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Using motion unit tracking technology, the pedestrian motion parameters were extracted from the monitoring video data at the
ticket gate facilities in subway stations and the indicators of the lane change behavior were determined. The pedestrian lane change
behavior spectrum of ticket gate facilities in subway stations was constructed from the three elements of types of ticket gate
facilities, pedestrian flow, and lane change behavior, and the quartile method was used to determine the upper and lower
thresholds of the indicators. The results showed that when the pedestrian flow was (5, 10] ped/min, the average values of
displacement, distance, and cumulative side shift distance were the largest and the thresholds were the largest. When the pe-
destrian flow was (10, 15] ped/min, pedestrians generally adopted a faster walking speed to change lanes. With the increase of the
pedestrian flow, the average value of the change in direction of the movement increased and the longitudinal distance at the gate-
type ticket gate facilities was greatly affected by the pedestrian flow. The number of lane changes was generally once. The research
results can provide a basis for scientifically setting up ticket gate facilities and reducing congestion risks caused by abnormal lane

change behavior.

1. Introduction

With the construction of smart rail transit, in addition to
magnetic cards and noncontact integrated circuit cards,
many subway stations have added a mobile scanning method
to pass through the ticket gate facilities. Due to diversified
ticket checking methods and increasing pedestrian flow, in
front of ticket gate facilities in subway stations, pedestrians
often change lanes to swipe cards or scan codes when the
ticket gate facilities fail. The essence is that when pedestrians
are blocked, they take detours to avoid obstacles. These
behaviors not only affect the traffic capacity of ticket gate
facilities but also increase congestion risks caused by ab-
normal lane change behavior.

Pedestrian lane change behavior has the characteristics
of identifying obstacles and avoiding them in advance [1],
and studying the common characteristics of lane change
behavior can improve the efficiency of pedestrian passage
and the safety of pedestrian movement [2]. Pedestrian lane
change behavior spectrum 1is a data system for

comprehensive statistics of the characteristics of lane change
behavior. It excludes individual differences of pedestrians
(such as gender, age, and whether to carry luggage) and
intuitively reflects the common law of pedestrian lane
change behavior. By constructing and analyzing the pe-
destrian lane change behavior spectrum, the thresholds of
the indicators can be determined. Through further data
analysis, the characteristic indicator of lane change behavior
and the threshold that affect the capacity of ticket gate fa-
cilities can be extracted to identify abnormal lane change
behavior. It provides a theoretical basis for improving the
design and setting of ticket gate facilities and reducing
pedestrian traffic safety risks.

It is the first time that behavior spectrum theory has been
introduced into the study of pedestrian traffic behaviors.
Different from the study of the road traffic behavior spec-
trum, pedestrian traffic behaviors are more complex and
diverse, and there are many factors that affect pedestrian
traffic behavior characteristics. For example, pedestrians of
different genders, ages, and social aspects act a lot on
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pedestrian walking speed and time, modifying their traffic
behaviors [3, 4]. Pedestrians using cell phones or other
devices while walking would cause a decrease in attention to
the surroundings and walking stability [5, 6].

To reveal the common laws of pedestrian traffic be-
haviors, the research combines individual-group-facility to
analyze pedestrian lane change behavior of ticket gate fa-
cilities in subway stations as an example and proposes the
constituent elements of pedestrian lane change behavior
spectrum. Through statistical analysis of the average value,
upper and lower threshold range, and standard deviation of
the indicators of lane change behavior under different types
of ticket gate facilities and pedestrian flow conditions, a
quantifiable theoretical system of pedestrian lane change
behavior spectrum was formed, which was bottleneck re-
search on the mechanism of interaction between pedestrians
and facilities. The construction method of pedestrian traffic
behavior spectrum is also applicable to the research of pe-
destrian behaviors in other public facilities, which is a new
step towards the field of pedestrian research. Considering
the application of science and technology development and
advanced sensors, by constructing different types of pe-
destrian traffic behavior spectrum, real-time perceptions can
be carried out, abnormal traffic behavior can be analyzed,
and pedestrian flow intelligence management decisions can
be provided.

