social media data on Twitter, Itoh et al. proposed a visualization method to explore changes
in flows of passengers and their causes and effects. Their visualization components include:
(1) HeatMap view provided a temporal overview of unusual phenomena in passenger flows,
(2) AnimatedRibbon view visualized temporal changes in passenger flows with spatial
contexts, and (3) TweetBubble view provided an overview of trends of keywords explaining
the situation during the unusual phenomena [17]. Based on color-coded trajectory bands
and on stacking the bands, Tominski et al. presented a novel visualization approach
that facilitates gaining trajectory attribute data and support exploratory spatio-temporal
analysis [18].

2.2. Clustering Based on Grid Division

The grid based clustering method discretizes the object space into finite grid cells, and
uses the grid to express the data distribution. Grid based clustering methods are usually
combined with other clustering methods, especially with density based clustering methods.

Tareq et al. proposed a CEDGM algorithm to enhance the clustering evolution data
stream [19]. The main idea of CEDGM algorithm is to cluster evolutionary data streams
based on density grid and improve the clustering quality. Brown et al. presented the Fast
Density-Grid Based clustering algorithm [20]. It works by dividing the data space and
data points into a series of grid spaces. The density of these spaces is then calculated, and
spaces are merged according to their densest neighbors in order to get clusters. To get
an accurate description of the cluster, they used uneven-partitioned grid on the border of
the cluster and inside the cluster. Edla et al. presented a grid-based clustering method by
finding density peaks [21]. It can easily scale up to cluster datasets with different sizes of
dimensions. They defined the term of the standard grid as the grid with segments in it
with the length of 1. Then tested the standard grid with different sizes. They discovered
that for the clustering results, a larger size of grid is more capable but will cost more time,
on the other hand, a standard grid with a too small size may fail to cluster.

For traffic data, based on a large number of taxi location tracking, Pang et al. proposed
a method to explore and extract abnormal traffic patterns in the traffic system. They applied
the road network of Beijing and partition it into grid to find outliers [22]. To simplify spatial
problems, Irrevaldy et al. divided Bandung City into several grid m x n sizes, same size for
each block of grids. Then, they used the DBSCAN algorithm at different time intervals to
detect potential traffic congestion [23].

However, most of the researches adopted fixed grid step width and artificial grid focus
to divide the space, which cannot determine the appropriate step size and focus according
to the density and distribution of the research object.

2.3. Station Location Selection

Station location selection has always been the concern of scholars. Many cities invest
a lot of energy in the construction and planning of rail transit. Traditional location methods
need a lot of manpower and time costs. Many scholars use mathematical modeling methods
to study the location problem at this stage.

In order to solve the facility location problem, Albareda Sambola et al. established a
hierarchical p-center problem (SPCP) model. For this model, a heuristic method based on
sample average approximation (SAA) is proposed to extend the p-center problem [24]. Sun
et al. proposed the concept of optimizing the transmission time [25]. Based on the social
force model, the artificial system of the metro station was built, two metro lines were used
as optimization variables to reduce the average transmission time, and the arrival interval
can be optimized with the change of pedestrian density. This method can effectively
alleviate traffic congestion and optimize the urban rail transit lines. Yao et al. proposed a
method of utility combined analysis to determine the attraction of the subway station [26].
This method evaluated the existing stations through the mathematical model, forecasts the
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traffic volume of the station and analyzed the factors affecting the station, including the
traffic cost, the time to arrive at the transfer station, etc., and verifies the accuracy of the
model through an example, which provides an effective method for the station adjustment
and planning. Wang et al. employed a method of comparing closeness coefficient to sort out
the alternatives in the transportation construction project [27]. They selected the coverage
number of traffic demand point, passenger traffic volume, the total distance of the subway
station from each traffic demand point, engineering cost, management cost, construction
difficulty degree and installment adaptability as the evaluation index. However, this paper
only evaluated the planned rail transit stations and cannot predict the location of new rail
transit stations.

3. Definitions

In this section, we will briefly describe some concepts and definitions of the proposed
methods.

