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Abstract: To relieve traffic congestion in urban rail transit
stations, a new identification method of crowded passenger
flow based on automatic fare collection data is proposed.
First, passenger are analyzed by
observing the temporal distribution of inflow passengers each
hour and the spatial distribution concerning cross-section
passenger flow. Secondly, the identification method of
crowded passenger flow is proposed to calculate the threshold
via the probability density function fitted by Matlab and
classify the early-warning situation based on the threshold
obtained. Finally, a case study of Xinjiekou station is
conducted to prove the validity and practicability of the
proposed method. Compared to the traditional methods, the
proposed comprehensive method can remove defects such as
efficiency and delay. Furthermore, the proposed method is
suitable for other rail transit companies equipped with
automatic fare collection systems.
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raffic congestion problems in the metropolises of
China have made it imperative to renovate and re-
construct the existing urban rail transit (URT) systems. It
is common for many URT stations to suffer from very
high pedestrian density, which will lead to the increased
risk that URT stations will encounter crowded passenger
flow. In addition, the safety and comfort of passengers
will always be under threat, and the attraction of URT
will also be reduced. The optimal method to solve these
problems is to identify and relieve crowded passenger
flow. Nevertheless, not all passenger flows should be re-
garded as crowded passenger flow. Thus, it is necessary to
determine the threshold of passenger flow scientifically.
Automatic fare collection ( AFC) has become increas-
ingly popular in public transportation. It provides a vast
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amount of continuous and dynamic data, such as the
number of inflow passengers. It is also detailed and accu-
rate compared to manual surveys. Early applications of
AFC data appeared in developed countries such as Ameri-
ca, England, and France. The existing literature conduc-
ted on AFC mainly focused on passenger trip origin-desti-
nation (OD). It was divided into two periods. Before
2010, only the data of inflow passengers can be supplied.
Barry et al. "' has been researching on the estimation of
passenger trips OD. After 2010, the data of outflow pas-
sengers can be obtained. Rao et al. "™ tended to research
the real-time OD matrices. In addition to the passenger
trip OD, AFC data was also applied to study travel char-
acteristics. Hasan et al.'” used the AFC data and ob-
served the spatial and temporal passenger travel patterns.
They also simulated two important passenger decisions:
where to go and how long to stay. Sun et al. "™ utilized
AFC data visualization methods to reveal the characteris-
tics of passenger trips and evaluate travel time reliability
from the passengers’ perspective.

Currently, the identification of crowded passenger flow
is a hot topic along with the rapid increase of traffic de-
mand during recent years. A vast amount of literature fo-
cused on the operation state of stations and the service
level of facilities. Ma'” evaluated the passenger flow state
of transfer stations in terms of three aspects, stabilizing
intensity, balanced intensity, and the smooth intensity
based on the entropy theory. Huang!"” completed the
quantitative analysis of the safety state of passenger flow,
and utilized fuzzy comprehensive evaluation to identify
the safety states of the passenger flow. Likewise, the ex-
isting literature also researched the crowded passenger
flow caused by large-scale activities. Xu et al. """ took
many factors into account, such as safety capacity, safety
density, safety speed, density gradient and speed gradi-
ent, to study the early-warning method of passenger
flow. Xu et al. " established the analysis model of train
delay to calculate the identification threshold for the influ-
ence imposed on the distribution of passenger flow. At
the same time, some scholars quantified the capacity of
station facilities to identify crowded passenger flow. Da-
1. " evaluated the effects of waiting pedestri-
ans, and proposed a new cellular automata model for ana-
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lyzing and predicting the capacity of waiting areas in criti-
cal situations. Seriani et al. ' analyzed the capacity of
transfer space between the subway and bus, and made a
planning guide for Santiago, Chile. Ferndndez et al. '
proved the existence of pedestrian saturation flow in the
platform gates of public transportation, and showed the
capacities of the train doors under different conditions.

The existing literature mainly applied station operation
state (such as density) and facility capacity to identify
crowded passenger flow and calculate the threshold by
video recognition technology. However, these methods
lack accuracy and flexibility, and do not consider the
travel characteristics of AFC data completely. Therefore,
to solve these problems, this paper proposes a new meth-
od to obtain the threshold rapidly by analyzing the travel
characteristics and five-minute passenger flow. This paper
presents the passenger travel characteristics including spa-
tial distribution and temporal distribution, and proposes a
new identification method for crowded passenger flow
based on a five-minute passenger flow.