2. Literature Review

Both the evaluation of time to collision (TTC) and pedes-
trian tracking through different technologies have received
widespread attention in recent years [7, 8]. Orsini et al. [9]
applied extreme value theory to road safety and analyzed a
case of dealing with motorway rear-end collision risk.
Tesoriere et al. [10] recorded the passenger volumes of the
multinode in different periods by photos or videos and used
the social force model method to analyze airport terminals
with huge amounts of passengers passing by every hour. Wei
etal. [11] used Hadoop architecture to analyze and store the
data, and the continuous adjacent videos were spliced and
stored. And then, pedestrian trajectories and basic pedes-
trian motion parameters in a two-dimensional plane were
extracted. Ismail et al. [12] described a novel technique for
conducting road safety analysis using an automated video
analysis system based on four steps: data collection, camera
calibration, extraction of road user tracks, and calculation of
conflict indicators, and using computer vision techniques to
automatically analyze pedestrian-vehicle conflicts proved to
be feasible. Basbas et al. [13] obtained indicators such as the
length of the pedestrian street, effective width, and average
pedestrian walking speed through field measurements and
used the Viswalk pedestrian traffic simulation software to
evaluate the current status of the pedestrian street. Gruden
et al. [14, 15] obtained real-world information by video
footages shot by cameras, set in order to cover the whole area
of interest, and elaborated real-world information via a
semiautomatic detection and tracking software to achieve
trajectories and then constructed different pedestrian mi-
croscopic simulation models based on real data.
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At present, there are little researches on the characteristics of
pedestrian traffic behaviors of ticket gate facilities. Daamen and
Hoogendoorn [16] developed the microscopic simulation
model software NOMAD that reflected the individual char-
acteristics of pedestrians and analyzed the influence of the ticket
gate facilities on the pedestrian congestion level, average travel
time, delay, and other indicators. Wu [17] proposed that pe-
destrians must complete ticket checking and passing behavior at
the ticket gate facilities and analyzed the actual capacity with
indicators such as the number of people who did not know how
to swipe the card and the average number of passers per minute.
Shao [18] analyzed the actual capacity of the ticket gate facilities
with indicators such as the walking deviation of individual
pedestrians, the stops of pedestrians, and the waiting time of
pedestrians. It can be found that there are related indicators in
the existing studies when pedestrians cannot pass smoothly at
the ticket gate facilities, but there is no detailed analysis of
pedestrian lane change behavior.

The traffic behavior spectrum is considered to be a basic
data system that comprehensively records the behavioral
commonality of pedestrians, motorized vehicle drivers, and
nonmotorized vehicle drivers in the traffic process [19]. This
data system includes both microscopic behaviors such as
operation behaviors, driving behaviors, and pedestrian be-
haviors, but also macroscopic behaviors, such as travel
behaviors. There are not many existing pieces of researches
on the traffic behavior spectrum [20-22]. He et al. [23] used
indicators such as speed headway, headway distance, relative
speed, and TTC as the constituent elements to construct car-
following behavior spectrums of drivers in 15 typical car-
following driving scenarios. Based on the car-following
behavior spectrum, Wang et al. [24] extracted vehicle ki-
nematics indicators such as acceleration and headway dis-
tance and driver manipulation indicators such as accelerator
pedal force and steering wheel angle to determine 32 risk
characteristic indicators. According to the risk characteristic
indicators, three car-following risk state indicator thresh-
olds, namely, the reciprocal collision time, lateral swing
coeflicient, and speed variation coefficient, were determined,
and the machine learning prediction model was used to
predict the car-following risk state. Chang et al. [25]
established a map of bad vehicle behaviors under different
traffic flows by analyzing the characteristics of vehicle be-
haviors on urban roads and the impact of microscopic
vehicle behaviors on the traffic flow. Wang et al. [26]
proposed a method for determining the threshold of bad
driving behaviors and the method for calculating the
characteristic value of bad driving behavior spectrum based
on large sample statistical distribution, which could be
applied to real-time discrimination.

