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A new heuristics model based on the Voronoi diagram is presented to simulate pedestrian dynamics with the non-
crowded state, in which these mechanisms of preference demand evading and surpassing, microscopic anti-deadlock, and
site-fine-tuning are considered. The preference demand describes the willingness determination of detouring or following
other pedestrians. In the evading and surpassing mechanisms, in order to achieve a balance between avoiding conflicts
and minimizing detour distances, a new pair of concepts: “allow-areas and denial-areas” are introduced to divide the fea-
sible region for pedestrians detour behaviors, in which the direction and magnitude of detour velocity are determined.
A microscopic anti-deadlock mechanism is inserted to avoid deadlock problem of the counter-directional pedestrian. A
site-fine-tuning mechanism is introduced to describe the behavior of avoiding getting too close to the neighbors in pedes-
trian movement. The presented model is verified through multiple scenarios, including the uni- or bi-direction pedestrian
flow in the corridor without obstacles, the uni-direction pedestrian flow in the corridor with obstacles, and the pedestrian
evacuation from a room with single-exit. The simulation results show that the velocity–density relationship is consistent
with empirical data. Some self-organizing phenomena, such as lanes formation and arching are observed in the simulation.
When pedestrians detour an obstacle, the avoiding area before the obstacle and the unoccupied area after the obstacle can
be observed. When pedestrians evacuate through a bottleneck without panic, the fan-shaped crowd can be found, which is
consistent with the actual observation. It is also found that the behavior of following others in an orderly manner is more
conducive to the improvement of the overall movement efficiency when the crowd moves in a limited space.
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1. Introduction
With the continuous development of urbanization, the

gathering and transfer activities of pedestrians in walking fa-
cilities are becoming more and more frequent. Generally, the
improper design of walking facilities and the unreasonable
organization of pedestrian flow can reduce the efficiency of
pedestrian movement and even induce the stampede-rush phe-
nomena of pedestrians in panic situations. Therefore, the is-
sue of pedestrian evacuation in large public facilities is getting
more and more attention, and the research interest in pedes-
trian dynamics is increasing. Furthermore, these studies of the
characteristics of pedestrian movement, the design of walk-
ing facilities,[1,2] the organization of pedestrian flow, and the
strategies of pedestrian evacuation[3–5] are of great signifi-
cance. Meanwhile, with the development of computer tech-
nology, researchers can qualitatively and quantitatively ana-
lyze the characteristics of pedestrian flow[6] and reproduce the
macroscopic phenomena of crowds in pedestrian simulation.
Then the technology of pedestrian simulation has become a
primary method to explore the microscopic and macroscopic

characteristics of pedestrian flow.[7]

According to the characteristics of the space division,
pedestrian simulation models mainly include discrete-space
and continuous-space models. Meanwhile, according to
the driving methods, the simulation methods mainly include
force-based and rule-based models.[8] They are widely used
to research the microscopic and macroscopic characteristics
of pedestrians. Among them, the discrete-space models have
the characteristics of discretization in the simulation space and
step, such as the cellular automata (CA) model,[9–13] the floor
field model,[14,15] the lattice gas model,[16] and the dynamic
parameters model.[17–19] The continuous-space models have
the characteristics of discrete simulation step and continuous
simulation space, such as the social force model (SFM),[20–33]

the centrifugal force model.[34] The SFM is mainly based on
the force and the heuristic model is mainly based on the rule.[8]

Generally speaking, research objects mainly include pedes-
trians movement or evacuation in walking facilities (such as
walking corridors or evacuation rooms) where we could ob-
serve the unidirectional or bidirectional pedestrian flow,[25,26]
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the evacuation flow[23,24] with sight affected,[20] with multi-
ple emergency exits,[35] and with spatial obstacles.[31,32] Be-
sides, we could observe many pedestrian self-organization
phenomena in the pedestrian simulation, such as “automatic
canalization,”[20,21] “lane formation,”[20,21] “arching before a
bottleneck,”[20,21] “fast is slow,”[10,11] and “avoiding triangle
areas.”[36]

Among the existing simulation models, the CA model is
a discrete-space model, which is widely used because it has
simple rules, fast running speed, and owns the ability to re-
produce many macroscopic phenomena. It divides the space
into a series of uniform discrete cells. Usually, each pedes-
trian occupies a cell. And update rules are set to prompt
pedestrians to move to adjacent cells according to the tran-
sition probability of each time step. With the development
of the CA model, Burstedde et al.[14] proposed the floor field
model based on static and dynamic fields to simulate collec-
tive movement behaviors and self-organization phenomena of
unidirectional and bidirectional pedestrian flow in many sce-
narios. Yue and Wang et al.[18] proposed the dynamic parame-
ter model by introducing affected vision fields and describing
blind follow behaviors of pedestrians during evacuation.

In contrast, the SFM is a continuous-space model which
has simple rules and easy extensibility. And, it can re-
produce many typical self-organizing phenomena, such as
“arching before exit,” “fast is slow,” “gathering behavior,”
and other macroscopic phenomena.[20,21] The simulation re-
sult of SFM is very consistent with empirical research.
The SFM proposes a concept of the imaginary social force
to represent the interaction relationship between pedestri-
ans. According to Newtonian mechanics, the performance
of pedestrian movement is quantitatively affected by the com-
bined force of self-driving force, repulsive force, and contact
force.[20] Besides, researchers proposed many modifications
to improve the performance of SFM, including the improve-
ment of self-driving force,[23,24] the improvement of repulsive
force,[25,26] the introduction of other parameters, the param-
eter calibration,[25–27] and so on. Yang and Dong et al.[23]

introduced many parameters, such as the tension coefficient,
the vision range, and the surrounding environment parameter.
Moreover, they modified the expected direction and set the ex-
pected velocity rule of pedestrians to get a better simulation
result of the characteristics of pedestrian flow. Seer et al.[25,26]

used the actual pedestrian movement data to calibrate the re-
pulsive force parameter and reproduce the pedestrian trajec-
tory.

Besides, the heuristic-based methods,[8,37–41] which inte-
grated heuristics into pedestrian modeling to handle complex
situations and predict smoother pedestrian trajectories. Es-
pecially, the local density can be used to reflect the comfort
level of pedestrians and trigger the pedestrian movement as an

essential parameter.[8] In addition, some researchers studied
the vision-based heuristic rule,[37] the spatiotemporal separa-
tion behavior,[39,40] and the velocity obstacle rule in motion
planning.[41]

By comprehensive comparison of these models, the CA
model has regular grid cells but pedestrians cannot move with
the change of the location. Since pedestrians only can move
to adjacent cells and the determination of the velocity direc-
tion and magnitude are partly limited, the CA model cannot
effectively reproduce the microscopic behaviors of pedestri-
ans. By contrast the SFM can overcome these defects of the
CA model and reproduce smoother pedestrian movement tra-
jectories. Moreover, the SFM can describe the pedestrian dy-
namics and the interaction relationship between pedestrians
much better. Although the SFM has the definite advantages
in reproducing microscopic behaviors and macroscopic phe-
nomena of pedestrians flo, it still has some problems such as
the image of the interactional force between pedestrians, the
lack of accurate methods to measure the interaction relation-
ship between pedestrians,[8] the unreasonably assign of the
values of some parameters, and the overlarge value of the con-
tact force between pedestrians than common sense. Especially,
when pedestrians face several neighbors at the same time, all
of the social force from every pedestrian needs to be com-
bined, but lacks a unified method. The existing combination
methods include linear, nonlinear, etc. The self-driving force
of pedestrians is simply set to point directly to the direction
of the destination.[20] The inadequate description of pedestri-
ans’ mechanism to avoid spatial obstacles or other pedestri-
ans could prevent pedestrians from actively detouring other
pedestrians. These defects usually induces many unreason-
able phenomena, such as the oscillation and deadlock between
pedestrians. The overlapping phenomena between pedestrians
always occur in the traditional SFM, due to the limitation of
kinetic force-based simulation framework, even if the simula-
tion time step is set very small.[42]

Aiming at the issue that pedestrians cannot detour obsta-
cles or neighbors effectively, Jia and Yue et al.[36] proposed
the conjugated SFM which used the forward force and the
lanechange force as a pair of conjugated force to replace the
self-driving force. Moreover, they did not change the velocity
magnitude but changed the velocity direction so that pedestri-
ans can detour other pedestrians or obstacles. However, the
model only suitable for the situation of every pedestrian faced
one major obstacle so the simulation effect was not good when
the pedestrian faced multiple obstacles. To solve the unreason-
able phenomenon of the pedestrian overlapping, some schol-
ars improved the traditional SFM. Seyfried,[43] Parisi[30] intro-
duced a pedestrian stopping mechanism into the SFM. When
the pedestrian deceleration situation occurred, the magnitude
of the actual velocity or expected velocity must instantly be-
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come zero. The mechanism reduced the overlapping phe-
nomenon between pedestrians. Lakoba[22] developed an al-
gorithm based on the explicit numerical integration scheme,
which can prevent most people from forming the overlapping
phenomenon in physical space. Li[44] analyzed the demand
space of pedestrians and introduced a deceleration avoidance
mechanism into the SFM, which avoided pedestrians’ over-
lapping phenomenon to some extent, but did not achieve the
actual detour behaviors of pedestrians.

