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Model and application of bidirectional pedestrian
flows at signalized crosswalks∗
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This research of bidirectional pedestrian flows at signalized crosswalks is divided into two parts: model and applica-
tion. In the model part, a mixed survey including the questionnaire investigation and tracking investigation is conducted
to gain the basic data about walking tendentiousness of a pedestrian crossing. Then, the forward, right-hand, outstripping,
and influential coefficients are outlined to quantize walking tendentiousness of pedestrian crossing and estimate transition
probabilities of pedestrians. At last, an improved cellular automation model is proposed to describe walking tendentious-
ness and crossing behaviors of pedestrians. In the application part, channelization research of bidirectional pedestrian
flows is presented for real signalized crosswalk. In this process, the effects of right-side-walking and conformity behaviors
on the efficiency of pedestrian crossing are thoroughly analyzed based on simulations and experiments to obtain a final
channelization method to raise the efficiency of a pedestrian crossing at the crosswalk.

Keywords: pedestrian flows, right-side-walking behavior, conformity behavior, simulation
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1. Introduction
As an important pedestrian facility, the signalized cross-

walk plays a pivotal role in satisfying the growing needs of
pedestrians, where the pedestrian flow has the unique char-
acteristics that should be taken into account to provide better
channelization designs. At a signalized crosswalk, a platoon of
pedestrians assemble at each side during the red light interval
and then walk in groups to cross the street when the pedestrian
light turns green. The two opposing pedestrian flows may en-
counter each other somewhere along the crosswalk and inter-
act for a short period, and this interaction results in a reduction
of the overall average walking speed and an increase of the
total crossing time. Hence, the attention of traffic engineers
should be paid to pedestrian crossing behaviors to improve the
crossing efficiency of pedestrians at signalized crosswalks.

The research of pedestrian flow at signalized crosswalks
is very similar to that of pedestrian counter flow, which has
been studied widely by many researchers.[1–10] However, most
of them simply consider the characteristics of walking tenden-
tiousness of a pedestrian crossing, such as forward movement
(i.e., the tendency to walk forward), outstripping (i.e., the ten-
dency to outstrip another pedestrian in front), and switching
lanes behaviors. Recently, some researchers have begun to
describe complex characteristics of walking tendentiousness
of pedestrian crossing, such as the right-side-walking (i.e.,
the tendency to walk right)[11–13] and conformity (i.e., when
more than three same-direction people get together, a pedes-
trian will feel safe in the platoon, and then walk together with
them)[14–16] behaviors of pedestrians, but there has been no

mixed consideration of right-side-walking and conformity be-
haviors of pedestrians. Furthermore, in some pedestrian simu-
lation models, although the setting of visual fields of pedestri-
ans has been more and more accorded with the truth,[11–13,17]

there has been none to distinguish different visual fields of
pedestrians at different positions of signalized crosswalks. In
addition, few researchers specifically modeled a pedestrian
flow at the signalized crosswalks, and then made actual and
detailed applied studies. Hence, here we try to overcome these
shortcomings.

This paper aims to improve the crossing efficiency of
pedestrians at the signalized crosswalks. A survey method
includes a questionnaire investigation and tracking investiga-
tion, and involves twelve different scenes, which are utilized
to identify simple and complex walking tendentiousnesses of
pedestrians. A new setting of visual fields of pedestrians is
proposed to depict more realistically the complex walking ten-
dentiousness of pedestrians at the signalized crosswalks. Fur-
thermore, the advanced definitions of transition probabilities
of pedestrians are used to quantize the walking tendentious-
ness of a pedestrian crossing, where the forward, right-hand,
outstripping, and influential coefficients are outlined to reflect
the degrees of different walking tendentiousnesses of pedes-
trians. Based on the existing cellular automation (CA) mod-
els of pedestrian flows, we propose and analyze an improved
CA model of bidirectional pedestrian flows to describe cross-
ing behaviors of pedestrians, where walking tendentiousness is
represented by the transition probabilities of pedestrians men-
tioned above. At last, an actually applied study is conducted

∗Project supported by the National Natural Science Foundation of China (Grant No. 51578149).
†Corresponding author. E-mail: rengang@seu.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

078901-1

http://dx.doi.org/10.1088/1674-1056/27/7/078901
mailto:rengang@seu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 27, No. 7 (2018) 078901

according to the proposed CA model, where channelization
research of bidirectional pedestrian flow is presented to im-
prove the crossing efficiency of pedestrians through altering
the degrees of right-side-walking and conformity behaviors of
pedestrians at a real signalized crosswalk.

2. Relevant literature

The main research content of this study includes model
and application of bidirectional pedestrian flows at signalized
crosswalks. The literature review is divided into two parts, the
review of simulation models and review of applications of a
pedestrian crossing.

2.1. Simulation models

Simulation is a flexible and practical method to study
characteristics and dynamics of pedestrian flows. Recently,
various pedestrian models have been proposed by researchers
in various fields, such as agent-based,[18,19] gas kinetic,[7,17,20]

social force,[21–25] and CA[2,11–14,26–29] models. However, the
social force and CA models are the most well-known.

The social force concept of pedestrian flow modeling
was proposed primarily by Helbing[21] and was experimen-
tally calibrated and validated by Johansson et al.[22] The so-
cial force model can model the movement of each individ-
ual, which is governed by the sum of different social forces
(i.e., repulsion from obstacles to individual and acting forces
among individuals). However, the social forces are controlled
by differential equations, whose calculation methods are com-
plicated and immature. Therefore, this model can hardly de-
scribe some complex psychological activities of pedestrians,
such as a hybrid description of right-side-walking and confor-
mity behaviors of pedestrians.