Definition 1. (Rail transit line) Given a city’s rail transit station collection Stations ={s1, s,...,
Si ..., Su}, and Lines is a city’s rail transit line collection. It can be expressed as follows. Lines =
{liney,... line;}, where line; ={sq,...,s;}, st is the t" station of the line.

Definition 2. (the grid number) The grid number indicates the relative position of each grid to
the grid focus. Ing and lat represent the longitude and latitude of the upper right corner of the grid.
After determining the longitude (centerLng) and latitude (centerLat) of the grid focus, and step
size (width) of the grid, the grid number can be expressed as follows, grid; = (x;, y;), where x; =
(Ing; — centerLng)/width, y; = (lat; — centerLat)/width. Take Figure 1, for example,the red dot
represents the grid focus. The grid number of Grid 1-4 are gridy = (1, 1), gridy = (1, 0), grids = (0,
0), gridsg = (0, 1), respectively. In Section 5, we will introduce the method of obtaining the coverage
grid of traffic stations, the covered grids of an urban rail transit station (s;) can be expressed as
follows. Cov(s;) = {gridy, gridy,. .. grid;}, where gridy is the t™ grid of the covered grids of s;.

A

Figure 1. Example of the grids.

4. Dynamic Grid Generation

The disadvantages of grid generation are as follows: (1) The boundary of the grid is not
clearly defined. Generally, the upper left corner or the center point of the region is selected,
which is highly subjective; (2) It is not easy to determine the step size of the grid, but the
step size determines the number of grids. The number of grids directly affects the accuracy
of calculation results and the size of calculation scale. With the increase of the number of
grids, the calculation accuracy will be improved, but at the same time, the calculation scale
will also be increased. Therefore, in order to improve the calculation accuracy of rail transit
station coverage area and reduce the amount of calculation as much as possible, a dynamic
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grid generation method is proposed, which can dynamically determine the focus and step
size of the grid based on the spatial distribution of the research objects.

The process of dynamic grid generation based on the current urban rail transit condi-
tion is shown in Algorithm 1.

Algorithm 1: Dynamic grid generation.

Input: Lines: List; (stations of every urban rail transit line); stations: List; (location of
stations); Threshold: Int;
Output: focus: (location of grid focus); width: (step width of grid);
minDistancce = max_value;
nearestStation = [stations[0], stations[1]];
for each line € Lines do
for i — len(line)-1 do
dis < getDistance(line[i], line[i + 1]);
if dis <minDistance then
minDistance < dis;
minStation[0] < linel[i];
minStation[1] < line[i + 1];
10 focus < getCenter(minStation[0], minStation[1]);
11 width < 2 x max(vertDist(center, minStation[0]),
12 hortDist(center, minStation[0]), threshold);
13 Return focus,width;

© ® 9w A W N R

o

Firstly, the minimum distance between adjacent stations of each rail transit line is
calculated, minDistance; = min{distance(sj, st)}, Where i is the ith rail transit line, j is the
jth station of the ith rail transit line, j >= 0. Then the minimum distance between adjacent
stations in all lines is obtained by comparison, minDistance = min{minDistance;}, and the
corresponding adjacent stations are s;, s;y1. Finally, taking the midpoint of the nearest
neighbor station s¢, 5,11 as the focus of the grid, and the step width of grid can be expressed
as follows: width = 2 * max{ dis,, dis;,}, where dis, is the vertical distance from the focus to
station s; or sy 1, and disy, is the horizontal distance. In order to avoid too small a grid step
size causing too much calculation in subsequent research, we set 200 m as the minimum
step size of the grid. If the calculated gird step is smaller than the threshold, we set the grid
step to 200 m.

Take Figure 2 for example, according to Definition 2 in Section 3, the number of the
grids where station s; and s;; are located are (0, 1), (1, 0) respectively.

A

.
Ste1

Figure 2. Example of dynamic grid generation.



