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Simulation of pedestrian single-lane movement by a biped model

Zhongyi Huang,1,* Mohcine Chraibi,2,† and Weiguo Song1,‡

1State key Laboratory of Fire Science, University of Science and Technology of China, Hefei 230027, China
2Institute for Advanced Simulation, Forschungszentrum Jülich, 52425 Jülich, Germany

(Received 29 March 2018; revised manuscript received 31 August 2018; published 23 October 2018)

In most existing pedestrian dynamic models, agents are modeled as sliding or jumping objects. As a kind
of bipedal creature, however, this assumption makes it difficult to include some important human walking
characteristics in the models, such as the periodicity of stepping, the adjustment of step frequency and step length,
and the change of personal space within the same step cycle. To take these characteristics into consideration,
a “biped model” is developed to simulate pedestrian locomotion by physical step rather than by time step.
The model consists of two components: the stepping simulator and the adjustment of velocity for each step.
Simulation results show that the velocity-density relations are consistent with the empirical data. Stable stop-and
-go waves are simulated with a critical density. Furthermore, with the considering of biped movement, the
lock-step phenomenon is reproduced. The model provides new possibilities to study crowd behavior while
considering personal bipedal mechanics.
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I. INTRODUCTION

Simulation of pedestrian movement has been a hot topic
in recent years because of its extensive application in safety,
building design, traffic-facilities design, and robotics. Many
two-dimensional (2D) models have been developed to sim-
ulate the movement with different approximations of the
projection of the pedestrian’s shape. A circle is the most
commonly used shape [1–4]. The diameter of the circle is of
the same width as the shoulders. In cellular automata (CA)
models, an agent is assigned a grid of the cell. Shapes of
the cell are usually square [5–7] or hexagonal [8,9]. To make
the space in CA more flexible, multigrid models [10,11] are
developed by assigning pedestrians in small 3 × 3 grids.

For the sake of more “accuracy,” several researchers opted
for different shapes to model pedestrian-volume exclusion. In
Ref. [12], a pedestrian is represented by three intersecting
circles. In Ref. [13], a spherocylindrical particle is adopted
to naturally reproduce evacuations through narrow doors.
Marroquin et al. [14] approximate the shape of a chest cross
section of a human thorax by the concept of Minkowski’s sum
of a polygon with a disk. The “body ellipse” was suggested
to be the best two-dimensional approximation of the human
body [15,16]. Based on this idea, a generalized centrifugal-
force model which included an elliptical-volume exclusion of
humans was proposed by Chraibi et al. [17].

Although the above-mentioned models differ in precision
and updating strategy, they still have something in common:
pedestrians are integral and their movements are nonperi-
odic. Integral means a whole without elements have relative
motions. Nonperiodic means no biomechanical cycles are
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included. In this paper, we refer to these integral and nonperi-
odic models as “particle models.”

As a kind of bipedal creature, humans move forward by
stepping alternately with the left and right foot. This kind
of movement pattern results in some unique phenomena that
can hardly be investigated by particle models: lock-step phe-
nomenon in high-density crowds, tumble and stampede, the
effect of music and rhythm on individual or crowd behavior,
and pedestrians can still move when there is no spare space for
their bodies from the top view. We think the above phenomena
mainly result from the following three characteristics of biped
movement: At first, walking is a periodic movement, and
the expected velocity is always stable within a step cycle. If
the actual velocity differs largely from the expected velocity,
i.e., pushed by others, stepping on others’ feet, or stepping
with an unexpected drop, a pedestrian may fall down and
a stampede accident may follow. Furthermore, pedestrians
adjust their velocity by both step length and frequency. The
walking behavior can be affected if one of them is influenced
by external environment, e.g., rhythm [18]. Finally, volume
exclusion of a pedestrian changes during a step because of the
stretching of legs. This could be one reason for the lock-step
phenomenon [19]: pedestrians squeeze the front leg into the
hole left by the leg of the preceding pedestrian. For the same
reason, pedestrians can still move even when there is no spare
space for bodies but there is still room for feet. The former two
features are also noticed by the works related to the optimal
step model (OSM) [20,21], in which pedestrians are simulated
by periodically moving particles. Pedestrian movement in
the OSM is natural because they have similar movement
cycles and step length adaption behavior as humans. However,
the model is rather simple since it does not consider the
space change caused by bipedal movement during one step
cycle.

