
SPECIAL SECTION ON BIG DATA TECHNOLOGY AND
APPLICATIONS IN INTELLIGENT TRANSPORTATION

Received April 15, 2020, accepted April 23, 2020, date of publication April 28, 2020, date of current version May 13, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2991069

Big Data Analysis of Beijing Urban Rail Transit
Fares Based on Passenger Flow
HONGHU GAO 1,2, SHIFENG LIU 1,2, GUANGMEI CAO1, PENGFEI ZHAO1,
JIANHAI ZHANG3, AND PENG ZHANG3
1School of Economics and Management, Beijing Jiaotong University, Beijing 100044, China
2Beijing Logistics Informatics Research Base, Beijing 100044, China
3Beijing Jingtou Urban Utility Tunnel Investment Company, Ltd., Beijing 100027, China

Corresponding authors: Shifeng Liu (shfliu@bjtu.edu.cn) and Pengfei Zhao (16125370@bjtu.edu.cn)

This work was supported in part by the Beijing Social Science Foundation under Grant 19JDGLA002, in part by the Ministry of Education
in China (MOE) Project of Humanities and Social Sciences under Grant 19YJC630043, in part by the National Natural Science Foundation
of China under Grant J1824031, and in part by the Beijing Logistics Informatics Research Base.

ABSTRACT This paper proposed improved measures for the shortest path fare scheme of urban rail transit.
Firstly, this paper simulated Beijing rail transit by using Anylogic simulation technology and shortest path
algorithm. Then, in order to find the travel time between any originations and destinations, this research
measured the inbound time, waiting time, interval time, section running time, transfer time and outbound
time. In addition, this paper used big data analysis technology to obtain the actual travel time distribution
between any originations and destinations by processing the basic data of passengers entering and leaving
the station. Finally, by comparing the valid path travel time calculated by any originations and destinations
with the actual travel time distribution of passengers, the path taken by majority of passengers was pushed
back to determine the ticket price based on the mileage of the path taken by the majority of passengers.
The results reduced the dependence on government subsidies by rail transit operation and made up for the
operation and maintenance costs.

INDEX TERMS Shortest path, Anylogic simulation, travel time, time distribution, big data analysis, pricing
scheme of urban rail transit.

I. INTRODUCTION
Rail transit operators are not actively controlling rail transit
operating and maintenance costs due to huge government
subsidies. In other words, the huge subsidy from the govern-
ment does not meet its incentivemeasures.While social bene-
fits are the primary task of urban rail transit, urban rail transit
operators should also have a certain degree of self-sufficiency
to maximize the use of public resources and ensure the sus-
tainable and effective operation of public resources [1].

In this paper, some lines of Beijing rail transit are simulated
to calculate the shortest path between any originations and
destinations and the travel time of their valid paths. With the
help of big data technology to analyze the time distribution
of passengers entering and leaving O-D stations, we can
obtain the actual paths for most passengers. Through the
comparison, the irrationality of the existing fare strategy of
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Beijing urban rail transit is verified, and the decision-making
advice for the rules of rail transit fare is provided according to
the specific travel conditions of passengers. In the exploration
in this paper, the fare setting is based on the mileage of
the path taken by all or the vast majority of the passengers,
rather than the mileage of the shortest path between O-D
stations. Compared with the established fares, the rail transit
fares made by the method of this article may be increased
to a certain extent between some O-D stations, but the fare
increasing should not be too high. This method of fare setting
can not only provide themaximum convenience for the public
to travel, but also increase the income of rail transit opera-
tors, thus reducing the financial subsidies of the government.
In addition, this method can also reduce the passenger flow
during peak periods to some extent.

II. LITERATURE REVIEW
The subway network of Beijing runs through the entire urban
area and even covers some suburbs, which meets the needs
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of passengers of a certain level of comfort and satisfaction in
transportation [2], [3]. The subway network can effectively
relieve the congestion of the city, some scholars have intro-
duced congestion factors into the fare strategy formulation
of urban transportation system. Basso et al. [4] introduced
public transport congestion and traffic design, used conges-
tion fees, transit fees (the level of subsidies), and transit fre-
quencies as optimization variables to model and analyze the
optimal price (welfare maximization) and design of transport
services in a bimodal context. Tirachini et al. [5] determined
and analyzed the interaction between congestion and con-
gestion externalities in the design of urban transportation
systems, as well as their relationship with ticket price. Game
theory-based pricing model is an important tool to solve
the problem [6], so Ding et al. [7] established a congestion
pricing model of urban roads based on game theory, which
introduced riding comfort into the cost function of the tradi-
tional bottleneck model, and verified the correctness of the
model with an example. Yang and Tang [8] introduced a fare
reward scheme (FRS) to relieve queuing congestion at transit
stations. They found that, comparing the original fare, FRS
results in an optimal reward ratio up to 50% and the system
total time costs and average equilibrium trip costs reduced by
at least 25% and 20%, respectively. They put the congestion
factor into the model of rail transit fare, which enriched the
idea of urban rail transit fare strategy.