ISPRS Int. ]. Geo-Inf. 2021, 10, 804

6 of 19

Based on Algorithm 1, the nearest adjacent rail transit stations in Beijing Rail Transit
Line are Nanlishi Lu Station and Fuxing Men Station, with a distance of 445 m. After
calculation, the grid focus is the center of the two stations (116.355188, 39.907204), and the
step width of grid is 445 m. This method is also applicable for bus stops.

Due to the continuity between the stations, this paper selects the neighboring stations
with the smallest distance on the same rail transit line. If changing the study subjects,
such as the location of convenience facilities and chain stores, the nearest distance can be
calculated directly from all the subjects.

The usage of the proposed dynamic grid method to partition geographic space not
only improves the efficiency of the algorithm but also facilitates subsequent experiments
for visualization of spatial data density.

5. Uncovered Grids Extraction

In the Code for transport planning on urban road [28], the coverage radius of traffic
stations is divided into 300 m, 500 m and 800 m, of which the service radius of 300 m
and 500 m is more suitable for the research of ground traffic, and the radiation radius of
800 m is more suitable for the analysis of public transport with large traffic volume such as
subway [29]. Therefore, this paper chooses 800 m as the service radius of the rail transit
station. After determining the service radius of rail transit station, a method to determine
whether the grid is covered by the station is proposed in this paper. If the grid is within
the service radius of the station and the covered area is greater than or equal to half of the
grid area, the grid is covered, otherwise it is uncovered. Take Figure 3 for example, Grid
1-16 indicates that the geographical space is divided into 16 grids, and the service scope of
station s is the circular area.

1| 2.3 | 4

\
/7 N

5 I/ 6 7 \‘

o0

g | 10T 11 | 12
13 .14 | 18" | 16

Figure 3. Example of uncovered grids extraction.

Figure 3 shows that Grid 6, 7, 10, 11 and 14 are covered by more than half of each grid
area, so they belong to the covered grid, while the remaining grids belong to the uncovered
grid because the covered area is less than half. Figure 4 shows the covered grids by the
Yuquanlu Station and Gucheng Station.
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Figure 4. Covered grids by the Pingguo Yuan Station and Gucheng Station. (a) Yuquanlu Station;
(b) Gucheng Station.

After getting the covered grids by all the rail transit stations, the outer rectangle of
Beijing is selected as the grid boundary, all the grids are traversed, and the uncovered grids
in Beijing are selected for the study of Section 6.

Algorithm 2 describes the process of obtaining the uncovered grids of the rail transit
stations.

Algorithm 2: The Uncovered Grids Extraction.

Input: stations: List; (location of stations); r: Double; (radius of station coverage); beijing;
List; (district of beijing)
Output: uncoveredGrids: List; (coordinate of uncovered grid);
1 coveredGrids = @ ;
2 uncoveredGrids = @ ;
3 fori — len(stations) do
4 circle < createCircle(stations[i],r);

5 for grid € stationCoveredArea do
6 uncoveredGeometry < grid.difference(circle);
7 if uncoveredGeometry.getArea > grid.getAreal2 then
8 if Igrid.isExist(grid, coveredGrids) then
9 | coveredGrids.add(grid);
10 for grid € beijing do
11 if grid not in coverGrids then
12 | uncoveredGrids.add(grid);

13 Return uncoveredGrids;

After getting the uncovered grids of the traffic station, we query the AP in the uncov-
ered grid through PostgreSQL to get the number of AP in each grid. We construct a map
through Amap to visualize AP density in 2D and 3D modes.

Figure 4a is a visualization of the AP density in the uncovered grid of a Beijing rail
transit station in 2D mode. In order to visually compare the size of the AP density in
the grid, we have added a color characteristics to the grid. The color from warm to cool
indicates that the AP density in the grid is from high to low.

Figure 4b is a visualization of the AP density in the uncovered grid of a Beijing rail
transit station in 3D mode. On the basis of 2D, height characteristics are added to the grid.
The grid changes from a two-dimensional plane to a three-dimensional prism. The height
of the grid represents the density of AP in the grid.

