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REDUCING BIDIRECTIONAL PEDESTRIAN CONFLICT
BASED ON LANE FORMATION PHENOMENON IN SUBWAY
CORRIDORS

ABSTRACT

With the rapid increase of the subway passenger vol-
ume, the conflict among passengers emerges as a signif-
icant issue which affects subway serviceability, especially
in the bidirectional flow. The aim of this study is to explore
the characteristics of the bidirectional flow of pedestrians
in a subway corridor. Pedestrian experiments were conduct-
ed to investigate microscopic characteristics of the pedes-
trian flow. It was found that the microscopic characteris-
tics, including the walking speed and turning angle, were
time-dependent and had a generalized trend with time. It
was also found that different pedestrian volumes affected
the microscopic characteristics. Based on the trend of the
microscopic characteristics, the lane formation phenom-
enon was observed and quantitatively studied, identifying
three phases: conflict phase, lane formation phase, and
steady lane phase. To alleviate the bidirectional pedestrian
conflict, additional pedestrian experiments for the counter-
measure of adding separating strap in the corridor, which
was based on the lane formation analysis, was conducted.
The effectiveness of the countermeasure was demonstrated
through a before-and-after comparison. The results showed
that adding the separation between the adjacent lanes had
the best performance in reducing the conflicts. The results
would provide a rationale for subway managers in optimizing
the corridor bidirectional pedestrian flow.
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1. INTRODUCTION

With the massive construction and new opening
to traffic, the average daily passenger traffic (ADPT)
of the subway has increased quickly, especially in Bei-
jing, and has exceeded 10 million since 2013 [1]. The

rapid growth of passengers has brought unprecedent-
ed challenges to subway management. According to
the research team questionnaire survey, 83% of pas-
sengers, which was 410 passengers out of 494 valid
surveyed, perceived uncomfortable or stressful riding
the subway during rush hours. The large crowd is the
most significant factor affecting passengers’ comfort.
Hence, reducing the passenger conflict in subway has
become an immediate concern of the researchers and
practitioners.

Pedestrian flows can be observed in many traffic
systems and there appear spatial patterns character-
ized in common [2-3]. To improve pedestrian flow orga-
nization the first step is to characterize the pedestrian
behaviour in a reasonable and scientific manner. The
analysis of pedestrian flow is fundamental in massive
transit planning, facility design, and operations man-
agement. Although the study of pedestrian traffic was
initiated in the 1950s, which was later than the first
research of auto traffic, it has developed fast over the
recent years with the advance of modern data collec-
tion technologies [4-8].

With the theoretical and methodical analysis of pe-
destrian flow, the bidirectional flow, which is a typical
pedestrian flow organization, has attracted substan-
tial attention [8-13]. The interactions of bidirectional
pedestrian streams would induce a serious conflict-
ing effect [14-15]. In bidirectional flows, pedestrians
tend to follow their predecessors who move toward
the same direction and consequently two or more
lanes are formed [16]. A few studies have been con-
ducted to analyse the bidirectional flow. For example,
Lam et al. [17] analysed and calibrated individual
behaviour characteristics of a two-way pedestrian flow
at signalized intersections. They also identified that
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bidirectional flow conflict was affected by speed and
capacity [18]. Additional studies focused on specific
bidirectional characteristics such as lane numbers
and selection probabilities [11-12]. The conventional
studies, however, mostly targeted normal open-space
facilities, such as intersection crosswalks or pedestri-
an sidewalks, and lacked a qualitative analysis in lane
formed and control managements.

In subway system, the corridor is one of most com-
monly used walking facilities for passenger transfer.
It is usually an underground pedestrian passageway
where pedestrians walk from one end to the other.
Regarding pedestrian flow, the bidirectional flow is
the most typical form of the subway system. From the
research team field survey, the typical bidirectional
pedestrian flow ratio on a regular and frequent basis
during rush hours at Beijing rail station was 1:1 (50%
of pedestrian flow in one direction, and 50% in the oth-
er direction), when the conflicting phenomenon was
observed.