Meanwhile, some scholars began to pay attention on
the formulation of urban transportation fare strategy.
Borger et al. [9] used the numerical optimization model to
evaluate the Nash equilibrium of transportation prices, and
provided an empirical study on the optimal pricing of trans-
portation externality benefits. Gkritza et al. [10] analyzed
different fare structures and estimated public transportation
fares from the perspective of fare structures. And through
the use of game theory in a variety of modes of transporta-
tion to develop different pricing models. Zhu et al. [11]
established a dynamic fare model based on the division of
passenger groups and the probability of passengers purchas-
ing tickets, and on the basis of optimization theory and
decision tree analysis (DTA). Huang et al. [12] proposed a
new bus fare structure based on non-linear distance. Based
on a tripartite game (including transportation management
departments, passengers, and transportation companies), they
established an optimization model to determine the optimal
fare function and frequency, and solved themodel by artificial
swarm algorithm. Zhao and Yang [13] established a bi-level
programming model by considering the factors social and
economic benefits of the urban rail transit company and
the related benefits of the passengers. An improved particle
swarm optimization algorithm is designed to solve the model
and an example is given to verify the feasibility and effective-
ness of the model and related measures. Gong and Jin [14]
established a tripartite game model of price adjustment plans
including government, operating companies and passengers.
Through the analysis of the trilateral benefits, they drew
a study on whether the adjustment plan is successful. The

research results provide a research method for studying the
feasibility of the price adjustment plans for urban transporta-
tion. Zhao and Zhang [15] found that the effects of the metro
fare increase would significantly increase the cost burden
of vulnerable residents on metro use. The most significant
innovation of this research is that the real characteristics of
passengers, such as the passenger flow, transfer and travel
path selection.

On the other hand, the travel characteristics of passengers
have attracted the attention of scholars, such as transfer char-
acteristics, etc. [16], [17]. Xu et al. [18] analyzed the method
of handling large passenger flow caused by operation delay
at interchange station and obtained the time section of the
station where the large passenger flow occurs as the basis
of early warning. Liu and Xu [19] proposed the concept of
continuous cycle of large passenger flow and a model based
on traffic interval coordination is established to optimize the
disposal method of large passenger flow in the latency period.
Zhang et al. [20] analyzed the passenger’s transfer time
and travel time, and established a new algorithm, the result
showed that the accuracy of the algorithm was accuracy.
Lu et al. [21] identified the tourists of common diligence and
a model that considered their travel preferences was estab-
lished to learn and predict their next trip. In addition, some
scholars also analyze the big data in the field of transporta-
tion to release the travel behavior of passengers [22]–[24].
Although the existing literature considers the travel charac-
teristics of passengers, previous research rarely studies the
relationship between the travel characteristics of passengers
and the strategy of urban rail transit fare.

The current scholars’ research mainly focused on conges-
tion factors, fare strategy and the travel characteristics of pas-
sengers. However, there is no scholar to study the travel path
based on passenger flow by big data analysis and the impact
of travel path on the pricing of urban rail transit. In this paper,
the fare setting rules of urban rail transit explored through big
data analysis technology and simulation technology.

III. ALGORITHMS AND FARE PRINCIPLE
A. ALGORITHMS
Definition 1: The passenger travel network is represented

by directed graph G = (N, A). N is the set of nodes, R ⊆ N
and S ⊆ N are the sets of origination and destination, respec-
tively. A is the set of paths, q is the set of travel demand, which
is actually the set of OD flow and qrs represents the OD flow
from the origination r to the destination s (r ⊆ R, s ⊆ S).
Definition 2: The actual distribution of the actual travel

of passengers is represented by T = (t, k). τ is the set of
estimated time period, and τ ⊆ t is the estimated time period
for a specific path. The time range is k and k ∈ [(k−1)τ, kτ ].
The Variables are shown as follows:
τ : the unit length of the estimated time period; Ii(k): the

traffic flow of node i flowing into the road network during
time period k; Oj(k): the traffic outflow of node j to the
road network during time period k; Fr (k): the traffic volume
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on section r (the amount of traffic that passes through this
section) during time period k; qir (k): the traffic volume (O-D
flow) from point i to point j during time period k; δir (k): an
distribution matrix used to establish the spatial and temporal
influence relationship between O-D flow and section flow,
indicating the proportional coefficient of O-D flow qij(k)
flowing through section r during the time period k;

From the above information, we can establish the following
basic relationships:

(1) The relationship between the nodal inflow traffic and
O-D flow is shown in Equation 1:

Ii (k) =
∑N

j=1,j 6=i
qij (k) , ∀i ∈ N ,K ∈ T (1)

(2) The relationship between the nodal outflow traffic and
O-D flow is shown in Equation2:

Oj(t)=
∑T

k=1

∑N

i=1,i 6=j
qij (k)δkij (t), k ≤ t,∀j ∈ N , t ∈ T

(2)

(3) The relationship between the amount of traffic that
passes through this section and O-D flow is shown in Equa-
tion 3:

Fr (t)=
∑T

k=1

∑N

i=1,i 6=j
qij (k)δkir (t), k ≤ t,∀r ∈ A, t ∈ T

(3)

There are slight differences for different modes of transporta-
tion, the appropriate flow Equation constraint can be selected
according to the actual situation. In general, the unknown
variable in the flow relationship is N(N − 1) (the logarithm
of O-D), where N(N − 1) � R (the volume of flow on
the observed section). The number of unknown variables in
the Equations are much larger than the number of Equa-
tions, the unique O-D matrix cannot be determined only by
Equations (1), (2) and (3). Therefore, a model must be used
to approximate the O-D matrix. The process of O-D matrix
estimation is to find a set of solutions closest to the actual O-D
matrix from the feasible solution space of the O-Dmatrix that
satisfy the flow constraint relationship. The general expres-
sion of the model can be expressed as Equation 4:

min f (D,F(1),F(2))

s.t. F = assignment (D) (4)

where D is the estimated O-D matrix, F(1) is the actual
observed traffic volume of the section; and F(2) is the traffic
volume obtained according to the estimated O-D matrix.