To take these characteristics into consideration, a biped
model is developed in this paper to simulate pedestrians by
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FIG. 1. Spatial structure of walking. (a) Definitions of spatial
state Pi , head position and physical space si . (b) Definition of step
width w, step length l, and foot opening angle θ .

natural movements of two feet. A schematic of the model
will be introduced in Sec. II. Two parts in the schematic, the
stepping simulator and the step level velocity adjustment, will
be developed in Secs. III and IV, respectively. Then results of
the model are compared with experimental results in Sec. V.
Finally, the conclusion is given in Sec. VI.

II. MODEL SCHEMATIC

In our model, the spatial state of pedestrian i at time t is
denoted by the heels and toes of both feet:

Pi (t ) =
[

Lh
i (t ), Lt

i (t ), Rh
i (t ), Rt

i (t )
]

, (1)

where Lh
i = [x, y]T and Lt

i = [x
′
, y

′
]T are the coordinates

of the heel and toe of the left foot. Based on Pi , the
physical space si of a pedestrian is defined as the polygon
whose vertexes are the four points. The head position is the
middle point of the two heels. Headway distance di is the dis-
tance between the head positions of two adjacent pedestrians
[see Fig. 1(a)].

According to Boulic et al. [22], a pedestrian has two states
while walking: the duration of double support (both feet in
contact with the ground) and the duration of balance (one foot
in contact with the ground). In our model, we assume that one
foot leaves the ground and the other foot touches the ground at
the same time. That means that, during each step, there is only
one moment at which both feet are on the ground. We refer to
this moment as the stand moment. The nth stand moment is
labeled Tn. Based on this assumption, the temporal structure
of the model is shown in Fig. 2, in which time is discretized
by the time step δ. Stand moments are rounded to the nearest
time step. The time between Tn and Tn+1 is the duration of
a step (�n+1). Except for stand moments, all the other time
steps are balance moments.

Then spatial states of a step can be visualized in Fig. 1(b).
The black arrows are the feet at stand moments and the
black points are the heels at balance moments. According
to the definition of a stand moment, the black arrows are
also footprints. To describe the relative position relationship

i:

i− 1:

Tn Tn+1 Tn+2

Tn Tn+1 Tn+2

Tn+3

Tn+3δ

∆n+1

t

FIG. 2. Temporal structure of walking of the model.
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FIG. 3. Schematic of biped model. Stand moment simulator
refers to the generation of the spatial state at the stand moment
described in Sec. III A. The balance moment simulator refers to the
generation of a spatial state at the balance moment described in
Sec. III B.

between footprints, three spatial quantities are defined. Sup-
posing pedestrians are walking along the x axis in the single-
lane scenario discussed in this paper, the step length ln+1 of
the (n + 1)th step is the distance between heels along the x

axis, the step width wn+1 is the distance between heels along
the y axis, and foot opening angle θn+1 is the angle between
the front footprint and the x axis.

The main idea of the model is that pedestrians plan their
movement by physical steps rather than by time steps. In the
biped model, velocity is only planned when a step is finished
(stand moments). While at balance moments, pedestrians just
execute the planned step. If two adjacent pedestrians finish a
step at the same time (t = Tn+3 for both pedestrians in Fig. 2),
the front pedestrian (referred to as “leader”) will decide first.

A schematic of the model is shown in Fig. 3, in which
time increases in nature with the time step (t = t + δ). When
a step of a pedestrian is finished (t = Tn), the velocity of
the next step (vn+1) will be planned by the three updating
processes proposed in Sec. IV. With vn+1 we can solve
the spatial states of the next step [Pi (t ), t ∈ (Tn, Tn+1]] by
the stepping simulator developed in Sec. III. Note that the
“stepping simulator” is called by “collision avoidance” in the
process of velocity updating; as a result Sec. III (Stepping
simulator) is introduced before Sec. IV (Updating velocity).

III. STEPPING SIMULATOR

A. Generation of spacial state at stand moment

According to the temporal structure shown in Fig. 2, the
time of the new stand moment is

Tn+1 = Tn + �n+1. (2)

042309-2



SIMULATION OF PEDESTRIAN SINGLE-LANE MOVEMENT … PHYSICAL REVIEW E 98, 042309 (2018)

9m

v

Robot Pedestrian

Scan range: 0.1-30m, 180◦

Laser scanner

(a)
(b)

Rh of a stand moment

Track of the foot

Leg-like clusters

Walls

FIG. 4. (a) Schematic of experiments. (b) Results extracted from
one experiment.