Aiming at the characteristics of heuristics, we can see
that heuristics are valuable in investigating and simulating
pedestrian dynamics.[37,38] The intelligent method in heuris-
tics was used to evaluate pedestrians’ velocity direction and
magnitude,[37] which replaced the rough calculation of imagi-
nary non-contact force between pedestrians. It achieved much
better simulation results and reproduced many classic self-
organizing phenomena (such as “lane formation,” “stop-and-
go wave”). In the traditional heuristic method,[37] two heuris-
tic rules of pedestrians’ demand to walk quickly and safely de-
termined the velocity direction and magnitude of pedestrians.
Furthermore, Xiao[8] proposed a heuristic rule based on the
Voronoi diagram for pedestrians to walk comfortably, which
was assessed by the local density of pedestrians. However, the
above heuristic rules do not consider the preference and will-
ingness demand of pedestrians to detour. Meanwhile, Xiao[8]

combined heuristic rules with the Voronoi diagram and pro-
posed pedestrians’ detour direction that pointed to the Voronoi
node which was precisely located on the vertical line of two
adjacent pedestrians. Then, pedestrians can avoid locating too
close to touch with any neighbors and get the safety distance
which reached the maximum distance at each Voronoi node.
However, pedestrians expect to reach the destination in the
shortest possible time. Then, when facing obstacles or other
slow-speed neighbors, pedestrians need to find a balance be-
tween collision avoidance and minimizing detour distances.
Obviously, the detour angle and distance are too large when
pedestrians’ detour direction directly points to the Voronoi
node. Qu[45] proposed an improved SFM which based on
the Voronoi diagram. He considered the location and velocity
of pedestrians’ neighbors and established a logit model to de-
scribe pedestrians’ detour direction choice. Furthermore, the
simulation result of unidirectional and bidirectional pedestrian
flow showed that the model could reduce pedestrians’ col-
lision and deadlock frequency, increase pedestrians’ average
velocity magnitude, and predict pedestrians’ detour behaviors.
However, the model still has some defects, such as the occur-
rence of pedestrian overlapping phenomena, the desired detour
direction of pedestrians only can be chosen between different
Voronoi nodes, and the detour angle and distance of pedestri-
ans are relatively large.

In summary, the CA model’s shortcomings mainly in-

clude the fixed space, the presupposed rules, and the unintel-
ligent pedestrian movement. The SFM’s shortcomings mainly
include the simple use of the force effect, no careful consid-
eration of the force boundary, no detailed attention of the mi-
croscopic behavior, the unreasonable assign of the rough pa-
rameter, the lack of the active detour mechanism, no effective
consideration of the multiple obstacles when detouring, the oc-
currence of the overlapping phenomenon, and the unrealistic
occurrence of some macroscopic phenomena. Some heuris-
tic models’ defects with the Voronoi diagram mainly include
the lack of effective balance of collision avoidance and mini-
mizing detour distances and no consideration of pedestrians’
preference and willingness demand.

In order to overcome these shortcomings, we propose a
new heuristic model based on the geometric feature of the
Voronoi diagram in this paper. We propose the mechanisms
of preference demand, evading and surpassing, microscopic
anti-deadlock, and site-fine-tuning. The characteristics of our
model mainly include the dynamic space segmentation, the
change of every space shape with the pedestrian movement,
the intelligence rules, and the precise analysis of the pedes-
trian movement direction with surrounding neighbors. Then,
our model can effectively avoid the pedestrian overlap and col-
lision, and make the pedestrian simulation much more realis-
tic and reliable. Meanwhile, the presented model is verified
through multiple scenarios. We get the reliable fundamen-
tal diagram, the macroscopic phenomenon, and the pedestrian
walking trajectory.

The remainder of this paper is organized as follows. In
Section 2, we propose a new heuristic model based on the
Voronoi diagram. We consider pedestrians’ preference de-
mand which affects the willingness to follow or detour others
in heuristic rules. Then we propose many calculation princi-
ples and mechanisms for confirming the pedestrian walking
direction. In Section 3, we discuss and analyze the simulation
result in multiple scenarios. In Section 4, we conclude our
work.

2. Heuristic model
2.1. Space and pedestrian
2.1.1. Voronoi diagram

Because of the Voronoi diagram’s unique geometric char-
acteristics, many scholars introduced the Voronoi diagram into
pedestrian dynamics,[8,45–47] which is used to determine per-
sonal space, field, safety distance, and neighbors. Further-
more, pedestrians’ local density and optimal velocity also can
be obtained. Generally, the Voronoi diagram divides the two-
dimensional space into irregular convex polygons according
to particle sites. Among them, each particle is located in
its polygonal region in which the particle has all the clos-
est points. Then the polygon is defined as the Voronoi cell
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(VC).[45,46] Moreover, the boundary of the Voronoi cell is de-
fined as the Voronoi link (VL). The Voronoi link is shared by
two adjacent Voronoi cells, which is the mid-perpendicular
line between two adjacent particles. Meanwhile, the vertice
of the Voronoi cell is defined as the Voronoi node (VN). Un-
der the non-degenerate condition, the Voronoi node is associ-
ated with three Voronoi cells and is the intersection of three
Voronoi links.

In the Voronoi diagram, pedestrians are regarded as par-
ticles and each Voronoi cell contains a pedestrian. Since each
Voronoi cell contains all the areas in which the pedestrian can
move access, the space of the Voronoi cell is considered as
the possession of pedestrians.[8] Additionally, the shape of the
Voronoi cell changes with the location of pedestrians in real-
time. The Voronoi cell looks like a distorted cellular automa-
ton but different from others because it has a unique irreg-
ular and non-empty cell. In particular, other pedestrians who
share the same Voronoi link can be regarded as neighbors. The
straight distance from the pedestrian to each Voronoi link can
be regarded as a safe distance.

In the research of the combination of pedestrian dynam-
ics with the Voronoi diagram, the region boundary has various
forms.[8] In our studies, the Voronoi cell is cut off directly by
the wall at the boundary. Then the original Voronoi link and
the Voronoi node are replaced by the new corresponding ones
automatically, as shown in Fig. 1.

Fig. 1. The boundary form in the Voronoi diagram.

2.1.2. Pedestrian space

In our model, each pedestrian has a rigid and an elas-
tic part and is represented by a two-layer circle, as shown in
Fig. 2. The inner circle represents the rigid part of pedestri-
ans, and the outer circle represents the elastic part of pedestri-
ans. The elastic part deforms in real time with the pedestrian’s
velocity magnitude changes. Each part of pedestrians has a
particular radius.

i

elastic circle

rigid circle

head

Fig. 2. The two-layer circle of pedestrian particle.