After more than 30 years of development, the dynamic
O-Dmatrix estimationmethod has been constantly improved,
forming different types of estimation models and algorithms.
According to whether the model contains DTA (Dynamic
Traffic Assignment) module, it can be divided into DTA-
based model and non-DTA-based model. According to the
types of collected data source, it can be divided into fixed data
source and mobile data source estimation model. According
to the forms of the model, it can be divided into mathematical
optimization model and statistical analysis model. According

to the network structure, it can be divided into closed network
model and open network model, etc. At present, there is still
no unified classification standard for the estimation model.
This paper introduces several representative, referential and
widely used models to provide reference for dynamic O-D
matrix estimation of rail transit network. Maximum Likeli-
hood Model is adopted in this paper. Maximum likelihood
estimation is one of the commonly used methods in O-D
matrix estimation, which is based on the maximum likelihood
theory in statistics. This method maximizes the conditional
likelihood of the target O-D matrix and the observed traffic
flow in the real O-Dmatrix. The basic model of the maximum
likelihood method is shown as follows (Equation 5):

Max S = −
∑N

i=1

∑N

j=1
qij ∗ ln

(
rij ∗

(
qij
Q

))
s.t. Fr =

N∑
i=1

qij ∗ δrij, rij=
q̂ij∑N

i=1
∑N

j=1 q̂ij
, Q=

N∑
i=1

N∑
j=1

qij

(5)

where rij is the prior probability of the occurrence of O-D
on (i, j) which is obtained according to the statistics of the
historical O-D quantity, and Q is the total O-D quantity.

The principle of maximum likelihood method is simple,
it does not need to determine the weight matrix, and it is a
method with application value. For example, Spiess (1983,
1987) proposed the maximum likelihood model of O-D esti-
mation based on the maximum likelihood principle. Cascetta
and Nguyen (1988) proposed a method to estimate the O-
D matrix by using the traffic volume of the section, using
the idea of reviewing traffic distribution graph and maximum
likelihood theory. Nihan andDavis (1989) used themaximum
likelihood model to estimate the O-D matrix of intersections.

B. FARE PRINCIPLE
Beijing rail transit fares are mainly divided into two stages.
Before the implementation of the new Beijing rail transit
fare regulations, Beijing rail transit has always implemented
welfare-friendly low prices from October 2007 to Decem-
ber 2014, Beijing rail transit fare was reduced to 2 RMB
except for the airport express rail line. At this time, the fare
setting method lacked dynamics, the price was too low and
the government subsidies for rail transit also increased every
year. In the second phase, Beijing rail transit started to imple-
ment new fares since December 28, 2014. And the urban
rail transit fares have changed relatively, from the previous
unified fare of 2 RMB to the starting price of 3 RMB. The
new fares of Beijing urban rail transit are shown in Table 1:
3 RMB within 6 km (inclusive); 6 km to 12 km (inclusive) is
4 RMB; 12 km to 22 km (inclusive) is 5 RMB; 22km to 32km
(inclusive) is 6 RMB; for the part above 32km, you can ride
20km for every additional 1 RMB.

The mileage between any O-D stations is calculated
according to the distance of the shortest path (excluding the
subway transfer distance), that is, the algorithm of the shortest

VOLUME 8, 2020 80051



H. Gao et al.: Big Data Analysis of Beijing Urban Rail Transit Fares Based on Passenger Flow

TABLE 1. Fare principle of Beijing rail transit.

path is used to calculate the shortest path between O-D sta-
tions as the origination and destination of the passenger are
known, and then use the mileage of the shortest path (exclud-
ing the subway transfer distance) as the basis for calculating
the fare. However, the calculation method of Beijing rail tran-
sit using the shortest path for mileage brings many problems,
such as: charging by the shortest path makes the rail transit
fare lower, and the low fare is not conducive to the shunting
of passenger flow during peak hours, causing too large local
traffic flow and causing potential safety hazards. At the same
time, it also reduces the comfort of passengers during the
ride, which is particularly obvious especially during peak
hours. Meanwhile, because the full load rate is too high,
the passageways, elevators, platforms, and compartments are
crowded, and everyone is shoulder to shoulder, passengers’
comfort is not guaranteed and safety accidents are prone to
occur.

According to the query data of Beijing Transport Insti-
tute, during the morning and evening peak hours since 2009,
the full load rate of Beijing rail transit has reached more than
100%. For example, the maximum load rates from 2009 to
2011 were 133%, 135% and 138%, respectively. Although
Beijing urban rail transit has been in the profit stage in the
past one or two years, if the operating costs and maintenance
costs are included [25], Beijing urban rail transit is still in a
huge loss stage. So the government still needs to invest a lot of
subsidies every year to make up for the losses. The low fare
formed according to the shortest path is also not conducive
to the influx of private capital and the motivation of operat-
ing enterprises to reduce the cost of rail transit. Therefore,
the establishment of a fare formulation system that matches
the financial subsidies and the scale of the rail transit network
is favorable conditions to ensure the sustainable development
of Beijing rail transit.