As the spatial structure shown in Fig. 1(b), the spatial state of
the new stand moment is1

Pi (Tn+1) =
[

Lh
i (Tn), Lt

i (Tn), Rh
i (Tn+1), Rt

i (Tn+1)
]

, (3)

where

Rh
i (Tn+1) = Lh

i (Tn) + [ln+1,−wn+1]T ,

Rt
i (Tn+1) = Rh

i (Tn+1) + f [cos θn+1,− sin θn+1]T , (4)

where f is the foot length of the pedestrian. According to
Ilayperuma et al. [23], there is the following linear depen-
dence between f and a human’s height H :

f (H ) = (H − 0.79)/3.59. (5)

In Eqs. (3) and (4) we see that the left foot is static from
Tn to Tn+1. The heel position of the right foot Rh

i (Tn+1) is
calculated by ln+1 and wn+1 at first, then the toe position is
solved by Rh

i (Tn+1) and θn+1. To summarize, �, l, w, and θ

are needed to generate the movement of a new stand moment.
A global human walking model was proposed by Boulic et al.

[22], in which the values of ln+1, wn+1, and θn+1 are functions
of the velocity vn+1 of a step:2

l(v)/g = 0.637
√

v/g, (6)

w(v)/g = 0.02v/g + 0.05, (7)

θ (v) = −1.4v/g + 8.5, (8)

where g is the thigh height. According to Kreighbaum et al.

[24], g is about 53% of a pedestrian’s height:

g(H ) = 0.53H. (9)

In the single-lane scenario, the step duration � is determined
when l and v are known:

�(v) = l(v)/v = 0.637
√

g/v. (10)

In Ref. [22], the applicable velocity of Eqs. (6)–(10) is
from 0.6 to 2.0 m/s when g = 1 m. Therefore, these functions
cannot be applied in low-velocity situations (such as v =
0.17 m/s when ρ = 1.97 ped/m [19]). To validate these

1Pi (Tn+1) can be solved in a similar manner when the left foot is
stepping forward from Tn to Tn+1.

2For simplicity, the subscripts of �, l, w, θ , and v are omitted in
the following discussion.

FIG. 5. Relationships obtained from robot following experi-
ments. (a) Normalized step length l/g as a function of normalized
velocity v/g. (b) Normalized step width w/g as a function of
normalized velocity v/g.

functions, especially in a low-velocity situation, controlled ex-
periments were conducted. The schematic of the experimental
setup is shown in Fig. 4(a).

In each experiment, a pedestrian kept following a straight
moving robot for about 9 m at a constant velocity. Velocities of
the robot were 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 m/s, respectively.
Finally, the pedestrian walked at a normal velocity without
following the robot. The experiment at each velocity was
repeated four times. Six male and four female university
students took part in the experiments. A laser range scanner
(type: HOKUYO UTM-30LX) was set at a height of 0.15 m
to record the ankle movement. With the method described
in Appendix A, the heel positions and the time of all stand
moments could be extracted [see Fig. 4(b)]. With these data,
Eqs. (6) and (7) can be validated. The results are shown in
Fig. 5.

According to Fig. 5, Eq. (6) has a good agreement with the
experiments, while Eq. (7) shows a trend opposite that of the
experiments. We refit the relation between w and v as follows:

w(v)/g = −0.04v/g + 0.17. (11)

The above relations are applicable when v > 0.2 m/s.
Nevertheless, in high density situations, some extreme slow
steps may be adopted by pedestrians. According to Ref. [25],
pedestrians continue to sway and shift their body weight from
one leg to the other when the density is too high to force
them almost to stop. Comparing to the dependence between
velocity and step length, the increase in step duration is much
more gradual with the decrease of velocity, and the largest
duration of a step is about 1.2 s. But with Eq. (10), a step
has a duration of 6.37 s when an extreme low velocity (v =
0.01 m/s) is planned. It is much larger than the maximum
duration in experiments. To make the simulator more realistic
at low velocity, we controlled the duration of a step by setting
a cutoff time C for �:

�(v) =
{

0.637
√

g/v, 0.637
√

g/v � C

C, 0.637
√

g/v > C.
(12)

Then the step-length function [Eq. (6)] should be adjusted
accordingly to guarantee the velocity after the cutoff:

l(v) = v�(v). (13)
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Based on the discussion above, the time and spatial state
of the next stand moment can be generated by the velocity
with a wide range from 0 to about 2 m/s. Equations (8), (11),
and (12) should first be computed to obtain θ , w, and �, then
we calculate l with the � obtained from Eq. (13). Finally, we
solve the new stand moment by using Eqs. (2)–(4).