3. Method

3.1. Constituent Elements of Pedestrian Lane Change Behavior
Spectrum of Ticket Gate Facilities in Subway Stations. In the
process of walking, pedestrians will adjust their personal
traffic behaviors according to their own motion character-
istics and the surroundings and move in the desired di-
rection. Due to the susceptibility to the movement of
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surrounding pedestrians, interactive behaviors will occur
between pedestrians and pedestrians. These behaviors (such
as avoidance behaviors and overtaking behaviors) easily
disturb the stability of pedestrian group movement, resulting
in risks such as crowding, collisions, and trampling. Pe-
destrians are also susceptible to the types of facilities and the
spatial scale of facilities. They adjust their traffic behaviors
through visual and auditory environment cognition. The
interaction between pedestrian groups and facilities affects
the capacity of facilities and the ability of pedestrians to
safely evacuate. The above analysis shows that individual
pedestrians, groups, and facilities are interrelated and in-
fluence each other. Combining individual-group-facility to
carry out research can reveal the common laws of individual
pedestrian traffic behaviors, and the pedestrian traffic be-
havior spectrum expresses a basic data system of pedestrian
traffic behavior commonality during walking. Therefore, the
set of constituent elements proposed in the research is
shown in Figure 1. To construct a pedestrian traffic behavior
spectrum, individual elements, group elements, and facility
elements need to be considered.

According to the above description, the pedestrian lane
change behavior spectrum of ticket gate facilities in subway
stations should include the following types of elements.

Types of ticket gate facilities: the most common types of
ticket gate facilities are gate-type and three-bar-type ticket
gate facilities.

Pedestrian group: the pedestrian flow was used to
reflect the characteristics of the pedestrian group, which
was the number of pedestrians passing through the ticket
gate facility per unit time. The study found that there was
a big difference between the actual capacity of ticket gate
facilities and the designed capacity [27]. According to the
on-site observation of pedestrian flow data per minute,
the maximum actual pedestrian flow was 15ped/min.
When the pedestrian flow was [0, 5] ped/min, pedestrians
could freely choose the ticket gate facilities and walking
speed to pass, and the walking was basically not affected
by other pedestrians in the pedestrian flow. The pedes-
trian flow was in a free flow. When the pedestrian flow
was (5, 10] ped/min, pedestrians were greatly interfered
by other pedestrians in the pedestrian flow, and their
walking speed was limited to a certain extent. The pe-
destrian flow was in a stable flow, which had a sense of
congestion. When the pedestrian flow was (10, 15] ped/
min, pedestrians were more severely interfered by other
pedestrians in the pedestrian flow. The pedestrian flow
was in an unstable flow state. When approaching the
upper limit, the pedestrian flow per minute at the ticket
gate facility reached the maximum, and pedestrians had
no room for free choice of walking speed. According to
the different pedestrian flow states found in actual ob-
servations, this research divided the pedestrian flow into
[0, 5], (5, 10], and (10, 15] ped/min for research.

Individual lane change behavior: related indicators of the
movement characteristics of individual pedestrians were
used when the behavior occurred. Generally, it would in-
clude indicators such as speed, displacement, direction, and
distance.

3.2. The Indicators of Lane Change Behavior. When pedes-
trians cannot pass through the ticket gate facilities in the
subway station smoothly, the pedestrians will adjust the
walking path according to the location of the surrounding
pedestrians and ticket gate facilities and adopt a detour
behavior. Regarding the research on pedestrians’ lane
change behavior by others [1] and drivers’ lane change
behavior in road traffic [19, 28, 29], pedestrians or vehicles
could be regarded as motion units. This research believed
that pedestrian lane change behavior could be character-
ized by the pedestrian’s own motion state, the relative
position of the ticket gate facilities, and the frequency of
lane change.

The pedestrian’s own motion state mainly started with
the pedestrian’s motion trajectory and the speed of the lane
change behavior. The indicators were displacement I3,
distance S, cumulative side shift distance Dy, change in
direction of the movement A6, and average speed V.

The relative position of the ticket gate facility could be
characterized by the longitudinal distance Dy, which could
determine the distance for pedestrians to identify obstacles
and avoid them in advance.

