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Pedestrian stepping dynamics in single-file movement
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In this paper, we present a pedestrian single-file movement experiment that directly captures the characteristics
of the interacting pedestrians’ continuous stepping behaviors. We find that the relationship between step length
(duration) and spatial headway exhibits piecewise linear behavior: It first increases linearly as the headway
increases and then remains constant when the headway exceeds 1.20 m (0.71 m). Three different regimes are
observed and defined on the basis of their relationships. The continuous small-step phenomena are found in
a strongly constrained regime. We reveal that the relationship between the step duration and the step velocity
is nonmonotonous and that the longest duration is seen at a velocity of 1.35 m/s, whereas the relationship
between the step length and the step velocity is monotonous and can be well represented by a quartic function.
Furthermore, we show that the dependency of the ratio between head displacement and foot displacement in a
step on the headway is a piecewise linear relationship. We were interested to find that the ratio is less (greater)
than 0.5 when the headway is less (greater) than 1 m. This finding reveals the backward- (forward-) deviating
phenomena of the body and can be used to indirectly interpret the differences in some of the results of this
paper and previous studies. Finally, we show that step synchronization (asynchronization) is most likely to occur
at a headway of 0.76 m (0.51 m). These interesting findings greatly deepen our understanding of basic human

stepping behavior.
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I. INTRODUCTION

Pedestrian dynamics is a fascinating research topic for
physicists because crowds of pedestrians exhibit various sub-
tle collective effects and self-organized phenomena [1-7],
such as arching, clogging, and faster is slower during evac-
uation; stop-and-go waves in a passage; lane formation in
counterflow; stripe formation in crossing flow; and oscillation
in counterflow through a bottleneck. Pedestrian dynamics is
also an important research topic in engineering because an
understanding of the characteristics of pedestrian behavior has
great significance in the design of modern pedestrian facilities
and the development of management countermeasures for
crowds.

The natural walking process of pedestrians is stepwise.
An understanding of basic pedestrian stepping behavior is the
premise of understanding complex human movement. Single-
file crowd movement is widely used to study how pedestrians
step [8—19] and can be observed in many natural situations.
For example, in a narrow corridor, pedestrians may walk
in a line due to the limited lateral space. In a bidirectional
pedestrian flow, the flow of pedestrians can give rise to
a self-organized lane formation phenomenon that increases
traffic efficiency, and single-file movement can be often ob-
served in the segregated lanes. In the single-file movement of
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pedestrians, the local interactions among pedestrians are
mainly longitudinal. It is easier to study how pedestrians step
in such settings. Indeed, such experiments have been widely
conducted in recent years to decode the characteristics of
pedestrian stepping behavior.

Seyfried et al. [9] performed an experiment that revealed
the linear relationship between the velocity and the inverse
of density. Chattaraj et al. [10] investigated the cultural dif-
ferences in this relationship in a similar experiment. Jeli¢
et al. [11,12] studied the fundamental diagram and stepping
behavior of pedestrians walking in line and revealed the
relationships among step variables (e.g., step length, step
duration, local velocity, and density) and the synchroniza-
tion phenomena in stepping dynamics. Chao and co-workers
[13,14] investigated the effects of the pedestrians’ age on the
fundamental diagram and stepping behavior. They analyzed
the relationships between velocity and step width, between
velocity and step length, and between velocity and stepping
time for various age groups and revealed the effects of pedes-
trian gender and height on stepping law. Wang and co-workers
[15,16] investigated the step styles and step characteristics
of pedestrians at various densities. Zeng et al. [17] revealed
the relationship between step length and step frequency under
different headways. Fang er al. [18] performed experiments
that revealed the relationships between step length and den-
sity, between step frequency and density, and between step
frequency and headway. A single-file experiment concerning
stepping behavior was also conducted by Yanagisawa et al.
[19] to verify their model. Various types of experiments
have also been conducted to study pedestrian stepping be-
havior. Seitz and Koster [20] extracted step length data for

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.98.062311&domain=pdf&date_stamp=2018-12-14
https://doi.org/10.1103/PhysRevE.98.062311

MA, SUN, LEE, AND YUEN

PHYSICAL REVIEW E 98, 062311 (2018)

5.0m

“40m
FIG. 1. Schematic of the scenario and a snapshot from the
experiment.

pedestrians whereas walking, jogging, and running, and gave
a functional relationship between the step length and velocity.
Seitz et al. [21] studied pedestrian stepping behavior in a
two-dimensional environment and found that a change in the
walking direction is constrained by the walking speed. Step-
ping behavior has also been investigated from the perspectives
of medicine and sports science [22-24].