The ability to generate fundamental pedestrian flows
was demonstrated by Blue and Adler using a CA micro-
simulation of a pedestrian walkway with the unidirectional
flow,[30] wherein six basic rules directly describe the basic
forward movement and switching lanes behaviors. Then,
Blue and Adler proposed a bi-directional pedestrian flow
model.[31] The effort of a CA simulation related to the pedes-
trian counter flow was criticized and expanded upon by many
other researchers.[2,11–14,32–37] The cellular-based models are
simple to develop and have been proved capable of describ-
ing pedestrian movement realistically and reproducing a vari-
ety of dynamic pedestrian phenomena. Furthermore, the CA
has high performance because of its simple updating rules.
Hence, the pedestrian flow is modeled on the basis of a set
of governing rules that can be easily modified according to the
considered model reflecting various interaction rules among
pedestrians. In practice, realistic modeling of the interaction

between pedestrians is fundamental and critical for a reliable
CA model.

However, many CA models use a set of rules to describe
how pedestrian behavior is influenced by pedestrian interac-
tion, but the rules reported by most researchers are largely de-
pendent on certain assumptions and theories. Namely, it is
unrealistic to assume an identical influence of neighbors lo-
cated at different distances or directions on the focal pedes-
trian. This paper fills mentioned shortage, which introduces
the forward, right-hand, outstripping, and influential coeffi-
cients to quantify the degrees of pedestrians walking tenden-
tiousness according to the actual survey data (related to the
pedestrians walking tendentiousness) in the definition of tran-
sition probabilities.

2.2. Application of pedestrian crossing

The modeling of a bidirectional pedestrian flow at sig-
nalized crosswalks is very different from simulations of other
pedestrian flows. Namely, estimations of pedestrian crossing
time and delay at signalized crosswalks require a sophisticated
simulation model. To model the pedestrian flow at signalized
crosswalks, Lam et al. studied the pedestrian walking speed–
flow relationship at signalized crosswalks for different land
uses.[38] Then, Lee et al. presented a calibration of a pedestrian
simulation model based on the observation survey,[39] and Lee
and Lam proposed a new pedestrian simulation model for sig-
nalized crosswalks in Hong Kong.[40] Furthermore, they also
presented a further study on the development of the pedestrian
simulation model at signalized crosswalks. In recent years,
various kinds of pedestrian models for signalized crosswalks
have been developed and proposed by many researchers from
different fields.[40–44]

However, most of the simulation models related to pedes-
trian crossing are still in the theoretical research stage, and
fewer application studies of signalized crosswalks are mainly
focused on signal timing and turning lanes,[34,45] rather than
to raise pedestrian crossing efficiency. Therefore, here we are
trying to describe the effects of right-side-walking and con-
formity behaviors of pedestrians on the crossing efficiency of
pedestrians and obtaining a finial channelization method based
on the analysis of simulations and experiments at a real signal-
ized crosswalk.

3. Proposed model
The model derivation is based on different walking ten-

dentiousnesses and existing CA simulation models of pedes-
trians. The basic modeling process mainly includes four as-
pects as follows. Firstly, a mixed survey including question-
naire investigation and video tracking investigation is con-
ducted to study the characteristics of walking tendentiousness
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of pedestrian crossings using twelve kinds of different scenes.
Secondly, visual fields of pedestrians are redefined to better
describe different right-side-walking and conformity behav-
iors of pedestrians at signalized crosswalks. Then, the de-
grees of walking tendentiousness of pedestrian crossings are
reflected by forward, right-hand, outstripping, and influential
coefficients, which are outlined using the survey data in an ad-
vanced definition of transition probabilities. Finally, according
to the CA pedestrian simulation model reported by Blue and
Adler,[30,31] a simple set of rules, well suited in the simula-
tion on digital computers, is made to investigate bidirectional
pedestrian flow at signalized crosswalks.

3.1. Characteristics of walking tendentiousness

The walking tendentiousness of a pedestrian crossing is
generally quantized by probabilities of pedestrians walking in
different directions (i.e., their transition probabilities), and can
characterize psychological activities of pedestrians including
forward movement, outstripping, right-side-walking, and con-
formity behaviors. To better describe the walking tendentious-
ness of pedestrians (i.e., the site pedestrians select in the next
step), twelve kinds of scenes are designed in Fig. 1. In the fig-
ure, the light blue square block represents the participator of
a survey, the navy blue circular shape represents pedestrians
regardless of the walking direction in the CA neighborhood,
the red triangle that points to the right represents pedestrians
walking in the same direction as the participator, and the green
triangle that points to the left represents pedestrians walking in
the opposite direction to the participator.

In different scenes, the CA neighborhood including five
positions marked by numbers 1–5 (each position is a neighbor-
ing cell) is able to account the forward movement, switching of
adjacent lanes (i.e., outstripping other pedestrians, right-side-
walking, and conformity behaviors), and waiting in situ. Here,
we do not consider the backward movement (i.e., the tendency
to walk backward) because of its rarity in a pedestrian cross-
ing. Each participator can just choose a position marked by
a certain number. To acquire the site selection of pedestrians
in the next step, five possible moving directions of each pedes-
trian are specified as forward (number 1), left (number 2), right
(number 3), front left (number 4), and front right (number 5).