IV. DATA ANALYSIS OF URBAN RAIL TRANSIT
A. THE PROBABILITY OF ENTERING EACH STATION
According to the basic passenger flow data provided by the
rail transit command center, the average daily passenger vol-
ume can reach 10million. However, the number of passengers
entering and leaving from various stations every day is quite
different. For example, the number of passengers entering
and leaving from Xizhimen station of line 4 and Wangfujing
station of line 1 is large, while the passenger traffic from
Haojiafu station of line 6 and the Huagong station of line 7 is
very small.

TABLE 2. The probability of passengers inbound and outbound at each
station (partial data).

In order to simulate the actual situation of Beijing urban
rail transit more realistically, the passenger traffic inbound
and outbound data for the week fromMay 8, 2017 to May 14,
2017 were taken before the modeling. First of all, data cleans-
ing was performed to the passenger flow data, individual
abnormal data was filtered out, and 6,228,567 data were
randomly selected as the research object from the processed
data. From these more than 6 million data, the number of pas-
sengers entering each station was calculated, and according
to this, the probability of passengers entering at each station
is calculated as shown in the table 2 (only some data are
displayed here). In addition, according to the number of pas-
sengers entering from one station and leaving from another
station, the corresponding outbound probability is shown in
the Table 2 (only part of the data is shown here). Since the
data is randomly selected from the data of passenger flow in
a week, and the data processing is completed by computer
without human interference, and the amount of selected data
is huge, the researched data has a certain representativeness
and higher accuracy.

B. TRAVEL TIME OF THE PASSENGERS
Travel time is the total time for passengers from the origina-
tion to the destination, including the walking time from the
ticket gate of the entrance to the subway door, the section
running time, the parking interval of the intermediate stations,
the subway transfer time (transfer walking time and transfer
waiting time), and the walking time from the subway door
to the ticket gate of the exit. And the shortest travel time
between O-D stations is the most important factor affecting
the passengers’ choice of the path. In general, the path corre-
sponding to the shortest travel time is the shortest path. At the
same time, the path corresponding to the shortest travel time
is also the most likely path that passengers may choose when
taking rail transit. In the actual road network, the following
two situations may also exist: the long mileage (excluding
the subway transfer distance) corresponds to a short travel
time of all valid paths for the start stations, and the short
mileage corresponds to a long travel time. In order to measure
the travel time accurately, this paper obtains the calculation
method of travel time from Beijing Metro Operation Admin-
istration Corporation Limited. In addition, due to the large
number of stations on Beijing rail transit lines, complicated
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TABLE 3. The rail transit section distance and section running time (partial data).

TABLE 4. The parking interval of different lines (partial data).

road conditions and heavy workload, only some lines such
as line 1, line 2, line 4, and line 5 are surveyed on-site. The
survey data of the rail transit is as follows.

1) RAIL TRANSIT SECTION DISTANCE AND SECTION
RUNNING TIME
According to the section distance provided by the Beijing
Urban Rail Transit Clearing and Settlement Center, we can
get the distance between adjacent stations on any lines. At the
same time, we obtained the time required between any adja-
cent stations of the rail transit through on-site measurement.
Then, the interval running time of the same distance interval
on the same line is obtained by processing the abnormal data,
see Table3.

2) PARKING INTERVAL OF DIFFERENT LINES
Due to the different busy degree of the various rail transit
lines during peak hours, the parking interval of each line is
different. For example, the morning peak passenger flow of
line 9 is large, so the average parking interval of each station
on line 9 is 55 seconds, while the average parking interval of
line 1 is 33 seconds. And by comparing the parking interval
of different stations on the same line, it is found that the
parking interval of different stations on the same line are the
same or have little difference. Therefore, this paper cleans the
measured parking interval data to obtain the average parking
interval of each line as shown in Table 4.

3) DEPARTURE INTERVAL OF DIFFERENT LINES
According to the departure interval of different lines provided
by the Beijing Urban Rail Transit Clearing and Settlement

TABLE 5. The parking interval of different lines (partial data).

Center, we can get the departure interval of different lines (see
Table 5).

4) SUBWAY TRANSFER TIME OF DIFFERENT LINES
The interchange station is a key node in the urban rail transit
network. Interchange stations play an extremely important
role in the networked operation of Beijing urban rail transit.
A convenient and fast interchange system can not only fully
meet the needs of passengers, but also help to further the
social and economic benefits of urban public transportation
[26]. There are many interchange stations in Beijing rail
transit, and the transfer time in different directions at the same
interchange station is different. For example, the transfer
subway time from line 4 to line 2 at Xizhimen station is
different from the time from line 2 to line 4. Through the on-
site measurement of the subway transfer time, although the
time in different directions of the same interchange station
is different, the difference is very small, which has little
impact on the final verification and the study of fare formu-
lation. Basic transfer time between different lines of Beijing
urban rail transit interchange stations are obtained, as shown
in Table 6.

C. ACTUAL TIME BETWEEN O-D STATIONS
1) THE CLEANING OF ACTUAL TIME BETWEEN O-D
STATIONS
Due to large amount data of the passengers’ time of entering
and leaving the station, some incomplete data records may
appear in the data, for example, through data collation, it is
found that the data of individual passengers entering or leav-
ing the station is lost, and the travel time of some passengers
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FIGURE 1. Distribution of actual time between O-D stations.

is inevitably far beyond normal among a large number of
passengers. In these cases, big data analysis technology must
be used to perform preliminary cleaning of the primary data
to avoid the interference of abnormal data on the real time
distribution between O-D stations, thereby making the data

more accurate and reliable. This lays the foundation for later
accurate verification of the irrationality of fare setting based
on the mileage of the shortest path and the exploration of a
more reasonable fare setting scheme between any origina-
tions and destinations.
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TABLE 6. The transfer time of different lines (partial data).