The frequency of lane changes could be characterized by
the number of lane changes. Counting the number of lane
changes of pedestrians at the ticket gate facilities could find
the group law of lane change frequency and explore the
internal connection with the safety of pedestrian groups and
the number of ticket gate facilities. The indicators of pe-
destrian lane change behavior at the ticket gate facilities are
shown in Figure 2.

Displacement | 5’| referred to the linear distance between
the start and the end of pedestrian lane change behavior, as
shown in the following equation:

91 = V(= 20) + (= 1) (M

where (x,,y,) was the start position of the lane change
behavior and (x,,y,) was the end position of the lane
change behavior.

Distance S referred to the total distance travelled by
pedestrians, as shown in the following equation:

i:1723'~~3n) (2)

where S; was the distance travelled by pedestrians at a certain
time.

Average speed V referred to the ratio of pedestrian
distance to time, as shown in the following equation:

S

V= ,
t,—t

(3)

where t, was the start moment of the lane change behavior
and t, was the end moment of the lane change behavior.

Change in direction of the movement A0 referred to the
angle of change between the expected moving direction and
the actual moving direction at the beginning of the pe-
destrian lane change behavior, as shown in the following
equation:
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FIGURE 1: Constituent elements of the pedestrian traffic behavior spectrum.

FiGure 2: The indicators of pedestrian lane change behavior at the
ticket gate facilities.
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where (x,,y,) was the actual moving position and (x,y,)
was the expected moving position, and it was assumed that
pedestrians expected to move to the ticket gate facility di-
rectly ahead.

Longitudinal distance Dy, referred to the longitudinal
distance between the start point of pedestrian lane change
behavior and the center of the ticket gate facility, as shown in
the following equation:

Dy =|y, - ¥ (5)

where y, was the ordinate of the start position of the lane
change behavior and y, was the ordinate of the center
position of the ticket gate facility.

0= > (4)

Cumulative side shift distance D, referred to the cu-
mulative lateral distance between the start and end points of
pedestrian lane change behavior, as shown in the following
equation:

&
[

m
s = Z Dy;
i=1
m
lei - xi—1|’
i=1

where D; was a single-step lateral distance of the pedestrian.

The number of lane changes k referred to the number of
times that a single pedestrian changed lane when he com-
pleted the lane change behavior.

(6)

3.3. Construction Method of Pedestrian Lane Change Behavior
Spectrum. When the indicator value of lane change behavior
is significantly smaller or larger, it will have a significant
impact on the actual capacity of the ticket gate facility and
the congestion risk. Therefore, it could be assumed that the
indicator value of lane change behavior should be con-
centrated in a reasonable range, and far away this interval
was the abnormal value. The interquartile method was
common in outlier detection, which could be used to cal-
culate the threshold of various distributed data [30]. In this
research, the quartile method was used as a method to
determine the threshold value of indicators of lane change
behavior to obtain the upper and lower threshold range,
which could be further used as a basis for distinguishing
abnormal lane change behavior.

The formula for the threshold M} of the indicator of lane
change behavior was shown in the following equation:

M; =[max(0,Q;, — L.5IQR;),Q; + 1.5IQR,], (7)

where Q;; was the lower quartile of the sample distribution
of the indicator 7, and it was generally the 25th quantile, and
Q;; was the upper quartile of the sample distribution of the
indicator i, and it was generally the 75th quantile. IQR; was
interquartile difference. Since the indicators of lane change
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behavior were all positive numbers, when Q;; — 1.5IQR,; <0,
the lower limit of the threshold should be 0.

Under different pedestrian flow, the average value, the
upper and lower threshold, and fluctuation range of the
indicators of lane change behavior at each type of ticket gate
facilities were collected to construct a pedestrian lane change
behavior spectrum of ticket gate facilities in subway stations,
as shown in Table 1.

