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The single-file movement experiment offered a convenient way to investigate the one-dimensional leader—follower
behavior of pedestrians. This study investigated the time delays of children pedestrians in the leader—follower behavior
by introducing a time-dependent delayed speed correlation. A total of 118 German students from the fifth grade (aged
11-12 years old) and the 11th grade (aged 17-18 years old) participated the single-file experiment. The characteristic delay
time for each pedestrian was identified by optimising the time-dependent delayed speed correlation. The influences of the
curvature of the experimental scenario, density, age, and gender on the delay time were statistically examined. The results
suggested that to a large extent, the revealed characteristic delay time was a density-dependent variable, and none of the
curvatures, the age and gender of the individual, and the age and gender of the leader had a significant influence on it. The
findings from this study are variable resources to understand the leader—follower behavior among children pedestrians and

to build related simulation models.
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1. Introduction

The one-dimensional pedestrian flow, in which pedestri-
ans walk along a line and hardly overtake others, usually refers
to single-file flow in the literature. It might be one of the most
heavily investigated topics in pedestrian dynamics, and a vast
amount of research works emerge from analyzing the single-
file flow from different aspects.

Among them, the fundamental diagrams, namely, the
pairwise relationships among flow rate, speed, and density
(headway), have been the central problem of these researches
from the very beginning.!!! In the work of Seyfried et al.,!!]
they presented a single linear relationship between the speed
and the inverse of the density. While in later research, (21 j¢
was found that there were three linear regimes with different
slopes that could be distinguished from the speed-headway
plots when the observed density range expanded. This ex-
istence of three regimes for the speed-headway relationship
was further confirmed by the following research.*! However,
it had been shown that the fundamental diagrams of single-file
pedestrian flow presented nonnegligible variations depending
on various external and internal factors. Chattaraj et al.'¥ in-
vestigated the cultural effects on the fundamental diagrams of
single-file flow, and they conducted a comparison study be-
tween the German and the Indian participants. The results
showed that the walking speeds of the Indian pedestrians were
higher than those of Germans due to the smaller acceptable
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personal space for the Indian pedestrians. Further, in the work
of Jin et al.,’! they confirmed the cultural effect on walking
characteristics. They found that their experiment’s flow rate
with the Chinese pedestriansis closed to the Indian results and
larger than the German results. The background music and
rhythm were also influential factors for the fundamental dia-
gram of single-file flow. Yanagisawa et al.!! found that a suit-
able rhythm that is slower than the normal-walking pace of
pedestrians in the free-flow situation could increase the flow
rate in a congested situation. In a recent study by Zeng et
al.,"l it observed that the effects of background music were
associated with the kinds of music (namely, motivational mu-
sic with a fast tempo and non-motivational music with a slow
tempo) and the instructions on how to react to the music (to
follow the beat of the music or not).

Besides, the individual characteristics, such as age,
height, and gender, were all considered to impact the move-
ment characteristics and thus affect the fundamental diagrams.
Ren et al.®! conducted a single-flow experiment with the el-
derly group aged from 52 to 81 years old and compared the
results with the results of the younger group in the work by
Jeli¢ et al.”?! Their findings suggested that the elderly gener-
ally walked more slowly than the younger, especially in high-
density conditions (headway is smaller than 1.1 m). The du-
ration and times of stopping of the elders were increased to
pursue a longer headway to restart their movements in those
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experiments. In the work of Wang et al.,®! they suggested that
male and female students required different personal spaces in
walking under different walking conditions. In addition, the
effect of gender on step frequency was significant for younger
students. However, there are contradictive conclusions on the
effects of gender and age in the research field. Paetzke et al.l”]
integrated the results of single participants appearing in dif-
ferent runs in their experiment, which was similar to the ex-
periment mentioned in the work of Wang et al.!® The individ-
ual fundamental diagrams were introduced and analyzed using
multiple linear regression. Their results showed that gender
has a weak effect on the speed-headway relations of the pedes-
trians in the experiment. Cao et al.!'! investigated the step-
ping behavior of pedestrians from different age groups (young
adults aged from 16 to 18 years old and older adults aged from
45 to 73 years old). They indicated that gender and height have
no significant influence on the fundamental diagrams for both
age groups. Another experimental study conducted by Subaih
et al."'! with the Palestinian pedestrians found that with ex-
clusively male or female groups, gender has no effect on the
pedestrians’ speed in the single-file movement, but when male
and female pedestrians walked in a mixed-gender group, their
speeds decreased due to social conventions.