The objective of this paper was to investigate the
microscopic characteristics of bidirectional pedestrian
flow and explore the method to reduce the pedestri-
an conflict using countermeasures. Pedestrian exper-
iments were conducted in this research. The specific
self-organization phenomenon of bidirectional conflict
in the corridor was quantitatively studied with the mi-
croscopic parameters of pedestrian behaviour extract-
ed from the video footages. By analysing the change
of mean speed and turning angle along with time, the
pattern of lane formation was identified. Then, the
methods to reduce the pedestrian conflict were eval-
uated through experiments. The before-and-after anal-
ysis was applied to demonstrate the effectiveness of
the countermeasures.

2. DESIGN OF PEDESTRIAN EXPERIMENT

To analyse the bidirectional flow in a subway corri-
dor, data collected from real-world would be preferred.
Due to the complex condition such as low ceilings and
uncontrollable traffic volume at the subway station, it
is extremely difficult and unsafe to take and analyse
the video footage directly. The pedestrian experiment
as an effective approach in analysing pedestrian walk-
ing behaviour has been introduced in this study [19-
21]. The basic procedures of a pedestrian experiment
are as follows: a similar setting to real-world conditions
based on the research objectives is set up; walking
pedestrians are videotaped; the video footages are
used for deriving macroscopic and microscopic char-
acteristics. The advantage of the pedestrian experi-
ment includes controllable circumstances and strong
purpose-oriented setup (i.e., experimental settings are
basic but fitted to the needs) [22-23]. Therefore, this
study also used the pedestrian experiments to inves-
tigate the bidirectional conflict at the subway corridor.

2.1 Experiment organization

A series of pedestrian experiments were conducted
on the courtyard of the Beijing University of Technology
(BJUT) in the afternoon of 17 April 2015. In total, 50
healthy undergraduate students were selected from
the university as experiment participants. The male
and female students ratio was 1:1. To minimize the ac-
quaintances among the students, which might have in-
fluenced the results, the students were selected from
different classes and departments. The age of the
participants ranged from 19 to 23 years. The average
height was 1.68 m with a standard deviation of 8.11
cm. According to the field survey, in Beijing subway at
rush-hour, there are mainly three luggage types that
are: none, small luggage, and medium luggage with
the average frequency percentages 37%, 44%, and
19%, respectively. Thus, the participants were asked
to carry luggage or handbags per their preference in
each experiment to simulate real pedestrian flow con-
ditions. The actual experimental scene is shown in
Figure 1la.

According to the definition in TRB Transit Coop-
erative Research Program Report, the standard bidi-
rectional passageway capacity is 4,000 person/h/m
[24]. In this study, considering traffic conflict may vary
under different volumes, five levels of the pedestrian
volumes were investigated: 3,000 person/h/m, 3,500
person/h/m, 4,000 person/h/m, 4,500 person/h/m
and 5,000 person/h/m. In the experimental configu-
ration, the pedestrian flow ratio was 1:1; two groups of
participants, of which 25 in red hats and 25 in black
hats, stood at 5 metres away from each side of the
entrance. To achieve the 3,000, 3,500, 4,000, 4,500
and 5,000 person/h/m pedestrian volumes effective-
ly, the participants stood as rows in each group, each
of which had averages of 1.3, 1.5, 1.7, 1.9 and 2.1
experiment participants, in the preparation zone. After
the signal of instruction was on, the participants start-
ed to walk in the random and natural state within the
preparation zone.

For each volume, two trials were performed. The
rules and purposes of the experiment were explained
to the participants through two pre-experiments. Be-
fore each trial, all participants were randomly divided
into two equal groups. The starting positions of the
participants were randomized in front of the yellow
start line for each trial, which was intended to make
each participant face various situations. This random-
ization would also prevent the learning behaviour from
happening between the trials. The hat colours of the
two groups were used to distinguish the two-way traffic
for automated data processing.

2.2 Establishing experiment scene

Differing from conventional pedestrian experi-
ments, specific experimental settings were tailored
for this study to reproduce the actual subway corridor
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c) Preparation zone
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Figure 1 - Experimental scene

circumstances. The width of the subway corridor usu-
ally ranges from 3 m to 6 m. Thus, the experimental
corridor was 6 m long and 3 m wide with two outlets
for a pedestrian entering and exiting. Two vertical
boards were elicited to mimic the walls of the subway
corridor. To make the experiment participants mentally
perceive an enclosed space, the height of the board
wall was 1.85 m, which was higher than the average
Chinese stature 1.71 m [25].