4. Experiment

The data was collected from the monitoring videos of the
ticket gate facilities in multiple subway stations in Shanghai
on a weekday (5 days). The number of ticket gate facilities in
each subway station was 5, of which the number of gate-type
ticket gate facilities was 2. The number of three-bar-type
ticket gate facilities was 3. The collection time was 16:00-18:
00 during the afternoon peak time. The video resolution was
704 pixels x 576 pixels, and the frame rate was 24 frames-s ™'
Part of the pedestrians that were difficult to identify or the
identification error of whom was significantly larger were
eliminated. After screening, there were 477 sample data sets
of pedestrian lane change behaviors used in this research.
Since the angle of the monitoring video camera was not
completely perpendicular to the ground, and the video
image shooting angle was inclined, the method of extracting
pedestrian behavior data from the camera’s top view could
not be used [31]. Adobe After Effects software was used to
automatically track pedestrians. The pedestrian’s face was
used as the tracking target, and the pixel coordinates of the
tracking target were recorded every frame. Figure 3(a) shows
the tracking target pixel coordinate extraction. Then the
camera was calibrated to obtain the camera internal pa-
rameter matrix, rotation matrix, translation vector, and
other parameters, as shown in Figure 3(b). According to the
method provided by Zhou [32], the two-dimensional pixel
coordinates of the tracking target were converted into real-
world coordinates. Through the change of pedestrian po-
sition coordinates in the video screen within a certain time,
the indicators of lane change behavior could be calculated.

5. Results
5.1. Analysis of the Indicators of Lane Change Behavior

5.1.1. Displacement. Figure 4 shows the distribution of
displacement of pedestrian lane change behavior. At gate-
type ticket gate facilities, when the pedestrian flow was [0, 5]
ped/min, the lower quartile Q) was 0.91m, the upper
quartile Q- ; was 1.64 m, then the interquartile difference

IQR|—5>| was 0.73 m, and the threshold Ml"‘_>| was (0, 2.74] m.
s

Similarly, when the pedestrian flow was (5, 10] and (10, 15]
ped/min, the threshold MI*?I was (0, 4.38] m and (0, 3.33]

m. At three-bar-type ticket gate facilities, when the pedes-
trian flow was [0, 5], (5, 10], and (10, 15] ped/min, the
threshold M*_, was (0, 4.42] m, (0, 5.58] m, and (0, 3.94] m

At differkiit types of ticket gate facilities, when the pe-
destrian flow was (5, 10] ped/min, the average value of

displacement |5'| was the largest and the threshold M™,
was the largest. As the pedestrian flow increased, the be-l
destrian movement space decreased, and the threshold

M I*?I decreased significantly.

5.1.2. Distance. Figure 5 shows the distribution of distance of
pedestrian lane change behavior. At gate-type ticket gate
facilities, when the pedestrian flow was [0, 5], (5, 10], and (10,
15] ped/min, the threshold M was (0, 4.21] m, (0,4.35] m, and
(0, 3.33] m. At three-bar-type ticket gate facilities, when the
pedestrian flow was [0, 5], (5, 10], and (10, 15] ped/min, the
threshold M was (0, 4.42] m, (0, 5.33] m, and (0, 4.48] m.
The three-bar-type ticket gate facilities had a greater
impact on the interquartile range of distance S, while the
gate-type ticket gate facilities had a smaller impact. At
different types of ticket gate facilities, when the pedestrian
flow was (5, 10] ped/min, the average value of distance S was
the largest, and the threshold Mg was the largest. As the
pedestrian flow increased, the pedestrian movement space
decreased, and the threshold Mg decreased significantly.

5.1.3. Cumulative Side Shift Distance. Figure 6 shows the
distribution of cumulative side shift distance of pedestrian
lane change behavior. At gate-type ticket gate facilities, when
the pedestrian flow was [0, 5], (5, 10], and (10, 15] ped/min,
the threshold M}, was (0, 3.29] m, (0, 3.28] m, and (0,3.03]
m. At three-bar-type ticket gate facilities, when the pedes-
trian flow was [0, 5], (5, 10], and (10, 15] ped/min, the
threshold M7}, was (0, 3.00] m, (0, 4.27] m, and (0, 3.77] m.

At dlfferent types of ticket gate facilities, when the pe-
destrian flow was (5, 10] ped/min, the average value of
cumulative side shift distance Dg was the largest and the
threshold M7}, was the largest. As the pedestrian flow in-
creased, the pedestrlan movement space decreased, and the
threshold My, decreased.

