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Influence of bottleneck on single-file pedestrian flow:
Findings from two experiments∗
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In order to investigate the influence of bottleneck on single-file pedestrian flow, we conduct two different bottleneck
experiments. The first one is on ring road, while the second one is on straight route. For the first one, the global density
is always set to be 1.5 ped/m. The corresponding critical flow rate for the bottleneck activation is about 0.57 ped/s. The
data of the detectors set at different locations, including the velocities and time-headways, show that the amplitude of the
oscillation of the stop-and-go waves gradually increases during the upstream propagation. Besides, when the measured
flow rates are the same, the different situations in the single-file experiments with and without bottleneck are compared and
discussed. For the second one, lower flow rates are used and the bottleneck is always activated. In all the runs, the system
can reach one stable state, and the time needed is nearly the same. Inside the stable area, the statistics of pedestrians’
velocities keeps nearly constant in both time and space. Outside this area, when the waiting time is not long (X = 10 s),
the phenomenon observed is similar to that found on ring road, e.g., the statistics of pedestrians’ velocities also gradually
increases during the upstream propagation. This phenomenon is similar to that found in vehicular traffic flow, which shows
the universality of different traffic flows. But when the waiting time becomes longer (X = 20 s), this situation will be broken
since the actions of many pedestrians become much slower. All these results can facilitate understanding more about the
influence of bottleneck on single-file pedestrian flow.
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1. Introduction
The study of pedestrian flow has a long history.[1–7]

Among the many phenomena of pedestrian dynamics, the bot-
tleneck effect is very important. Bottlenecks usually have sig-
nificant influence on pedestrian flow, often leading to high
densities and low velocities and then inevitable congestion. In
order to enhance the efficiency of pedestrian movements, the
mechanism of bottlenecks needs studying and discussing.

For the study of bottlenecks, both empirical data and con-
trolled experiments are useful, and in this paper we concen-
trate on the latter case. In recent days, many bottleneck ex-
periments have been done and different findings have been
obtained. For example, Helbing et al.[8] found that the so-
called “obstacles” can stabilize flow patterns and make them
more fluid. The zigzag-shaped geometries and columns can
also reduce the pressure in panicking crowds. Hoogendoorn
and Daamen[9] discussed the microscopic pedestrian behav-
iors in different bottlenecks. For the narrow bottleneck case
two layers are formed, while for the wide bottleneck case four
or five layers are formed. The zipper effect causes the capac-
ity of the bottleneck to increase in a stepwise fashion with the
width of the bottleneck increasing. Seyfried et al.[10] stud-

ied the effects of the bottlenecks of different widths. They
found that maximal flow values measured at bottlenecks can
significantly exceed the maxima of empirical fundamental di-
agrams. From the experimental results, Liao et al.[11] recon-
firmed that the specific flow is constant as bottleneck width
changes. Moreover, they found the ratio of pedestrian number
to bottleneck width can be considered as the criterion to judge
the steady states. The critical value is about 1.15 persons/m.
Nicolas et al.[12] investigated the pedestrian flows through a
narrow doorway. They found that the flow rate grew monoton-
ically with the local density increasing up to the situation of
“close-packing”. According to the experimental results, Dong
et al.[13] studied the self-organized phenomena of counterflow
through a wide bottleneck in a channel, and they found the
view field plays a vital role in reproducing these phenomena.

Although the above results are very helpful, we find that
most of these studies did not focus on the single-file flow, and
the following relationship between preceding pedestrians was
seldom mentioned. Actually, in recent days many single-file
experiments have been conducted, and lots of findings have
been revealed. For example, Seyfried et al.[14] did an experi-
ment in Germany, while Chattaraj et al.[15] used the same con-
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figuration and conducted another experiment in India. By the
intercultural comparison, they found that the speed of Indians
is less dependent on density than that of Germans. The esti-
mated minimum personal space for the Germans is more than
that of Indians, which indicates that the jam density for India
is higher. In the Yanagisawa et al.’s stusy,[16] they found that
if the rhythm is slower than normal-walking pace in the low-
density regime, the flow can be increased, and the flow-density
diagram is convex downward in the high-density regime. Cao
et al.[17] studied the influence of different age compositions on
the pedestrian flow in the single-file experiment. They found
that the fundamental diagrams of the three groups are obvi-
ously different from each other, and cannot be unified into one
diagram. Ma et al.[18] and Zeng et al.[19] studied the stepping
behaviors of pedestrians under different conditions. However,
we also found that in none of these experiments other control is
used. The situation where there exists bottleneck is not consid-
ered. In other words, the influence of bottleneck on single-file
flow has not been studied before.