B. Generation of spacial state at balance moment

At balance moments, the space occupied by a pedestrian
is changing because of the swing of the foot. Hence spatial

states at balance moments are necessary in the collision
avoidance process, which is introduced in Sec. IV B. The
uniform accelerating model in Ref. [26] is adopted to solve
for the heel position at balance moments, in which the swing
foot first accelerates uniformly and then decelerates uniformly
between two stand moments. In addition, we suppose that
the foot opening angle changes uniformly at the same time.
Based on the two assumptions, spatial states of the feet at
balance moments between Pi (t ) and Pi (Tn+1) in Fig. 1(b) can
be solved by3

Pi (t ) =
[

Lh
i (Tn), Lt

i (Tn), Rh
i (t ), Rt

i (t )
]

, t ∈ (Tn, Tn+1), (14)

where

Rh
i (t ) =

{

Rh
i (Tn) + 2t ′2

[

Rh
i (Tn+1) − Rh

i (Tn)
]

, 0 < t ′ � 1/2

Rh
i (Tn+1) − 2

(

1 − t ′
)2[

Rh
i (Tn+1) − Rh

i (Tn)
]

, 1/2 < t ′ � 1,

t ′ = (t − Tn)/(Tn+1 − Tn), Rt
i (t ) = Rh

i (t ) + f [cos θ ′,− sin θ ′]T ,

θ ′ = θn + (θn+1 − θn)t ′. (15)

IV. UPDATING VELOCITY

With the stepping simulator developed in Sec. III, the foot
movement of a new step [Pi (t ), t ∈ (Tn, Tn+1]] can be simu-
lated with a given velocity vn+1. In this section, we discuss
how to update vn+1 according to the bipedal movements.

A. Optimal velocity

At first, a pedestrian makes a temporary decision consider-
ing the headway distance d, which is called an optimal veloc-
ity process. In the experiment presented by Jelić et al. [27], the
instantaneous individual measurements were adopted: Mea-
suring the instantaneous velocity and the headway distance
at each frame. When a pedestrian in our model makes a
decision, she faces a similar situation with the instantaneous
measurement: Determining the velocity of next step by the
instantaneous headway distance. Instantaneous velocity as a
function of headway distance in Ref. [27] is shown in Fig. 6.

In Ref. [27], the authors distinguished the dependence into
three regimes: a free regime (d > 3 m), a weakly constrained
regime (1.1 m < d � 3 m), and a strongly constrained regime
(d � 1.1 m). Therefore, we fit the relation with a piecewise
function:

va
n+1(d )=











1.16 tanh [2.4(d − 0.85)/2 + 0.5], d � 1.1

F (0.53d − 0.58)−0.47d + 1.41, 1.1 < d � 3

F, d > 3,

(16)

where F is the free walking velocity of the pedestrian.

3By analogy, it can be solved in a similar manner when the left foot
is stepping forward.

B. Collision avoidance

According to Ref. [3], an optimal-velocity-function–based
model with a high updating frequency (100 Hz in Ref. [3]) is
collision free if velocity is 0 m/s when the minimal spacing in
front is 0 m. However, according to the definition of headway
distance, d in Eq. (16) is larger than the minimal space, i.e.,
the distance between the back heel of the leader and forward
toe of the follower. Besides, in the biped model the updating
frequency is uncertain and could be quite low when a slow
step is adopted (0.83 Hz when � = 1.2 s). Furthermore, the
space of a pedestrian is dynamic for all time steps in the biped
model, which also increases the possibility of collision. As a
result, with the velocity obtained by Eq. (16), a collision in the
next step cannot be excluded. Collision avoidance is necessary
after the optimal velocity process.