To ensure a constant environment, the experiment
was conducted on the playground of the Beijing Uni-
versity of Technology (BJUT) at noon of 21 May 2013,
when the ambient conditions were favourable (over-
cast, reasonably constant light intensity). The detail of
analysis zone is shown in Figure 1b. To obtain the nor-
mal flow without being affected by a starting delay, two
start lines 5 m away from each outlet were drawn, as
shown in Figure 1c. Thus, it was assumed that the flow
entering the corridor was a normal flow.

To analyse the pedestrian behaviour in an automat-
ed fashion, a digital camera was placed in the middle
of the corridor 6 m high perpendicular to the ground,
as highlighted in Figure 1d. The digital camera had a
resolution of 1,920x1,080 pixels and a frame capture
rate of 50 frames per second, adequate for analysing
the speed and position of pedestrians [26].

By analysing the pedestrian experiment video foot-
ages, the pedestrian parameters were derived through
an automotive identifying arithmetic for detecting ob-
jects, which combines the Gaussian Mixture Model
(GMM), the K-means clustering on colour features,
and a target tracking method based on Lucas-Kanade

(LK) [27]. To verify the accuracy of automotive iden-
tifying arithmetic, trial experiments were conducted
before the formal experiments, showing that almost all
pedestrians participating in the experiment could be
detected and tracked. For the data of micro parame-
ters (speed and turning angle), the difference between
the automotive identifying arithmetic and the manu-
al identifying arithmetic were analysed using ANOVA,
showing no significant difference (Table 1). This verified
the automotive identifying arithmetic for the acquisi-
tion of pedestrian parameters data.

Table 1 - Comparison of automotive identifying arithmetic
and manual methods

Sequence Volume Sig. of turning Sig. of
[p/h/m] angle speed

1 3,000 0.04 0.08

2 3,500 0.10 0.11

3 4,000 0.12 0.17

4 4,500 0.17 0.19

5 5,000 0.21 0.22

3. ANALYSIS OF BIDIRECTIONAL LANE
FORMATION PHENOMENON

In this section, the microscopic parameters defined
for conflict analysis, such as travel speed and weaving
behaviour of the pedestrians, were extracted from the
video footages in the pedestrian experiments to anal-
yse bidirectional corridor flow under different volumes.
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With the automated extraction of the microscopic pa-
rameters, the statistics of the parameters were used
to characterize the lane formation phenomenon.

3.1 Definition of evaluation parameters

A prerequisite for conflict analysis is to measure
microscopic parameters for characterizing pedestrian
behaviour. In this study, the two commonly used mi-
croscopic parameters, the walking speed (v) and the
turning angle (6), were extracted for the pedestrian
conflict analysis [26]. The walking speed (v), a basic
parameter for describing the pedestrian flow, is the
walking distance to a unit of time. Additionally, this
study invents the concept of turning angle A6, the an-
gular difference between time i-1 (t-1) and time i(t;), to
analyse the characteristic of the weaving behaviour, as
shown in Equation 1:

_ Yi+1-Yi )
Af; = arctan Xie1oX; -Afi

(A8 > 0) (1)

where A@; is the turning angle in t;; t; is pedestrian trav-
el time in corridor (s); x; is the pedestrian lateral dis-
placementin t(m); and y; is the pedestrian longitudinal
displacement in t(m). The time slice for speed and
turning angle calculation is 0.02 s [26]. The turning an-
gle is a plus-minus number; it is recorded as a positive

number when pedestrian turns left, and, otherwise, it
is recorded as a negative number.

3.2 Analysis of speed and turning angle

The speed of each pedestrian in the experiment
was obtained through the video footage analysis.
Table 2 summarizes the descriptive statistics of speed
under different volumes for the entyre group. Figure 2
shows the change of mean and standard deviation of
the speed with the travel time for different volume of
pedestrians. The mean speed is a global measure of
the group pedestrian behaviour. The standard devia-
tion is a variation measure which indicates the perfor-
mance of individual pedestrians caused by the conflict.

As shown in Figure 2, the mean speed decreased in
the initial phase of the experiment and then increased
after a certain point. The standard deviation of speed
showed an opposite trend; the standard deviation in-
creased initially and then decreased with the time in-
crease, despite a slight fluctuation. For all pedestrian
volumes, the same trend was observed.