Purposes of twelve kinds of scenes are as follows.
Scene a judges pedestrian proclivities to walk in different

directions.
Scene b obtains the right-side-walking behavior of pedes-

trians and judges pedestrian proclivities to outstrip another
pedestrian.

Scene c judges pedestrian proclivities to outstrip another
pedestrian.

Scene d obtains the right-side-walking behavior of pedes-
trians.

Scenes e–l describe different conformity behaviors of
pedestrians under the influence of their right-side-walking be-
havior in various scenes.
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Fig. 1. (color online) Twelve kinds of scenes in the questionnaire sur-
vey.

Regarding the data collection, video tracking is a widely
accepted and efficient investigation method, but it is not able to
simultaneously obtain the walking tendentiousness of pedes-
trians in twelve kinds of scenes via pedestrian tracking, and
it is hard to get the psychological activities of pedestrians in
some scenes presented in Fig. 1. On the other hand, the ques-
tionnaire is inaccurate, but it can overcome disadvantages of
video tracking and thoroughly obtain different walking ten-
dentiousnesses of pedestrians at different scenes. Therefore,
a mixed survey including both questionnaire investigation and
video tracking investigation is designed and conducted accord-
ing to the research needs.

In Chongqing of China, the pedestrians (near main road
intersections, metro stations, bus stations, and railway sta-
tions) and students of Chong Qing Normal University partic-
ipated in the questionnaire investigation, and they were asked
to assume that they were crossing a signalized crosswalk with
the high-volume pedestrian flow. Lastly, 897 questionnaires
were valid. In the video tracking investigation, five videos
of signalized crosswalks were shot in Nanjing and Chongqing
of China, and the walk tracks of 500 pedestrians who were
crossing the road were observed. Moreover, their walking ten-
dentiousness at different scenes was recorded. The integrated
results (averaged results of two investigations) are given in Ta-
ble 1, where each result represents the probability that pedes-
trians who choose a site (i.e., a neighboring cell) in the next
step are in the related scene. These results indicate that pedes-
trians have a powerful propensity for walking towards a des-
tination (forward and outstripping) and are rather partial to go
right. Furthermore, the right-side-walking and conformity be-
haviors of respondents have a certain impact on each other.
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Table 1. Statistical results (%).

Scene Number 1 Number 2 Number 3 Number 4 Number 5
label (front) (left) (right) (front left) (front right)

a 81.65 2.63 3.59 4.87 7.27
b 0 4.73 7.53 36.10 51.64
c 0 0 10.48 0 89.52
d 0 0 0 41.27 58.73
e 0 0 0 55.65 44.35
f 0 0 0 34.32 65.68
g 0 0 0 3.50 96.50
h 0 0 0 9.95 90.05
i 0 0 0 43.12 56.88
j 0 0 0 62.61 37.39
k 0 0 0 94.40 5.60
l 0 0 0 88.58 11.42

3.2. Visual field

Defining the visual field of pedestrians plays an important
role in distinguishing different right-side-walking and confor-
mity behaviors of pedestrians because different numbers of
pedestrians near a certain pedestrian may influence him to
have different right-side-walking and conformity behaviors. In
previous studies, most researchers thought that the visual field

of each pedestrian are almost the same. However, as a pedes-
trian gets closer to the boundary of the signalized crosswalk,
his visual field is smaller than that when he is in the middle of
the crosswalk (i.e., he pays more attention to what is outside of
the crosswalk). Therefore, a new delimitation of visual fields
of pedestrians at signalized crosswalks is proposed as follows.

Visual fields of pedestrians at different positions on a
crosswalk are shown in Fig. 2, where the width of the visual
field of a pedestrian decreases with the reduction of the dis-
tance between pedestrian and end side of the crosswalk. When
a pedestrian is very close to his destination (i.e., the opposite
side of a crosswalk), the length of his visual field is equal to
the distance between a pedestrian and his destination. To dis-
tinguish different right-side-walking and conformity behaviors
of pedestrians, the visual field of each pedestrian is divided
into three parts: forward, left, and right. The number and pro-
portion of other pedestrians walking in the same (or opposite)
direction in left and right visual fields can describe the con-
formity behavior of pedestrians under the influence of their
right-side-walking behavior, which can be reflected in scenes
e–l in Fig. 1.
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Fig. 2. (color online) Visual fields of pedestrians at different positions.

3.3. Transition probability formulation

In this section, each pedestrian can choose any unoccu-
pied neighboring cell (but only one) with a certain probabil-
ity, or stays at the original position if all neighboring cells are
occupied by other pedestrians in that time step. The corre-
sponding diagram is shown in Fig. 3, where Pm (m = 1, 2, 3,
4, 5) is the transition probability of the corresponding position
(neighboring cell) selected by a pedestrian.

When walking tendentiousness of pedestrians is not con-
sidered, each pedestrian has an initial transition probability p0

of each cell in the CA neighborhood defined as

p0 =

{
0, the cell is occupied,
1/n, the cell is free, (1)

where n is the number of unoccupied neighboring cells.
However, in order to simulate a bidirectional pedestrian

flow at the signalized crosswalk better, the forward, right-
hand, outstripping, and influential coefficients are quoted to
quantize different walking tendentiousnesses of pedestrians,
then to correct the initial transition probability. The forward,
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right-hand, and outstripping coefficients have been involved
by Yue et al.[11,12] and Ren et al.[13] to describe forward move-
ment, right-side-walking, and outstripping behaviors, while
the influential coefficients are here proposed for the first time
to depict the conformity behavior under the influence of right-
side-walking behavior of pedestrians.