According to research data[47] and daily observation, the
pedestrian’s projection shape is close to an ellipse. In the tra-
ditional pedestrian simulation,[20] the pedestrian’s elliptic pro-
jection shape is always represented as a circle. Moreover, their
projected areas are basically equal. We can consider the orig-
inal pedestrian’s projection shape as an ellipse, as shown in
Fig. 3(a). Then, by converting the pedestrian’s elliptic area
into a circular area, the rigid circle radius can be approxi-
mately obtained by

π · (as/2) · (bs/2) = π · r2
s , (1)

where as is the major axis length of the ellipse, bs is the minor
axis length of the ellipse, and rs is the rigid circle radius.

as

b
s

i i

as

bs

vmaxSτ(a) (b)

Fig. 3. Various shapes of different pedestrian space demands. (a) The shape
in static pedestrian space demand; (b) the shape in dynamic pedestrian space
demand.

When the pedestrian stands still, the shoulder width is
the longest length of the pedestrian’s projection area. If the
shoulder width is taken as the pedestrian circle’s diameter,
pedestrians can get a relatively comfortable position and avoid
touching the front and rear pedestrians. Then, half of the
pedestrian’s shoulder width can be used as the radius of the
elastic circle when pedestrians stay stationary. In the empir-
ical study,[20] the velocity magnitude of pedestrians in free
flow, normal walk, and eager walk were 0.6 m/s, 1.0 m/s, and
1.5 m/s, respectively. The response time was 0.5 s. We regard
the walking area of pedestrians as a rectangle area during the
reaction time, as shown in Fig. 3(b). When pedestrians eagerly
walk, by converting the sum of the pedestrian’s projection area
and the pedestrian’s walking area into a circular area, the elas-
tic circle radius can be approximately obtained by

π · (as/2) · (bs/2)+ vmax · τ ·as = π · r2
max, (2)

where τ is the relaxation time, vmax is regarded as the maxi-
mum walking velocity magnitude, and rmax is the elastic circle
radius.

Pedestrians need various dynamic space sizes in suitable
velocity magnitude. Generally, the higher the velocity magni-
tude, the larger the dynamic space area. As a linear relation-
ship between the velocity magnitude and the dynamic elastic
circle radius, the calculation formula is shown in Eq. (3). For
example, when the velocity magnitude is zero, the dynamic
elastic circle radius approximately equals the rigid circle ra-
dius. And when the velocity magnitude is maximum, the dy-
namic elastic circle radius equals the largest limiting radius.

re = (rmax− r0)/vmax · ve + r0, (3)
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where ve is the instant velocity magnitude, re is the dynamic
elastic circle radius, and r0 is the static elastic circle radius.

According to geometric characteristics of the Voronoi
diagram,[8] the definition of the local density is the ratio of the
number of pedestrians to the area of the Voronoi cell. The cal-
culation is shown in Eq. (4). The local density can be divided
into four thresholds of low density (1 p/m2), medium density
(1 p/m2–2.5 p/m2), medium-high density (2.5 p/m2–5 p/m2),
and high density (5 p/m2).[8]

ρ = 1/s1, (4)

where ρ is the local density of pedestrians, s1 is the area of the
pedestrian’s Voronoi cell.

The effective area ratio of pedestrians is the ratio of the
area of the dynamic elastic circle to the area of the Voronoi
cell. According to the instant elastic circle radius of each
pedestrian, the area of each pedestrian’s dynamic elastic circle
can be obtained, as shown in Eq. (5). Then, the effective area
ratio of each pedestrian can be obtained, as shown in Eq (6).

s0 = π · r2
e , (5)

γ = s0/s1, (6)

where, s0 is the area of the dynamic elastic circle of pedestri-
ans, and γ is the effective area ratio of pedestrians.

Furthermore, we can see the state of crowded pedestrians
changes with the change of the effective area ratio γ . More-
over, the situation of γ < 1 or γ > 1, which means the pedes-
trian is in a normal non-crowded state or a crowded state, re-
spectively, as shown in Fig. 4. In our research, we focus on the
non-crowded state of γ < 1 in the whole paper.

i i

(a) γ<1 (b) γ>1

Fig. 4. The characteristics of pedestrians with different effective area ratios.
(a) The non-crowded state of γ < 1; (b) the crowded state of γ > 1.

We might observe a scene where two pedestrians are par-
ticularly close. The pedestrians’ dynamic elastic parts and
rigid parts show the situation of cross and separate, respec-
tively. Although pedestrians are crowded, they are still within
the tolerance range, as shown in Fig. 5. However, if the pedes-
trians’ rigid parts intersect, they usually get injured beyond the
tolerance range.

Pi

elastic part

rigid 

body part

Pj

elastic part

rigid 

body part

Fig. 5. The scene of two pedestrians intersect.

2.2. Detour behaviors

Generally, pedestrians detour or follow others can be seen

everywhere in daily life. For example, when a healthy young

adult is taking a walk and a slow-walking older adult or a sta-

tionary obstacle ahead, the young adult would speed up to de-

tour. When two normal pedestrians walk in the opposite direc-

tion, at least one pedestrian could notice the oncoming pedes-

trian and change the movement direction in advance instead

of insisting on the original movement direction and colliding

with the other pedestrian. When a group of rush pedestrians

on the subway platform, though most pedestrians could reduce

the detour behavior and follow others in front, the other pedes-

trians might eagerly choose to go through the limited gap.

In the simulation, though the traditional SFM can excel-

lently reproduce most of the self-organizing phenomena, some

unreasonable congestions or deadlocks still occur.[36,45] The

pedestrian desired direction is simply set to the destination and

is not dynamically updated. In Fig. 6, two pedestrians are lo-

cated at the up and the down center of the corridor in a line,

respectively. The destination of pedestrian i and pedestrian j is

the up end of the corridor. If simply setting the desired direc-

tion (0, 1) for pedestrian i and pedestrian j, they are walking

in the same direction and the rear pedestrian walks fast, as

shown in Fig. 6(a). Or the destination of pedestrian i is the up

end and pedestrian j is the down end of the corridor. If simply

setting the desired direction (0, 1) for pedestrian i and (0, −1)

for pedestrian j, they are walking in the opposite direction, as

shown in Figs. 6(b) and 6(c). The resulting force of pedes-

trians might finally cause a collision between them and even

lead to an unreasonable deadlock. For example, pedestrians

are located at the final conflicting locations i1 and j1, respec-

tively, as shown in Fig. 6(b). However, in reality, at least one

pedestrian might change the walking direction and choose to

detour instead of insisting on the original direction. For exam-

ple, pedestrians are located at the final non-conflict locations

i2 and j1 respectively, as shown in Fig. 6(b).
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i

i1

j
i2

i

i1

j

j1

i2

i

i1

j

j1

i2

j2

(a) (b) (c)

Fig. 6. Some unreasonable situations occur in the traditional SFM. (a) Pedes-
trian i and pedestrian j, walking in the same direction. In the simulation of the
traditional SFM, pedestrian i would move to location i1, but in reality, e.g.,
the final location might be i2; (b) pedestrian i and pedestrian j are walking
opposite to each other. In the simulation of the traditional SFM, pedestrian i
and pedestrian j would move to location i1 and location j1, respectively, but
in reality, e.g., pedestrian i might move to location i2 and pedestrian j might
move to location j1 along the original direction; (c) opposing the movement
of pedestrian i and pedestrian j, in the simulation of the traditional SFM,
pedestrian i and pedestrian j would move to the location i1 and location j1,
respectively but in reality, e.g., both the pedestrian i and pedestrian j might
move respectively to location i2 and location j2.

2.3. Heuristic rules

The traditional heuristics mainly determine the pedestrian
velocity direction and magnitude according to two heuris-
tic rules of the demand of pedestrians walking quickly and
safely.[8,37] In our model, we propose a third movement de-
mand of pedestrians’ preference and willingness.

In general, pedestrians expect to reach the destination in
the shortest time. Obviously, the velocity direction directly
point to the destination is the most popular choice of pedes-
trians. However, obstacles and other slow-speed pedestrians
might be located in the shortest movement direction of the nor-
mal walking pedestrian, which may induce the motion conflict.

Therefore, pedestrians need to balance the collision
avoidance and minimize the detour distance and choose the
optimal velocity direction. Meanwhile, pedestrians usually
need specific buffer time to evade other obstacles or neighbors
and compensate for the delay to maintain sufficient safety dis-
tance and adjust reasonable velocity magnitude.