Therefore, in order to remedy the deficiencies, we con-
duct two bottleneck experiments based on single-file pedes-
trian flow. The first one is conducted on a ring road, while
the second one is on a straight route. An unmanned aerial ve-
hicle (UAV) is used to film the two experiments, and many
useful data can be obtained from the UAV video. In both ex-
periments the fixed global density (1.5 ped/m) is adopted, and
similar results are found in different tests: the amplitude of
the oscillation of the stop-and-go waves gradually increases
during the upstream propagation. These results can faciliatate
learning more about the influence of bottleneck on single-file
pedestrian flow.

The rest of this paper is organized as follows. The setup
and the results of the first experiment are introduced in Sec-
tion 2, while those of the second experiment are discussed in
Section 3. The conclusions are drawn in Section 4.

2. First bottleneck experiment on ring road
2.1. Experimental setups

We did the first bottleneck experiment in the Jiulonghu
Campus of Southeast University of China on December 3,
2017. The experiment was conducted on a large square, and
we used plastic stools and bars to form the boundaries as
shown in Fig. 1. For this narrow ring road, the radii of the
inner boundary and the outer boundary were 7.8 m and 8.2 m.
Thus the averaged radius for all the pedestrians was 8 m. In or-
der to measure the velocity of each pedestrian, we used a UAV
to film the whole experiment. It hovered over the center of the
two circles, and the height was about 25 m. The weather was
good, and there was nearly no wind during the experiment.
Thus the UAV could be stable and the accuracy of data could

be ensured. The video is 25 frames per second, and the res-
olution is 2704× 1520. The microscopic data obtained from
the video can be manually extracted by the software named
Tracker (http://physlets.org/tracker/).

Fig. 1. The basic configuration of the first experiment: one snapshot of
Run (6,3).

In this experiment, we always used 75 pedestrians (the
corresponding linear density is 1.5 ped/m) in all the runs. The
reason was that we found that in some empirical data, the av-
eraged linear density for queuing was about 1.8 ped/m. Thus
here we chose a density value which is a little smaller than that.
At the bottleneck location, we asked one student to control the
flow. The parameters were (X , Y ), which meant that within X
seconds, no more than Y pedestrians could pass through this
bottleneck. If the flow was larger than Y/X ped/s, they had
to wait as shown in Fig. 1. The details of all the runs in this
experiment are shown in Table 1.

Table 1. Details of each run in the first experiment.

Run number Number of pedestrians Duration (m:ss)

(4, 2) 75 4:47
(5, 2) 75 4:31
(5, 3) 75 3:50
(6, 2) 75 3:23
(6, 3) 75 3:40
(7, 4) 75 3:39

Note that on the same day, we also used these partici-
pants to perform some bi-directional experiments. Thus we
asked them to wear the caps in different colors. But in all
these bottleneck experiments, both red ones and blue ones
were identical. Besides, the other plastic stools with smaller
radii were also used for the uni-directional and bi-directional
experiments.[20] The discussion on these bi-directional exper-
iments was beyound the scope of this paper.

2.2. Experimental results

In this subsection we discuss the results of the first bot-
tleneck experiment. Generally speaking, all the runs can be
categorized into two types.
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(i) The bottleneck is activated, including Run (6, 2),
Run (5, 2), Run (4, 2), and Run (6, 3).

(ii) The bottleneck is NOT activated, including Run (5, 3)
and Run (7, 4).

For the type-(i) runs, the queuing of pedestrians can be
observed, and the queues do not dissipate until the end. On
the contrary, for type-(ii) runs, queues never emerge. The crit-
ical situation is found in Run (7, 4) and Run (6, 3), so we can
make the conclusion that the critical flow for the bottleneck at
ρ = 1.5 ped/s is about 0.5 ped/s∼0.57 ped/s.