1 AFC Data

All AFC data involved is provided by the Nanjing Met-
ro Operation Co., Ltd. Nanjing Metro only accepts smart
cards (either single-trip card or the other 49 categories of
smart cards). That is to say, AFC data can cover all the
inflow passengers and outflow passengers. Therefore, this
AFC data includes the information as follows: date of
travel, tap-in time at origin station, tap-out time at desti-
nation station, line IDs and station IDs.

The dataset contains the information of all the passen-
gers involved in Nanjing Metro across a year’ s duration
of service.

2 Passenger Travel Characteristics

2.1 Spatial distribution

Cross-section passenger flow is the key indicator for
analyzing the characteristic of spatial distribution and esti-
mating whether new lines are worthwhile constructing. It
can also help to compile train operating plan, train forma-
tion plan and the train timetable. The definition of cross-
section passenger flow is the number of passengers actual-
ly on a section ( geographic link between two adjacent sta-
tions in a given direction) of an URT line at a specific
point in time.

Cross-section passenger flow is computed by several
factors including the tap-in time at the origin station,
tap-out time at the destination station, the path in the
URT system, train timetable and relative capacity, and
the distances between stations. The data source of cal-
culating cross-section passenger flow at morning and
evening peaks is the AFC data and basic information of
the rail transit network provided by Nanjing Metro Op-
eration Co., Ltd. Considering the service time and

steady passenger flow, only Line 1 is selected. The
morning peaks selected are from 8: 00 to 9: 00, and
the evening peaks are from 18: 00 to 19: 00. Fig. 1
shows cross-section passenger flow in the up and down
directions at morning and evening peaks. The up direc-
tion is from Maigaoqiao to China Pharmaceutical Uni-
versity. The down direction is from China Pharmaceu-
tical University to Maigaoqiao.

From Fig. 1, some interesting phenomena can be
found. There are some similarities at morning and eve-
ning peaks. The distributions of cross-section passenger
flow in the down direction at morning peaks and in the up
direction at evening peaks. The maximum cross-section
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Fig.1  All cross-section passenger flow of Line 1. (a) At
morning peaks; (b) At evening peaks
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passenger flow in the up direction at morning peaks is dif-
ferent from that at evening peaks. The former is at the
cross-section from Nanjingnanzhan to Shuanglongdadao
and the latter is from Xinmofanmalu to Xuanwumen. Mo-
reover, the distribution of cross-section passenger flow in
the up direction at morning peaks is uniform. So is that in
the down direction at evening peaks.

2.2 Temporal distribution

In order to consider the characteristic of passenger flow
and to better predict the crowded passenger flow, this pa-
per mainly employs the number of inflow passengers each
hour to analyze temporal distribution. In Fig.2, the num-
ber of inflow passengers for all lines of Nanjing Metro in
each hour is shown. For each colored area, the height re-
presents the number of inflow passengers of the corre-
sponding metro line each hour.
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Fig.2  Temporal distribution of the inflow passenger flow.
(a) On workdays; (b) On weekends

Through observation, we find that on workdays, due to
commuting traffic, the number of inflow passengers clear-
ly has two peaks. One is from 7: 00 to 9: 00 and the other
is from 17: 00 to 19: 00. The passenger flow decreases
slightly at noon and gradually lessens at night from 19: 00
to 24:00. On weekends, the number of inflow passengers
in all periods is particularly well-balanced.

3 Threshold of Crowded Passenger Flow
3.1 Method

Currently, the existing identification methods of
crowded passenger flow mainly focus on the station oper-
ation state (such as density) and station facility capacity.
These methods are qualitative rather than quantitative,
and also lack accuracy and flexibility. Meanwhile, the
crowded passenger flow of URT stations is closely related
to people’s life. The threshold of crowded passenger flow
is determined by many factors such as AFC, the waiting
area of the platform, and staircase area. However, these
factors are difficult to evaluate in practice. Therefore, to
address the shortcomings of the existing methods, a new
identification method of crowded passenger flow is pro-
posed based on the five-minute passenger flow. Com-
pared to previous methods, this method can identify the
crowded passenger flow accurately and flexibly by calcu-
lating threshold quantitatively. All data involved must be
cleaned so that abnormal data records can be removed.
The main steps are as follows:

1) Analyze one station’ s travel characteristics including
temporal distribution and spatial distribution, and deter-
mine the morning and evening peaks of this station.