P5 P4

P1

P3
P2

P5

P2
P3

P4

P1

Fig. 3. (color online) Diagram of transition probability of pedestrians.

3.3.1. First correctional transition probability

The forward movement, outstripping, and right-side-
walking behaviors are first quantized by

f = (Na1/Na2 +Na1/Na3 +Na1/Na4 +Na1/Na5)/4,
r = [(Nb3 +Nb5)/(Nb2 +Nb4)+Nd5/Nd4]/2,
s = [(Nb4 +Nb5)/(Nb2 +Nb3)+Nc5/Nc3]/2,

(2)

where f is forward coefficient, r is right-hand coefficient, s
is outstripping coefficient, Na1 (71.46%) is the probability of
participators to choose the neighboring cell marked by a num-
ber 1 in scene a, which is listed in Table 1. The notation Na1

is similar in meaning to notations Na2 (4.24%), Nb2 (7.27%),
Nc3 (19.02%), etc. Likewise, the definitions of these notations
are equally applied to Eq. (4). Taking data from Table 1 into
Eqs. (2) and (4) can make our survey determine the relevant
coefficients, and thereby impact our model.

Then, the initial transition probability of each neighbor-
ing cell is corrected by

P1 = f p0, P2 = rp0, P3 = srp0,

P4 = sp0, P5 = p0. (3)

This corrected transition probability is called the first correc-
tional transition probability, and it is applicable to the pedes-
trians in whose right and left visual fields there is no other
pedestrian.

3.3.2. Second correctional transition probability

According to Fig. 1 and Table 1, there are two resem-
blances in both scenes e and f . On the one hand, the number
of pedestrians in the left visual field of the pedestrian is big-
ger than that in the right visual field. In addition, the number
of pedestrians walking in the same direction in the left visual
pedestrian field is higher than that in the right one. On the
other hand, the percentages of pedestrians that walk right are
similar in both scenes. Hence, the same influential coefficient

is used in both scenes e and f . In that manner, influence co-
efficients are determined in scenes g–l. Then, four kinds of
scenes (i.e., scenes e and f , g and h, i and j, k and l) are re-
combined to show different effects of conformity behavior on
right-side-walking behavior.

The conformity behavior under the influence of right-
side-walking behavior is quantized to influential coefficients
given by

cr1 = (Ne5 +N f 5)/(2Nd5),cl1 = (Ne4 +N f 4)/(2Nd4),

cr2 = (Ng5 +Nh5)/(2Nd5),cl2 = (Ng4 +Nh4)/(2Nd4),

cr3 = (Ni5 +N j5)/(2Nd5),cl3 = (Ni4 +N j4)/(2Nd4),

cr4 = (Nk5 +Nl5)/(2Nd5),cl4 = (Nk4 +Nl4)/(2Nd4),

(4)

where cl1 and cr1 are the left and right influential coefficients
in scenes e and f , respectively. cl1 and cr1 are similar in
meaning to cl 2 and cr2 (in scenes g and h), cl3 and cr3 (in
scenes i and j), and cl4 and cr4 (in scenes k and l).

Then, the initial transition probability of each neighbor-
ing cell is corrected by

P1 = f p0, P2 = crirp0,

P3 = crisrp0, P4 = clisp0,

P5 = clip0, i = 1,2,3,4.
(5)

The corrected transition probability is the second correctional
transition probability, which is applicable to the pedestrians in
whose right and left visual fields there are one or more pedes-
trians.

Results of relevant coefficients from Table 2 are calcu-
lated respectively using survey data in Table 1 and Eqs. (2)
and (4).

Table 2. Calculated values of relevant coefficients.

Symbol Name Value
f forward coefficient 20.46
r right-hand coefficient 1.44
s outstripping coefficient 7.85

cr1 right influential coefficient of scenes e and f 0.94
cl1 left influential coefficient of scenes e and f 1.09
cr2 right influential coefficient of scenes g and h 1.59
cl2 left influential coefficient of scenes g and h 0.16
cr3 right influential coefficient of scenes i and j 0.8
cl3 left influential coefficient of scenes i and j 1.28
cr4 right influential coefficient of scenes k and l 0.14
cl4 left influential coefficient of scenes k and l 2.22

3.3.3. Disposed transition probability

After the first and second correctional transition probabil-
ities are calculated by Eqs. (3) and (5) respectively, they need
to be disposed by

Pd1 = P1/
5

∑
m=1

Pm, Pd2 = P2/
5

∑
m=1

Pm, Pd3 = P3/
5

∑
m=1

Pm
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Pd4 = P4/
5

∑
m=1

Pm, Pd5 = P5/
5

∑
m=1

Pm, (6)

where Pd1 denotes the disposed transition probability of P1. Pd1

is similar in meaning to Pd2, Pd3, Pd4, and Pd5. The disposed
transition probability can be directly applied in the model for-
mulation (Section 3.4) to determine the walking direction of
pedestrians.

3.4. Model formulation

The crosswalk layout is shown in Fig. 4, where the cross-
walk area is A with width W and length L, A = W × L, is
filled with black and white wide lines. The two gray parts
are the waiting area of pedestrians. When the signal light is
red, pedestrians have to wait for a green light on waiting ar-
eas. The two pink parts are the extension areas (w× L). In
reality, pedestrians may walk out of the crosswalk (i.e., illegal
crossing) to mitigate conflicts with other pedestrians.

w

W

w

L

Fig. 4. (color online) Illustration of signalized crosswalk.