Firstly, we compare the situations where there exists one
bottleneck but there is no control. We take Run (6, 2) for ex-
ample. It is easy to understand that the averaged flow rate
in Run (6, 2) is about 0.33 ped/s, and it keeps nearly con-
stant during the experiment. In our previous paper,[21] we have
discussed the results of single-file experiments without bottle-
neck. Seven different global densities are adopted, including
1, 1.5, 2, 2.5, 3, 3.5, and 4 ped/m. We find that when the fixed
global density is 1.5 ped/m (in this paper, we call it Run B for
short), the averaged flow rates are much higher than that of
Run (6, 2). On the contrary, the results when the fixed global
density is 2.5 ped/m (we call it Run D for short) are very close
to those of Run (6, 2). This contrast could be clearly seen
in Fig. 2 (On the ring road, we choose eight equidistant loca-
tions. At each location, we count the number of pedestrians
who passed through the cross section during 15 seconds. And
then, we calculate the averaged values of the eight results and
show the time series in Fig. 2).
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Fig. 2. Averaged flow rates in single-file experiments without bottleneck,
including Run B with ρ = 1.5 ped/m and Run D with ρ = 2.5 ped/m.

However, the upstream situations of Run (6, 2) and Run D
are quite different. As marked by the yellow lines in Fig. 3(a),
when the system becomes stable in Run (6, 2), only about
3/4 circle is occupied by the queue (In Figs. 3(a) and 3(b),
we can see some participants sitting on the stools which form
the boundaries of the inner ring road. They are having a rest,
and preparing for the other following experiments. Their be-
haviors have no relationship with the bottleneck experiments).

Thus the actual density upstream the bottleneck in Run (6, 2) is

about 1.9 ped/m. This value equals the measured value found

in the empirical pedestrian queues. On the contrary, in Run D

the distribution of all the pedestrians is nearly homogeneous

as shown in Fig. 3(b), and large space never emerges. The rea-

son is that in the bottleneck experiments, all the pedestrians do

not have enough enthusiasm to move fast. If they cannot move

forward, they just stop, and never push the preceding ones.

Therefore, the maximum queuing density (about 1.9 ped/m)

can be always maintained, even if the controlled flow rate is

smaller. As a result, here we do not have a fixed flow-density

relationship.

(a) (b)

Fig. 3. Situation with averaged flow rate of 0.33 ped/s for (a) Run (6,2), and
(b) Run D when ρ = 2.5 ped/m.

This difference can also be found in the pedestrians’ tra-

jectories. For the first experiment, we choose 16 pedestrians

in each run, and try to make all the initial distances between

them nearly equal (about 22.5◦). We use polar coordinates to

measure the positions of all the chosen pedestrians. The origin

is located in the center of the circle. We collect the position

data in intervals of 0.5 s, and then, we show the corresponding

angles at all the time instants in Fig. 4. Thus all the values are

always between 0◦–360◦.
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Fig. 4. Angular trajectories of 16 typical pedestrians in runs when the flow
rate is 0.33 ped/s of (a) Run (6, 2) and (b) Run D when ρ = 2.5 ped/m.
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As marked by the orange lines in Fig. 4(a), the stop-and-
go waves are typical in the bottleneck experiment. Both the
time duration and the propagation distance of the stop-and-go
waves are quite large. Especially, the effect of the bottleneck
can be found in the downstream locations: as marked by the
blue rectangle, all the pedestrians can move very fast in this
open area (the 1/4 circle in Fig. 3), since the slopes of all the
curves are very high. On the contrary, in Fig. 4(b), the stop-
and-go phenomenon is not clear. The oscillation of the pedes-
trians’ velocities is not large as shown by the orange lines,
when the pedestrians slow down for a short while, they do not
completely stop.