As we have seen in Figure 5, although rail transit stations are mainly built in urban
centers, there are still many densely populated places that are not covered. In contrast,
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although there are few rail transit stations in the surrounding areas of Beijing, the AP
density is also lower compared to the central area. Besides, there are many places where
AP density is 0, most of which are green space and mountains. However, as we have seen,
there are still very few places where AP density is high. It has been verified that these
places are mostly tourist attractions, such as wetland parks, ski resorts, and resort hotels.

(b)

Figure 5. Density visualization of uncovered AP in Beijing. (a) 2D density visualization; (b) 3D
density visualization.

The map can interact with the users, which can provide a global display of spatial
data at every angle, or click a certain prism with the mouse to obtain the AP density and
the coordinates of the center of the grid where the prism is located. Unlike the Heat Map,
when the user zooms on the map to view the global or local situation, the prism shape
always remains the same, and will not change with the change of the visible area.

6. Rail Transit Station Prediction Based on Uncovered Grids

In Section 5, we have extracted the AP data in the grid that is not covered by the rail
transit station. These data are the basis for our rail transit station prediction. In this section,
we will explain how to predict the location of rail transit stations using cluster method.

In order to predict the location of new rail transit stations, GMM (Gaussian Mixed
Model) clustering algorithm [30] is selected to cluster the geographical location of AP in
the center area after obtaining the uncovered AP in the city center in Section 5. GMM is a
combination of multiple single Gaussian distribution functions, each single Gaussian dis-
tribution is a component. In theory, GMM can fit any type of distribution, which is usually
used to solve the situation that the data in the same set contains many different distribu-
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tions. Gaussian mixture model is trained by expectation maximization (EM) algorithm [31].
We assume that the closer to the traffic station, the greater the population density, so the
distribution is similar to the Gaussian distribution, and DBSCAN and K-means cannot
reflect this distribution.

The DBSCAN algorithm requires two input parameters which are a radius eps and
the minimum point number minPts of samples within the radius, respectively. However,
the DBSCAN algorithm is sensitive to input parameters. Compared with DBSCAN, GMM
only needs one input parameter k which is the number of components to be generated.
The probability of samples belonging to different components can be expressed as v,

which is the probability that the ith sample belongs to the jth component, and Z;-‘zl rij =1
GMM does not explicitly classify all samples into a certain component, but only gives the
probability distribution that they belong to each component.

Based on 400 randomly generated two-dimensional data, the clustering results of
GMM, K-means and DBSCAN are compared. We set the number of components for both
GMM and K-means algorithms to be 4. For DBSCAN algorithm, we use two different sets
of input parameters: eps = 0.3, minPts = 20 and eps = 0.25, and minPts = 20. Figure 6 shows
the clustering results of GMM, K-means and DBSCAN, where different colors represent
different components, and black point represents the noise point.

@) ) (b)

© ' @

Figure 6. Comparison of clustering results between GMM, K-means and DBSCAN. (a) GMM,; (b) K-
means; (c) DBSCAN, eps = 0.3, minPts = 20; (d) DBSCAN, eps = 0.25, minPts = 20.

It can be seen from Figure 6 that compared to K-means and DBSCAN algorithm, GMM
algorithm can better fit the distribution of the data. It is due to the non-probabilistic nature
of K-means and the method of using only the distance to the cluster center to allocate the
cluster members, which leads to the poor performance of K-means in real applications.
According to Figure 6¢,d, it can be seen from the number of clusters and clustering effect
that even if the change of eps is very small, the clustering results will be very different. This
is because DBSCAN is an input parameter sensitive algorithm.