The presented layout is closed and enables pedestrians to
interact while maintaining strict conservation of the flow. Each
cell (position) is either free or occupied by a certain pedes-
trian. At the start of each simulation, the imaginary density
ID (ID = all pedestrians passing the crosswalk/total number
of cells within area A) is between 0.05 and 1.0, which remains
constant in each run. The number of pedestrians who are cre-
ated and assigned to waiting areas at the start of each simu-
lation is Nped = INT (ID×A), where INT denotes the round-
ing functionality. The total simulation time represents the pe-
riod between the moment when the first pedestrian enters the
crosswalk and the moment when the last pedestrian leaves the
crosswalk. A time step is 1 second (s).

Blue and Adler[30,31] built a set of CA rules for pedestrian
flow, which were approved and used by many researchers.
Here, we improve their rules for bidirectional pedestrian flow
at signalized crosswalks, and the main improvements are as
follows.

i) In addition to the forward movement, switching adja-
cent lanes, and waiting in situ, there are two extra fundamental
elements of pedestrian movement that are taken into account:
exchanging position and conflict resolution. Exchanging posi-
tion and conflict resolution are able to avoid the head-on dead-
lock and cell shared by several pedestrians, respectively.

ii) In order to check whether counter flows are affected by
right-side-walking and conformity behaviors of pedestrians,
the definition of “opposite conflict state” is proposed. Namely,
if one or more opposite pedestrians are found in the right and
left visual fields of a pedestrian, he is supposed to be in an
opposite conflict state. Two different types of states should
be distinguished: unidirectional conflict and opposite conflict
states.

In the unidirectional conflict state, the first correctional
transition probability is disposed, which is similar to that re-
ported by Yue et al.[11,12] and Ren et al.[13]

In the opposite conflict state, the second correctional tran-
sition probability is disposed, which appropriately refers to
right-side-walking and conformity behaviors of pedestrians in
different scenes in Fig. 1.

iii) The illegal behavior of pedestrian crossing is consid-
ered, which makes a pedestrian gain health and environmental
benefits (i.e., faster and more comfortably crossing) by mini-
mizing the associated risks.[46] The behavior is represented by
a rule which defines that each pedestrian (at the crosswalk area
and near the extension areas) walks to the extension area with
a certain probability, and then allocates a suitable velocity to
walk forward in the area. We assume that the pedestrian in the
extension areas is not able to return to the crosswalk area.

4. Analysis
4.1. Simulations

The model described above was executed on a crosswalk
(L = 50 cells, W = 12 cells, and w = 2 cells) according to the
recommendation of standards and regulations in China. Each
cell was considered as a square with a side of 0.4 meter (m),
which was scaled based on the minimal requirements for per-
sonal space in China. According to the Highway Capacity
Manual (HCM),[47] three kinds of velocities (0.8 m/s, 1.2 m/s,
and 1.6 m/s) were selected and randomly applied using the ra-
tion 5/75/20 in the first row of waiting pedestrians who were
assumed to be at the unsignalized intersection. Two values of
velocities (1.2 m/s and 1.6 m/s) were selected and randomly
applied using the ration 80/20 by pedestrians (in the extension
areas) who had illegally crossed. The maximum and minimum
speeds of other pedestrians were 1.2 m/s and 0.4 m/s, respec-
tively. Moreover, the delay was emphasized during the simula-
tions. If two opposite pedestrians were head-on and adjacent,
a delay occurred between them (even delay time of 0.2 s was
brought).[14] Note that a pedestrian may cause one or more
delays during the crossing process.

In the simulation, three fundamental parameters were ob-
served. The crossing time (CT ) was defined as the number of
time steps of pedestrians taken in simulation and their delay
times. The mean crossing speed (MCS) and mean pedestrian
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delay (MPD) were the average speed and delay of all pedestri-
ans passing the crosswalk, respectively. Results of CT , MCS,
and MPD were computed by

CT = max
j=1,2,...,Nped

{
t j +0.2n j

}
,

MCS =
Nped

∑
j=1

[0.4L/(t j +0.2n j)]/Nped,

MPD =
Nped

∑
j=1

(0.2n j)/Nped,

(7)

where t j is the time that the pedestrian j needed to pass the
crosswalk, and n j is the number of delays of pedestrian j.

To generate fundamental parameters of pedestrian flow,
the simulations were conducted with different imaginary den-
sities (IDs) ranging from 5% to 95% cell occupancy with
the step of 5%. The pedestrians were randomly assigned to
both waiting areas with ten percent split in walking direction
(90/10, 80/20, 70/30, 60/40, 50/50). Each simulation was run
for 50 times, and the simulation results were averaged.

4.2. Model validation

The proposed model was validated by analysis of MCS–
ID curves, comparison of CT –ID curves between simulations
and other credible merits, and the research of pedestrian dis-
tribution.

Figure 5 depicts results of simulations conducted over
a range of directional split increment of 10% from 90/10 to
50/50. As expected, simulation results in terms of MCS cor-
respond to “well-established level-of-service criteria” (3.0–
3.5 ft/s) defined in Chapter 4 in the HCM[47] for a low den-
sity, and they are in excellent agreement with the field data in
a high-density condition.
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Fig. 5. (color online) The MCS–ID curves of bidirectional pedestrian
flow for different splits.