2) Calculate the number of inflow and outflow passen-
gers every five minutes at the morning and evening peaks
on each day over a period.

3) Divide the maximum value of five-minute passenger
flow into n sections. Then count the frequency of five-
minute passenger flows located at each section, and gen-
erate a frequency histogram.

4) Find all the possible function curves by observing
the frequency histogram. Then conduct the correlation
analysis, and finally determine the suitable function.

5) Use Matlab to fit the probability density curve of
passenger flow, and acquire the function formula of prob-
ability density.

6) Determine the appropriate threshold based on the ca-
pacity of the automatic ticket checker ( ATC), as shown
in Tab. 1.

Tab.1 Standard of capacity of an automatic ticket checker

Automatic ticket Maximum design

Card types . . n
checker types capacity/ (pedestrian - h™")
Three-wing Magnetic card 1 500
revolving door RF card 1 800
Magnetic card 1 800
Door leaf style
RF card 2 100

3.2 Case study

Xinjiekou ( XJK) station is the key station located in
the CBD of Nanjing. It supports many links of passen-
gers, which leads to a crowded passenger flow. There-
fore, XJK station is selected for conducting a case study.

The AFC dataset of XJK station covers a period starting
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from April 1, 2015 to March 31, 2016. Combined with-
the analysis of temporal distribution and spatial distribu-
tion in Section 2, the morning and evening peaks of XJK
station are defined as 7:00—9.00 and 17.00—19.00,
respectively.

Fig. 3 shows the frequency histogram of the five-minute
passenger flow during peaks. The morning and evening
peaks are divided into 48 five-minute time periods, such
as 7:00—7:.05. Then, the passenger flow for 48 five-mi-
nute time periods per day during one year is calculated.
Namely, 17 520 (48 x 365) five-minute passenger flow
values are obtained. The maximum value of five-minute
passenger flow approaches 2 100. Then, 2 100 is divided
into 70 sections (30 pedestrians in each section) from 0
to 2 100. This is the abscissa. Then, 17 520 values are
analyzed to obtain the number of values from different
sections. This is the ordinate. In summary, there are 70
rectangles and the width of each rectangle is 30, and the
height of each rectangle represents the number of values
located at each section. Due to the limitation of space,
every 10 rectangles is separated by a light white vertical
line, i.e. 300 or 600. The value of 300 corresponds to a
point, that is, the value of the abscissa corresponding to
the light white vertical line in the figure. The width of
each rectangle corresponds to the section of passenger
flow. For example, the abscissa of the 10th rectangle ran-
ges from 270 to 300. By analogy, the abscissa of the
20th rectangle ranges from 570 to 600.

2500 -
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1 500
1000
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Number of values located
at each section

0
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Section of five-minute passenger flow

Fig.3 Frequency histogram of five-minute passenger flow

After observation, we find that the tendency of the ob-
tained histogram is consistent with log-normal distribu-
tion. Then, the P-P plot test is applied to analyze its fit-
ting degree. The P-P plot is drawn based on the relation-
ships between the cumulative proportions of the variable
and the designated distribution. The equation for the
probability density of log-normal distribution is

1 ~ (Inx-p)®
fo) = e =) ()

where y is the expectation of Inx, and ¢ is the variance
of Inx.

If all the points in P-P plot appear as a straight line,
the data will obey the designated distribution. The results
of the P-P plot test are revealed in Fig. 4. Each point re-

presents a piece of data ( see Fig.3), and all the points
are closely centered on the 45-degree line of the P-P plot.
In other words, it means that the data satisfies the log-
normal distribution.
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Fig.4 P-P plot test of tendency of histogram