Next, in order to check the propagation of induced stop-
and-go waves, we set 5 detectors on the ring road, which are
marked by 5 yellow circles in Fig. 5. The length of each de-
tector is 1 m, and we can record many data when the pedes-
trians pass through the detector, including the velocities and
time-headways. The yellow line indicates the position of the
bottleneck, which is in the middle of Detectors 1 and 5. All
the distances between nearby detectors are 10 m.

Fig. 5. Positions of 5 detectors in Run (5, 2).

Here we mainly concentrate on the runs when the bottle-
neck is activated. The statistics of pedestrians’ velocities in
Run (5, 2) and Run (6, 2) are shown in Fig. 6. Since the queue
propagates to detector 1 in neither of the runs, we only present
the results of other 4 detectors. It is found that the averaged ve-
locity (AV) and the standard deviation of velocity (SDV) have
the similar tendencies. With the stop-and-go waves propagat-
ing upstream (5→4→3→2), they gradually increase, showimg
the growth of the wave amplitude. Besides, it is clear that the
growth of Run (6, 2) is much faster than that of Run (5, 2). And
then, the statistics of pedestrians’ time-headways is presented
in Fig. 7. The 4 averaged time-headways (ATs) are nearly the
same, which means that the averaged flow rates do not essen-
tially change at different locations. But the standard deviation

of time-headway (SDT) gradually grows, which implies that

the averaged time for stopping also increases. Here the growth

of Run (6, 2) is also faster, which implies stronger effect of

bottleneck on the system.
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Fig. 6. The statistics of velocities in runs of the first experiment, when bottle-
neck is activated for (a) averaged velocities (AV) and (b) standard deviations
of velocities (SDV).
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Fig. 7. Statistics of time-headways in runs of the first experiment, when bot-
tleneck is activated for (a) averaged time (AT) headways, and (b) standard
deviations of time (SDT) headways.

3. Second bottleneck experiment on straight
route

3.1. Experiment setups

The second bottleneck experiment was conducted also in

the Jiulonghu campus of Southeast University of China on De-

cember 15, 2018. Like the scenario in first experiment, we also

conducted the uni- and bi-directional flow experiments on the

same day (the ring road surrounded by plastic stools could be

seen in the center of Fig. 8). Their results showed no relation-

ship with the bottleneck experiments, which are beyound the

scope of this paper. We also used a UAV to file the experi-

ment, and the parameters were just the same. But the basic

setup of the second experiment was quite different from that

used one year ago: we asked the pedestrians to move on the

straight route as shown in Fig. 8(a). This time we used A4 pa-

pers to indicate all the scales, and the distance between nearby

A4 papers was always 1 m. The total length of this route was

112 m as shown in Fig. 8(b). Thus the positions and linear ve-

locities of pedestrians could be easily measured by the scales

on the ground (Note that sometimes the pedestrians’ positions

were not exactly on the straight line as shown in Fig. 7(b).

But we only considered the results projected on the route.). At

the same time, some other microscopic results, e.g., the time-

headways were still manually extracted by Tracker.
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(a) (b)

Fig. 8. Basic configuration of the second experiment: (a) snapshot of Run (20, 2) and (b) corresponding route and scales on the ground.

Table 2. Details of each run in the second experiment.

Run number Number of pedestrians Duration (m:ss)

(10, 1) 135 7:33
(20, 2) 154 8:33
(10, 2) 147 8:38
(20, 4) 143 4:55a

(10, 3) 138 8:04
(20, 6) 136 7:31

aDue to a small technical problem of UAV, we quickly ended
Run (20,4). But the data of this run are still available.

The bottleneck was located at the starting point (L= 0 m),
which could also be considered as the finishing point (L =

112 m). We asked one student to control the flow rate, and
the method was just the same as that of the first experiment.

This time we set much lower flow rates, in order to make the
bottleneck always active, and the parameters are shown in Ta-
ble 2. Although the pedestrian numbers in each run are not
the same, these differences have no influence on the queuing
phenomenon nor the statistical results.