The above observations can be explained via
considering the real-world circumstance, that is, the
pedestrian flow as a high-speed free flow entering a
subway corridor. While the pedestrians encounter
each other, the mean speed is decreased due to the

Table 2 - Descriptive statistics of speed under different volumes

Volume [person/h/m] 3,000 3,500 4,000 4,500 5,000
Mean [m/s] 1.24 1.13 1.09 1.07 0.89
Median [m/s] 1.24 1.14 1.09 1.06 0.87
Std. deviation [m/s] 0.15 0.16 0.2 0.21 0.25
Minimum [m/s] 0.89 0.67 0.58 0.5 0.38
Maximum [m/s] 1.59 1.53 1.7 1.66 1.57
25% 1.14 1.01 0.97 0.92 0.7
Percentiles [m/s] 50% 1.24 1.14 1.09 1.06 0.87
75% 1.33 1.24 1.22 1.2 1.07
2.04 0.40,
E 1.8 __ 035
£ 16 =030 x
§ 1.4 S 0.25
g 12 8 0.20
= (2]
° 10 s 015
S 08 S 0.10
> &
0.6 0.05
0.4 > 0.00 >
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time [s] Time [s]
<& 3,000 p/h/m 0 3,500 p/h/m A 4,000 p/h/m X 4,500 p/h/m ¥ 5,000 p/h/m
a) Mean speed with time b) Std. speed with time
Figure 2 - Speed (Mean and Standard deviation) of different volumes with time
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“obstacles” in the way under bidirectional flow. The
standard deviation, however, increases as the “ob-
stacles” affected pedestrians at different locations of
the corridor differently. Those who enter the corridor
first, encounter more conflicts, and the followers may
change speed subsequently. According to the classic
self-organization theory, the pedestrians would walk
in separate lanes which may have been formed after
the initial conflict [28]. This explains why the speed ris-
es and standard deviation drops after a certain point.
Based on the self-organization phenomenon, the lane
formation is likely to occur around the time when the
lowest mean speed is exhibited.

Also, traffic volume is related closely with the mean
and standard deviation of speed. The average pedes-
trian speed was decreased with the increase of traf-
fic volume. The average speed at volume 5,000 per-
son/h/m was 0.89 m/s, much lower than the speed at
3,000 person/h/m, which was 1.23 m/s. The standard
deviation of speed showed a similar pattern, while the
high volume of which was more significant than that
of the low volume. The speed rising and standard de-
viation declining occurred later when the pedestrian
volume was higher.

Despite that the turning angles were plus-minus
numbers, the absolute value of the turning angles
was calculated to analyse the descriptive statistics.

The standard deviation of the turning angles, however,
were determined using the plus-minus numbers, so as
to illustrate the degree of dispersion in the left and
right angles. Table 3 summarizes the descriptive sta-
tistics of the turning angle under different volumes for
the entyre group. Figure 3 presents the relationship be-
tween the mean and standard deviation of the turning
angle and the travel time.

The statistics analysed in the speed section
showed the same characteristics in the turning angle
parameters. The mean and standard deviation of the
turning angle were similar to the observations of the
speed parameter: the mean angle increased first and
then decreased. The standard deviation decreased af-
ter an initial increase. The self-organization phenom-
enon was observed in the statistics and trends of the
turning angle parameter. On the traffic volume, the
turning angle increased with the volume increase. The
average turning angle at volume 5,000 person/h/m
was 8.86, which was much higher than the turning
angle of 3,000 person/h/m. Since the turning angles
in higher volumes were larger, there is an apparent
longer lasting of conflict. Furthermore, the extent and
range of the standard deviation expanded with the
rising of flows. A possible theory to account for this
phenomenon is the least effort in psychology [29]. In
this theory, all pedestrians are unwilling to change or

Table 3 - Descriptive statistics of turning angle under different volumes

Volume [person/h/m] 3,000 3,500 4,000 4,500 5,000

Mean [m/s] 5 5.27 7.31 6.08 8.86

Median [m/s] 4.23 4.43 5.62 4.82 6.77

Std. deviation [m/s] 3.8 4.14 6.12 5.53 9.11

Minimum [m/s] 0.2 0.1 0.18 0.11 0.18

Maximum [m/s] 15.93 19.05 28.89 32.35 53.84

25% 2 1.96 2.63 2.26 3.2
Percentiles [m/s] 50% 4.23 4.43 5.75 4.82 6.77
75% 7.07 7.7 10.84 8.62 11.38
16 I 24 A X X
— 12 & 20
© » 16
LeVi] =
S So 12
%ﬂ é 10
S S 8
> -
2 5 o
g g 4
2 2
0O

<& 3,000 p/h/m

3,500 p/h/m

a) Mean turning with time

A 4,000 p/h/m

X 4,500 p/h/m

5,000 p/h/m

b) Std. turning with time

Figure 3 - Turning (Mean and Standard deviation) of different volume with time
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compromise their optimal and comfortable route (i.e.
keep straight). With the increase in the volume, the im-
pact of this unwillingness is enlarged, and the conflict
is more severe.