So far, we have found all clusters based on AP data that is not covered by rail tran-
sit stations. The clustering results under different values of k will be discussed in the
next section.
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7. Experimental Evaluation
7.1. Experimental Datasets and Environment

The experimental datasets: There are more than 20 million AP data in Beijing. Each
AP data has six attributes: id, mac, bssid, latitude, longitude, acc and address. In order to
facilitate the subsequent query, PostgreSQL is adopted to store the AP data of Beijing. Since
the AP dataset was in 2013, this paper uses the urban rail transit data of Beijing in 2013.
By the end of 2013, there were 17 rail transit lines and 246 rail transit stations in Beijing.
Figure 7 shows the distribution of rail transit stations in Beijing. The black dots represent
247 rail transit stations in Beijing in 2013, and the red dots represent 180 newly-built rail
transit stations since 2013, of which 89 rail transit stations are still under construction. The
Automatic Fare Collection system (AFC) of Beijing rail transit system from June 2013 to
July 2013 are used in the experiments to verify the effectiveness of the proposed methods.
There are a total of 483,614,919 records of 15,081,258 distinct riders (AFC cards), which can
be used to calculate the inbound and outbound passenger flow of 227 stations in Beijing
rail transit system.

®  built station before 2013

newly-built station after 2013
« ey -
)
e | Sanhe
) *; T E . m [ Dacharo)
} - _{' . '
f \

Figure 7. Comparison of Rail Transit Stations 2013 vs. 2020.

The experimental environment: All of our experiments are implemented in Java JDK
1.8 on an Intel Core 15-4590 3.30 GHz computer with 8GB of memory running Microsoft
Windows 10.

7.2. Comparison with Heat Map

In order to verify the accuracy of the site selection of rail transit stations, this paper
selects the central area of Beijing ([116.306238, 39.853762], [116.483442, 39.974105]) to
predict the location of rail transit stations and compares them with the actual new rail
transit stations since 2013. After inquiries, the number of AP in the selected central urban
area is 1,660,664.

Figure 8a,b show the density visualization of uncovered APs in the central city at
different angles in 3D mode respectively. Figure 8c shows the density visualization of
uncovered APs in the central city in 2D mode. Figure 8d shows the uncovered APs in
the central city through the Heat Map. The interpretation of the density visualization is
summarized as follows.

1. The height of the grid represents the density of AP in the grid. The color from warm
to cool indicates that the density of AP in the grid is from high to low. Until 2013,
there are 455 uncovered grids of rail transit stations in the central area.



ISPRS Int. ]. Geo-Inf. 2021, 10, 804

11 of 19

2. Users can zoom and switch different angles to view the map. By clicking a certain
prism with the mouse, users can obtain the density of AP in the grid and the location
of the grid.

3. The higher the height of the grid, the warmer the color, indicating that the population
density in this area is large, which means that the travel demand in this area is high.
Therefore, the density visualization can provide a reference for the location of rail
transit stations.

4. Comparing Figure 8c,d, we can see that our density visualization can show the density
of different areas more accurately than the Heat Map. When we zoom the Heat Map,
it will change greatly due to changes in the visible area, and will automatically ignore
areas with lower density.

Grid density

=4000
B z000-4000
B z000-3000
Il 1000-2000

=1000

(d)

Figure 8. Density visualization of uncovered AP in central Beijing. (a) 3D density visualization;

(b) 3D density visualization at 45 degrees; (c) 2D density visualization; (d) Heat Map.

In order to get an objective evaluation, we interviewed six volunteers to obtain their
feedbacks of our proposed density visualization. We have briefly introduced the relevant
contents of our density visualization, and everyone has a basic understanding of the Heat
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Map. Table 1 shows the scoring of six volunteers on the two visualizations based on differ-
ent criteria, on a scale of 1 to 10. The higher the score, the higher the volunteer’s evaluation.

Table 1. Comparison between Grid density visualization and Heat Map.

Grid Density Visualization Heat Map
Scoring Criteria Lowest Highest Average Lowest Highest Average
Score Score Score Score Score Score
horizontal scale 6 9 8 5 9 7.8
vertical scale 7 9 8 0 0 0
spatial reference of public transport stations 5 8 7 4 6 5
value level 6 9 7 4 7 5.6

It can be seen from Table 1 that the scores of the two are similar on the horizontal scale.
However, the grid visualization has vertical scale and can provide users with specific grid
density, so the score is high. Compared with the Heat Map, the grid density visualization
will not change with the change of the visible area, and can more accurately determine the
area with high density, which can be used as a spatial reference for the location of public
transport stations. Therefore, the value level of grid density visualization is higher.