3.2. Experimental results

In this subsection we discuss the results of the second ex-
periment. Firstly, we show the trajectories of some typical
pedestrians in Fig. 9. In each run, we choose one from ten
pedestrians. For example, in Run (10, 2) there are 147 pedes-
trians, so we select 14 ones to show their trajectories, including
No. 10, 20, 30, . . . , 140. The No. 1 pedestrian is the one who
is close to the bottleneck at the beginning.
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Fig. 9. Trajectories of some typical pedestrians in the second experiment for (a) Run (10, 1), (b) Run (20, 2), (c) Run (10,2), (d) Run (20,4), (e)
Run (10,3), and (f) Run (20,6).
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Here all the diagrams exhibit similar features, which can
be divided into two areas. Area 1 is marked by the red rectan-
gle, in which all the trajectories are similar. For such a situa-
tion, the system is relatively stable, which is the main object
that we need to further study. The other area belongs to Area 2,
which includes the pedestrian movements between the bottle-
neck and the tail of the queue, and the transient state when the
system is not stable (In the first experiment, the system also
needs some time to reach the stable state. But the duration is
much shorter, since the road is not long). Here we can find that
the time for reaching a stable state (the starting instant for the
red rectangle) is similar in all the runs: it is about 3:30 to 4:00.

In order to confirm the stability of queuing system, we
collect some data in different time intervals and make some
comparisons. Run (10, 2) is taken for example. We collect all
the pedestrians’ velocities at time T = 360 s, 370 s, 380 s, . . . ,
480 s, and show the statistics in Fig. 10. It is clear that the av-
eraged values and standard deviations have similar tendencies:
they keep nearly constant. Thus in the following calculations,
we arrange all the data in a red rectangle.
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Fig. 10. Statistics of all pedestrians’ velocities at different time instants in
Run (10, 2).

Then we also compare the statistics of pedestrians’ ve-
locities and time-headways. Similarly, we choose 5 different
locations: L = 107 m, 97 m, 87 m, 77 m, and 67 m, and named
locations 5, 4, 3, 2, 1. After checking the experimental video,
we find that the corners have some influence on the pedestri-
ans’ movement. For example, they do not exactly follow the
straight route when they turn (see Fig. 8(b)). This causes the
measurement of pedestrians’ data in these areas not to be very
accurate. Therefore, in all the following statistics we do not
consider the data in the corners (e.g., at L = 57 m and the
other upstream locations).

In Figs. 11 and 12, all the data are within the time period
marked by the red rectangle in Fig. 8. We only show the re-
sults of Run (10, 1), Run (10, 2) and Run (10, 3), since we
find the relationship between the results and the locations of

detectors is unclear in the other 3 runs when X = 20 s. In the
runs when X = 10 s, both the AV and SDV values gradually in-
crease when the locations become far from the bottleneck. Al-
though the growing amplitudes are different in different runs,
the tendencies in Fig. 11 are similar to those in Fig. 6. And in
Fig. 12, the AT values also keep nearly unchanged, while the
SDT values also gradually increase. Here the growing ampli-
tude of Run (10, 1) is larger, which means that the effect of
bottleneck in Run (10, 1) is much stronger. These situations
are also similar to those found in Fig. 7.
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Fig. 11. Statistics of velocities in 3 runs of the second experiment, when
X = 10 s showing (a) averaged velocities, (b) standard deviations of veloci-
ties.
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Fig. 12. Statistics of time-headways in 3 runs of the second experiment,
when X = 10 s, showing (a) averaged time-headways and (b) standard devi-
ations of time-headways.