From the review of previous studies concerning pedestrian
stepping behavior, we noted that their steps were usually
tracked by the oscillation of the pedestrians’ heads [12,14—
17]. The bipedal alternating locomotion of pedestrians has not
been directly tracked. As a result, some critical characteristics
of stepping behavior may have been missed, and, in particular,
the stepping dynamics under foot are not fully clear. The key
problem of how pedestrians adapt their footsteps in various
situations has not been addressed thoroughly. Seitz and Koster
[20] directly measured pedestrians’ footsteps, but their mea-
surements were restricted to isolated pedestrians.

Based on these considerations, in this paper, we conduct
a well-controlled single-file experiment under laboratory con-
ditions to investigate the characteristics of pedestrian stepping
behavior. In particular, we attempt to address how pedestrians
step under different headways. This is a single-file experi-
mental study of pedestrian stepping dynamics that captures
directly and precisely the characteristics of the continuous
stepping behavior of interacting pedestrians. The innovative
findings will greatly deepen our understanding of the basic
stepping behavior of human beings.

II. EXPERIMENT

The goal of our experiment was to investigate the charac-
teristics of stepping behavior with a particular focus on pedes-
trians’ footsteps in an attempt to reveal the step characteristics
in various headway conditions.

The experiment was performed in March 2018 at Sichuan
University in Chengdu, China. The experimental scenario
(Fig. 1) is a ring corridor consisting of two straight parts
(length, 5 m) and two semicircles (outer radius, 2.8 m; inner
radius, 2 m). The width of the corridor is 0.8 m, and the
length of the measured section shown in the center of the
straight parts is 4 m. Note that the lower edge of the measured
section is enclosed by a clear white boundary line on the floor.
This setting enabled clear observation of the pedestrians’ foot
motions.

The experiment involved 70 pedestrians; all were students
recruited from various schools at Sichuan University. Seven
runs were performed with 10, 20, 30, 40, 50, 60, and 70

FIG. 2. Trajectories of head motion during the run with 40
participants. The inset is the schematic of the identification of head
positions (i.e., the centers of the red points) and foot positions (i.e.,
the centers of the white points).

participants in the corridor. The global density [11,13] varied
from 0.40 to 2.82m~".

Each participant was equipped with two markers (a hat
and a shoe cover with specific colors). The participants were
asked to wear a red hat on their head and either a blue or a
pink shoe cover on the left foot in alternating fashion. The
use of two colors for the shoe covers was to distinguish more
clearly the respective feet of two successive pedestrians. Such
a marker setting enabled us to track directly and precisely both
the head motion and the foot motion of the pedestrians in the
experiment.

Note that a shoe cover was used to track only the left
feet of the pedestrians because their right feet could not be
clearly observed due to occlusion by the body especially in
high-density conditions. Fortunately, because the measured
section was straight, the stepping law of the left foot under the
same headway was generally symmetrical with the stepping
law of the right foot.

At the start of each run, the participants were distributed
uniformly in the corridor. During each run, the participants
were asked to walk in a natural way, not to overtake each other,
and not to cross the white boundary line on the outer ring. To
collect sufficient data, each run lasted around 3 min.

The whole experiment was recorded with a camcorder at
a top-down viewing angle. The resolution of the camcorder
was set to 1920x 1080, and a frame rate of 25 frames per
second was used. Note that the camcorder’s viewing angle was
not 100% perpendicular but slightly slanted to the ground to
enable us to clearly observe both the hats on the heads and the
shoe covers on the feet in the video recordings.

The mean-shift clustering algorithm [25,26] was adopted
to automatically extract the positions of the hats and shoe
covers in each frame. The head positions in real physical
space were obtained by transforming the extracted positions
of the hats in the video space with the linear transformation
method [25,26]. In this manner, the head motion can be
tracked directly as shown in Fig. 2. The base plane was then
changed to the ground. The foot positions in real physical
space were obtained by transforming the extracted positions
of the shoe covers in the video space with the linear transfor-
mation method. In this manner, the foot motion can be tracked
directly.