7.3. Varying k

In order to determine the optimal number of rail transit stations, we select the pre-
dicted number of stations k = {10, 20, 30, 40, 50, 60, 70, 80} as the input parameters of GMM
clustering algorithm to cluster the uncovered AP in the central area of Beijing.

To compare the efficiency of the DBSCAN algorithm, K-means algorithm and the
GMM algorithm on the rail transit station prediction, we still use the AP in the uncovered
grid in the central area of Beijing ([116.306238, 39.853762], [116.483442, 39.974105]) and
compare the running time of the three algorithms with different K. We set the eps radius
and minPts of DBSCAN algorithms to 445 m and 2000 respectively. Due to the large size
of the AP data, the memory usage is too high when using DBSCAN for clustering, which
leads to memory error and the process to be killed. Therefore, Figure 9 only shows the
running time of the K-means algorithm and the GMM algorithm.

5
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Figure 9. Efficiency comparison between K-means and GMM (k € {10,...,80}).

Due to the large size of the AP data, the memory usage is too high when using
DBSCAN for clustering, which leads to memory error and the process to be killed. From
Figure 9, it can be seen that although the running time of the two algorithms increase with
k, the running time of GMM is obviously less than the time consumed by K-means with
the same k.
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However, the number of rail transit stations in a city is not as many as possible. The
more rail transit stations, the higher the investment cost and the more supporting facilities
required, which will increase the pressure on urban traffic. Therefore, it is necessary to
evaluate the clustering effect under different k, and there are many indexes to evaluate the
clustering effect, such as, Silhouette Coefficient index, Calinski Harabasz index, Davies
Bouldin index, etc. [32]. The CH index [33] is the most commonly used method to calculate
the clustering effect, which is simple and fast. CH(k) is the ratio of inter-cluster separation
to intra-cluster compactness. Therefore, larger CH(k) means better clustering results. CH(k)
can be defined in Equation (1), where k is the number of clusters and # is the total number
of samples, B(k) is the intra-cluster covariance matrix, W(k) is the inter-cluster covariance
matrix, and tr is the trace of the matrix (the sum of elements on the matrix’s main diagonal).
In Equations (2) and (3), C, is the set of samples in cluster g, ¢4 is the center of cluster g, c is
the center of all samples, and n, is the number of samples in cluster g.

trB(K)/(k — 1)

k
Wi=) ), (x—c)lx—cp)T, )
g=1x€C,
k
By = Z ng(cqg — c)(cqg — C)T/ 3)
q=1

It can be seen from Figure 10 that when k increases from 10 to 50, CH(k) keeps
increasing, and during the period k from 40 to 50, the growth rate of CH(k) is higher, and
then CH(k) starts to decrease with k increasing. Therefore, we chose k = {40, 41, 42, 43, 44,
45, 46, 47, 48, 49, 50} for further comparison.

Figure 10. Varying k for CH(k) (k € {10,...,80}).

From Figure 11, we can see that when k increases from 40 to 45, CH(k) fluctuates
continuously, but the overall change is not significant, but when k is greater than 45, CH(k)
rises in fluctuation.

10 41 42 43 44 45 46 47 48 49 50
k
Figure 11. Varying k for CH(k) (k € {40, ...,50}).
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7.4. Varying Fault-Tolerant Radius, k

The experiment uses AP data to predict the location of rail transit stations, while
different evaluation dataset have different properties, restrictions, i.e., sampling frequencies.
Therefore, this paper selects the location comparison with the actual new rail transit
stations in Beijing after 2013 to evaluate our proposed prediction method. In order to
evaluate the clustering effect based on the actual newly-built stations, the following method
was proposed.