3.3 Quantifying three phases of lane formation

As introduced by Helbing [20], the walking pedestri-
an self-organization is created by individuals’ constant
attempt to improve their situation. In the context of
bidirectional walking, the self-origination refers to the
phenomenon that pedestrians tend to follow the same
directional flow and thereby multiple lanes are formed
in the process [16, 30]. Although the process of lane
formation is an important phenomenon, attracting
considerable attention, it has been only qualitatively
studied in the past. For example, Helbing et al. [20]
found that the lane forming process was dynamic; the
hierarchical position and layers would change. In this
study, the lane process was quantitatively analysed
with the parameters extracted from the pedestrian ex-
periments.

To further investigate the process of lane forma-
tion, this study analysed the change of speed and
turning angle along the experiment process. A second
order polynomial fitting was applied to both speed
and turning angle data set. For most of the scenari-
0s, the coefficient of determination (R?) is high. Table 4
lists the extreme values of the polynomials obtained
through the first derivation. Even though the extreme
points for both speed and turning angle increase
with the increase of pedestrian volumes, the extreme
points were close to each other, which implied that a
potential break existed in the self-organization and a
higher flow would lead to more conflicts. The states of
the pedestrian locations for three different time points
(one second before the extreme point, the extreme
point, and one second after the extreme point) were
extracted, as shown in Figure 4. The conflict gradual-
ly decreased. At the first column of Figure 4 (the loca-
tions before the extreme point), weavings appeared
between the pedestrians from the two directions; at
the second column, there were fewer weavings; in
the last column (the locations after the extreme time
point), the lanes were formed except the figures for the
volume 5,000 where few conflicts still existed. There-
fore, the three phases of lane formation can be char-
acterized as follows:

Table 4 - The threshold time of lane-forming [s]

1) Conflict phase. At the beginning of this phase, the
entering pedestrians possess free flow speed.
With the encountering of the opposite-directional
flow, the pedestrians who enter the corridor first
encounter more conflict, and the followers may
change speed and walking direction subsequently,
resulting in the decrease of mean speed and the
increase of mean turning angle. According to the
data, this phase usually appears within the first 6
seconds of the experiment.

Lane formation phase. The breakpoint occurs in
this phase. According to the self-organization the-
ory, which is based on the principle of least effort
in psychology [29], all pedestrians aim to minimize
their predicted disutility of walking the optimal
choice; i.e. following closely behind some other per-
son who moves in the same direction. The emerg-
ing lanes in this phase are unsteady; they may dis-
appear, merge or split again. Overall, 6-8 s is the
range of the lane formation completion.

Steady lane phase. The pedestrians would walk in
the separate lanes, which may have been formed
after the initial conflict [20, 31]. The followers are
prone to follow the predecessors in the lane. This
explains why the speed rises and standard de-
viation drops after a certain point. Based on the
self-organization phenomenon, the lane formation
is likely to occur around the time when the lowest
mean speed is exhibited.

To further explore the characteristics of the lane,
lane patterns and lane widths were quantitatively an-
alysed. As shown in Figure 4, two, three, four, and five
lanes appeared in different runs of experiments. Sev-
eral lanes contained a volatile and brief feature; i.e.
the lane exhibits a broken state during lane formation
phase. Based on quantitative analysing the character-
istics of the three phases of lane formation, the two
lanes and four lanes had the features of the steady
lane phase and, thus were defined as steady lanes,
as shown in Figure 5. Different colours indicated the
different direction lanes in the bidirectional pedestri-
an flow. It was found that an odd number of lanes ex-
hibited a broken state and an even number of lanes
exhibited a steady state. Note that pedestrians in the
experiments were largely right-hand-sided, typical for
countries in which traffic regulations stipulate walking
on the right side of the street [21].