Simulation results in terms of CT were compared with
two empirical models proposed by Golani and Damti[48] with
different IDs for 90/10 and 50/50 directional splits, since these
two directional splits are very common in real life. Both em-
pirical models were calibrated with the significant amount of

observation data, and have been proven to be solid via engi-
neering practices. In some sense, comparisons with both mod-
els were similar to comparisons with real field data indirectly.
Figure 6 illustrates that three lines match quite well when ID

is less (less than 0.1). However, as ID increases, CT values
of model 1 are much higher than those of the proposed model
and model 2, which is consistent with the finding by Golani
and Damti that model 1 is suitable only for low volume.[48]

In addition, it was found that the CT –ID curve of this model
was identical to that of model 2 in Fig. 6(a). However, as it
can be seen in Fig. 6(b), the results of CT are slightly shorter
than those of model 2, which is caused by the different arrival
rates of pedestrians. Consequently, the proposed model can
accurately estimate the CT .
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250

C
T
/
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model 2
this model

(a)

0 0.2 0.4 0.6 0.8 1.0

50

100

150

200 model 1
model 2
this model

(b)

ID

Fig. 6. (color online) Comparisons of crossing time between this model
and two common empirical models for (a) 90/10 and (b) 50/50 direc-
tional splits.

Figure 7 shows the distribution of pedestrians for ID of
0.5 for 50/50 directional split on the crosswalk for different
time steps. This graphic is a perfect illustration of pedes-
trian crossing (time step = 5 s, 15 s, 25 s, and 50 s), which
reveals well the right-side-walking and conformity behaviors
of pedestrians. Therefore, during the simulation, we were ca-
pable of capturing the mental and behavioral characteristics of
pedestrians, and describing the interactions among them.
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(a) (b)

(c) (d)

Fig. 7. (color online) Distribution of pedestrians at the crosswalk for time steps of (a) 5 s, (b) 15 s, (c) 25 s, and (d) 50 s.

5. Application

In this section, channelization research of bidirectional
pedestrian flow at the signalized crosswalks using the pro-
posed model. At first, we selected a real signalized cross-
walk with the larger pedestrian flow, which was near the sub-
way station of Chongqing of China, and about 14 m long
and 7.5 m wide. Series of simulation runs were executed on
a virtual crosswalk (using almost the same layout as that of
the selected signalized crosswalk). The research range of ID
of the crosswalk was determined through different curves for

bidirectional pedestrian flows with various splits. Then, we
studied the effects of right-side-walking and conformity be-
haviors on pedestrian crossing efficiency at the crosswalk and
obtained a channelization suggestion (i.e., how to raise pedes-
trian crossing efficiency) at the crosswalk. Finally, according
to the proposed channelization suggestions, real experiments
were performed (as required) on the selected crosswalk. We
compared experimental results with simulation results, and a
new (final) channelization method of the crosswalk was deter-
mined to improve the crossing efficiency of pedestrians. The
explained research process is shown in Fig. 8.

   begin: select a real signalized     

crosswalk with a larger pedestrian flow  

determine the research range 

of imaginary density of the      

crosswalk.

study the effects of right side  

walking and conformity 

behaviors at the crosswalk.  

the simulations  

based on the proposed model

the real experiments 

with the help of volunteers

a channelization suggestion 

forthe crosswalk  

a final channelization   

method for the   

selected crosswalk 

improved

apply

Fig. 8. Flowchart of the channelization research.

5.1. Research range of imaginary density

The research range of ID is important to the investiga-
tion of bidirectional pedestrian flow at signalized crosswalks,
and its determination is a challenge for the computer graph-
ics community. If the imaginary density is too small, there
is no need for a study. On the other hand, if the imaginary
density is too high, there is almost no such phenomenon in re-
ality. To determine an appropriate range of selected signalized
crosswalk, a series of simulations on virtual crosswalk were
conducted with different IDs for five directional splits. The
running times of simulations were the same as before, and the
simulation results were also averaged.

As illustrated in Fig. 9, with the reference of Fig. 5, as di-

rectional splits change with the increment of 10% from 90/10

to 50/50, the results of CT and MCS are reducing, whereas

the values of MPD are increasing. For IDs above 0.4, there is

a relatively small change of MCS and MPD as IDs increase.

Moreover, the CT results are greater than 40 s and do not ac-

cord with the truth. However, it was found that the region of

ID [0.05–0.4] has the largest differences in MCS and MPD

for a maximal inclined angle. However, CT , MCS, and MPD

are within the acceptable limits of traffic planners for low ID

[0.05–0.1). In summary, the research range of ID was defined
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as [0.1–0.4] for selected signalized crosswalks.
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Fig. 9. (color online) Curves of bidirectional pedestrian flow for differ-
ent splits. (a) The CT –ID curves. (b) The MPD–ID curves.

5.2. Effects of right-side-walking and conformity behav-
iors

Based on the results of the mixed survey and actual cir-
cumstances of a pedestrian crossing, it was found that right-
side-walking and conformity behaviors have a great effect on
properties of the pedestrian crossing and can be controlled by
the subjective consciousness of pedestrians. Therefore, the
behaviors of pedestrian crossing were modeled using varying
survey data in the research range of ID [0.1–0.4] for 50/50 and
90/10 directional splits, respectively. Unlike the above simula-
tions, these simulations run for 200 times on the virtual cross-
walk to obtain more accurate results, and simulation results
were averaged.