As the site selection should consider the realizability of engineering construction
technology, such as the line type and slope of the original line, urban roads and buildings,
it is necessary to adjust the station location in time. Therefore, we take the predicted
station location as the center, and choose 600 m, 800 m, and 1200 m as the fault-tolerance
radius. If the actual newly-built rail transit station is within the fault-tolerance radius
of the predicted station, it means that the station has been correctly predicted. The final
prediction accuracy rate acc = the number of actual newly-built rail transit station within
the fault tolerance radius/the number of actual newly added rail transit station. Based
on the results in Figure 10, we choose k = {10, 20, 30, 40, 50, 60} to analyze the changes of
prediction accuracy rate.

From Figure 12, we can see that although K-means has a higher prediction accuracy
rate than GMM at k = 20 and fault-tolerant radius is 1200 m, overall, the prediction accuracy
rate of GMM algorithm is higher than that of K-means algorithm. The prediction accuracy
rate increases with the increase of k when the fault tolerant radius is the same, and when
the fault tolerant radius is 1200 m, the growth of prediction accuracy rate increase slightly
after k is greater than 30; when k is the same, the prediction accuracy rate increases with
the increase of the fault tolerant radius, and with the increase of k, the prediction accuracy
rate with the fault tolerant radius of 800 m increases rapidly. When k is 60, the number of
predicted rail transit stations increases by 10 when compared with k = 50, but the prediction
accuracy rate increases slightly when compared with k = 50 under the same fault-tolerance
radius. Therefore, in order to further determine the appropriate k, we choose k = {40, 41, 42,
43,44, 45, 46,47, 48, 49, 50} for further comparison.
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Figure 12. Varying fault-tolerant radius for prediction accuracy (k € {10,...,60}). (a) fault-tolerant
radius = 600 m; (b) fault-tolerant radius = 800 m; (c) fault-tolerant radius = 1200 m.

From Figure 13, it can be seen that the overall prediction accuracy of GMM algorithm
is higher than K-means algorithm, but when k is 47, the prediction accuracy rate of both
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GMM and K-means is the highest. From Figure 13a, we can see that when the fault-tolerant
radius is 600 m, the prediction accuracy rate fluctuates greatly with the increase of k, when
the fault-tolerant radius is 800 m and 1200 m, the prediction accuracy rate fluctuates slightly,
but the overall prediction accuracy rate does not change significantly with the increase of k,
so we set k to 47. This is very close to the number of actual newly-built stations, 48, which
shows that our method works well.
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Figure 13. Varying fault-tolerant radius for prediction accuracy (k € {40,...,50}). (a) GMM algo-

rithm; (b) K-means algorithm.

Figure 14 shows the relationship between the fault-tolerant area of the predicted
stations and the actual newly-built stations when k is 48 and the fault-tolerant radius is
600 m, 800 m, and 1200 m, respectively. The red dot indicates the location of the actual
new station, and the blue circular area indicates the fault-tolerant area of the predicted
station. It can be seen that even if the fault tolerance radius is increased to 1200 m, there
are still four stations that were not predicted, namely Xibahe Station, Hongmiao Station,
Guanghualu Station and Jingguangqiao Station. We speculate that this may be due to the
large passenger flow around these stations in order to share the passenger pressure of the
surrounding built stations or to coordinate with the rail transit branch lines.

Figure 14. Varying fault-tolerant radius for predicted stations with k = 48. (a) fault-tolerant radius =
600 m; (b) fault-tolerant radius = 800 m; (c) fault-tolerant radius = 1200 m.
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7.5. Analysis