Further, the fundamental diagrams are linked with the
stepping characteristics of the pedestrians, including step
length, step duration (frequency), and step synchronization.
There is a lot of research dedicated to this field of study.
Jeli¢ et al.!'?! revealed that the variation of the speed of
the pedestrians is mostly induced by the adaption of step
length rather than the step duration (step frequency), indicat-
ing pedestrians probably do not like to modify their stepping
pace rapidly. In contrast, in the work of Cao et al.,'°! there
was a notably monotonically decreasing trend for step dura-
tion with the increase of velocity, indicating that the pedestri-
ans would increase speed by reducing step duration. Fang et
al.'3) found that the step length, as well as step frequency,
decreased with the increasing global density in their single-
file flow experiment. Besides, a linear relationship was iden-
tified between the step frequency and the spatial headway. In
the work of Ma et al.,!'*l they confirmed the piecewise lin-
ear behavior between the step length (duration) and the spatial
headway. The relationship between the step duration and the
step velocity was nonmonotonous. In contrast, the relation-
ship between step length and the step velocity is monotonous
and can be described by a quartic function. Step synchro-
nization, also referred to as locked steps in the literature, is
frequently observed in the single-file movement of pedestri-

[12] showed that the synchronization effects

ans. Jeli¢ et al.
are notable at large densities (beyond 1.25 ped/m) due to the
constrained waking space in front. In the work of Wang et

al.,/"! they revealed two patterns of synchronization for two

successive walking pedestrians in their experiments: one is
that pedestrians stepped synchronously with the same side feet
(left or right) as their predecessors, and another type is that the
followers stepped synchronously with opposite feet with their
predecessors. Besides, they also suggested an increasing trend
in the proportion of step synchronization with the increase of
density. In the work of Ma et al.,l'®! they revealed that sponta-
neous synchronization is most likely to be activated at a deter-
mined characteristic spatial headway of 1.15 m, at which the
insufficient safety distance enables the pedestrians to synchro-
nize their footstep with their predecessors to avoid the possible
inter-person collisions.

1.1. Motivation and the objective of the study

The walking dynamics of pedestrians in the single-file ex-
periment can be analyzed and understood from the perspec-
tive of follow-the-leader behavior, similar to the car-following
theory in the vehicle flow. Rio et al.!'”! designed an exper-
iment to examine how a pedestrian visually controlled speed
when following a leader, in which the participants were re-
quired to walk behind a leader who would randomly increase
or decrease his walking speed. Based on the experimental re-
sults, they checked six models that were derived from the car-
following models. It was found that the following behavior
was best described by a simple speed-matching model. Inter-
estingly, other models did not improve upon it despite more
behavioral assumptions and free parameters being taken into
consideration. Further, Lombardi et al.!'8! proposed leader-
ship metric with two time-dependent delayed indexes (direc-
tional correlation and speed correlation) to unveil and quanti-
tatively describe the mechanisms of the leadership emergency
in walking groups. However, in the works of Rio et al.!'7! and
Lombardi et al.,!'3! only the follow behavior was tested with a
few participants, and they were instructed to walk in pairs, not
in a collective way as those in the single-file flow experiment.
Therefore, in this study, we aim to investigate how pedestrian
follows the leader in a collective movement and further how
the curvature of the track, density, age, and gender affects the
speed matching behavior in such a situation.