In Sec. II we describe the 2D space occupied by a pedes-
trian as a physical space s [see Fig. 1(a)]. However, if we use
s to conduct collision avoidance directly, pedestrians will be

FIG. 6. Velocity as a function of headway distance. Red dia-
monds are data from Ref. [27], and the black lines are the fitting
results.
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Tn Tn + δ ..... Tn + 8δ

(a):vn+1=0.32m/s, failure

Tn Tn + δ ..... Tn+1

(b):vn+1=0.27m/s, success

FIG. 7. Collision test process. Black core is s, filled and empty red polygons are the extended space of the follower and the leader,
respectively. (a) When vn+1 = 0.32 m/s, a collision happens at t = Tn + 8δ. (b) When vn+1 = 0.27 m/s, no collision happens in the new step.

aggressive: Stepping close to the leader’s feet as long as no
collision happens. If the leader decelerates during this period,
the follower may step on the leader’s foot. An extension
coefficient E is introduced to guarantee a safety margin. Space
for collision avoidance is obtained by extending s along the
x and the y axis by E. We outline the collision avoidance
process in Algorithm 1, where we see that the spatial states of
the next step of pedestrian i are first generated by the stepping
simulator with the result of the optimal velocity function.
Next, a while loop is conducted to find a velocity which can
pass the collision test. The collision test process is shown
in Fig. 7, in which the model checks if the two polygons of
the follower and the leader overlap during the oncoming step
(from Tn to Tn+1) with the method described in Appendix B.
If a collision happens [t = Tn + 8δ in Fig. 7(a)], the velocity
is rejected in the test. We reduce the velocity by 0.05 m/s
each time until we obtain a velocity that can pass the test. In
Fig. 7(b), no collision happens when the velocity is reduced
to 0.27 m/s, which is the result of the collision avoidance
process: vb

n+1 = 0.27 m/s.

Algorithm 1 Collision avoidance process

Input: spacial states of the leader Pi−1, result of the optimal
velocity va

n+1

Output: result of the collision avoidance vb
n+1

1: function COLLISIONAVOIDANCE(Pi−1, va
n+1)

2: vb
n+1 ← va

n+1

3: Pi ← STEPPINGSIMULATOR(vb
n+1)

4: while COLLISIONTEST(Pi, Pi−1)==Failed do

5: vb
n+1 ← vb

n+1 - 0.05
6: Pi ← STEPPINGSIMULATOR(vb

n+1)
7: end while

8: return vb
n+1

9: end function

C. Inertia constraint

Due to inertia, there is a limitation of velocity change
(L) between two steps. We estimate the value of L by free
accelerated walking. For example, when L = 0.4 m/s, F =
1.29 m/s, four steps are needed to accelerate to F , i.e., v1 =
0.4 m/s, v2 = 0.8 m/s, v3 = 1.2 m/s, and v4 = 1.29 m/s.
The trajectory of the head position within the four steps is the
free acceleration trajectory of the biped model. According to

the experimental study in Ref. [28], the acceleration process
can be described as a nonuniformly accelerating movement.
The acceleration at a specific v is a = (F − v)/τ, where τ =
0.5 s is the relaxation time. With the function, we can obtain
the free acceleration trajectory of experiment. Five trajectories
are simulated in the biped model by setting L = 0.4, 0.6, 0.8,
1.0, and 1.2 m/s, respectively. By comparing the length of the
five trajectories with the length of the experiment trajectory,
we find that the deviation of length is minimal when L =
0.8 m/s. As a result, 0.8 m/s is the value of L in the biped
model. Restricting the result of collision avoidance by L is
the final velocity of the new step:

vn+1 = vc
n+1 =











vn − L, vb
n+1 − vn < −L

vb
n+1, |vb

n+1 − vn| � L

vn + L, vb
n+1 − vn > L.

(17)

V. RESULTS

With the stepping simulator and the velocity updating
method, biped movement can be simulated in the single-lane
scenario. In this section, we evaluate the model by comparing
the simulation results with experiments. Descriptions and
values of the parameters used in the model are listed in
Table I. To simulate the differences between individuals, the
parameters are normally distributed. The values of C, F , and
L are already specified in Secs. III and IV. The value of E

is discussed later. Except for the five parameters listed in the
table, all other definitions are dependent variables.

The scenario of the following simulations consists of uni-
formly distributed pedestrians walking in a 10 m corridor
with periodic boundary conditions. The time step δ is 0.04 s.

TABLE I. Descriptions and values of parameters in biped model.
N (µ, σ ) indicates that the parameter is normally distributed in a
crowd with mean value µ and standard deviation σ .

Parameter Description Value Units

H Height of pedestrian N (1.70, 0.05) m
C Maximum duration of step N (1.20, 0.05)
F Free walking velocity N (1.29, 0.05) m/s
E Extension coefficient of s To be determined
L Limitation of velocity change N (0.80, 0.03) m/s
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FIG. 8. Fundamental diagram of experiments and simulations.
The points are µ of velocities in five repeated simulations, and the
vertical lines are σ of velocities.

