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designed and performed a controlled experiment at different flow ratios and with limited number
of participants.

The remainder of the paper is organized as follows. In section 2 we introduce the experiment
setup. In section 3 we present the detailed results. Finally, in section 4, we give our discussion
and conclusion.

2. Experiment setup

The controlled experiment was performed on an outdoor staircase in the campus of University
of Science and Technology of China in April, 2019. The staircase could be divided into two parts
(upper and lower halves), connected by a mid-landing. To make the experiment setup as simple
as possible, only the lower half of the staircase was chosen, which meant that we merely
considered the movements of pedestrians on that part. A sketch of the experiment setup is shown
in figure 1(b). The mock straight corridor was made up of six desks, with a width of 2 m to
create relatively high density scenarios with limited participants. Totally there were 17 steps,
with the step riser and step tread equal to 15 and 30 cm, respectively. Up to 100 Chinese
university students were recruited to participate in our experiment, and their average age and
height were 22.6 years old and 167.9 cm. The flow ratio  is defined as the number of descending
pedestrians (N;), divided by the total number of participants (N,), namely »=NyN,. Unlike the
plane motion where flow ratio conditions like » and 1-» can be regarded as equivalent, for the
bidirectional stair motion we set the flow ratio from 0.1 to 0.9 with a step of 0.1, due to the
asymmetry between the descending and ascending flows.

Initially the participants were instructed to stand orderly in rows in the waiting areas on both
sides according to the required numbers during that run. On hearing the starting command, they
would walk across the mock straight corridor and leave it at the opposite side to avoid blocking
other incoming pedestrians. To save time, runs with the opposite distributions of participants
were conducted successively. For example, run »=0.1 was followed by run »=0.9 instead of run
r=0.2, and the adjustment of participant numbers on two sides was done every two runs. In order
to decrease effects due to fatigue, during the whole experiment, participants would have a short
rest during their rearrangement in the waiting area after the completion of each run. For the
convenience of experiment analysis, the whole movement process on stairs was recorded by two
cameras that were fixed on the roof of that building.

& ) i
el el ]| Bt

g | || by 00000
5|9 5 & 00060

[OXOXOX)

mid landing

(b)
Figure 1. Illustration of the experiment setup. (a) Snapshot. (b) Sketch. In the sketch, the red
ellipses donate those who move downstairs, and the blue ellipses are the ascending pedestrians.

Pedestrian trajectories are extracted through detecting colored hats with the PeTrack software
automatically [17]. It should be noted that the colors of the hats are randomly distributed at the
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individual density (p,(¢)) according to the area of the Voronoi cell that belongs to him/her (4(%)),
namely

p,()=1/ 4(1). (1)
The velocity magnitude of pedestrian i at time ¢ can be calculated as follows:

X(t+A1/2)=X(t—At]2)|
At

v (1) = , 2)

where X,(¢) represents the position of pedestrian i at time 7 and Az is a time interval equal to 0.4 s.

After obtaining the density and velocity, the specific flow is calculated as the product of them.

To compare the fundamental diagrams, here we focus on three states within the whole corridor,
that is, the full bidirectional flow (where bidirectional movement covers the whole space of the
corridor), pure ascending flow (where only ascending pedestrians cover the whole corridor) and
pure descending flow (similar to pure ascending flow), which means that data during other states
like lane formation and lane dissolution (for a more detailed classification of flow states in the
bidirectional scenario, please refer to [25, 27]) are excluded and not considered in our study.
After manually recognizing these three states through the video recording of each run, data are
extracted. To make it more clear, the exact runs from which data in a certain state are derived are
listed in table 1. The raw data are plotted in figure 4(a).

Table 1. Illustration about the data extraction of fundamental diagrams.

State Flow ratios
Full bidirectional flow 0.2,0.3,0.4,0.5,0.6,0.7,0.8
Ascending flow 0.1,0.2,0.3,04
Descending flow 0.8, 0.9

From the scatter plot, we obtain fundamental diagrams that cover a wide density range,
especially for the full bidirectional flow. In the unidirectional scenarios, it is observed that for the
ascending flow, the velocity at the same density is smaller than that for the descending flow, and
higher density can be reached during the ascending process, although the inflow rate may be
almost identical. This indicates that the bottleneck effect of the ascending movement is more
obvious than the descending movement. Besides, in the full bidirectional flow, high individual
density up to 7 ped/m2 appears, and the values of the specific flow range from almost 0 to 4
ped/(m-s), which is quite dispersed. To quantify such dispersion, the fan chart plot where
velocities within each density interval (0.1 ped/mz) are displayed at different percentiles (from
the 5th percentile to the 95th percentile with a step of 5 percentiles) is given in figure 4(b). In this
plot, the specific flow increases with the density for all states. Besides, for the velocity data
within one certain density interval, the full bidirectional state has the widest distribution,
indicating that it’s the most complex movement pattern among these three states, and in the
meanwhile the descending flow is the simplest one with least uncertainty. Also, the fundamental
diagram for the bidirectional flow does not lie between those for the descending and ascending
flow, meaning that the bidirectional stair movement is not a simple mixture of pedestrians from
two directions, and their interactions also matter a lot during the entire movement process.
Actually, when a bidirectional movement occurs on stairs, the traffic capacity will decrease.
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Figure 4. Fundamental diagrams for three movement states on stairs. (a) Scatter plot. (b) Fan
chart plot.