2. Experiment details

The single-file flow experiment was conducted at the
school Gymnasium Bayreuther Strae in Wuppertal, Germany,
in 2014. In total, 118 students from the fifth grade (aged 11-12
years old) and the 11th grade (aged 17-18 years old) partici-
pated the experiment. As shown in Fig. 1, the experimental
track was a 0.8 m wide oval corridor with two straight paths
(I = 2.5 m) connected by two semi-circle paths. There were
31 trials of the experiment performed with a different num-
ber of participants. The participants were required to walk
inside the corridor and forbidden to overtake others or walk
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side-by-side in the experiment. The trajectories of all partici-
pants in each experimental trial were extracted and recorded
with a time interval of Az = 1/25 s with the PeTrack soft-
ware, and the dataset is accessible from the open access data
archive of Jiilich research center.!'®! It should be noted that the
trajectories in the original datasets were based on the general
rectangular coordinate system, and to facilitate the analysis in
single-file flow movement, they were transformed into a new
coordinate system, as shown in Fig. 1(b). The origin was at
the start point of one straight path, the x-axis was along the
middle line of the oval corridor denoted by the blue dash line
in Fig. 1(b), and y-axis was always set to be perpendicular to
the x-axis.?! As the current study focus on the longitudinal
movement of the pedestrians, thus, only the x coordinates of
the trajectory were used in this study.

Fig. 1. Illustration of the experimental scenario and the transformed co-
ordinate system.

The trajectory dataset is processed with the following pro-
cedures:

(i) For each trial of the experiment, the trajectories of
all participants were cut off at the time when the participants
started to exit the corridor.

(ii) For each trial of the experiment, only the trajectories
in the steady-state interval were selected based on the entire
average speed of all participants during the whole duration of
the given trial. The steady-state interval was defined as a time
interval starting at the time when the average speed of the par-
ticipants firstly reached the entire average speed, and ending
at the time when the entire average speed was reached for the
last time.[*!

(iil) Then for the trajectory of each pedestrian i,x; () was
smoothed over a time window of 0.4 s (10 frames) with a mov-
ing average filter. The longitudinal speed v (f) along the x-
axis for each pedestrian 7 at time # was calculated by

_ Xi (l+dt) —X; ([— dl)

vi () 2dr ’

ey

with dr =0.4s.

3. Methodology
3.1. Characteristic delay time in speed matching

In the single-file flow experiment, a pedestrian is not al-
lowed to overtake another or walk abreast. Therefore, it is

a one-dimensional following movement, in which a pedes-
trian usually pursues to a comfortable walk by adapting his/her
speed according to that of the predecessor’s. In the work of
Rio et al.,l'”! they tested a number of behavioral assumptions
that derived from the classic car-following models. Some of
the behavioral rules as well as the corresponding models were
simple with only one free parameter involved, such as the fol-
lower tended to match the speed of leader, and the follower
would maintain a fixed distance from the leader. There were
composite behavioral rules in which the speed difference and
the distance were all taken into consideration, and more free
parameters were needed. However, their results surprisingly
showed that the following behavior was best described by the
simple speed-matching rule, and other composite rules had not
significantly improve upon it. This suggested that the speed-
matching behavior plays a key role in the follow-the-leader
movement of pedestrian, which might further govern the dy-
namics of the single-file flow. Therefore, we first put forward
a precondition that the follower pedestrian tends to match the
speed of the leader at a characteristic delay time 7 (T > 0).
Then the time-dependent delayed speed correlation proposed
by Lombardi e al.!'® was adapted to determine the character-
istic delay time 7 for each participant.