5.1.4. Change in Direction of the Movement. Figure 7 shows
the distribution of change in direction of the movement of
pedestrian lane change behavior. At gate-type ticket gate
facilities, when the pedestrian flow was [0, 5], (5, 10], and (10,
15] ped/min, the threshold M3, was [21.03°, 126.55°], (0",
184.27°], and (0°, 194.10°]. At three-bar-type ticket gate fa-
cilities, when the pedestrian flow was [0, 5], (5, 10], and (10,
15] ped/min, the threshold M, was [41.56°, 101.20°], [9.28",
160.32°], and [51.53°, 172.29°].

At different types of ticket gate facilities, as pedestrian
flow increased, the average value of change in direction of
the movement A6 increased, and the upper quartile Q,gs
increased significantly, indicating that the angle of pedes-
trian lane change behavior was affected by the number of
pedestrians at adjacent ticket gate facilities.

5.1.5. Average Speed. Figure 8 shows the distribution of
average speed of pedestrian lane change behavior. At gate-
type ticket gate facilities, when the pedestrian flow was [0, 5],
(5, 10], and (10, 15] ped/min, the threshold M% was (0, 1.81]
m/s, [0.01, 1.29] m/s, and [0.58, 1.42] m/s. At three-bar-type
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TaBLE 1: Example of pedestrian lane change behavior spectrum of ticket gate facilities in subway stations.

Types of ticket gate facilities

Gate-type, three-bar-type

Pedestrian flow

Displacement 1]

Distance S

Average speed V

Change in direction of the movement A0
Longitudinal distance Dy,

Cumulative side shift distance Dg
Number of lane changes k

[0, 5], (5, 10], (10, 15]

Average value, upper limit, standard deviation
Average value, upper limit, standard deviation
Average value, upper limit, lower limit, standard deviation
Average value, upper limit, lower limit, standard deviation
Average value, upper limit, lower limit, standard deviation
Average value, upper limit, standard deviation
Average value, upper limit, lower limit, standard deviation

Reprojection Errors

FIGURE 3: The process of data collection. (a) Tracking target pixel coordinate extraction. (b) Camera calibration.

Gate-type | Three-bar-type
4.0
35
3.0 | l
2.89
25+ 2.50
2.36
r 2.23
’é 20 L 2.08
= 1.64
1.5+
1.25-1.25 1.31
1.10
Lo 091
0.77
0.5 |
0.0 -
[0,5] (5,10] (10,15] [0,5] (5,10] (10,15]
Pedestrian flow /(ped/min)
T Qui~ Q3 —— Median line
T 1.5scopeof IQR = Average value

Figure 4: The distribution of displacement of pedestrian lane
change behavior.

ticket gate facilities, when the pedestrian flow was [0, 5], (5,
10], and (10, 15] ped/min, the threshold M:‘—/ was [0.29, 1.37]
m/s, (0, 1.48] m/s, and (0, 1.95] m/s.

At different types of ticket gate facilities, the average
value of average speed V was the smallest when the

Gate-type Three-bar-type
5.0
4.5 +
4.0 +
35+
3.14
3.0 +
— 2.74
\\E, 25 F 2.50
e 2.27 223
2.0 | 2.08
1.5 F 1.68 1.58
1.27--1.25
1.0 - 0.98
0.77
0.5 +
0.0
[0,5]  (5,10] (10,15] [0,5]  (5,10] (10,15]
Pedestrian flow/(ped/min)
[ Qu~Qg —— Median line

T 1.5scopeof IQR Average value

FIGURE 5: The distribution of distance of pedestrian lane change
behavior.