All pedestrians stand still at the beginning and a pedestrian
is chosen randomly to make the first step with a random
foot. Others make the first step by trying with two feet, and
choosing the foot to make velocity of the first step larger. If the
velocities are the same in the two trails, the foot to conduct the
first step is chosen randomly. Each simulation lasts 4000 time
steps (160 s). Nineteen simulations with densities ranging
from 0.2 to 2.0 ped/m are conducted five times each.

A. Fundamental diagram

During the simulation we find that the velocity is not stable
at the beginning of a simulation. Hence the average velocity
of each simulation is computed after 80 s. The average value
µ and standard deviation σ of the five repeated simulations
at each density are compared in Fig. 8 with the experimental
results of Ref. [27].

From the figure we see that velocities with different E

are nearly the same when density is <1.0 ped/m. However,
when density grows, E = 1.2 ± 0.03 leads to a better fit.
Velocities with E = 1.4 ± 0.03 in the simulation are always
less than in experiments. This can be explained by the fact
that, with larger E, pedestrians need a larger walking space.
Considering the good agreement between experiments and
simulations, 1.2 ± 0.03 is set as the value of E. Benefiting
from the accurate description of space, pedestrian movement
can be simulated at quite a high density in the biped model.
Extra simulations are conducted with E = 1.2 ± 0.03 to test
the maximal applicable density of the model. As the black
points shown in left bottom of Fig. 8, the average velocity
declines gradually and keeps a nonzero value until 3.0 ped/m.
In most particle models, the diameter of a pedestrian is usually
between 0.4 and 0.5 m. This means that, at this density,
pedestrians already overlap with each other. Additionally, we
find that there is a fast decline region (density from 1.0 to
1.2 ped/m) in both experiments and simulations.

B. Stop-and-go wave

Stop-and-go waves have been observed in a lot of pedes-
trian dynamic experiments [25,29,30]. By analyzing these ex-
periments, some researchers find that there is a critical density

for this phenomenon in the single-lane scenario. In data of
German soldiers [30], stopping was first observed during runs
with 45 pedestrians in a 26 m corridor (1.73 ped/m). In French
experiments [25], stop-and-go waves arise when the density is
larger than 1.20 ped/m. To investigate the ability of the biped
model to reproduce realistic stop-and-go waves, pedestrian
positions as a function of time in three simulations are shown
in Fig. 9. At the same time, µ and σ of all pedestrian velocities
are also recorded every two seconds.

As shown in Fig. 9, stable stop-and -go waves appear when
density �1.1 ped/m. The critical density in the simulation is
close to that in Ref. [25]. Furthermore, we observe that small
fluctuations are magnified over time at the beginning. At the
same time, µ decreases and σ increases. After a period of
time, a stable jam emerges, and both µ and σ of velocity
become stable. Generally speaking, shorter time is needed
to reach the stable state in higher density. Then the findings
mentioned in Sec. V A can be explained: The formation of
stop-and-go waves gives rise to the fast decline zone.

C. Lock-step phenomenon

The lock-step phenomenon was noticed in Ref. [19], which
can be described as pedestrians squeezing the front leg at the
gap left by the leg of the leader for the full use of space
at high density. This phenomenon indicates that the space
a pedestrian takes up changes not only with velocity, but
also with time within a step, and pedestrians can optimize
their use of the space. To investigate if this phenomenon can
be reproduced in our model, we use a quantitative method
proposed in Ref. [25]. � is defined in this method to measure
the synchronization among pedestrians:

� = 2π (ti − ti−1)/Ŵi−1, (18)

where ti is the start time of the follower’s walking cycle (a
walking cycle contains two steps), and Ŵi−1 is the duration
of the leader’s walking cycle. According to the definition, if
� = 0, the two adjacent pedestrians take the same foot at the
same time (synchronization). In Ref. [25], � was grouped by
instantaneous density (ρ, inverse of the instantaneous head-
way distance). They observed that, at large densities (beyond
1.25 ped/m), there was a peak around the phase � = 0,
which indicated the existence of the lock-step phenomenon
[see Fig. 10, black dots]. By using the same measurement, the
results of simulations are also shown in Fig. 10.