However, pedestrians are intelligent in the actual walk-
ing process. Many certain and uncertain factors can determine
their behaviors. Pedestrians not only need to consider the de-
mand for walking fast and safe but also need to consider many
other factors. Such as age, gender, habits, mood, compan-
ions, neighbors, environments, travel purpose, and travel time.
Even the same pedestrian might choose various movement be-
havior under the same environmental condition at a different
time. We also can see the unusual phenomenon that pedes-
trians choose to detour quickly or follow others though the
scenarios are not suitable or they can make other reasonable
choices. For example, some older adults or young girls prefer
to follow others or stroll with peers instead of walking fast.

Then, based on the two traditional heuristic rules above, we
propose a third movement demand of pedestrians’ preference
and willingness.

Since pedestrians’ preference and willingness demand are
composed and influenced by many factors, we simplify the
process and unify the demand into pedestrians’ detour or fol-
low behavior choice. We consider the preference and willing-
ness demand can affect pedestrians’ behavioral determination.
For example, pedestrians intend to detour and could when the
external condition is appropriate for a detour. Furthermore,
pedestrians do not intend to detour and could choose to follow,
though the external condition is still appropriate for a detour.

Meanwhile, for pedestrians’ safe walk demand, we also
propose an anti-deadlock mechanism to prevent conflicts in
the counter-directional pedestrian flow. When walking in the
opposite direction, adjacent pedestrians might involuntarily
choose to detour each other. The situation may cause a new
conflict which leads to unreasonable congestion and deadlock.
In order to avoid such unreasonable phenomenon, we set a
rule that pedestrians must make reasonable velocity direction
choice based on the local density. Besides, for pedestrians’ fast
and comfortable walk demand, we propose a site-fine-tuning
mechanism that pedestrians’ locations would be fine-tuned to
avoid pedestrians getting too close to neighbors.

2.4. Elementary characteristics of velocity direction

The pedestrian movement can be divided into two stages
of cognition and action.[8] In the stage of cognition, the move-
ment information is identified, such as location, velocity, local
density, neighbors, and safety distance. In the stage of action,
based on the existing cognitive information, the velocity direc-
tion and magnitude of pedestrians are decided. According to
the heuristic rules, the pedestrian movement choice is mainly
based on the demand for fast, safe, preferences, and willing-
ness. By using the geometric characteristics of the Voronoi
diagram, we can obtain pedestrians’ personal domain, which
includes local density, safety distance, and neighbors. We con-
sider that the elementary characteristics of the velocity direc-
tion should include the target/follow direction and the detour
direction, as shown in Fig. 7. Especially, we think that pedes-
trians mainly choose to follow others in the target direction.

The target/follow direction is a unit direction vector from
the pedestrian center to the target point. According to the de-
mand for walking fast and preference, pedestrians like directly
walking to the target point instead of deviating from it. The
target/follow direction is the primary choice as the velocity
direction of pedestrians. The calculation of the target/follow
direction 𝑒des is shown as

𝑒des = (Di−P)/(||Di−Pi||), (7)

where Pi and Di represent pedestrians’ location coordinate and
target point, respectively.

018902-6



Chin. Phys. B Vol. 30, No. 1 (2021) 018902

i5

i1
.

i4 i3

D

i0
i2

detour6

detour
7

d
eto
u
r
8 ta

rg
et
/
fo
ll
o
w

de
to
ur
1

de
to
ur
2

detour
3

detour
4d

et
ou
r 5

Fig. 7. The basic characteristics of the velocity direction. The blue arrow is
the target/follow direction, and the green arrows are various potential detour
directions.

The detour direction is a unit direction vector from the
pedestrian center to both sides of others in which pedestrians
can detour successfully. According to the demand for walking
safely and preference, pedestrians could detour others. The
calculation of the detour direction 𝑒detour is shown as

𝑒detour = (ni−P)/(||ni−Pi||), (8)

where Pi represents pedestrians’ coordinate, and ni represents
the intersection point of the detour direction with the corre-
sponding Voronoi link.

2.5. Determination of walking direction

Based on the situation of the existing space and the move-
ment preference, pedestrians make decisions to follow or de-
tour others. When deciding to detour, pedestrians not only
need to consider the relationship with neighbors, but also need
to consider the relationship with obstacles and walls. Then we
can obtain a set of possible detour directions for pedestrians
to decide, and we need to choose the optimal detour direction.
The decision process of the optimal movement direction for
pedestrians to choose is shown in Fig. 8.

2.5.1. Choice of walking direction

In the simulation when facing surrounding complex en-
vironments pedestrians should decide the movement behavior
of detour or follow others to avoid potential collisions. For ex-
ample, when walking in the original target direction, if pedes-
trians are going to collide with others, they should instantly
choose the temporary direction to detour or follow. The target
direction 𝑒dir choice process could be clearly identified as

𝑒dir =

{
𝑒detour, if di j−𝜏 · (𝑣i−𝑣 j) ·𝑒i j < ri + r j + ε,
𝑒des, otherwise,

(9)

where 𝑒detour is the detour direction, 𝑒des is the original tar-
get direction, 𝑒i j is the unit vector pointing from pedestrian
i to pedestrian j, di j is the distance between pedestrian i and
pedestrian j, τ is the relaxation time, ε is a parameter that con-
trols the safe distance between pedestrians, ri and r j are the ra-
dius of pedestrian i and pedestrian j, respectively. Especially,
𝑣i and 𝑣 j indicate the normal walking velocity of pedestrian i
and pedestrian j in the original target direction respectively.

Do pedestrians need to 

detour?

Do pedestrians have  

willingness to detour?

Considering the relationship 

with neighbors

target/follow   

direction

optimal detour 

direction

Considering the relationship 
with boundaries of walls

Yes

No

No

Yes

Do pedestrians have space to  

detour?

Yes

No

Fig. 8. The decision-making process of pedestrians’ movement direction.

2.5.2. Calculation principle of detour direction

Since pedestrians have the demand to detour others, we
propose principles to calculate the exact detour direction. We
assume that the red detouring-pedestrian i0 could detour both
sides of the surrounding blue detoured-pedestrian i1 at the
minimum angle. Especially, we set a pair of virtual yellow
pedestrian i′1 and pedestrian i′′1 which tangent with both sides
of the blue detoured-pedestrian i1 respectively. The hypothet-
ical situation is shown in Fig. 9. Then, we set both of the cen-
ter coordinates of the yellow virtual pedestrians are O′1 (x1, y1)
and O′′1 (x2, y2), respectively. Moreover, we also unify them
as (x, y) in Eq. (10) for convenience, and we can obtain them

018902-7



Chin. Phys. B Vol. 30, No. 1 (2021) 018902

from Eqs. (10)–(12).

lO1O′1(O1O′′1)

= ||O′1(O′′1)−O1||=
√
(x− xO1)

2 +(y− yO1)
2,

lO1O′1(O1O′′1)
= ri0 + ri1 +α, (10)

lO1O0

= ||O0−O1||=
√

(xO0 − xO1)
2 +(yO0 − yO1)

2, (11)

lO1O′1(O1O′′1)
/lO1O0

= (𝑙O1O′1(O1O′′1)
· 𝑙O1O0)/(lO1O′1(O1O′′1)

· lO1O0), (12)

where, (xO0 ,yO0) is the center coordinate of the red detouring-
pedestrian i0, (xO1 ,yO1) is the center coordinate of the blue
detoured-pedestrian i1, and α is a parameter that controls the
distance between the detoured-pedestrian and the detouring-
pedestrian.

i0

i1

O1
O1'

O1''

D

O0

i1'

i1''

Fig. 9. The situation of the detouring-pedestrian intends to detour one ma-
jor neighbor. The red circle represents the detouring-pedestrian i0, the major
blue circle ahead represents the detoured-pedestrian i1, and the yellow circles
represent the pair of virtual pedestrian i′1 and pedestrian i′′1 .

After the pair of the virtual pedestrians’ center coordi-
nates obtained, we can get both of the available detour direc-
tions of the detouring-pedestrian as

𝑒detour =

{
(O′1−O0)/(||O′1−O0||),
(O′′1−O0)/(||O′′1−O0||).