pedestrian flow was (5, 10] ped/min. As the pedestrian
flow increased, at gate-type ticket gate facilities, the
quartile of average speed V decreased, and at the
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0.2
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Figure 6: The distribution of cumulative side shift distance of (051 (5,100 (10,15] (0.5] .10 (10.15]
pedestrian lane change behavior. Pedestrian flow/(ped/min)
1 Qy1~Qys —— Median line
Gate-type Three-bar-type T 1.5scopeof IQR = Average value
180 Figure 8: The distribution of average speed of pedestrian lane
change behavior.
160 |
140 |
127.0
. 120 + 119.44
= 108.9 . Gate-type Three-bar-type
S 100 7 96.81
86.98
80 | . 78.8 7 F
69.67 |:| 63,92 65.92
60 |- 060l :
40 6
20 5.63
[0,5] (5,10] (10,15] [0,5] (5,10] (10,15] 5.47 542
Pedestrian flow/(ped/min) 251 5.08 5.02
1 Quor~Quaos —— Median line \Q\; 4.68 4.67
4.42
T 1.5scopeof IQR = Average value . 401
Ficure 7: The distribution of change in direction of the movement 4r 3.97 405
of pedestrian lane change behavior. 3.65
. . ; 3L
pedestrian flow (10, 15] person/min, the threshold Mg
was larger, indicating that pedestrians changed lanes at a
taster speed at this time. As the pedestrian flow increased,
at the three-bar-type ticket gate facilities, the quartile of 2
average speed V increased. [0,5] (510] (10,15] [05] (5.10] (10,15]
Pedestrian flow/(ped/min)
5.1.6. Longitudinal Distance. Figure 9 shows the distribution L Qo~Qoys — Median line
of longitudinal distance of pedestrian lane change behavior. I 15scopeof IQR - Average value

At gate-type ticket gate facilities, when the pedestrian flow  Figure 9: The distribution of longitudinal distance of pedestrian
was [0, 5], (5, 10], and (10, 15] ped/min, the threshold M}SV lane change behavior.
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TaBLE 2: Pedestrian lane change behavior spectrum of ticket gate facilities in subway stations.
Types of ticket gate facilities
Pedestrian flow (ped/min) Gate-type Three-bar-type
[0, 5] (5, 10] (10, 15] [0, 5] (5, 10] (10, 15]
Average value 1.35 1.74 1.71 1.67 1.90 1.84
|3] (m) Upper limit 2.74 438 333 4.42 5.58 3.94
Standard deviation 0.59 0.65 0.53 1.09 0.95 0.80
Average value 1.74 1.84 1.81 1.67 2.38 2.24
S (m) Upper limit 4.21 4.35 3.33 4.42 5.33 4.48
Standard deviation 1.01 0.68 0.74 1.09 0.96 1.00
Average value 0.80 0.69 1.01 0.85 0.70 0.73
= Upper limit 1.81 1.29 1.42 1.37 1.48 1.95
V (m/s) Lower limit 0 0.01 0.58 0.29 0 0
Standard deviation 0.34 0.31 0.17 0.29 0.28 0.30
Average value 76.06 80.67 94.88 72.83 89.31 109.03
A6 () Upper limit 126.55 184.27 194.10 101.20 160.32 172.29
Lower limit 21.03 0 0 41.56 9.28 51.53
Standard deviation 25.89 24.62 32.11 29.95 29.87 26.42
Average value 4.06 4.59 5.03 4.47 4.78 4.96
D, (m) Upper limit 6.23 6.75 7.05 6.48 7.24 7.07
v Lower limit 2.11 2.31 2.85 2.60 2.40 3.23
Standard deviation 0.87 0.85 0.62 0.91 0.97 0.81
Average value 1.42 1.56 1.44 1.44 2.08 1.86
Dg (m) Upper limit 3.29 3.28 3.03 3.00 427 3.77
Standard deviation 0.63 0.60 0.56 0.99 0.80 0.77
Average value 1.11 1.11 1.00 1.00 1.21 1.31
. Upper limit 1 1 1 1 1 1
k (time) Lower limit 1 1 1 1 1 1
Standard deviation 0.33 0.47 0.00 0.00 0.41 0.63

was [2.11, 6.23] m, [2.31, 6.75] m, and [2.85, 7.05] m. At
three-bar-type ticket gate facilities, when the pedestrian flow
was [0, 5], (5, 10], and (10, 15] ped/min, the threshold Mjf-)v
was [2.60, 6.48] m, [2.40, 7.24] m, and [3.23, 7.07] m.

At different types of ticket gate facilities, as pedestrian
flow increased, the average value of longitudinal distance D,
increased, and the upper and lower quartiles increased. At
the three-bar-type ticket gate facilities, the increase in
longitudinal distance Dy, was small, while longitudinal
distance Dy, at the gate-type ticket gate facilities was greatly
affected by the pedestrian flow.