It is proven that the data is consistent with the log-nor-
mal distribution. Next, we use Matlab to conduct the
curve fitting. The fitting result is shown in Fig. 5. The
abscissa in this figure is similar to that in Fig. 3. There
are 70 rectangles and the width of each rectangle is 30.
Then, 17 520 values are analyzed to obtain the number of
the values from different sections. The ordinate represents
the ratio of the number of values up to 30. Namely, for
each white rectangle, the area of each rectangle represents
the probability that the five-minute passenger flow locates
at the corresponding section. Due to the limitation of
space, every 10 rectangles is separated by a light white
vertical line, i.e., 300 or 600. The value of 300 corre-
sponds to a point, that is, the value of the abscissa corre-
sponding to the light white vertical line in the figure. The
red curve is the probability density function curve of the
five-minute passenger flow located at each section.
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Fig.5 Probability density curve fitting of the section of five-
minute passenger flow

The probability density function of the passenger flow
is

_0.953 1 _(Inx-5.739 1)*
fx) =~ om °Xp( 2.201 6

where x is the passenger flow, and f(x) is the probability

) (2)
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density function.

The probability density function can derive the cumula-
tive distribution function by calculating the probability of
passenger flow over the arbitrary sections.

In the field investigation of XJK station, all the ATCs
in XJK station are door leaf style using a mix of magnetic
card and RF card. The number of entry checkers and edit
checkers are equal to 15. Based on Tab. 1 and the above
situation, the maximum design capacity for each ATC is
1 800 pedestrian/h. So, the capacity for XJK station is
2 250 pedestrian/5Smin for all entry and edit checkers.
The maximum five-minute passenger flow surveyed is
2 088 which is close to 2 250. It means that the data sur-
veyed can be taken to be the threshold. However, it is
necessary to point out that if the maximum five-minute
passenger flow surveyed is less than 70% of the design
capacity, the design capacity of each ATC should be re-
garded as the threshold.

The early-warning situations are classified into three
classes: red level, yellow level, and green level. Among
them, the yellow and red levels indicate that the station
has a crowded passenger flow. In general, the probabili-
ties of red and yellow levels are both 10% (see Fig.6).

The abscissa in Fig. 6 is similar to that in Fig. 3. There
are 70 rectangles and the width of each rectangle is 30.
Next, 17 520 values are analyzed to obtain the number of
values in different sections. The ordinate represents the
ratio of the number of the values to 30. Namely, for each
white rectangle, the area of each rectangle represents the
probability that five-minute passenger flow locates at the
corresponding section. The blue curve is the probability
density function curve of five-minute passenger flow loca-
ted at each section. The red line represents the red level.
When the five-minute passenger flow is greater than the
value of the red line, the early-warning situation will oc-
cur at the red level. Also, the area of the right part of the
red line is determined as 10% . The analysis of green and
yellow levels are similar to that of the red level. Due to
the limitation of space, every 10 rectangles is separated
by a light white vertical line, i.e. 300 or 600. The value
of 300 corresponds to a point, that is, the value of the
abscissa corresponding to the light white vertical line in
the figure.
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Fig.6 Diagram of different classes of early-warning situation

The judgment criteria for the early-warning situation of
crowded passenger flow in XJK station are shown in Tab.
2, where PV is five-minute passenger flow and the range
of PV is calculated by Eq. (2).

Tab.2 Judgment criteria of early-warning situation

Early-warning degree  Early-warning situation Probability/ %

1 190 <PV Red level 10
758<PV <1 190 Yellow level 10
PV <758 Green level 80

4 Conclusion

This paper firstly analyzes the passenger travel charac-
teristics including temporal distribution and spatial distri-
bution. For rail transit managers, the temporal distribu-
tion can be used to assign the transportation capacity to all
lines in each period of the day. The spatial distribution
can easily help us to identify and shut down the stations
experiencing crowded passenger flow timely via analyzing
the cross-section passenger flow of all lines. This paper
also innovatively proposes a comprehensive method, ac-
quires a probability density function by analyzing and
matching the frequency of five-minute passenger flow to
identify a crowded passenger flow. Through the analyses
above, the judgement criteria of a early-warning situation
are provided, which is convenient for managers to take
measures for various situations. The case study of Xin-
jiekou station presented at the end proves the validity and
practicability of the proposed method, and demonstrates
how appropriate the analysis of AFC data is.

For future study, the transfer passenger flow at peaks
should be taken into consideration. More factors must be
included when analyzing the threshold,
station’s capacity and the differences between workdays
and weekends. Of course, the OD distribution and cross-
section passenger flow should be combined together to an-
alyze the spatial distribution, if available.

such as the
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