Volume [p/h/m] Speed (Mean) Speed (Std.) Angle (Mean) Angle (Std.) Mean
3,000 7.83 5.66 6.6 5.66 6.44
3,500 7.9 7.71 7.23 7.25 7.55
4,000 7.55 6.81 6.27 6.28 6.73
4,500 8.57 7.2 8.08 8.197 8.01
5,000 8.48 9.13 .77 7.42 8.20
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Figure 5 - Steady lane in bidirectional flow experiment

The number of steady lanes was dependent on the
volumes. For the scenarios of 3,000 p/h/m and 3,500
p/h/m, only two lanes were formed. For the scenarios
of more than 4,000 p/h/m volume, four lanes were
observed. Based on the theory of pedestrian traffic be-
haviour [17], the basic walking width of a single pedes-
trian is 0.75 m. Experimental corridor width was only 3
m, so four lanes were the maximum number of lanes
observed that remain stable in the steady lane phase.

As shown in Figure 5, the distances between pedes-
trians in different layers were approximately constant
and analogous. For the scenarios of 3,000 p/h/m and
3,500 p/h/m, the average longitudinal distance be-
tween pedestrians (within a layer) was about 1.3-1.7 m.

For the scenarios of more than 4,000 p/h/m or more,
the longitudinal distance was 0.55-0.95 m. Hence, the
opposite directional lanes in the corridor can equally
divide the corridor into two or four parts.

4. COUNTERMEASURES FOR REDUCING
CONFLICT

The interesting discovery of the phenomenon of
lane formation from the above study motivated the
study of physically changing the layout of the corridor
for reducing the traffic conflict. This section explained
the effort of adding separating straps to the corridor
based on the lane formation. In the corridor, a strap
was placed from corridor entrance to exit to separate
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the corridor space. It was hypothesized that the sys-
tem would form two regions for two groups of pedes-
trians moving in opposite directions and, thus, would
yield the least friction between the two regions and the
smallest collective disutility. Pedestrian experiments
were conducted to validate the effectiveness of the
countermeasures.

4.1 Adding separating strap to subway corridor

One option for strap placement is to add the sep-
aration between the adjacent lanes; i.e. putting the
strap in the space between different direction pedes-
trian lanes. The other option is to add the separation
without considering the formed lanes. This study con-
sidered and experimented with both options.

According to the former experiment results, the
steady pedestrian lanes have equally divided the cor-
ridor into two or four parts under 1:1 flow ratio. There-
fore, considering the possible position of the strap lo-
cation, the suitable position for placing the strap on
lane was placed in the centre of the corridor. Mean-
while, for the control group, adding the separation
without considering the formed lanes were explored
and a 1:2 ratio position was supposed to be suitable
for the control group. In addition to the two scenarios
of adding a strap, a no-strap placed scenario was set
up as the base group. Table 5 lists three scenarios set
up for analysis.

As set in the middle/third of the corridor to sepa-
rate the corridor space, the strap did not interfere with
the route layout of pedestrians, so that all participants
could choose a path to the left or right of a strap ac-
cording to their preferences.

4.2 Parameter definition

Both macroscopic and microscopic parameters
were evaluated to compare the pedestrian conflict
before and after the intervention. The microscopic pa-
rameters included the speed and the turning angle de-
fined in the previous section; besides, the duration of
each passenger travelling across the corridor was the
other microscopic parameter [32-34].

Similar to the definition of the microscopic param-
eters, the two macroscopic parameters, the conflict
point and the conflict area, were introduced to assess
the extent of the conflict. In literature, the change of
speed was used as the indicator to identify the con-
flict point [26]; if the speed at t;,, was reduced by a

Table 5 - Experiments setting

percentage between 20% and 30% compared to the
speed at t;, the position of the passenger at t; was rec-
ognized as a conflict point [35-36]. This study used
30% as the threshold for the decrease of speed to de-
termine a conflict point.

The total conflict point is an important indicator for
analysing the conflict. A conflict centre is defined as
the point that has minimum distance to all the other
conflict points, calculated by Equation 2:

i=n

z=min X, v(x-x)* +(y-yi)°
i=1

(i=1,2,3,..n)

(2)

where z(x,y) is the coordinate of conflict centre and
(Xpy;) is the coordinate of conflict point i. A conflict area
is an area dilated from the conflict centre and includes
at least 85% of the conflict points. Referring to the
regular statistic, the concept of 85™" percentage was
adopted.