2) DISTRIBUTION OF ACTUAL TIME BETWEEN O-D STATIONS
It is found from the cleaned data that the travel time of
most passengers or almost all passengers between some O-
D stations are concentrated in a smaller interval. That is to
say, the vast majority of passengers follow the same path
between any O-D stations, which provides a good support for
fare verification and inquiry. Due to the large amount of data,
this paper just shows parts of the travel time data distribution
related to subsequent research (see Figure 1).

V. THE SIMULATION MODEL AND RESULT ANALYSIS
A. THE SIMULATION MODEL
The main function in the simulation model is Main which
contains the following information: (1) the data of the proba-
bility of passengers entering any of the 328 stations of the rail
transit, the correlation set and the corresponding function of
reading the contents of the file; (2) the data of the outbound
probability of all reachable terminals after entering station,
the correlation set, and the corresponding function to read
the file; (3) the data of the location and information of the
rail transit gate, the correlation set and the corresponding
function of reading the location and information of the gate
[27]; (4) the set data of distance between any two adjacent
stations of rail transit, and the output file that represents the
simulation result. In addition, an object class representing the
information of each station of rail transit is added to the main
function, and an object class named Passenger is stored to
simulate the state diagram of the system [28].

Passanger contains a state diagram that shows the entire
process from the origination to the destination of the pas-
sengers according to the shortest path and related func-
tions. Firstly, we insert a graph object in the Passenger
object, and then establish variable edges, model cyclenum-
bers (simID), simulation numbers (CycleCount), and other
variables. Among them, Vertexs represents the vertex set
of the stations, all the stations on the shortest path are
represented by a vertex. Finally, the function that related
the shortest path is generated. For example, rand SelectSta-
tion indicates the originations and the destinations that are
randomly generated in the system, generate_trip indicates
the line generated in the system from the originations and
the destinations, generate_vertexs represents all the stations
represented by vertices on the line, init_edges represents
initializing the previously generated edges, set_vert_stid rep-
resents the stations on the shortest path obtained by the

FIGURE 2. Passenger object of the Rail transit simulation model.

corresponding id number, and dijkstra indicates that the short-
est path that required by the shortest path algorithm (see
Figure 2).

Through the collation of a large amount data, the coordi-
nates of each station of the rail transit, the distance between
the stations, and the probability of entering and leaving each
O-D stations can be obtained. And then, we import the col-
lated rail transit data into the Anylogic simulation system.
In order to represent the current status of the shortest path
between the originations and the destinations completely,
the simulation result includes the number of simulation cycles
representing the number of simulation times, the names of
all the stations on the shortest path obtained by the shortest
path algorithm between the originations of each simulation,
the distances between all adjacent stations on the shortest
path. The simulation results are shown in table 7.

B. ANALYSIS OF THE RESULTS
In Beijing rail transit, the fare is calculated according to the
mileage of the shortest path between O-D stations, but the
subway transfer distance is not considered, so the travel time
of the shortest path is not necessarily the shortest, nor is it
necessarily the best path for passengers.

The verification of rail transit fares in this section includes
three cases. The first case is that the origination and the
destination of the O-D station are on the same line. In this
case, among all valid paths between O-D stations, one of the
valid paths between O-D stations does not require transfer.
The second case is that the O-D stations are on different lines,
that is, the origination and the destination are on different
lines. In other words, the valid path from the origination to
the destination requires at least one subway transfer. When
O-D stations are different, it can be also divided into two
situations: one is that all valid paths from the origination and
the destination require the same number of subway transfers.
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TABLE 7. Part of the simulation results.

The other case is that among all the valid paths from the orig-
ination to the destination, some have few subway transfers,
while others have more.

1) THE VALID PATH DOES NOT REQUIRE SUBWAY
TRANSFER
In this situation, the origination and the destination are on
the same line, and at least one valid path does not require
a subway transfer, while other valid paths require. Among
all valid paths, the shortest path require subway transfer.
However, in the fare formulation of Beijing urban rail transit,
the subway transfer distance is not calculated when calculat-
ing the shortest path between the origination and the desti-
nation. Therefore, when the travel time of the shortest path
is almost the same as that of the non-shortest path without
subway transfer, or when the travel time of the former is much
greater than that of the latter, almost most passengers choose
the path without subway transfer. We can get that the mileage

of the shortest path as the basis of O-D station pricing is not
reasonable.

For example, there are two valid paths between Liuliqiao
station and Zhichunli station. The first valid path (see Table 8)
which is the shortest (excluding the subway transfer distance)
consists of taking line 9 from Liuliqiao station to National
Library station, and then taking line 4 from National Library
station to Haidianhuangzhuang station, finally, taking line
10 from Haidianhuangzhuang station to the destination at
Zhichunli station. Among them, parking 6 times on line 9,
3 times on line 4 and 1 time on line 10, each parking interval
is 45 seconds, 37 seconds and 37.5 seconds, respectively, that
is to say, the total parking interval on this path is approxi-
mately 7 minutes. We know that the inbound time, waiting
time, interval time, transfer time, transfer waiting time and
outbound time of this path add up to about 26 minutes, there-
fore, with the time between parking, the total travel time of
passengers on this path is about 33 minutes. In another valid
path (see Table 9), passengers take line 10 at Liuliqiao station
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TABLE 8. The valid path between Liuliqiao station and Zhichunli
station (1).

and directly arrive at Zhichunli station, stop for 11 times, with
a total parking interval about 4 minutes. Similar to that of the
travel time calculation method in the first valid path, the total
travel time of passengers on this path is about 31 minutes.