5.2.1. Degrees of right-side-walking and conformity
behaviors

The right-side-walking behavior was associated with
probabilities Pb3, Pb5, and Pd5, and the conformity behavior
was associated with probabilities Pe4, Pf 4, Pi5, and Pj5, accord-
ing to the formulas of transition probability and data of our sur-
vey. Results of different modified coefficients were calculated
using transition probability formula for varying degrees (re-
lated probabilities) of right-side-walking and conformity be-

haviors, respectively. The modified coefficients for different
degrees of right-side-walking behavior is listed in Table 3,
where R+10 describes a degree of right-side-walking behav-
ior when the original probabilities (associated with right-side-
walking behavior) increase by 10%. In that case, the incre-
ment of Pd5 was 10%, whereas increments of Pb3 (2%) and Pb5

(8%) added up to 10% (since the value of Pb5 was about four
times greater than Pb3 when the degree of right-side-walking
behavior was R0). In addition, R−10, R0, R+20, and R+30 were
similar in meaning to R+10. In that manner, C−20, C−10, C0,
C+10, and C+20 can be explained to show different degrees of
conformity behavior, and they are listed in Table 4. Note that
the CT –ID curves are not discussed in this section, because
the length of CT is determined by the last pedestrian, and has
a small influence on right-side-walking and conformity behav-
iors.

Table 3. Modified coefficients for different degrees of right-side-
walking behavior.

Degree Related probabilities
Modified right-hand

coefficient

R−10
Pb3 = 5.53%,

r = 0.96
Pb5 = 43.64%, Pd5 = 48.73%

R0
Pb3 = 7.53%,

r = 1.44
Pb5 = 51.64%, Pd5 = 58.73%

R+10
Pb3 = 9.53%,

r = 2.22
Pb5 = 59.64%, Pd5 = 68.73%

R+20
Pb3 = 11.53%,

r = 3.75
Pb5 = 67.64%, Pd5 = 78.73%

R+30
Pb3 = 13.53%,

r = 8.05
Pb5 = 75.64%, Pd5 = 88.73%

Table 4. Modified coefficients for different degrees of conformity be-
havior.

Degree Related probabilities
Modified influential

coefficients

C−20
Pe4 = 35.65%, Pf 4 = 14.32% cr1 = 1.28, cl1 = 0.61,
Pi5 = 36.88%, Pj5 = 17.39% cr3 = 0.46, cl3 = 1.77

C−10
Pe4 = 45.65%, Pf 4 = 24.32% cr1 = 1.11, cl1 = 0.85,
Pi5 = 46.88%, Pj5 = 27.39% cr3 = 0.63, cl3 = 1.52

C0
Pe4 = 55.65%, Pf 4 = 34.32% cr1 = 0.94, cl1 = 1.09,
Pi5 = 56.88%, Pj5 = 37.39% cr3 = 0.80, cl3 = 1.28

C+10
Pe4 = 65.65%, Pf 4 = 44.32% cr1 = 0.77, cl1 = 1.33,
Pi5 = 66.88%, Pj5 = 47.39% cr3 = 0.97, cl3 = 1.04

C+20
Pe4 = 75.65%, Pf 4 = 54.32% cr1 = 0.60, cl1 = 1.57,
Pi5 = 76.88%, Pj5 = 57.39% cr3 = 1.14, cl3 = 0.80

5.2.2. Effects of right-side-walking behavior

In Figs. 10(a) and 10(b), the values of MPD decrease
when the degree of right-side-walking behavior increases for
both 50/50 and 90/10 directional splits. These findings indi-
cate that the enhancement of right-side-walking behavior can
reduce the MPD. In Fig. 10(c), with the increase of degree
of right-side-walking behavior for 90/10 directional split, the
MCS gradually decreases because some pedestrians have the
tendency to move diagonally with a strong right-side-walking
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behavior. As shown in Fig. 10(d), for 50/50 directional split,
the stronger the right-side-walking behavior is in the ID range
of [0.1–0.15], the higher the MCS is. Further, the MPD is low
within the ID range of [0.20–0.4]. Lastly in the interweav-
ing area, the ID range of (0.15–0.20) is hard to analyze. The
MCS increases when a degree of right-side-walking behavior
increases at low IDs, because the reduction of MPD makes a
bigger impact on the MCS than the tendency of some pedes-

trians to move diagonally with a strong right-side-walking be-

havior.

Comparing Figs. 10(a) and 10(c) with Figs. 10(b) and

10(d), we can conclude that right-side-walking behavior has a

greater effect on the pedestrian crossing of balanced (approx-

imate 50/50 directional split) flows than that of imbalanced

(approximate 90/10 directional split) flows.
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Fig. 10. (color online) Curves for different degrees of right-side-walking behavior. (a) The MPD–ID curves for 90/10 directional split. (b) The
MPD–ID curves for 50/50 directional split. (c) The MCS–ID curves for 90/10 directional split. (d) The MCS–ID curves for 50/50 directional split.
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Fig. 11. (color online) Curves for different degrees of conformity behavior. (a) The MPD–ID curves for 50/50 directional split. (b)
The MCS–ID curves for 50/50 directional split.

5.2.3. Effects of conformity behavior

Due to the small effect of conformity behavior on bidirec-

tional pedestrian flow for 90/10 directional split, the balanced

flow is only discussed here.

Figure 11(a) shows that MPD increases when the degree

of conformity behavior increases for 50/50 directional split,
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which implies that the enhancement of conformity behavior
can have an extra delay of the pedestrian crossing. As shown in
Fig. 11(b), for 50/50 directional split, the stronger the confor-
mity behavior is within the ID range of [0.1–0.15], the higher
the MCS is, because the enhancement of conformity behav-
ior can weaken the tendency of some pedestrians to move di-
agonally (i.e., may weaken the degree of right-side-walking
behavior). In the ID range of [0.25–0.4], the MCS decreases
regardless whether the degree of conformity behavior raises or
reduces, which is caused by the increase of MPD of pedestrian
crossing with a strong conformity behavior. The ID range of
(0.15–0.25) is not analyzed because that was an interweaving
area.