4.3 Validation of the countermeasures

Pedestrian experiments, which had the same
group of participants and settings, were conducted for
extracting the parameters for validating countermea-
sures.

4.3.1 Pedestrian track analysis

Figure 6 shows the variety of pedestrian speeds for
three different scenarios, Scenario OL (add the sep-
aration between the adjacent lanes), Scenario NOL
(add the separation without considering the formed
lanes), and Scenario BA (no strap-placed scenario).
Each line represents a pedestrian walking track. Co-
lour gradients are used to represent the speed where
black colour indicates the lowest while grey means the
highest.

Scenario OL had the best performance among
the three scenarios; its overall speed was close to a
free flow speed, and its speed variation was small, as
shown in Figure 6a. For both Scenario NOL and Scenar-
io BA, the conflicts were evident from the varied lines,
and some black spots were even observed.

Lane formation and passenger conflict were fur-
ther investigated by examining the video footages. For
Scenario OL, mainly two lanes were formed, the two-
way traffic was mostly separated by the strap, and the
conflict mostly concentrated in the areas near the

Scenario Countermeasure Location of strap
On the lane (OL) add the separation between the adjacent lanes 1:1

Not on the lane (NOL) add the separation without considering the formed lanes 1:2

Base (BA) no strap placed scenario none
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Figure 6 - Pedestrian speed and conflict for three validation scenarios

strap where a few pedestrians walked against the
major flow. Since the participants had the arbitral
selection of either side of the strap, similar to a re-
al-world situation, the conflicts occurred from different
directions on the same side of the strap. Because of
the small number, the conflicts were low to moderate.
This conforms to the fact that a majority of Chinese peo-
ple are right-hand dominated and are inclined to walk
on the right side. For Scenario NOL and Scenario BA,
however, the lanes were irregular, and the conflicts
were severe.

4.3.2 Speed, turning angle, and travel time analysis

Table 6 lists the statistical data, extracted from the
validation experiments, to analyse the impact of the
layout of the corridor on passenger flow. Considering
the speed, turning angle, and travel time measures,
Scenario OL had the best performance, whereas Sce-
nario BA had the worst. The average speed, turning
angle, and travel time of Scenario OL were better than
those of Scenario BA by 22.2%, 28.5%, and 20.7%, re-
spectively. This significant improvement indicated that
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Table 6 - Microscopic pedestrian performance parameters for different scenarios

Index Position of corridor Max Min Median Mean Std.
Scenario OL 1.874 0.396 0.993 1.023 0.215
Speed/[m/s] Scenario NOL 1.781 0.011 0.813 0.854 0.235
Scenario BA 1.768 0.008 0.841 0.837 0.309
Scenario OL 139.531 0.027 5.356 6.84 7.765
Turning angle/[°] Scenario NOL 167.381 0.009 8.286 8.163 11.367
Scenario BA 175.433 0.006 6.84 9.561 12.529
Scenario OL 5.22 2.82 4.02 4.146 0.654
Travel time/[s] Scenario NOL 6.82 3.22 4.82 5.017 0.842
Scenario BA 8.02 3.42 5.32 5.228 1.173

placing the strap on the lane is an effective counter-
measure to reduce the pedestrian conflict. However,
the average speed, turning angle, and travel time of
Scenario NOL was better than those of Scenario BA
only by 2.0%, 14.6%, and 4.0%, respectively, which im-
plies that if the separating strap was not placed on the
lane, the effectiveness was compromised.

4.3.3 Conflict point and conflict area analysis

Table 7 lists the conflict point and conflict area from
the three scenarios. Scenario OL had 120 conflict
points and 9.08 m? conflict area, about 25% less than
the Scenario BA. The conflict points of Scenario NOL
were significantly increased compared to the ones of
Scenario BA; this echoed the previous finding that the
separation should be placed on the lane.