Now, consider two successive pedestrians in the exper-
iment: pedestrian j follows pedestrian i in a duration from
time t = ij tot = le with ij and le are the first and last
recorded timestamp of pedestrian j’s following movements,
respectively. Then based on the time series of their speeds, the
time-dependent delayed speed correlation is defined as

1

(0]
r0+1 Z Aij(l—‘y-kAl,Tj), 2)

k=—a

Cij(t,7j) =

where Avj;(t,T) = |[vi (t) —Vv;(t+7;)| is the difference be-
tween the leader pedestrian’s speed denoted by v} (r) and the
follower pedestrian’s speed at a time delay of 7; denoted by
5o = 0.04 s for the
experimental data. The parameter @ > 0 is a selected constant

Vi (t+7;). The sampling time is Ar =

to scale the width of the symmetric window, namely, 2wAt,
which is used to average Av;; to compensate for noise and
measurement errors. In the work of Rio et al.,l'” they mea-
sured pedestrian visual-locomotor delay to the leader’s change
in speed which is about 0.5 s. Therefore, the smooth window
20At > 0.5 s is recommended as suggested in Ref. [18] and
o is set to 7 in this study. Then the characteristic delay time
for speed-matching behavior of the pedestrian j is given as
© = argmin(S;; (t;)) with

At 7}
Sij (7)) = WZ,;TIf Gij (1,7j)
T

being the total mean value of Cj; (7, 7;) in the whole duration.
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Fig. 2. Examples of the personal related delay time in speed matching.

Figure 2 presents an example to show the effectiveness
of the proposed method. Figure 2(a) illustrates the determina-
tion of the characteristic delay time for the follower pedestrian
during the speed matching movement of two pedestrians (with
pedestrian 1 the leader, and pedestrian 2 the follower) in the
experiment. From Fig. 2(a), it can be seen that the mean value
of Cj; (t,7;) firstly decreases with the increases of 7 and then
increases with the increase of 7 after a critical value, there-
fore the characteristic delay time 7 can be found at the critical
value. Figure 2(b) shows the speeds and the speed differences
of the two pedestrians in the experiment, which also can be
viewed as the situation that T = 0 for the follower. Figure 2(c)
shows the results by shifting the speeds of the follower with
the characteristic delay time T = ‘L'f = 1.24 s. It can be found
that the speeds of the leader and the follower match well, and
the corresponding speed differences are remarkably reduced
compared with the results in Fig. 2(b).

3.2. Statistical analysis

In this section, the influences of the curvature of the ex-
perimental track, density, the age and gender of the individual,
as well as the age and gender of the leader on the delay time
were analyzed.

3.2.1. Curvature

From Fig. 1, it can be seen that the oval corridor com-
posed of two straight paths and two semi-circle paths. In sev-
eral previous studies, it has been shown that the curvature of
the track has an impact on the pedestrian’s movements.!>1->?]
Therefore, we first separate the trajectories of each leader—
follower dyad into two parts: (i) The trajectories in the straight
section and (ii) the trajectories in the turning section and for
each section, a characteristic delay time 7 identification with
the method mentioned in Subsection 3.1 is followed. Thus, for
each pedestrian in a given experimental trial, there will have
two characteristic delay times for the straight part and the turn-
ing part, respectively. The nonparametric tests Mann—Whitney
test is applied to investigate whether there are statistically sig-
nificant differences between the two best delay times in each
given experimental trial.

Figure 3 presents the p values of the Mann—Whitney test
for each experimental trial (global density is defined as the
number of participants divided by the length of the experi-
mental track). From Fig. 3, we can conclude that in the vast
majority of cases, the curvature of the experimental setup has
no significant influence on the characteristic delay time of the
individuals at a significant level of p = 0.05, especially for the
high-density ranges. As a consequence, in the following anal-
ysis, the used characteristic delay times are based on the whole
trajectories of the leader—follower dyads.
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Fig. 3. The p values of the Mann—Whitney test for each experimental trial.