5.1.7. Number of Lane Changes. Under different types of
ticket gate facilities and pedestrian flow, the threshold M}
was generally 1 time. Since the purpose of pedestrians was to
quickly pass through the gate facilities, the number of gate
facilities in the surveyed subway station could meet the
needs of pedestrians, so pedestrians basically did not choose
to change lanes back and forth.

5.2. Construction of Pedestrian Lane Change Behavior Spec-
trum of Ticket Gate Facilities in Subway Stations.
According to the collected data, the seven indicators of lane
change behavior were analyzed, and their average values,
thresholds, and fluctuation ranges were obtained, and the
pedestrian lane change behavior spectrum of ticket gate
facilities in subway stations was constructed, as shown in
Table 2.

6. Discussion

This research used the pedestrian lane change behavior
spectrum to reveal the characteristics of the indicators of
pedestrian traffic behaviors under different ticket gate fa-
cilities and pedestrian flow conditions, so as to improve the
efficiency of pedestrian traffic. We used the constructed
behavior spectrum to find that when the pedestrian flow was
(5, 10] ped/min, the average values of displacement, dis-
tance, and cumulative side shift distance were the largest, the
thresholds were the largest, and the number of lane changes
was generally once. The longitudinal distance of pedestrians
at the gate-type ticket gate facility was greatly affected by the
pedestrian flow. The results show that the behavior spectrum
can improve the actual capacity of the ticket gate facilities
through the selection and scientific layout and can reduce
the risk of congestion and collision caused by abnormal lane
change behavior by controlling the volatility of indicators of
the behavior spectrum.

Lee and Nho [1] used pedestrian-controlled experiments
in the university gymnasium and found that the average
value of displacement | 5’| was 11.82 m, the average value of
distance S was 11.95m, and the average value of average
speed V was 1.32 m/s, which were all larger than those of this
research. This was because the two scenarios were different.
Pedestrians could travel short distances in front of the ticket
gate facilities in subway stations, and the process of pre-
paring electronic equipment or magnetic cards for pedes-
trians affected the walking speed. Kwon et al. [33] regarded
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telephone poles, parked cars, or parked bicycles on the street
as fixed obstacles and found that the average value of the
longitudinal distance Dy, of lane change behaviors from the
obstacles was 4.8 m. It was the same as the results of this
research, which verified the rationality of the results.

7. Conclusions

Based on pedestrian dynamics, this research determined the
indicators of pedestrian lane change behavior and used the
quartile method to analyze the seven indicators of dis-
placement, distance, average speed, change in direction of
the movement, longitudinal distance, cumulative side shift
distance, and number of lane changes. Based on the char-
acteristics of three types of factors, namely, types of ticket
gate facilities, pedestrian flow, and individual lane change
behavior, the pedestrian lane change behavior spectrum of
ticket gate facilities in subway stations was constructed,
which perfected the theoretical method of the behavior
research of ticket gate facilities.

The limitations of the research presented in this paper
should be pointed out: tracking pedestrians from surveil-
lance videos of subway stations is the first step in data
collection. The pixels of surveillance videos are generally not
high, which affects the accuracy of the results. In addition,
the influence of pedestrians’ age, whether to carry luggage,
and other human factors on the threshold of the indicators
of lane change behavior spectrum have not yet been con-
sidered at present. The next step is to further increase the
sample size data of ticket gate facilities and improve the
threshold range according to the characteristics of human
factors. The improved threshold range can be applied to the
ticket gate facilities of the same scene, and the research ideas
and methods can also be used to study behavior spectrum
characteristics of subway station escalators, platforms, and
other scenes. As the recent COVID-19 pandemic has had a
significant impact on pedestrian travel characteristics and
behavioral characteristics, it is also possible to use behavioral
data during the outbreak of a large-scale infectious disease to
establish a pedestrian traffic behavior spectrum and analyze
the characteristics of the spectrum, and it provides new
research ideas for studying the characteristics of virus
transmission in subway stations.
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