(13)

2.5.3. Relationship with neighbors

Generally speaking, pedestrians usually have multiple
neighbors, so we should judge whether the pedestrian can pass
through every two adjacent neighbors. We assume that both of
the blue detoured-pedestrian i1 and detoured-pedestrian i5 in
front of the red detouring-pedestrian i0, as shown in Fig. 10.
Obviously, the center coordinates of the corresponding two
pairs of the yellow virtual pedestrians can be obtained from
Eqs. (10)–(13). Next, we should judge which two virtual
pedestrians are sandwiched between the detoured-pedestrian

i1 and detoured-pedestrian i5. The way to calculate the center
coordinates of the two sandwiched virtual pedestrians can be
obtained as

ninner1 =

{
O′1, if ∠O′1O0O5 < ∠O′′1O0O5,
O′′1 , if ∠O′1O0O5 > ∠O′′1O0O5,

(14)

ninner5 =

{
O′5, if ∠O′5O0O1 < ∠O′′5O0O1,
O′′5 , if ∠O′5O0O1 > ∠O′′5O0O1,

(15)

where ninner1 and ninner5 are the center points of the two sand-
wiched virtual pedestrians.
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Fig. 10. The situation of the detouring-pedestrian can pass through two adja-
cent neighbors.
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Fig. 11. The situation of the detouring-pedestrian cannot pass through two
adjacent neighbors.

By judging the relative location relationship with the
center coordinates of the two sandwiched virtual pedestri-
ans and the two detoured-pedestrians, we can judge whether
the detouring-pedestrian can pass through the two detoured-
pedestrians. We set O′1 and O′′5 are the center points of the
two sandwiched virtual pedestrians. If ∠O′1O0O1 <∠O′′5O0O1

the red detouring-pedestrian i0 can pass through the blue
detoured-pedestrian i1 and detoured-pedestrian i5 as shown
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in the case of Fig. 10. If ∠O′1O0O1 > ∠O′′5O0O1, the red
detouring-pedestrian i0 cannot pass through the blue detoured-
pedestrian i1 and detoured-pedestrian i5, as shown in the case
of Fig. 11. Meanwhile, the two detour directions 𝑂0𝑛inner1

and 𝑂0𝑛inner2 are not in the selection set of available detour
directions of the detouring-pedestrian i0.

2.5.4. Relationship with boundaries

In addition to the relationship with neighbors, pedes-
trians also need to consider the relationship with the wall.
We assume that the red detouring-pedestrian i0 closes to the
wall W1 and the distance between them is d0, as shown in
Fig. 12(a). Then, we get both of the potential detour direc-
tions that the red detouring-pedestrian i0 bypasses the blue
detoured-pedestrian i1 by Eqs. (10)–(13). And we set the de-
tour directions as 𝑙′1 and 𝑙′′1 , respectively. Obviously, the detour
direction 𝑙′′1 of the detouring-pedestrian i0 points to the wall
W1, and the detouring-pedestrian i0 would collide with the wall
W1 if choosing the movement direction 𝑙′′1 . But this situation
does not fit the common sense. Therefore, we set that when
the distance d0 between the pedestrian and wall fits d0 < β , the
detour direction that points to the side of the wall is not in the
selection set of the available detour direction. Where, β is a
parameter that controls whether the distance d0 can affect the
choice of the pedestrian detour direction. By contrast, when
d0 > β the detouring-pedestrian i0 is away from the wall W1

(see Fig. 12(b)), and then both of the potential directions are
in the set of the available detour directions of the pedestrian i0.
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O1

O1'O1''

l1
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l1
''
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i1'i1
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O1
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l1
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O0

i1'i1''

W1 W2 W1 W2

d0
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D
D

(a) (b)

Fig. 12. The relationship between the pedestrian and the wall. (a) The situ-
ation of d0 < β that the detouring-pedestrian could not choose the direction
to the wall; (b) the situation of d0 > β that the detouring-pedestrian could
choose the direction to the wall.

2.5.5. “Allow-areas and denial-areas” for walking di-
rection choice

Considering pedestrians usually facing multiple neigh-
bors at the same time, we propose a pair of “allow-areas and
denial-areas” rule to screen the set of the available detour di-
rection of the detouring-pedestrian. We assume that the red
detouring-pedestrian i0 is surrounded by five blue neighbor-
pedestrians i1, i2, i3, i4, and i5, as shown in Fig. 13. With

the detouring-pedestrian i0 and the detoured-pedestrian i1, we
set both of the center points of the yellow virtual pedestrians
are O′1, O′′1 , respectively. Besides, the critical detour direc-
tion 𝑂0𝑂

′
1(𝑙
′
1) satisfies 𝑂1𝑂

′
1⊥𝑂0𝑂

′
1. Similarly, the criti-

cal detour direction 𝑂0𝑂
′′
1 (𝑙
′′
1) satisfies 𝑂1𝑂

′′
1⊥𝑂0𝑂

′′
1 . Then

the detouring-pedestrian i0 can judge the surrounding situa-
tion once with the detoured-pedestrian i1. No matter which
movement direction is chosen for pedestrian i0 walking into
the area l′1O0l′′1 , the detouring-pedestrian i0 would collide with
the detoured-pedestrian i1. Then this area l′1O0l′′1 is marked as
“denial-areas” which is a collision area between the detouring-
pedestrian i1 and the detoured-pedestrian i0. Meanwhile, the
detouring-pedestrian i0 would not collide with the detoured-
pedestrian i1 when walking outside the area l′1O0l′′1 . Then the
area that outside l′1O0l′′1 is marked as “allow-areas,” which is
an accessible area between the detouring-pedestrian i1 and the
detoured-pedestrian i0. Especially, the detouring-pedestrian i0
needs to judge and select all the “allow-areas” and “denial-
areas” with the other neighbors. Obviously, we can get the
final “allow-areas” of the detouring-pedestrian i0 based on
whether the detouring-pedestrian i0 can smoothly walk with-
out any collisions, and the final “denial-areas” are out of the
final “allow-areas” in which the detouring-pedestrian i0 could
collide with any of the neighbors.
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Fig. 13. The situation that the detouring-pedestrian has many “allow-areas”
and “denial-areas”. The areas with many plus signs mean the final “allow-
areas” and the areas with many minus signs mean the final “denial-areas” of
the detouring-pedestrian.

In summary, for the detouring-pedestrian, we set that area
Tregion0 equals area Tregion1 intersecting area Tregion2,

Tregion0 = Tregion1∩Tregion2. (16)

Moreover, we set that the area has two properties of
“allow-areas” or “denial-areas.” The plus sign means the prop-
erty of the area is “allow-areas” and the minus sign means the
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property of the area is “denial-areas.” According to Eq (16),
if we want to judge the property of area Tregion0 we need to
see both of the properties of area Tregion1 and area Tregion2. The
judgment method of the property of area Tregion0 as shown in
Eq. (17).

Tregion0 =


Tregion0(+), if Tregion1(+)∩Tregion2(+),

Tregion0(−), if Tregion1(+)∩Tregion2(−),
Tregion0(−), if Tregion1(+)∩Tregion2(−).

(17)

As mentioned above, we have got the “allow-areas” and
“denial-areas” of the detouring-pedestrian. Next, we need
to find the optimal movement direction of the detouring-
pedestrian. If the target direction in the “allow-areas,” then
the detouring-pedestrian could choose this direction to move.
If the target direction in the “denial-areas,” then we have two
different situations to consider. When the detouring-pedestrian
has many “allow-areas” and “denial-areas,” we choose the
movement direction with the smallest deviation angle from the
target direction in the “allow-areas.” The detouring-pedestrian
prefers to seek the shortest distance to the destination. For
example, due to θ1 < θ2, we choose the movement direction
𝑙′1 instead of 𝑙′′1 , as shown in Fig. 13. By contrast, when the
detouring-pedestrian only has many “denial-areas,” we have
to choose the target direction to follow with the limited veloc-
ity magnitude, because the detouring-pedestrian is forced to
slow down or even standstill. We can see the example in the
following Fig. 14.
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Fig. 14. The situation that the detouring-pedestrian only has many “denial-
areas.” The areas with many minus signs mean the final “denial-areas” of the
detouring-pedestrian.