3.2.2. Density

Figure 4 presents the mean value of the best 7 and S; j(ﬂcjf7 )
under different global densities with S; j(l’f ) being the mini-
mal value of the total mean value, S;; (7;) indicating the best
matching for the speeds of the leader and the follower. From
Fig. 4(a), visual inspection suggests that the distributions of
the best 7 differ under different global densities. It can also
be seen from Fig. 4(a) that the mean value of the characteris-
tic delay time 7 first decreases with the increase of density in
the range of 0.2 ped/m—1.25 ped/m, then it nearly levels off in
the range of 1.25 ped/m-2.5 ped/m, finally it shows a slight
increase trend when density is larger than 2.5 ped/m. This
indicates a density-dependent state for the follow-the-leader
behavior of the pedestrians in the experiment. In low-density
ranges, the pedestrians are in a laggard following state indi-
cated by a longer time delay, as in these densities pedestri-
ans nearly walk freely without too many constraints from their
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leaders. When density increases, the restrictions from the lead-
ers are frequent, and pedestrians need to make quick responses
to the speed changes of the leaders, which is indicated by a
smaller delay time 7. When density further increases (larger
than 2.5 ped/m in Fig. 4(a)), a slight increase in the time delay
is observed. This indicate that the pedestrians become inactive
when the leaders highly restrict their movements, and they of-
ten have to stop and wait for an acceptable headway to restart
their movements. This may increase the sluggishness and ca-
sualness in their movement decisions. In addition, though the
experimental results show such a critical value 1.25 ped/m, it
is hard to reveal the possible underlying mechanism in this
study as it might involve the gait and psychology of pedestri-
ans during their movement. Further detailed experiments and
analysis are need to address this question.

Figure 4(b) presents the matching results at different
global densities. It can be seen that the proposed method
performs well under all densities, especially when density is
larger than 1.25 ped/m.

2.5 : . . . . .
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Fig. 4. Mean value of characteristic delay time and S; j('rf ) under differ-
ent global densities (error bars show the 0.5 standard deviations).

Given the influence of density on the value of character-
istic delay time, the characteristic delay time 7 in the density
range 1.25 ped/m-2.5 ped/m was chosen for further analysis to
exclude the influence of density as much as possible. Then, the
characteristic delay time T was grouped by different attributes,

including gender (male and female) and age (younger (fifth
grade) and older (11th grade)). We tested the values of char-
acteristic delay time 7 in different groups using Shapiro—Wilk
tests and found that in most cases, the samples were not nor-
mally distributed. Therefore, the nonparametric tests Mann—
Whitney test was applied to determine whether there were sta-
tistically significant differences between groups on the given
attributes.

3.2.3. Age and gender of the followers

Figures 5(a) and 5(b) presented the distributions of the
time delay as a function of age and gender, respectively. By
applying the Mann—Whitney test, the gender and age dif-
ferences in the characteristic delay time of pedestrians were
tested. The statistical results suggested that both age and gen-
der had no significant influence on the time delay, with a sig-
nificant level of 0.05.
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Fig. 5. The distributions of the characteristic delay time as a function of
age and gender.

3.2.4. Age and gender of the leaders

Further, whether the leader’s attributes would impact
the characteristic delay time of the pedestrian following the
leader was tested. Specifically, for younger/older pedestrians,
whether the values of time delay would be significantly differ-
ent between the situation when they followed younger leaders
and when they followed older leaders were investigated. Fig-
ure 6 presented the distributions of the time delay as a function
of the age composition of the follower—leader dyad. The sta-
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tistical results suggested that the age of the leader had no sig-
nificant influence on the values of the time delay of the pedes-
trians, both for the younger and older followers.
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Fig. 6. The distributions of the characteristic delay time as a function of
the age composition of the follower—leader dyad.
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Fig. 7. The distributions of the time delay as a function of the gender
composition of the follower—leader dyad.

In Fig. 7, it is further investigated whether the gender of
the leader will impact the characteristic delay time of the fol-
lower as intuitively. It is reasonable to assume that the female
follower might keep a longer personal social distance from the
male leader, and vice versa for the male follower, which might
impact the time delay when following a male or female leader.
However, the statistical results in Fig. 7 suggest that there are
no significant differences between different gender composi-
tions of leader and follower.