According to the statistics of the travel time distribution
between Liuliqiao station and Zhichunli station, the travel
time distribution ratio in the range [29], [31] is 61%, the travel
time distribution ratio for 32 minutes is 20%, the travel time
distribution ratio in the range [33], [35] is 8%, and the travel
time distribution ratio for the remaining is 1%. Therefore, it
can be determined that most passengers choose line 10 as the
best path to travel without subway transfer. At this point, it is
unreasonable to set the price according to the mileage of the
shortest path (excluding the subway transfer distance) in the
regulations of the rail transit fare, so the mileage of the travel
path of most passengers should be taken as the basis of the
fare.

2) THE VALID PATH REQUIRES THE SAME NUMBER OF
SUBWAY TRANSFERS
In this situation, the origination and the destination are not on
the same line. In all valid paths, passengers need to make the
same number of subway transfers to reach the destination.

For example, there are two valid paths between Xizhimen
station and Wangfujing station. The first valid path (see
Table 10) consists of taking line 2 from Xizhimen station to
Fuxingmen station, and then taking line 1 from Fuxingmen

TABLE 9. The valid path between Liuliqiao station and Zhichunli
station (2).

station to the destination atWangfujing station. Among them,
parking 3 times on line 2 and 4 times on line 1, each parking
interval is 32.5 seconds and 33 seconds, respectively, that is to
say, the total parking time on this path is approximately 4min-
utes. We know that the inbound time, waiting time, interval
time, transfer time, transfer waiting time and outbound time
of this path add up to about 19 minutes, therefore, with the
time between parking, the total travel time of passengers
on this path is about 23 minutes. Another valid path (see
Table 11) includes taking line 2 from Xizhimen station to
Xidan station and line 1 from Xidan station to Wangfujing
station. Similar to that of the travel time calculation method
in the first valid path, the total travel time of passengers on
this path is about 25 minutes.

According to the statistics of the travel time distribution
between Xizhimen station and Wangfujing station, the travel
time distribution ratio in the range [21], [23] is 45%, the travel
time distribution ratio for 24minutes is 16%, the travel time
distribution ratio in the range [25], [27] is 38%, and the travel
time distribution ratio for the remaining is 1%. Therefore,
it can be determined that relatively more passengers choose
the path of line 2 and then take line 1 as the best choice.
However, the fare strategy of Beijing rail transit from Xizhi-
men station to Wangfujing station is based on the shortest
path (excluding the subway transfer distance) for passengers
taking line 4 at Xizhimen station and then taking line 1 at
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TABLE 10. The valid path between Xizhimen station and Wangfujing
station (1).

TABLE 11. The valid path between Xizhimen station and Wangfujing
station (2).

Xidan station to Wangfujing station. According to the time
distribution between O-D stations, most passengers will not
choose the shortest path, so it is unreasonable to set the ticket
price according to the mileage of the shortest path (excluding
the subway transfer distance).

3) THE VALID PATH REQUIRES THE SAME NUMBER OF
SUBWAY TRANSFERS
In this situation, the origination and the destination are not on
the same line, and the valid path requires different number of
subway transfers.

For example, there are two valid paths between Liuliqiao
station and Shangdi station. The first valid path (see Table 12)
consists of taking line 10 from Liuliqiao station to Zhichunlu

station, and then taking line 13 from Zhichunlu station to the
destination at shangdi station. Among them, parking 12 times
on line 10 and 2 times on line 13, each parking interval is
37.5 seconds and 33.3 seconds, respectively, that is to say,
the total parking time on this path is approximately 8minutes.
We know that the arrival time, inbound time, interval time,
transfer time, transfer waiting time and outbound time of this
path add up to about 39 minutes, therefore, with the total
parking time, the total travel time of passengers on this path is
about 47 minutes. Another valid path (see Table 13) includes
taking line 9 fromLiuliqiao station to National library station,
changing to line 1 at National library station to Zhichunlu
station, and taking line 13 from Zhichunlu station to shangdi
station. Similar to that of the travel time calculation method
in the first valid line, the total travel time of passengers on
this path is about 49 minutes.

According to the statistics of the travel time distribution
between Liuliqiao station and Shangdi station, the travel time
distribution ratio in the range [45], [47] is 61%, the travel time
distribution ratio for 48 minutes is 17%, the travel time distri-
bution ratio in the range [49], [51] is 17%, and the travel time
distribution ratio for the remaining is 5%. Therefore, it can be
determined that relatively more passengers choose the path of
line 10 and then taking line 13 as the best choice. However,
the fare strategy of Beijing rail transit from Liuliqiao station
to Shangdi station is based on the shortest path (excluding
the subway transfer distance) for passengers to take line 9 at
Liuliqiao station and change to line 4, line 10 and line 13 to
Shangdi station. According to the time distribution between
O-D stations, we can get that most passengers will not choose
the shortest path. Therefore, it is unreasonable to set the ticket
price based on the mileage of the shortest path (excluding the
subway transfer distance)

VI. FARE STRATEGY OF URBAN RAIL TRANSIT
According to a questionnaire survey by the clearing center
of Beijing rail transit, nearly 90% of passengers in rush hour
are familiar with Beijing’s road network. They can accurately
estimate the travel time between O-D stations based on their
previous subway experience and Baidu map. At the same
time, when investigating the travel paths between any O-D
stations, nearly 80% of passengers would choose the shortest
travel time instead of the shortest path under the condition
of few subway transfers. In addition, the subway transfer
distance between different paths is not taken into account
when calculating the path mileage, so choosing the shortest
path is not necessarily the shortest travel time.