Since we can obtain more accurate data of pedestrians’
positions and velocities in the second experiment, it is possi-
ble to study the relationship between the pedestrians’ veloc-
ities and the distance from the bottleneck. For each run, the
start time and the end time are marked by the red rectangle in
Fig. 9, and the time interval for data collection is 10 s. Here
we study the velocities in each 5 m area as shown on the X axis
of Figs. 13 and 14. The data in the corners are also excluded,
e.g., those of 12 m–17 m and 27 m–32 m. The comparison of
results between Figs. 13 and 14 show that the tendencies are
similar to those in Fig. 11. When X = 10 s, both the averaged
velocities and the standard deviations gradually increase with
the distance from the bottleneck increasing. Their relation-
ships are nearly linear as shown by the dotted lines in Figs. 13
and 14. In other words, during the upstream propagation, the
amplitude of oscillation of pedestrian flow gradually grows.
No matter whether the track is straight route or circular road,
the growth can always be found. This phenomenon is similar
to that observed in vehicular traffic flow. In the single-file flow,
it is impossible for the pedestrians to move laterally. Thus the
mechanism of pedestrian movement may be similar to that of
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vehicles. This also shows the universality of different traffic
flows.
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Fig. 13. Relationships between averaged velocity and corresponding 5-m
area in the second experiment.
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sponding 5-m area in the second experiment.
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Finally, in order to investigate the reason why different
situations occur in the runs when X = 20 s , we collect the data
of pedestrians who play with mobile phones. As discussed
in our previous paper,[22] this phenomenon is frequently ob-
served in the real life, and these data can be considered as an
important factor which can show the pedestrian dynamics in
different situations. It is easy to understand that the bottle-
neck experiment is a little boring for the participants. Thus

sometimes they try to do something to kill the time, especially
when they queue and wait. Here we present the proportions
of pedestrians who play with mobile phones (PPPM) in the
second experiment as indicated in Fig. 15, and the interval for
collecting data is 30 s. It can be found that for the same flow
rate (0.1 ped/s), the PPPM values when X = 20 s are much
larger than when X = 10 s. In other words, longer waiting
time makes more pedestrians do some irrelevant things, which
may lead to longer reaction time. This effect may break the
propagation of disturbances.

4. Conclusions
In this paper we study the effect of bottleneck on single-

file pedestrian flow in a large-scale experiment. Two different
types of experiments are conducted and compared.

In the first experiment, circular road is used, and the
global density is set to be 1.5 ped/m. For the bottleneck acti-
vation, the critical flow rate is about 0.57 ped/s. The data from
the five detectors set at different locations, including the pedes-
trians’ velocities and time-headways, show that the amplitude
of the oscillation of the stop-and-go waves gradually increases
during the upstream propagation. Besides, when the flow rate
is the same (e.g., 0.33 ped/s), the different situations in the
experiments with and without bottleneck are compared. We
find that in the bottleneck experiment, the density upstream of
the bottleneck is lower, and never exceeds a maximum value
(about 1.9 ped/m). But the stop-and-go phenomenon is much
more significant than the situation without bottleneck.

In the second experiment, straight road is used. The lower
flow rate is used, thus the bottleneck is always activated. In
all the runs, the system can reach a stable state, and the time
needed is similar: it is always about 3:30 to 4:00. Inside the
stable area, the statistics of pedestrians’ velocities keeps nearly
constant in time and space. Outside this area, when the wait-
ing time is not long (X = 10 s), some similar phenomena are
observed, such as the statistics of pedestrians’ velocities also
gradually increase during the upstream propagation. It means
that the different geometry of road does not essentially change
the feature of pedestrian movement. Besides, we check the
data of pedestrians’ velocities in each 5-m area, and we find
that both the averaged value and the standard deviation gradu-
ally increase with the distance from the bottleneck increasing.
This phenomenon is similar to that observed in vehicular traf-
fic flow, which shows the universality of different traffic flows.
But when the waiting time becomes longer (X = 20 s), these
laws will be broken since the actions of many pedestrians be-
come slower. All these results can conduce to learning more
about the effect of bottleneck on pedestrian flow.
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Although we have obtained some findings from these ex-
periments, there remain lots of work to be done. Due to the
limitation of time and funds, there are only 6 runs in each ex-
periment. The data of only 12 runs may be not enough. It
is possible to conduct more runs in future experiments, and
more densities need considering. Besides, in order to improve
the quality of the bottleneck experiment, some technical prob-
lems need solving. For example, in the second experiment, the
corners of the straight road may have some influences on the
pedestrian movement as discussed in Section 4. These influ-
ences cannot be easily eliminated in the statistical data. How-
ever, if there exists no corner on the route, the length of the ex-
perimental road may be too short, and the collected data may
be not enough. A possible way is to conduct the experiment of
straight road on an even larger square, and two or three UAVs
are used for filming the pedestrians’ movement at the same
time. But whether it is a good idea still needs checking in the
future studies.
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