Note that the position of a pedestrian’s foot after linear
transformation is precise only when his or her foot is on the
ground because the ground is the selected reference plane
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during the linear transformation process. However, in the
middle of the motion process of a footstep, the foot is not on
the ground but lifted up (unless he or she slides the foot along
the ground). This suggests that the calculated coordinate of the
foot may contain a small amount of error when the foot is in
motion. Fortunately, the foot is on the ground at the beginning
and end of a footstep, so these small errors do not influence
the detection of a footstep’s duration.

III. STEP MEASUREMENT

In Refs. [12,14-16], steps were tracked indirectly via os-
cillation of the head. However, it is possible that the head
oscillation did not rigorously coincide with the feet cycles
[12]. Thus, we used a direct method to track footsteps.

To track footsteps, the foot’s longitudinal motion was
approximated by projecting the foot’s two-dimensional coor-
dinate to the horizontal central line of the measured section.
Figure 3 shows the time-space diagrams of foot motion for
the various runs. The moving and motionless states of the foot
can be easily observed in terms of the time-space diagrams
obtained. Theoretically, in the time-space diagrams, each
fraction of the horizontal (blue) line represents that the foot
is motionless, whereas each fraction of the oblique (red) line
represents that the foot is in motion.

To extract the steps, the longitudinal instantaneous velocity
of the foot at the rth frame is calculated

xi(t 4+ A1) — xi(t — A1)

vi(®) = 2 At/25 : M

where x;(t) is the longitudinal coordinate of the foot of
pedestrian i at the tth frame. At is the time interval (three
frames is used in this paper). The video clips were shot at 25
frames per second. Figure 4(b) shows an exemplary change in
the velocity of the foot against time.

Figure 4(b) clearly shows a total of three complete steps.
To divide the moving and stopping phases of the foot, the
velocity v = 0.1 m/s was taken as the threshold [13]. The
frame number (t°) of the start of one step can be detected
automatically if v;(z — 1) < 0.1 and v;(z¥) > 0.1m/s. In
contrast, the frame number (7¢) of the end of one step can
be detected automatically if v;(t¢) > 0.1 and v;(z¢° + 1) <
0.1 m/s. Once the frame numbers of the start and end of
each step were obtained, the step duration and length could
be calculated directly and easily as shown in Fig. 4(a).

In this way, the steps were fully extracted in terms of the
time-space curves shown in Fig. 3. Finally, to guarantee the
accuracy of the data and avoid some mistakes during step
detection, the frame numbers of the start and end of each step
were checked and corrected manually after they were detected
automatically. We collected 108, 459, 532, 517, 408, 324, and
128 step samples from the runs with 10, 20, 30, 40, 50, 60,
and 70 participants, respectively. Each step corresponds to a
fraction of a red line in the time-space diagrams in Fig. 3.

IV. RESULTS

A. Stepping law and small-step phenomenon

In this section, we address the question of how pedes-
trians adjust their step duration and length under various
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FIG. 3. (a)—(g) Time-space diagrams for runs with 10, 20, 30,
40, 50, 60, and 70 participants, respectively. Each fraction of the
horizontal (blue) line represents the foot is standing still, whereas
each fraction of the oblique (red) line represents the foot is in motion.
Note that, at high densities, such as 70 participants (g), each round
of motion after a long stop often comprises a couple of continuous
small steps characterized by short step duration and length. We refer
to this phenomenon as the small-step phenomenon.

headways (i.e., the headway-step duration relation and
headway-step length relation). Because the frame numbers of
the start (7 J) and end (t/;) of pedestrian i at the kth step
have been obtained, the correspondmg step duration (7; ),
step length (/; 1), and spatial headway (d; ) can be easily
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FIG. 4. (a) Time-space diagram of foot motion for a selected
pedestrian. Oblique (red) curves represent the obtained steps in terms
of the foot’s velocity change. (b) Corresponding velocity change in
the foot against time.

calculated by
T T Tk
T = S, )
li,k = X; (‘L’fk) — X; ('L';k), (3)
dix = Xi1 (%) = Xi(7e), )

where the frame rate of the video recordings is 25 per second
and x;(7) and X;(7) represent the coordinates of the foot and
head, respectively, of pedestrian i at the rth frame.