Considering that there are many Beijing rail transit lines,
more stations passing by each line, and interchange stations
between each line, therefore, this paper only conducts field
data research on line 1, line 2, line 4, line 5, line 8, line 9, line
10, line 13, line 15 and Yizhuang line. We compare the travel
time of each valid path between any O-D stations with the
actual travel time of passengers between O-D stations, and
then we can derive the travel path for most or all passengers
between any O-D stations. We think that it is scientific and
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TABLE 12. The valid path between Liuliqiao station and Shangdi
station (1).

reasonable to set the ticket price according to the travel path
for most or all passengers between any O-D stations. In this
paper, the fare strategies of urban rail transit are shown as
follows:

1. The Originations and the Destinations are on the Same
Line

(1) The shortest valid path does not require subway transfer
This situation is also the simplest. The origination and the

destination are on the same line, and the valid path which is
also the shortest path. For example, there is only one valid
path between Fuxingmen station and Guomao station. In this
valid path, passengers take line 1 at Fuxingmen station and
directly arrive at Guomao station, the total travel time of
passengers on this path is about 22 minutes. According to the
statistics of the travel time distribution between O-D stations,
the travel time distribution ratio in the range [21], [25] is
92%. Therefore, in this situation, the fare strategy should
be formulated according to the mileage of the shortest path
without subway transfer.

(2) The shortest valid path requires subway transfer and the
travel time is not much different from the non-transfer path

At this point, there are at least two valid paths from the
origination and the destination, and themileage of the transfer
path (the shortest) is similar to the travel time of the non-

TABLE 13. The valid path between Liuliqiao station and Shangdi
station (2).

transfer path (excluding the subway transfer distance). For
example, there are two valid paths between Liuliqiao station
and Zhichunli station (see3.2.1). Therefore, when the travel
time of the transfer path (shortest path) is almost the same
as that of the path without subway transfer, the majority
of passengers will choose the path without subway transfer.
In this situation, we know that the rail transit fare strategy
should be based on the mileage of the path without subway
transfer rather than the mileage of the shortest path.

(3) The shortest valid path requires subway transfer and the
travel time is much different from the non-transfer path

At this point, there are at least two valid paths from the
origination and the destination, in addition, the shortest path
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requires subway transfer and the travel time is much different
from the non-transfer path. That is to say, the travel time
on the non-transfer path is significantly longer than the time
on the subway transfer path. For example, there are two
valid paths between Anzhenmen station and Songjiazhuang
station. The first valid path which is the shortest path (exclud-
ing the subway transfer distance) consists of taking line
10 from Anzhenmen station to HuixinxijieNankou station,
and then taking line 5 from HuixinxijieNankou station to the
destination at Songjiazhuang station. In another valid path,
passengers take line 10 at Anzhenmen station and directly
arrive at Songjiazhuang station. The travel time on the two
valid paths is about 35 minutes and 43minutes, respectively.
According to the statistics of the travel time distribution
between O-D stations, the travel time distribution ratio in the
range [33], [38] is 100%. In other words, the first valid path
is the passenger’s first choice. In this situation, we know that
the rail transit fare strategy should be based on the mileage of
the shortest path with subway transfer.

2. The Originations and the Destinations are not on the
Same Line: different number of subway transfers

(1) The path with few number of subway transfers is the
shortest

In this situation, the path (excluding the subway transfer
distance) is the shortest and the number of transfers is small,
so the travel time may be less. For example, there are three
valid paths between Xitucheng station and Wangjing West
station. The first valid path which is the shortest (excluding
the subway transfer distance) consists of taking line 10 from
Xitucheng station to Shaoyaoju station, and then taking line
13 from Shaoyaoju station to the destination at Wangjing
West station. In another valid path consists of taking line 10
fromXitucheng station to Beitucheng station, and then taking
line 8 from Beitucheng station to Olympic Green station,
finally, taking line 15 from Olympic Green station to the
destination at Wangjing West station. The third valid path
consists of taking line 10 from Xitucheng station to Huix-
inxijieNankou station, and then taking line 5 from Huixinxi-
jieNankou station to Datunlu East station, finally, taking line
15 from Datunlu East station to the destination at Wangjing
West station. The travel time on the three valid paths is about
25 minutes, 35 minutes and 35minutes, respectively. Accord-
ing to the statistics of the travel time distribution betweenO-D
stations, the travel time distribution ratio in the range [20],
[30] is 92%, the travel time distribution ratio in the range
[30], [40] is 8%. In other words, the first valid path is the
passenger’s first choice. In this situation, we know that the
rail transit fare strategy should be based on the mileage of the
shortest path with few number of subway transfers.

(2) The path with more number of subway transfers is the
shortest and the travel time is not much different from the path
with few number of subway transfers

In this situation, the shortest valid path requires more num-
ber of subway transfers. Moreover, the travel time of the path
with more number of subway transfers is similar to the path
with few number of subway transfers. For example, there are

two valid paths between Liuliqiao station and Shangdi station
(see3.2.3). Therefore, when the path with more number of
subway transfers is the shortest and the travel time is not
much different the path with few number of subway transfers,
the rail transit fare strategy should be based on the mileage
of the path with few number of subway transfers rather than
the mileage of the shortest path with more number of subway
transfers.