To evaluate our hypothesis, we cross-validated the average daily inbound and out-
bound passenger flow at each urban rail transit station from June to July 2013. Figure 15a,c
show the distribution of built stations around unpredicted stations. The red dot indicates
the location of the unpredicted station, and the black dot indicates the built station around
the unpredicted station. Figure 15b,d show the spatial location between built stations,
unpredicted stations and part of Figure 8c. The green dot indicates the location of the
unpredicted station, and the white dot indicates the built station around the unpredicted
station. As can be seen from Figure 15b,d, because the unpredicted stations are close to
the built stations, they are located in the covered grids. Therefore, after clustering the
uncovered APs, these four stations cannot be predicted. The average daily inbound and
outbound passenger flow of rail transit stations in Beijing from June to July 2013 was
36,976, with a median of 28,451. Table 2 shows the distance between unpredicted station
and its adjacent stations, passenger flow and passenger flow ranking of adjacent stations.
From Table 2, it can be seen that the passenger flow rankings of the built stations around
the unpredicted stations are relatively high. Since the closest distance to Jingguanggiao
Station is 280 m, we harbor the idea that Jingguanggiao Station was built to coordinate the
Pinggu Line.
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Figure 15. Distribution of built stations around unpredicted stations. (a) Xibahe Station; (b) Re-
lationship between density visualization and Xibahe Station; (c) Relationship between density
visualization and Xibahe Station; (d) Relationship between density visualization and Hongmiao
Station, Guanghualu Station and Jingguanggqiao Station.
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Table 2. Relationship between unpredicted stations and its adjacent stations.

Unpredicted Stations Adjacent Stations Distance Passenger Flow Passenger Flow Ranking

Jingguanggqiao Station Jintaixizhao Staion 280 m 53,546 51
Hongmiao Station Dawanglu Staion 637 m 128,145 4

Hongmiao Station Jintailu Staion 785 m 33,773 103
Guanghualu Station Guomao Staion 600 m 149,217 1
Guanghualu Station Jintaixizhao Staion 280 m 53,546 51
Xibahe Station Sanyuangiao Staion 1370 m 95,813 8
Xibahe Station Taiyanggong Staion 846 m 50,236 58
Xibahe Station Shaoyaoju Staion 1362 m 48,102 61

Xibahe Station Liufang Staion 1210 m 32,976 107

Xibahe Station Guangximen Staion 860 m 23,583 145

The results show that this method can effectively predict the location of new rail transit
stations. The location of the newly-built rail transit station is similar to our experimental
results, which shows that our method is suitable for practical application scenarios.

8. Conclusions

This paper presents a novel method of spatial density visualization and rail transit
station prediction based on dynamic grid generation. At present, most researches based
on grid generation adopt fixed grid step size and artificially selected grid focus [34,35],
which can not be adjusted according to the distribution of research objects. Therefore, the
dynamic grid method is proposed to determine the appropriate focus and step width of
the grid based on the rail transit situation in Beijing in 2013. Then the coverage radius of
the rail transit station is used to determine the covered and uncovered grids by the stations,
and we construct a map to visualize AP density in 2D and 3D modes. Compared with
the Heat Map, the grid density visualization we proposed added the vertical scale, can
provide users with specific grid density and will not change with the change of the visible
area. Many scholars study the location of rail transit stations by determining the optimal
transmission time or distance of transportation stations [25,27], without considering the
main factor of population. This study used the spatial distribution of AP instead of
population distribution to predict the location of rail transit stations. Finally, the location
of the predicted stations is obtained by GMM clustering of AP in the uncovered grids.
Due to the particularity of AP dataset, this paper selects the location comparison with the
actual new rail transit stations in Beijing after 2013 to evaluate our proposed prediction
method. In order to verify the effectiveness of our proposed method, we also compare it
with K-means and DBSCAN algorithm. Through the experimental research and analysis
in Section 7, we can see that the effect of GMM is better than K-means and DBSCAN in
terms of running time and prediction accuracy. This is because the clustering of the GMM
algorithm used in this paper can better fit the object distribution, and the clustering result
is calculated by probability, not simply calculating the mean value of the distance within
the cluster. Results show that our method has certain effect.

Our novel approach enables us to determine the appropriate grid focus and step
size. The density visualization proposed in this study can intuitively show the size of
population density in different areas to decision makers, and the prediction results of rail
transit stations can provide a reference for decision makers when making reasonable site
selection to alleviate traffic pressure. Meanwhile, this method can be applied to different
scenarios, such as the location selection of chain stores or public facilities. Since the grid
division is space sensitive rather than density sensitive, and the AP data is static data,
we will choose the density sensitive spatial division method to divide the city, and select
trajectory data and OD data for further research.
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