3.2.5. A comparison with an adult group

We further made a comparison study on the characteristic
delay time between the children group and adult group. The
adult experiment was conducted under a similar setup to that
of the children group, in which six runs of the single-file exper-
iment were made with a different number of adult participants
(N =15, 30, 47, 55, 52, 59). Figure 8 showed a snapshot of
the experiment. A detailed description of the adult experiment
could be found in Ref. [20].

Fig. 8. Snapshot of the adult experiment.
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Fig. 9. Comparison between the adult group and children group for the
mean value of characteristic delay time and S; j(‘L'}J ) under different global
densities (error bars show the 0.5 standard deviations).
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The results are shown in Fig. 9(a), from which it can be
seen that the mean delay time of the adult group displays a
similar trend to that of the children group. The mean value
of characteristic delay time firstly decreases with the increase
of density, and then a slight increase trend with the density is
visible. The mean values of the characteristic delay time of
the children group are a little bit larger than those of the adult
groups at density lower than 1.5 ped/m, while no obvious dif-
ference is observed when density is larger than 1.5 ped/m. In
addition, the results of S; j(rf ) shown in Fig. 9(b) demonstrate
that the proposed method performs well for the adult experi-
ment.

4. Discussion and conclusions

Speed matching is believed to be a fundamental rule for
pedestrians during follow-the-leader movement. In this study,
the characteristic delay time of children pedestrians in speed
matching is investigated based on the time-dependent delayed
speed correlation. The results suggest that the characteristic
delay time can be viewed as a density-dependent property in
speed matching. The curvature of the track, the age and the
gender of the follower/leader have no significant influence on
it. The results are meaningful for further understanding the
behavioral nature of children pedestrians in follow-the-leader
movement and for the development of related simulation mod-
els.

Howeyver, there still have several limitations that need to
address in future work.

(i) The experiment only involve children from two age
groups, which limite the extension of the results. In future
works, more different age groups can be considered to exam-
ine further the age effect on the delay time in speed match-
ing movement, especially those pre-school children and older
adults.

(ii) The studies have been done on flat surface. In the
work of Aghabayk et al.,!>?! they conducted individual walk-
ing experiments on inclined surface and observed gender and
age effects. In addition, they also revealed that variation of
the body mass index (BMI) of the pedestrian had an effect on
pedestrian walking characteristics. Therefore, it would be an
interesting topic to investigate the speed matching behavior of
pedestrians with different BMIs on up-grade and down-grade
surfaces.

(ii1) Previous researches have shown that curvature has
an impact on the walking dynamics of pedestrians. However,
in this paper we only focus on a specific aspect of pedestrian
walking dynamics, namely, the delay time during the follow-
the-leader movement, rather than a general analysis of pedes-
trian crowd movement in angled corridors. Though the statis-
tical results suggest that the curvature has no significant influ-
ence on most experimental cases, we think it does not contra-
dict the previous research. Detailed experiments and analyses
are needed to further investigate the influence of curvature.

(iv) In this study, all the participants are asked to walk
normally. However, the required response time and personal
space might vary when pedestrians are jogging or running.
Therefore, further research is needed to investigate the effect
of normal walking, jogging and running on the characteristic
delay time of pedestrians in speed matching.

(v) In this work, the characteristic delay time is identi-
fied and investigated based on the single-file movement exper-
iment. It may pose a challenge to investigate it under normal
walking conditions as one pedestrian might follow one or more
leaders in a two-dimensional space to achieve group cohesion
and walking comfort. Besides, in a two-dimensional follow-
the-leader movement, a pedestrian might shift his/her leader.
Thus, will the characteristic delay time change in this shift
process? Further, whether the characteristic delay time can be
regarded as a key explanatory variable that accounts for such
a shift process can be investigated in the future.
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