(3) The path with more number of subway transfers is the
shortest and the travel time is much different from the path
with few number of subway transfers

In this situation, the shortest valid path requires more
number of subway transfers. And even though the path has
more number of subway transfers, its total travel time is
significantly less than that of the path with few number of
subway transfers. For example, there are two valid paths
between Anzhenmen station and Jiugong station. The first
valid path which is the shortest (excluding the subway trans-
fer distance) consists of taking line 10 from Anzhenmen
station to HuixinxijieNankou station, and then taking line
5 from HuixinxijieNankou station to Songjiazhuang station,
finally, taking Yizhuang line from Songjiazhuang station to
the destination at Jiugong station. Another valid path consists
of taking line 10 from Anzhenmen station to Songjiazhuang
station, and then taking Yizhuang line at Songjiazhuang sta-
tion to the destination at Jiugong station. The travel time
on the two valid paths is about 55 minute and 61 minutes,
respectively. According to the statistics of the travel time
distribution between O-D stations, the travel time distribution
ratio in the range [53], [57] is about 90%. In other words,
the first valid path is the passenger’s first choice. In this
situation, we know that the rail transit fare strategy should be
based on the mileage of the shortest path with more number
of subway transfers.

3. The Originations and the Destinations are not on the
Same Line: same number of subway transfers

(1) The travel time difference of the valid path between
O-D stations is very small

In this situation, the travel time difference is not significant.
For example, there are two valid paths between Xizhimen
station and Wangfujing station (see 3.2.2). We can concluded
that the fare strategy should be determined according to the
mileage of the first path that passengers choose more or half
of the mileage of the two paths.

(2) The travel time difference of valid path between O-D
stations is relatively large.

In this situation, the travel time difference is relatively
large. For example, there are two valid paths between Hui-
longguan station and YonghegongLama Temple station. The
first valid path consists of taking line 13 from Huilongguan
station to Dongzhimen station, and then taking line 2 from
Dongzhimen station to the destination at YonghegongLama
Temple station. Another valid path consists of taking line
13 from Huilongguan station to Lishuiqiao station and then
taking line 5 from Lishuiqiao station to the destination at
Yonghegong Lama Temple station. According to the statistics
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of the travel time distribution betweenO-D stations, the travel
time distribution ratio in the range [36], [39] is about 80%.
Therefore, it can be determined that relatively more passen-
gers choose the path of line 13 and then taking line 5 as the
best choice. In other words, the fare strategy should be deter-
mined according to the mileage of the paths with significantly
less travel time.

Based on the above analysis, we can draw the following
conclusions:

When the origination and the destination are on the same
line, and there is a shortest path without subway transfer
to achieve the minimum travel time, almost all passengers
will choose the path without subway transfer. In this situa-
tion, the fare strategy should be determined according to the
mileage of the paths without subway transfer.When the short-
est path requires subway transfer, there are two situations as
follows: the first is that the travel time of the non-transfer
path is not different from that of the subway transfer path,
at this point, most passengers will choose the path without
subway transfer. In this situation, the fare strategy should
be determined according to the mileage of the paths without
subway transfer. The second is that the travel time of the non-
transfer path differs greatly from that of the subway trans-
fer path, and most passengers choose the path that requires
subway transfer. In this situation, the fare strategy should be
determined according to themileage of the paths with subway
transfer.

When the origination and the destination are not on the
same line, and the valid path requires different number of sub-
way transfers. If the shortest path is the one of the least num-
ber of subway transfers, almost all passengers will choose this
one. In this situation, the fare strategy should be determined
according to the mileage of the path with fewer subway
transfers. When the shortest path requires more number of
subway transfers, there are two situations as follows: the first
is that the travel time of the path with few number of subway
transfers is not different from that of the path with more num-
ber of subway transfers, at this point, most passengers will
choose the path with few number of subway transfers. In this
situation, the fare strategy should be determined according to
themileage of the paths with few number of subway transfers.
The second is that the travel time of the path with few number
of subway transfers differs greatly from that of the path
with more number of subway transfers, and most passengers
choose the path withmore number of subway transfers. In this
situation, the fare strategy should be determined according
to the mileage of the paths with more number of subway
transfers.

When the origination and the destination are not on the
same line, and the valid path requires same number of subway
transfers. If the travel time difference of all valid paths is
not large, and the difference of passengers’ choice of each
valid path is small, the fare strategy should be determined
according to the mileage for which the passenger chooses
more or equal mileage for each valid path. Meanwhile, if the
travel time of all valid paths is significantly different, the fare

strategy should be determined according to the mileage of the
paths for which the passenger chooses more.

VII. CONCLUSION
In the paper, the shortest path between an origination and
a destination is firstly obtained through simulation technol-
ogy, then, the travel time between any O and D is obtained.
Thirdly, we used big data analysis technology to obtain the
actual travel time between the O and D stations. By com-
paring the actual travel time with the travel time of the
shortest path, we can conclude that the best path chosen by
most passengers is not necessarily the shortest path, thus,
the irrationality of the fare principle based on the mileage of
the shortest path can be verified.

There are still some shortcomings in this paper, such as
the ability to expand the amount of data sample analysis.
In the future research, more data and simulation technologies
will be used to solve other problems in rail transit, and these
technologies will also be used to solve problems in other
industries in the society.
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