2.6. A microscopic anti-deadlock mechanism

In the process of avoiding collision between the adja-
cent pedestrians in the counter-directional flow, sometimes we

could see the unreasonable phenomenon of the new collision
occurrence and even deadlock in the simulation, as shown in
Fig. 15(a). The effect of the anti-deadlock mechanism is re-
lated to the scale of the pedestrian, the simulation scene and
the movement preference. We focus on the microscale anti-
deadlock mechanism in our paper. In order to avoid the un-
reasonable phenomenon, we set a microscopic anti-deadlock
mechanism. When adjacent pedestrians walk in the opposite
direction, the pedestrian with low local density could choose
the optimal detour direction because he/she has much more
space but the other pedestrian with high local density has to
choose the original target direction or standstill, as shown in
Fig. 15(b).

i0

i2

i4

i1

i3

N

i0

i2

i4

i1

i3

N

(b)(a)

Fig. 15. The situation that the adjacent pedestrians in the counter-directional
flow. The black arrow indicates the original target direction, and the blue
arrow indicates the detour direction. (a) The situation that a new collision
would occur when pedestrians detour spontaneously; (b) the situation that
the collision would avoid when pedestrians move rationally.

2.7. Determination of velocity

When walking to the boundary of the Voronoi cell along
the movement direction, pedestrians need to ensure the es-
sential safe distance during the reaction time. Moreover,

i2
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i1

i4
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D
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l5
i0

O0
′

Fig. 16. The pedestrian movement in the Voronoi cell during the reac-
tion time. The dark red circle indicates that the detouring-pedestrian in the
original location before walking, and the light red circle indicates that the
detouring-pedestrian in the expected location after walking during the reac-
tion time.
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the pedestrians wish to move as far as possible to the location
in which could tangent with the corresponding Voronoi link,
as shown in Fig. 16. Then the calculation methods for the
expected velocity magnitude v0 and the acceleration 𝑎0 are
shown in Eqs. (18)–(19).

vo =

{
vmax, if lmax ≤ lO0O′0 ,
lO0O′0/τ, otherwise, (18)

𝑎o = ((𝑣0−𝑣′0) ·𝑛0)/τ, (19)

where τ is the relaxation time vmax is the maximum walk-
ing velocity magnitude, lmax is the distance when pedestrians
walking at the maximum velocity magnitude during the relax-
ation time, 𝑛0 is the walking direction, lO0O′0 is the distance
along the walking direction to the location where pedestrians
could tangent with the Voronoi link, and v′0 is the current ve-
locity magnitude.

2.8. A site-fine-tuning mechanism

Generally, pedestrians pursue the comfort of their per-
sonal space. Then, we propose a site-fine-tuning mechanism
to avoid pedestrians from getting too close to neighbors. From
the linear relationship between the velocity magnitude and the
radius of the elasticity circle in Eq. (3), we can get the in-
stant dynamic elastic circle radius. Pedestrians usually want
to move at higher velocity magnitude within the safe distance,
which causes pedestrians to tangent with or close to the cor-
responding Voronoi link. However, at this time, the pedes-
trian’s invisible dynamic elastic circle might intersect with the
Voronoi link, as shown in Fig. 17.
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Fig. 17. The detouring-pedestrian’s invisible dynamic elastic circle intersects
with the Voronoi link. The red circle represents the static elastic circle, and
the blue circle represents the dynamic elastic circle.

The adjustment range of the pedestrian’s site-fine-tuning
is that the vector sum of the walking distance of the pedestri-
ans’ dynamic elastic circle with the intersection of the Voronoi
links. The reverse movement direction is from the intersection

of the Voronoi links to the pedestrian center until the dynamic
elastic circle does not intersect with each Voronoi link as much
as possible. For example, since the intersection between the
pedestrian and the Voronoi links, the pedestrian needs to make
a site-fine-tuning as shown in Fig. 18(a). After the site-fine-
tuning, the pedestrian does not intersect with each Voronoi link
again as shown in Fig. 18(b). The calculation of the pedes-
trian’s site-fine-tuning 𝑙finetune is shown in Eq. (20).

𝑙finetune = lA1B1 ·𝑛A1O0 + lA4B4 ·𝑛A4O0 + · · · , (20)

where, 𝑛A1O0 , 𝑛A4O0 , etc. are unit vectors of the site-fine-
tuning in each direction reverse to the Voronoi links, and lA1B1 ,
lA4B4 , etc. are the fine-tuning distances in each direction re-
verse to the Voronoi links.
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Fig. 18. The site-fine-tuning mechanism of pedestrians. The red circle rep-
resents the static elastic circle, and the blue circle represents the dynamic
elastic circle of the detouring-pedestrian.

2.9. Update rules

In this paper, we focus on the non-crowded state. The
pedestrians’ location and velocity can be updated as shown in
Eqs. (21)–(23). Where, 𝑎i is the acceleration, 𝑣i is the veloc-
ity, 𝑥i is the location, and ∆t is the simulation time interval.

𝑎i = d𝑣i/dt, (21)

𝑥i(t +∆t) = 𝑥i(t)+𝑣i(t) ·∆t +(1/2) ·𝑎i(t) · (∆t)2, (22)

𝑣i(t +∆t) = 𝑣i(t)+𝑎i(t) ·∆t. (23)

3. Simulations and analyses
This section, we simulate and analyze the pedestrian flow

to verify the reliability of this model in different scenarios.
The scenarios include unidirectional pedestrian flow, bidirec-
tional pedestrian flow, with static obstacles in the corridor, and
evacuation from a room with single exit. In order to clearly
distinguish the local density of each pedestrian in real time,
the Voronoi cells are filled with different colors according to
the local density of pedestrians. The Voronoi cell filled with
green, yellow, orange, and red indicates low density, medium
density, medium high density, and high density, respectively.
During the simulation process, the color of the Voronoi cell
can be used to observe the crowdedness of pedestrians at dif-
ferent location and time. Besides, the shape and the color of
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the Voronoi cells change with the change of the pedestrians’
location and density in real time. We set τ = 0.5 s, ∆t = 0.1 s,
r0 = 0.3 m, v0 = 1 m/s, vm = 1.5 m/s, and α = 0 which means
the detouring-pedestrian just detour the detoured-pedestrian
with the minimum distance.

3.1. A corridor with unidirectional flow

The simulation of unidirectional pedestrian flow is car-
ried out in a long straight corridor of 10 m × 3 m with peri-
odic boundaries, as shown in Fig. 19. The pedestrians enter
the corridor from lower side and leave from upper side, and
then re-enter the corridor again and again. The number and the
overall density of pedestrians are always fixed in the process.
In the beginning, pedestrians are randomly distributed in the
corridor, and the local density of each pedestrian is different,
as shown in Fig. 19(a). Subsequently, a trend of uniform dis-
tribution as the move of pedestrians can be seen in Fig. 19(b).
Finally, we can see four queues of pedestrians in the corridor
of 3-m-wide. Especially, we can see the pedestrians are basi-
cally evenly distributed. Meanwhile, the velocity magnitude
of each pedestrian is approximately equal, and the local den-
sity of pedestrians is almost the same in the Voronoi cell, as
shown in Fig. 19(c).

(a) (b) (c)

max

min

ρ

Fig. 19. The simulation snapshots of unidirectional pedestrian flow in the
corridor. There are 48 pedestrians move from lower side to upper side in the
10 m × 3 m corridor. The pedestrians are represented by the circle, and the
Voronoi cells corresponding to the pedestrians are filled with the color based
on the local density of pedestrians.