Figure 5 shows the scatter diagrams for headway and
step length and for headway and step duration. To better
determine the relationships between headway and step length
and between headway and step duration, we used a binning
procedure similar to that in Ref. [12] to analyze the data (see
Fig. 6). The results are fitted with the following piecewise
function:

[ _ [143d—045, ifd <1.20m, 6)
=127, if d >1.20m,

r_ [0824+004, ifd<071m, ©
= )0.62, ifd>0.71m,

where [, T, and d represent the step length, step duration, and
headway, respectively.

A comparison of Figs. 6(a) and 6(b) clearly shows that
the steady states of the step length and step duration arise
at different headways (1.20 and 0.71 m, respectively), which
suggests the existence of three different regimes.

(a) Free regime (d > 1.20m). The step duration and step
length are both constant (0.62 s and 1.27 m) and thus inde-
pendent of the headway. This finding suggests that the pedes-
trian’s motion is not constrained by that of the predecessor
and that pedestrians can use their preferred stepping pace.

_
D

- —_
- N B
.

Step length [m]
o
o]

06 N=10
N=20
N=30
02 N=40
N=50
0.2 N=60
N=70
0 L i A i
0 1 2 3 4
(a) Headway [m]
; N=10
16} © N=20 -
N=30
14+ © N=40
# © N=50
w12t , ) N=60
c 5 N=70
o
= 17 1
o
>
T 0.8
Q.
8 .
o 0.6 -
0.4
0.2
0 A I
0 1 2 3 4
(b) Headway [m]

FIG. 5. Scatter diagram of 2476 (a) headway-step length samples
and (b) headway-step duration samples.

Theoretically, pedestrians will not adjust their step duration
or step length in this regime.

(b) Weakly constrained regime (0.71m < d < 1.20m).
The step length decreases as the headway decreases, whereas
the step duration remains constant (0.62 s). This finding
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FIG. 6. Binning and fitting results of (a) headway-step length
samples and (b) headway-step duration samples.
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FIG. 7. Comparison of relationships between headway and step
length and between headway and step duration (the inset) for our
result and those of Zeng et al. [17]. Note that the results of Zeng
et al. [17] have been equivalently converted.

suggests that the pedestrian’s motion is weakly constrained by
that of the predecessor and that pedestrians will react to the
spatial constraint by adjusting their step length but not their
step duration.

(c) Strongly constrained regime (d < 0.71m). The step
duration and step length both decrease sharply and linearly
as the headway decreases. This finding suggests that the
pedestrian’s motion is strongly constrained by that of the
predecessor and that pedestrians will react to the change in
the spatial constraint by adjusting both their step length and
step duration.

It is of particular interest that, at high densities [e.g., N =
70; see Fig. 3(g)], each round of motion for each pedestrian
after a long stop often comprises a couple of continuous steps.
Meanwhile, Fig. 5 shows that the duration and length of these
steps are obviously shorter than those of the steps at low
densities (e.g., N = 10). We refer to this phenomenon that
arises spontaneously at high densities as the “self-organized
small-step phenomenon.” It forms because the space available
ahead of the follower is very limited at high densities, so the
follower cannot take a long step and must move with small
steps. Another reason is the psychological effect whereby the
follower will not take a long step that may risk a collision
with the predecessor. This phenomenon also suggests that the
follower will make efficient use of the available space and
move in a timely fashion once a gap from the predecessor
develops instead of waiting in place to take a preferred large
step.

We compare our results on the relationships between head-
way and step duration and between headway and step length
with the results of Zeng et al. [17] in Fig. 7. The relationship
between headway and step length is basically similar, but
the relationship between headway and step duration differs
significantly and appears to be opposite that of the strongly
constrained regime; their result shows that the step duration
increases as the headway decreases. However, it is expected
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FIG. 8. (a) Binning result of step velocity-step duration samples.
(b) Binning and fitting results of step velocity-step length samples.

that if a large number of small steps with a short step duration
can be detected at high densities (low headways), the average
step duration will naturally decrease with the decrease in the
headway. Thus, we speculate that the major reason is that the
small steps that arise at high densities could not be tracked
effectively with the head motion-based step measurement
method used by Zeng et al. [17]. We elaborate on the reason
in Sec. IV C.