Given that there is a slight variation in results among
varying degrees of conformity behavior, a significant discov-
ery is that conformity behavior has a smaller effect on pedes-
trian crossing than right-side-walking behavior.

5.2.4. Channelization suggestion

In view of the analysis within Sections 5.2.2 and 5.2.3, we
can get a channelization suggestion that for the selected cross-
walk, in the ID range of [0.1–0.4], by enhancing the right-
side-walking behavior of pedestrians and weakening the con-
formity behavior of pedestrians, we can reduce MPD of pedes-
trian crossing, but pedestrians should not move diagonally to
improve MCS of pedestrian crossing.

5.3. Channelization method

In this section, the results of real experiments conducted
at the selected signalized crosswalk are compared with the
simulations to obtain a final channelization method. With
the reference of the channelization suggestion mentioned in
Section 5.2.4, these experiments need to achieve real videos
of pedestrian crossing with different degrees of right-side-
walking and conformity behaviors for different directional
splits in the research ID range of pedestrians. However, it is

very difficult to make such videos at peak time at the cross-
walk without the help of pedestrians. Hence, 80 volunteers
who were students at Chong Qing Normal University were re-
cruited to participate in our experiments at the selected cross-
walk. Please note that participants in experiments include both
random pedestrians and volunteers. The experiments were as
follows.

In the case of Text 1 (i.e., a rough experiment for direc-
tional split 90/10), when the light turned green, 40 volunteers
on one side of the crosswalk began to cross. On the other
hand, in Text 2 (i.e., a rough experiment for the directional
split 50/50), when the light turned green, 80 volunteers (aver-
agely distributed to both waiting areas of the crosswalk) began
to cross. Texts 1 and 2 were done, respectively, after volun-
teers had been told to try to implement the channelization sug-
gestion. Sample photos are shown in Fig. 12.

In Fig. 12(a), the participants showed a strong conformity
behavior, resulting in a phenomenon that there are few pedes-
trians within the red line of the crosswalk. However, such a
phenomenon does not exist in Fig. 12(c), because the weak-
ening of conformity behavior not only reduced the delay of
a pedestrian crossing but also increased the utilization of the
crosswalk. As expected, the efficiency of pedestrian crossing
in Fig. 12(d) was higher than that in Fig. 12(b) due to the im-
plementation of channelization suggestion.

Then, these four Tests were simulated by the proposed
model, where the simulations of Figs. 12(a) and 12(b) were
conducted with the original relevant coefficients, and the simu-
lations of Figs. 12(c) and 12(d) were conducted with the mod-
ified coefficients which made the degree of right-side-walking
behavior increase by 20% and the degree of conformity behav-
ior decrease by 20%. Simulations were run 200 times, and the
results were averaged. As Table 5 shows, the difference of pa-
rameters between simulations and experiments is within 20%,
which is acceptable for the simulation of pedestrian motion.

(b)

(d)

(a)

(c)

Fig. 12. (color online) Photos obtained by the comparative tests. (a) The screen of Text 1. (b) The screen of Text 2. (c) The told screen
of Text 1. (d) The told screen of Text 2.
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Table 5. Comparison of experiments and simulations.

Text number
The number of participants CT of experiment MCS of experiment

at both sides of the crosswalk and simulation/s and simulation/m·s−1

1 51/9 25 and 22.392 0.9361 and 1.0055

2 58/52 30 and 25.722 0.8073 and 0.8644

3 54/15 25 and 22.940 0.9791 and 1.0195

4 62/50 29 and 27.036 0.9072 and 0.8739

In conclusion, the channelization suggestion can be con-

sidered as a final channelization method to promote pedestrian

crossing at the selected signalized crosswalk.

6. Conclusion

The model for bidirectional pedestrian flows at the sig-

nalized crosswalks is proposed incorporating the characteris-

tics of walking tendentiousness and CA model to describe the

psychological activities and crossing behaviors of pedestrians.

Compared to the other models, the proposed model not only

determines the walking tendentiousness of pedestrian cross-

ing (including forward movement, outstripping, right-side-

walking, and conformity behaviors) which is obtained through

the mixed survey, but also takes into account different visual

fields of pedestrians at different positions, different transition

probabilities at different conflict states, and illegal crossing be-

haviors. Moreover, the proposed model was verified by analy-

sis of MCS–ID curves, a comparison of CT –ID curves of the

model and other two empirical models, and research of pedes-

trian distribution in simulations.

Based on the proposed model, channelization research

is presented for bidirectional pedestrian flows at a signalized

crosswalk. In this process, for the crosswalk, we determine the

ID research range of [0.1–0.4] and study the effects of right-

side-walking and conformity behaviors on the efficiency of a

pedestrian crossing. Finally, combining experiments and sim-

ulations, a final channelization method for crosswalk is pro-

posed to promote pedestrian crossing.

This paper indicates that the methodology based on the

combination of simulations and experiments, which denotes

the channelization method, is important for the determination

of pedestrian flows at signalized crosswalks and has broad ap-

plication prospects for various aspects of traffic flows. In the

future, in-depth studies are required to incorporate the inter-

action between pedestrians and vehicles into the simulation

model and investigate effects of the walking tendentiousness

on pedestrian crossing time, speed, and delay.
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