In order to obtain the velocity–density relationship in uni-
directional flow, we simulate the pedestrian movement under
different overall density conditions (0.2 p/m2–5 p/m2). How-
ever, due to pedestrian flow with high-density (> 5 p/m2)

is not the focus of this paper, we do not simulate pedestrian
movement under the very high density condition. In the sim-
ulation with different overall density, pedestrians are initially
and randomly distributed in the corridor, and their movement
destinations are located at the upper end of the corridor. Each

simulation experiment repeats 10 times and lasts 90 simu-
lation time steps. The initial 30 simulation time steps are
warm-up time, and the data of the next 60 simulation time
steps would be used for statistical analysis. We compare our
velocity–density relationship data with actual data[48–52] and
other heuristic simulation data[8] in Fig. 20. We can see that
our data is in good agreement with the empirical data and other
heuristic simulation data in the fundamental diagram. Be-
sides, by comparing with the other heuristic simulation data,[8]

maybe because the rules of this paper optimize the velocity
direction choice of pedestrians, the pedestrian flow has a rel-
atively higher walking velocity magnitude, and the free-flow
phase of pedestrians covers at 0 p/m2–1.1 p/m2.
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Fig. 20. The fundamental diagram of unidirectional pedestrian flow in the
corridor (0 p/m2–5 p/m2). Actual data (Older,[48] Mori,[49] Zhang,[50]

Weidmann,[51] Hankin,[52]) and heuristics simulation data (Xiao,[8]) are
gathered to compare with our model.

3.2. A corridor with bidirectional flow

In a 7 m × 2.5 m corridor the simulation of bidirectional
pedestrian flow with periodic boundaries is performed. The
pedestrians would re-enter the corridor from the other side af-
ter leaving the system. Eight pedestrians are randomly dis-
tributed initially, of which four pedestrians (with black ver-
tical lines) move from bottom to top of the corridor and the
other four pedestrians (with red vertical lines) move from top
to bottom of the corridor as shown in Fig. 21(a). In order to
avoid collisions, the pedestrians would always spontaneously
fine-tune their walking directions in the counter flow, or fol-
low the previous pedestrians in the same direction, as shown
in Figs. 21(b) and 21(c). Then the behaviors of pedestrians
lead to the separation of counter pedestrian flow and the for-
mation of pedestrian movement lanes. Besides, pedestrians
can even retreat during the progress. When the simulation is
stable, we can see that the pedestrians of the same direction
following the others in front of them and three walking lanes
are formed with the opposite direction, as shown in Fig. 21(d).
During the process, we can see the anti-deadlock and detour
behaviors of pedestrians clearly and then observe about four
times of micro-scale anti-deadlock behaviors before forming a
steady flow in Fig. 21.

Especially, the rapid transition of bidirectional flow from
disorder to order is impressively demonstrated by Yamori’s
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band index Y (t), which measures the segregation of opposite
flow directions.[37] The band index Y (t) is computed as fol-
lows. We first define a band B as a rectangular area extending
longitudinally from one end of the street to the other and lat-
erally from y1 = y0 to y2 = y0 +d, where d is the width of the
rectangular area. Here, we use d = 0.5 m. The index YB(t)

for the band B is defined as YB(t) = |n1−n2|/(n1+n2), where
n1 is the number of pedestrians belonging to one pedestrian
stream within band B, and n2 is the number of pedestrians
belonging to the opposite flow. The band index Y (t) is then
defined as the average value of YB(t), where y0 is varied from
0 to W − d, W being the width of the street. In Fig. 22, y0

is varied in steps of size ∆y = 0.1 m. According to this def-
inition, Y (t) = 0 for mixed counterflows and 1 for a perfect
segregation of the opposite flows.

(a) (b) (c) (d)

Fig. 21. The simulation snapshots of bidirectional pedestrian flow in the cor-
ridor. Eight pedestrians with opposite walking direction are randomly dis-
tributed in the 7 m × 2.5 m corridor. The vertical lines in the pedestrian
circle represent the walking direction of pedestrians. In the beginning, the
black ones indicate the walking direction from bottom to top of the corridor,
and the red ones indicate the walking direction from top to bottom of the
corridor.

0 1 2 3 4 5
Time (s)

0

0.5

1.0

O
rd

e
r 

p
a
ra

m
e
te

r 
Y
↼t
↽

random distribution

Fig. 22. Emergence of spatial segregation in a simulated of bidirectional
pedestrian flow in the corridor. At time T = 0, eight pedestrians are ran-
domly distributed in the corridor (four pedestrians in each flow direction).
Under periodic boundary condition, after 3 s of the simulation the flows are
fully segregated.

3.3. Walking through static obstacles

In a 10 m × 2.5 m corridor, we carry out the simulation
of unidirectional pedestrian flow with static obstacles. Here,

we set nine stationary pedestrians as static obstacles which
randomly distributed in the corridor initially. And the loca-
tion coordinates of the stationary pedestrians are (0.35, 1.71),
(1, 1.71), (1.03, 3.83), (2.23, 3.17), (0.94, 5.24), (1.5, 5.25),
(2.22, 6.95), (0.8, 8.05), (1.4, 8.06), respectively. Especially,
we set a red detouring-pedestrian of (1.02, 0.39) in the center
of the bottom of the corridor, and the target walking direction
towards to the top of the corridor. Then during the moving
progress, we can see the detouring-pedestrian would continu-
ously detour others actively if the static obstacles are hindering
the way of the detouring-pedestrian and the walking trajectory
looks smooth, as shown in Fig. 23.

Fig. 23. The simulation snapshots of unidirectional pedestrian flow with a
lot of static obstacles in the corridor. The black circles represent stationary
obstacles, the red circle represents a walking pedestrian, and the red line rep-
resents the walking trajectory of the detouring-pedestrian.

(a) (b) (c) (d)

Fig. 24. The simulation snapshots of unidirectional pedestrian flow with a
major obstacle in the corridor. (a) With a circle-shaped obstacle in the sim-
ulation process; (b) the avoiding area before the circle-shaped obstacle and
the unoccupied area after the obstacle look like a rhombus; (c) with a bar-
shaped obstacle in the simulation process; (d) the avoiding area before the
bar-shaped obstacle and the unoccupied area after the obstacle look like a
rhombus.

We also carry out a simulation of unidirectional pedes-
trian flow with a major obstacle of circle-shaped or bar-shaped
in a 10 m × 3.5 m corridor. The difference with the last sim-
ulation is that we set twelve detouring-pedestrians that ran-
domly distributed in the area of 2.5 m × 3.5 m at the bottom

018902-13



Chin. Phys. B Vol. 30, No. 1 (2021) 018902

of the corridor and one major big obstacle in the middle of
the corridor. Then we can see that the walking trajectories
of the detouring-pedestrians in Fig. 24. When the detouring-
pedestrians detour the major obstacle, the avoiding area before
the obstacle and the unoccupied area after the obstacle look
like a rhombus can be observed in the pedestrian evading and
surpassing process, as shown in Figs. 24(b) and 24(d).

3.4. A room with single-exit

By observing realistic scenarios and pedestrian experi-
ments, we can find the difference of the crowd shape in front
of a bottleneck from simulation results. The shape is semicir-
cle arched in simulation, but in actual life scenarios, such as
scenic spots, shopping malls and transportation hubs, we can
observe that the fan-shaped when pedestrians crowd and evac-
uate in front of a bottleneck. For example, crowded pedestri-
ans form the fan shape at each door of the subway train when
pedestrians spontaneously queue or get on in sequence.

(a) (b)

(c) (d)

Fig. 25. Different shapes of pedestrians form before the bottleneck. (a)
The fan-shaped can be seen in reality; (b) the fan-shaped can be seen in
experiment;[54] (c) the semicircular arch can be seen in the simulation of
the traditional SFM;[20] (d) the semicircular arch can be seen in experiment
with the design.[55]

We took a photo at Xi’erqi station of Beijing subway dur-
ing the morning rush hour as shown in Fig. 25(a). Further-
more, researchers did some experiments with pedestrians pass-
ing the bottleneck,[53,54] and found while pedestrians wait in
sequence to pass through a narrow bottleneck, the crowd shape
appeared like a fan, as shown in Fig. 25(b).[54] However, in the
traditional SFM,[20] crowded pedestrians in front of the bot-
tleneck present a semicircular arch, as shown in Fig. 25(c).[20]

By contrast, some researchers did pedestrian experiments, and
we can see pedestrians form a semicircular arch before the
bottleneck,[55] however, of which at the beginning, crowded
pedestrians already were designed to be crowded into an arch

before the bottleneck, instead of spontaneous formation, as

shown in Fig. 25(d).[55]

In order to observe the crowd gathering phenomenon in

front of the bottleneck, we carry out the simulation of uni-

directional pedestrian flow in a 14 m × 10 m room with the

single exit. Especially, we set pedestrians could not get out

of the single exit in the middle of the top of the room dur-

ing the evacuation. Then we could see that pedestrians try to

queue in an orderly manner at the exit. Besides, to make the

walking target direction of pedestrians more realistic, we set

the pedestrians who on the left side of the room would walk

to the left side of the exit, who on the right side of the room

would walk to the right side of the exit, and who facing the

exit would walk straight ahead directly to the exit, as shown in

the following Fig. 26.
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Fig. 26. The walking target direction of unidirectional pedestrian flow in a
room with single-exit. Here r is the radius of pedestrians. And the pedestrians
who in area1 would randomly walk to the locations G–P, who in area2 would
walk straight ahead directly to the exit, and who in area3 would randomly
walk to the locations P–H.