B. Velocity-step duration relation and velocity-step
length relation

Because the step velocity equals the step length divided
by the step duration, the step velocity-step length and step
velocity-step duration scatter data are easily obtained in terms
of the samples data in Fig. 5. Figure 8 shows the results after
the binning procedure is applied.

We were surprised to note that the step duration does not
increase monotonously as the velocity decreases as reported
in Refs. [12,14]; rather, it decreases as the velocity decreases
within the relatively low velocity domain (v < 1.35m/s).
This is due to the increasing number of small steps that
arise as the density increases (corresponding to the decrease
in velocity) in the strongly constrained regime. The average
step duration naturally decreases. The step duration is the
longest at a velocity (v) of 1.35 m/s. The step duration
decreases as the velocity increases within the relatively high
velocity domain (v > 1.35m/s) because pedestrians prefer to
increase their velocity by shortening their step time to improve
stepping efficiency in the free movement stage [14].

In addition, we note that the relationship between step
velocity and step length seems to be more complex than that
reported in Refs. [12,14]. We fit the results with a quartic
function,

[ =0.08v* —0.56v° + 1.17v> — 0.17v + 0.08,  (7)

where / and v represent the step length and step velocity,
respectively.

Figure 9 compares the relationship between step length
and step velocity with the results from previous studies
[12,14,16,20,27]. Note that the focused motion object in this
paper and in Refs. [20,27] is the foot, whereas, in Refs.
[12,14,16], it is the head. Therefore, strictly speaking, their
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FIG. 9. Comparison of the relationship between step length and
step velocity in our paper and in previous studies [12,14,16,20,27].

results are not comparable. However, whether the head or the
foot is used, the step length in our result is always smaller than
those in Refs. [12,14,16] at the same velocity in the relatively
low velocity domain. This is because the step duration in
our paper is shorter than those in the previous studies at
the same velocity in the relatively low velocity domain. The
step length (i.e., velocity multiplied by duration) is naturally
shorter than those in Refs. [12,14,16] at the same velocity.
In the relatively high velocity domain, the step length in our
paper is larger than those in Refs. [20,27]. Many factors,
including the measurement method, experimental setup, and
body characteristics, may contribute to this difference. In
particular, the experimental subjects in Ref. [20] were not
interacting pedestrians but isolated pedestrians, and the mea-
surement appears to be manual rather than automatic, which
may cause differences in the error level. In addition, they
provided fewer step samples than we had in our paper. The
critical reason for the difference with Ref. [27] is unclear
because the details of the measurements were not given in
Ref. [27].

C. Foot motion versus head motion

In this section, we address the relationship between head
displacement and foot displacement during a step and whether
the ratio between them equals 0.5 as often expected. Mean-
while, we address the question of why the small steps
that arise at high densities are difficult to track effectively
with the head motion-based step measurement method as
in Refs. [12,14,16,17]. This question is key to interpret-
ing the differences between this paper and previous studies
[12,14,16,17] in the relationships between headway and step
duration, between step velocity and step length, and between
step velocity and step duration at high densities.

Because both head motion and foot motion were tracked in
our experiment, we can compare the displacement of the head
and foot during each step. In terms of the frame numbers of
the start (7;';) and the end (7;’;) of pedestrian i at the kth step,
the longitudinal head displacement (%; ;) of pedestrian i at the
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FIG. 10. Scatter diagram of 2476 headway-ratio samples. The
inset shows the binning and fitting results.

kth step can be easily calculated by
I’li,k = Xi (Tic:k) — Xi (Tis,k). (8)

We then calculate the ratio (r) between the longitudinal
head displacement and the foot displacement during each
step. Figure 10 shows the headway-ratio scatter diagram.
Surprisingly, the ratios are not fully equal to 0.5 as often
expected. To obtain a clear headway-ratio relationship, we use
a binning procedure to analyze the data and fit the result with
the following piecewise function:

_10.534 - 0.03,

if d < 1.14m,
"=10.57,

ifd>1.14m, ®)

When the headway d < 1.14m, the ratio increases in a
sharp and linear fashion as the headway increases. The ratio
r = 0.5 when d = 1 m. When d > 1.14 m, the ratio remains
constant (r = 0.57). This interesting result suggests that,
when the distance to the predecessor is too short (d < 1 m),
the pedestrian’s body will deviate backward (i.e., the center
of mass is closer to the rear foot than the front foot) to retain
sufficient buffer space from the predecessor and thus avoid
collision with the predecessor as illustrated in Fig. 11. When
the distance to the predecessor is sufficiently long (d > 1 m),
the pedestrian may no longer worry about a collision with
the predecessor, and the pedestrian’s body moves forward as
much as possible and will deviate forward (i.e., the center of
mass is closer to the front foot than the rear foot).

In terms of the headway-ratio relation and headway-step
length relation [Fig. 6(a)], we know that both the ratio () and
the foot displacement (/) during a small step may approach
zero at high densities (low headways). The head displacement
L(=1 x r) during a small step will extremely approach zero.
In other words, the head is nearly motionless. It is thus quite
possible that the small steps that arise at high densities (low
headways) could not be effectively detected with only a head
motion-based step measurement method, such as those used
in Refs. [12,14,16,17].
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FIG. 11. Schematic of foot motion versus head motion during a
step. The gray pedestrian represents the body posture of the follower
after taking a step. When the headway is d < 1m, the ratio is
L/l < 0.5, and the pedestrian’s body will deviate backward. When
d > 1.14m, the ratio remains constant at 0.57, and the pedestrian’s
body will deviate forward slightly.

D. Step synchronization and asynchronization

In this section, we address the question of what density
or headway results in the highest incidence of local step
synchronization and asynchronization.

In terms of the time-space diagrams of foot motion (Fig. 3),
it is easy to see that the marching-style step synchronization
(i.e., global synchronization; all pedestrians step with the
same step frequency and strictly in phase) is almost nonex-
istent. However, it is possible that two successive pedestrians
step with the same step frequency and in phase (i.e., local step
synchronization).

Jeli¢ et al. [12] showed that local synchronization is ob-
servable at high densities and that local synchronization and
antisynchronization (i.e., walking in phase with the opposite
legs) exist simultaneously at low densities. This result was
also confirmed by Wang et al. [16]. However, they did not
indicate at which precise headway the incidence of local syn-
chronization and asynchronization is highest, but they gave an
approximate density range.

Because the start and end times of each step of each pedes-
trian were obtained by tracking foot motion, the phase dif-
ference between two successive pedestrians can be calculated
easily and precisely. Specifically, the local synchronization of
two successive pedestrians should satisfy two conditions: start
time conformity and duration conformity.

(a) The start time conformity [i.e., the start times of the
steps of the follower and the predecessor (¢} and #,)] should
satisfy [t} —7,| < k as illustrated in the first step of the
follower in Fig. 12. k is the relaxation variable about the time
difference, which is set as 0.1 s in this paper.

(b) The duration conformity [i.e., the step durations of the
steps of the follower and the predecessor (T and 7,)] should
satisfy |Ty — T,| < k. K is the relaxation variable about the
duration difference, which is set as (Ty + T},)/8 [12,16].

Only 255 pairs of successive pedestrians satisfy above
two conditions and are considered to be synchronized in our

Predecessor

Space

Follower

Time

FIG. 12. Schematic of local synchronization and asynchroniza-
tion phenomena in the exemplary time-space diagram of foot motion.
Each fraction of oblique (red) line represents a step.

experiment. The rejection ratio of the samples approaches
90%, which suggests that at least 90% of pairs of succes-
sive pedestrians are not synchronized. Figure 13(a) shows
the probability density distribution (pdf) of headway in the
detected synchronized 255 pairs of successive pedestrians. We
fit the result with a three-parameter Burr distribution function,

_ (ck/a)(d/a)!