Table 7 - Statistics for conflict point and conflict area

Position of corridor | Conflict point Conl‘[lrchitzlarea
Scenario OL 120 9.08
Scenario NOL 226 10.03
Scenario BA 157 11.88

5. DISCUSSION AND RECOMMENDATIONS

The design of infrastructure, as well as the assess-
ment of its efficiency and safety, requires the investiga-
tion of pedestrian behaviours under bidirectional flow.
Previous studies on this topic relied on computer sim-
ulations [7-9], which built a simulated model based on
patterns of pedestrian behaviours through the method
of the cellular automaton or the social force [37-38].
The studies using computer simulations considered
the behaviour of right-hand-sided, lane changing, and
the collision avoidance in the complex bidirectional
flow [39, 40]; they had shortcomings, including poor
randomness, ignoring diversity and adaptability of
pedestrian, and poor simulation accuracy. Collecting
data in the rail station, although preferable because of

the fidelity, is unfeasible because of the complex con-
ditions, such as low ceilings, uncontrollable traffic vol-
ume, and multiple mixed pedestrian flows. This study
used an alternative approach, conducting experiments
to simulate a real situation in rail station [19-20], to
analyse pedestrian behaviours.

After lane formation was recognized in bidirection-
al flow [4, 8, 20], literature qualitatively explored the
process of lane formation including conflict, following
effect [39] and evasive effect [41, 42]. When the pe-
destrian volume of the bi-bidirectional flow increases,
the lane formation has three patterns that are a free
pattern, a lanes pattern and a jam pattern with the in-
crease of volumes [43]. The average speed decreas-
es with the increase of volume in the whole system
[44]. The literature mentioned the above concentrat-
ed mainly on the macroscopic characteristics of the
bidirectional flow but did not involve the microscope
characteristics related to individual pedestrians. This
motivated us to study quantitatively the evolution
mechanism of the lane formation process under the
microscope parameters, such as the speed and the
turning angle, both of which were time-dependent.
This also motivated us to study the inherent relations
between the pedestrian behaviours and the micro-
scope parameters. It was hypothesized that individ-
ual’'s microscope parameters represented the actual
characteristics of the pedestrian behaviour [40].

Also, this study investigated the characteristics
of lane formation. Helbing [45] analysed the char-
acteristics of lane and proposed that the number of
formed lanes depended on the density in the walking
area. Hoogendoorn and Daamen [11] studied it quan-
titatively by cluster analysis and discovered patterns
of two, three, and four lanes. Kretz et al. [21] found
that an odd number of lanes was likely to break the
symmetry. Most studies on the lane characteristics
considered the whole process of lane formation and
ignored the fact that lanes would disappear, merge,
split and be stable. In this study, it was found that the
pedestrian lanes were stable if their number was even
(two or four) and that a steady number of lanes was
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dependent on the pedestrian volume, e.g. two lanes
appeared at the pedestrian volume less than 4,000
p/h/m and four lanes appeared at the one more than
4,000 p/h/m. It was also found that the width of the
lane was approximately constant and analogous (the
width of the two lanes was 1.3-1.7m, and the width of
the four lanes was 0.55-0.95m).

This study was the first to use countermeasures
based on the characteristics of the lane formation to
examine the method for reducing the conflicts of pe-
destrian flows. The before-and-after analysis was ap-
plied to demonstrate the effectiveness of the different
countermeasures. The results showed that adding the
separation between the adjacent lanes had the best
performance in reducing the conflicts.

As a deficiency, this study only considered the flow
ratio 1:1 and a single environment. Future studies will
use different flow ratios and different widths of corri-
dors.

6. CONCLUSION

Bidirectional flow is one of the most commonly
seen passenger organization forms in Beijing subway
corridor. This study explored the characteristics and
countermeasures of the bidirectional pedestrian flow
of 1:1 flow ratio in subway corridor. Pedestrian exper-
iments were conducted to investigate microscopic
characteristics of the pedestrian flow. It was found that
the microscopic characteristics, including the walking
speed and turning angle, were time-dependent and
had a generalized trend through the experimental pe-
riod. It was also found that the different pedestrian vol-
umes affected the microscopic characteristics. Based
on the trend of the microscopic characteristics, the
lane formation phenomenon was observed and quan-
titatively studied, identifying three phases: conflict
phase, lane formation phase, and steady lane phase.
To alleviate the bidirectional pedestrian conflict, addi-
tional pedestrian experiments for the countermeasure
of adding separating strap in the corridor, which was
based on the lane formation analysis, was conducted.
The effectiveness of the countermeasure was demon-
strated through a before-and-after comparison. The re-
sults showed that adding the separation between the
adjacent lanes had the best performance in reducing
the conflicts. The results would provide a rationale for
subway managers in optimizing the corridor bidirec-
tional pedestrian flow.
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