In the beginning, the pedestrians are initially randomly

generated within a range of 3 m × 10 m at the bottom of the

room, as shown in Fig. 27(a). Since the space of the room

is large enough, the pedestrians gradually diffuse and rela-

tively far apart with each other during the walking process.

At this time, the local density of each pedestrian is small and

the pedestrians almost all have higher free-flow velocity mag-

nitude, as shown in Fig. 27(b). Finally, when the simulation

is stable, the pedestrians gathering before the sing-exit due

to the narrow bottleneck would lead to the accumulation and

blockage. Then we observe the pedestrians forming 4-5 lay-

ers orderly queues with almost standstill, and the crowd shape

looks like fan-shaped which different from other traditional re-

searches in the simulation. And our simulation result is similar

to the actual situation, as shown in Fig. 27(c). However, the

same simulation situation still forms the semicircular arch in

the traditional SFM.
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(a) (b) (c)

max

min

ρ

Fig. 27. The simulation snapshots of unidirectional pedestrian flow in a
room with single exit.

There are 24 pedestrians randomly distributed at the bot-
tom of the room initially. Then we could see the overall walk-
ing trajectories until the pedestrians keep standstill before the
exit in Fig. 28. Furthermore, we make some surface plots of
the unidirectional pedestrian flow, and we can see the relation-
ship between the velocity–density and the locations of pedes-
trians, which corresponding to the walking trajectories at the
different walking stages in Fig. 29. In the beginning, pedestri-
ans almost all have high density and low velocity at the bottom
of the room at t = 0 s. Whereas, due to have much more ex-
tensive personal space, some pedestrians near the periphery
of the crowd have relatively lower density and higher velocity

than others. Next, due to the diffusion of pedestrians, we can

see several different layers of the density-velocity at t = 7.6 s.

Finally, the pedestrians forming several orderly queues before

the exit at t = 20 s. We can see the pedestrians have higher

density, and lower velocity almost equals zero than before, and

then the personal space of pedestrians near the periphery of the

crowd is more comfortable and flexible at this time.
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Fig. 28. The simulation snapshot of walking trajectories of unidirectional
pedestrian flow in a room with single exit.
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Fig. 29. The surface plots of unidirectional pedestrian flow. The relationship between the density and the locations of pedestrians at the different walking stages
in panels (a), (b), (c), and the relationship between the velocity and the locations of pedestrians at the different walking stages in panels (d), (e), (f). And the
red lines represent the location of the exit.

Generally, pedestrians usually make different choices to
walk even in the same scene. Then due to the choice of
pedestrian movement strategy has many factors in real sce-
narios, and the determination of pedestrian detour/follow be-
havior has the characteristics of uncertainty, complexity, and
randomness, we carry out many simulations to study. To study
the behaviors of pedestrians in the evacuation flow, we also
simulate the unidirectional pedestrian flow in the room with
single-exit, and pedestrians can get out of the exit when arriv-

ing in the door this time. To research the effect of the detour
preference to the choice of pedestrian movement in the sim-
ulation, we set three kinds of ratio that the detour preference
to the non-detour preference is 1:0, 1:1, or 0:1, respectively.
And we would see the difference of the evacuation time with
different number of pedestrians or different widths of the bot-
tleneck in the same condition. Then, to obtain stable results,
each simulation would be repeated 10 times. And the num-
ber of pedestrians is gradually increased from 12 to 48 with 6
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pedestrians added each time, and the width of the bottleneck
is gradually increased from 1.2 m to 2.4 m with 0.2 m added
each time. Though the initial pedestrians are randomly gen-
erated in the room, the locations of the pedestrians are fixed
at the beginning next. Then we could see the change of the
evacuation time with the number of pedestrians in Fig. 30(a),
and the change of the evacuation time with the widths of the
bottleneck in Fig. 30(b).
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Fig. 30. The change of the evacuation time with the number of pedestrians or
the widths of the bottleneck. The width of the bottleneck is 1.4 m in panel (a),
and the number of pedestrians is 28 in panel (b).

We can observe that when the number of pedestrians is
relatively small and most pedestrians who prefer to detour, the
whole pedestrians would have less overall evacuation time.
And when the number of pedestrians is relatively large and
most pedestrians who prefer to follow, the whole pedestri-
ans would have less overall evacuation time, as shown in
Fig. 30(a). Besides, when some proper proportion of pedes-
trians choose to detour and the others not, the whole pedestri-
ans would have higher overall evacuation efficiency and lower
overall evacuation time. Moreover, we can observe that the
overall evacuation time of pedestrians decrease with the in-
crease of the bottleneck width no matter which movement be-
havior pedestrians choose, as shown in Fig. 30(b). Especially,
if most pedestrians prefer to follow an orderly manner instead
of to follow personal intend to detour, the whole pedestrians
would have higher overall evacuation efficiency with the nar-
rower bottleneck.

4. Conclusion

We propose a new heuristic model based on the Voronoi
diagram to describe the choice of pedestrian walking behav-
iors. Based on the heuristic rules, we propose to consider
the preference and willingness demand as detour intention
scale to affect the willingness determination of detour or fol-
low others, the safe demand as a microscopic anti-deadlock
mechanism, and the fast and comfort demand as a site-fine-
tuning mechanism. We propose calculation principles and a
pair of “allow-areas and denial-areas” rule for confirmation
of pedestrian detour directions. In the model, the pedestrian
space is divided into a series of Voronoi cells. This model
can avoid complex situation analysis and parameter calibra-
tion, consider all neighbors at the same time to avoid a group,
solve the decision-making mechanism of the detour or follow
behaviors, and then avoid collision and overlap phenomenon
between pedestrians effectively. Moreover, this model can re-
alize the behavior of active detour others and the balance of
collision avoidance and minimizing the detour distances.

We verify the model by simulating many scenarios, such
as unidirectional pedestrian flow, bidirectional pedestrian flow,
with static obstacles in the corridor, and evacuation from a
room with single-exit. The simulation results show that the
model can achieve an excellent velocity–density relationship
of pedestrians, reproduce reasonable self-organizing phenom-
ena such as “lane formation,” “fan-shaped before a bottleneck”
and show realistic pedestrian detour behavior. When detouring
others, the detouring-pedestrians detour both sides of neigh-
bors or obstacles and then converge together which lead the
avoiding area before the obstacle and the unoccupied area af-
ter obstacle look like a rhombus. In the simulation of evacuat-
ing and queuing in front of the bottleneck, we observe that the
crowd shape is fan-shaped instead of arching which different
from the simulation of the traditional SFM. We can see that
the simulation results of our model are more real and reliable
which can show the phenomenon of the crowd in order before
the bottleneck realistically. By studying the pedestrian simu-
lation with different walking intentions, we can see that when
pedestrians move in a limited space, the behavior of orderly
follow is more conducive to the improvement of the overall
evacuation efficiency.

Although the model in this paper is performed well in the
simulation due to the behaviors of pedestrians are very com-
plicated and the perceptions and decisions of pedestrians are
different in many scenarios we will consider to carry on the
research on the characteristics of heterogeneous pedestrians,
companion pedestrians, guidance information, a large-scale
anti-deadlock mechanism, variety of obstacle layouts and va-
riety of exit layouts. Besides, we also need to research how
to improve our model to enhance the simulation efficiency to
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adapt large-scale pedestrian flow in complex situations in the
future.
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