= —— 1
[1+ (d/a) 1! {10

fldle, c, k)

The parameters are estimated to be o = 0.75, ¢ = 5.37,
and k = 0.58. In terms of the fitting result, the headway at the
maxima of the pdf is calculated to be 0.76 m, which suggests
that the local synchronization phenomenon is most likely to
arise when the headway is 0.76 m. At this time, the local
density is 1/0.76 = 1.31 m~', which is basically consistent
with the density range (>1.25m™") given in Ref. [12].

We cannot detect an antisynchronization phenomenon (i.e.,
walking in phase with the opposite legs) in the experiment
because the motion phase of the right leg is unknown. How-
ever, it is possible to investigate the local asynchronization
phenomenon (i.e., the duration of the follower’s step does not

Data
SeSase Fit

-

o
3]

Probability density distribution
Probability density distribution

o

1 2 3 0 0.5 1 1.5 2
Headway [m] (b) Headway [m]

~
&
R=d
o

FIG. 13. Probability density distribution of headway for (a) the
detected synchronized 255 pairs of successive pedestrians and (b)
the asynchronous 745 pairs of successive pedestrians.
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intersect with the duration of any of the predecessor’s steps
as illustrated in the second step of the follower in Fig. 12).
In terms of this definition, 745 pairs of successive pedestrians
are found to be asynchronous in our experiment. Figure 13(b)
shows the pdf of the headway for the detected asynchronous
745 pairs of successive pedestrians. We also fit the result with
a three-parameter Burr distribution function. The parameters
were estimated to be « = 0.49, ¢ = 8.51, and k = 0.58. The
headway at the maxima of the pdf is calculated as 0.51 m,
which suggests that the asynchronization phenomenon is most
likely to occur when the headway is 0.51 m. Note that
this result seems to differ with that in Refs. [12,16]. One
important reason is that the asynchronization defined in this
paper is not equivalent to the antisynchronization discussed in
Refs. [12,16].

V. CONCLUSIONS

In this paper, we present a pedestrian single-file movement
experiment that directly captures the characteristics of the
continuous stepping behaviors of pedestrians interacting in
a crowd. Based on the experimental results, the following
conclusions can be drawn.

First, the step length (duration) increases linearly as the
headway increases and then remains constant when the head-
way exceeds 1.20 m (0.71 m). This result indicates that the
relationship between step length (duration) and headway is
piecewise linear and suggests the existence of three different
regimes. The result also indicates that pedestrians’ footsteps
would change into small steps of short length and duration at
high densities in the strongly constrained regime.

Second, the relationship between step duration and step ve-
locity is nonmonotonous, and the step duration is the longest
at a velocity of 1.35 m/s, whereas the relationship between
step length and step velocity is monotonous and can be well
represented by a quartic function.

Third, the dependency of the ratio between head displace-
ment and foot displacement during a step on the headway is

piecewise linear, and the ratio is less (greater) than 0.5 when
the headway is shorter (longer) than 1 m. This result indicates
that pedestrians’ bodies usually deviate backward when the
distance to the predecessor is too close (<1 m); conversely,
they usually deviate forward when the distance is sufficiently
long (>1m). In addition, this result can indirectly interpret
the differences between this paper and the previous studies
[12,14,16,17] in the relationships between headway and step
duration, between step velocity and step length, and between
step velocity and step duration at high densities.

Finally, step synchronization of two successive pedestrians
is most likely to occur at a headway of 0.76 m. This conclusion
is in line with the conclusions in Ref. [12]. Step asynchroniza-
tion is most likely to occur at a headway of 0.51 m. A strict
antisynchronization phenomenon [12] was not detected in our
experiment because the motion of the pedestrians’ right leg
was not tracked. Further experiments are needed to answer
this question in a future study.

Compared with previous studies of stepping dynamics
[8—19], our experiment is the direct tracking of the interacting
pedestrians’ foot motion. This enables the stepping character-
istics and phenomena to be investigated more efficiently and
precisely. The main contribution of this paper is that it reveals
many new stepping characteristics (e.g., the relationship be-
tween the headway and the ratio of head displacement and
foot displacement in a step, the precise headways at which
synchronization and asynchronization are most likely to arise)
and phenomena (e.g., the forward- and backward-deviating
phenomena of the body and the continuous small-step phe-
nomena at high densities). These findings will greatly deepen
our understanding of the basic stepping behavior of human
beings.
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