According to the figure, a peak at � = 0 only appears when
ρ > 1.5 ped/m in the simulation. With increasing simulation
time, the distributions of � are stable in Fig. 10(a), while
the peak becomes lower in Fig. 10(b). This means that, in
the biped model, the lock-step phenomenon only appears
when ρ > 1.5 ped/m and the phenomenon disappears grad-
ually with increasing simulation time. The fading of lock
steps in a simulation can also be observed in Fig. 11, in
which the first steps of most pedestrians are lock steps. As
the simulation time increases, less lock steps are observed.
This can be explained by the fact that, in the biped model,
step level interactions are simulated by collision avoidance,
and collisions seldom happen when ρ � 1.5 ped/m. As time
passes, stop-and-go waves arise, which affects the lock-step
mechanism. Pedestrians in the model are unable to adjust their
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FIG. 9. Position, µ, and σ of velocity at different densities. (a) 1.0 ped/m. (b) 1.1 ped/m. (c) 1.3 ped/m.

step frequency to catch the leader’s step while leaving a jam.
As a result, the peak at � = 0 becomes lower.

VI. DISCUSSION AND OUTLOOK

Modeling of pedestrian movement was divided by a top-
down approach into strategic, tactical, and operational levels
[31]. Seitz et al. [21] pointed out that an inaccurate model
of lower level corrupted the results on higher levels. In this
paper we provide a realistic model at the underlying level.
To guarantee the accuracy, most processes in the biped model
are based on experiments data: Generating of stand moment
movement is based on the empirical equations in Ref. [22],
studies of step frequency in Ref. [25], and our robot-following
experiments. The swing movement model [26] is also derived

FIG. 10. Normalized distributions of �. (a) 1.25 ped/m < ρ �

1.50 ped/m. (b) ρ > 1.50 ped/m.

from experiments. Updating velocity is based on the instanta-
neous fundamental diagram in Ref. [27] and the accelerating
studies in Ref. [28].

With these experimental data, natural foot movements are
simulated and the characteristics mentioned in Sec. I are
included: Pedestrian movement is periodic, pedestrians adjust
both step frequency and step length, physical space varies
during a step cycle. With the collision avoidance process,
the possibility of overlap is low even when pedestrians make
decisions at low frequency. If overlap still happens after the

FIG. 11. Evolution of lock step when density = 2.0 ped/m.
Filled polygons are lock steps and empty polygons are non-lock
steps.
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collision avoidance, that indicates that the leader may slow
down sharply. The follower cannot react in time, and finally
step on the leader’s heel. That could induce a tumble during
evacuation. Meanwhile, pedestrians in the biped model can
move at quite high densities (3 ped/m described in Sec. V A)
as long as there is space for a foot.

Although several phenomena have been reproduced, some
discrepancies with experiments can be observed: no lock steps
appear when the density is between 1.25 and 1.50 ped/m, and
stop-and-go waves arise earlier than that observed in some
experiments. A possible explanation is that pedestrians in
this density regime may have other step-level considerations,
e.g., the adjustment of step frequency according to the phase
of the leader, which could have a deep impact on the lock-
step phenomenon and stop-and-go waves. This consideration
can be clarified through further experiments in future works.
Furthermore, we strive to generalize the biped model to 2D
scenarios.
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APPENDIX A: EXTRACTING BOTTOM POINTS

FROM LASER RADAR DATA

In each scan of the laser scanner, the raw data of both
moving objects (e.g., pedestrians) and static objects (e.g.,
walls) can be collected [see blue points in Fig. 3(b)]. At
first, the static points are removed based on the distance
histogram at each scanning angle [32]. Second, moving points
are clustered: If the distance between two neighboring sample
points is less than the threshold (5 cm), they will be classified
as the same cluster. If the maximal distance between points in
the cluster is similar to the diameter of the leg (10–18 cm),
it will be regarded as a leg-like cluster. Centers of all leg-
like clusters during the whole experiment are demonstrated
by black points in the figure, according to which the black
points are dense when the leg is during the support duration.
Computing the local density around each black point, the
point with the maximal local density is marked by the red
crosses, which is also the approximate position of the heel.

APPENDIX B: DETECTING OVERLAP BETWEEN

TWO POLYGONS

If any vertex in either polygon is inside the other one, the
two polygons overlap. The judgment of whether a point is in
a polygon is based on Franklin’s PNPLOY algorithm [33]:
Making a ray from the point to any direction, if the number
of intersections between the ray and the edges of the polygon
is even, the point is inside the polygon. Otherwise it is outside.
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