Next we further compare the fundamental diagrams at different flow ratios. For all runs, the
binned data can be fitted using quadratic functions in the following form: Js=k1p+k2p2, with high
values of R% Compared with the fundamental diagram in the balanced run, higher values of
specific flow can be found in the unbalanced runs especially for densities above 3 ped/m2 (see
figure 5(a)). In the unbalanced runs, either the descending flow or ascending flow will play the
dominant role as there are too few pedestrians in the opposite direction. Under this condition, the
bidirectional stream behaves more like a unidirectional one, although the plotted data are truly
extracted from the full bidirectional state of that run. What’s more, if the descending flow is the
domiant one (#=0.8), the capacity will be even higher than that when 7=0.2. On the other hand
for the more balanced runs, as shown in figure 5(b), difference is not that significant (although it

still exists) because the numbers of pedestrians from two sides become more comparable within
the whole corridor.
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Figure 5. Comparisons of the fundamental diagrams at different flow ratios. (a) »=0.2, 0.5 and

0.8. (b) 7=0.4, 0.5 and 0.6.
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3.3 Time to collision

The concept of time to collision (#tc), introduced by Karamouzas in [28] to model pedestrian
dynamics, is known to be useful to realize the collision avoidance between two interacting
pedestrians in simulation models. Inspired by the work of Holl where the relations between time
to collision and density are obtained for the multidirectional flows [29], we also hope to utilize
this new concept in our own experiment to quantify the degrees of collisions for the bidirectional
stair streams at varying flow ratios.

For the sake of completeness, we introduce the calculation method of time to collision briefly.
Assuming that pedestrians i and j are two persons that are randomly selected from the crowd

within the corridor, let us denote their positions and velocities by X, , X and v, , V., as shown in

the sketch of figure 6. To get ¢, and #,, the following equation should be solved:

R AVt = (3, V0| =y 3)

where dj; is the distance between these two pedestrians when they just touch each other, which
equals to 0.4 m as each pedestrian is usually simplified as a circle with the radius of 0.2 m.
Furthermore, the above equation can be reorganized into the following form:

at’ +bt+c=0, (4)

where a=(17l.—17j)2 , b=2(x,—x)(¥,—v,) and c=(5c'l.—)?j)2—d;.. Then we only need to

consider the situation when A =b”> —4ac > 0. Supposing that #,<t,, there are three conditions:
(1) If #,<0 & #,<0, ttc;; does not exist.

(2) If 1;<0<t,, ttc;=0.

(3) If 1,>0 & 1,>0, ttc;=t,.

-
i e -~
- "~\| F N
A S L. S
S? TTrzenl =
S e Y
A N Tl

- ~
-,
— Y
X; 4 t,

Figure 6. Sketch of the calculation of time to collision. Here #, and #, are the roots of equation (4)
and denote the time of initial and final overlapping.

Before calculating the time to collision, another important issue that should be addressed
beforehand is that the trajectories extracted based on the head movements usually sway,
therefore the actual movement direction cannot be obtained directly from the raw data. Thus a
preprocessing step to smooth them is necessary. For this purpose, we use a MATLAB function
named csaps based on the cubic smoothing splines to eliminate the sways in trajectories from all
runs. A comparison before and after smoothing when »=0.5 can be found in figure 7, which
clearly proves that the smoothing method that we choose is effective.
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R(x,y)=|r, |=Vxi(x, ). (6)
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Finally, the congestion level is calculated using the following equation:

_ max(7, ) —min(z, )

Cl , (7

7

where max(7,)—min(7,) denotes the rotation range for grids over the Region of Interest (ROI). It
should be noted that for a 2d velocity vector field, only », will have non-zero values. Besides,
V| is the average value of the velocity vector field obtained in step one within the ROI (those

grids with null values are excluded). For simplicity, here we consider the whole area of the
corridor as the ROI, and calculate the rotation range and congestion level at a global level. We
further compute the global crowd danger, by multiplying the global congestion level and density
with the following equation:

Cd=Cl-p. (8)

For each run, to obtain the values of rotation range, congestion level and crowd danger at
continuous frames, we move the time interval from the starting frame to the ending frame with a
step of 1 frame. Typical results in three runs are displayed in figure 13. Usually, the congestion
level is high during the initial stage of each run, which is due to pedestrians’ collision avoidance
behaviors. Besides, we also observe that the values at varying flow ratios show distinguished
difference especially for those in the most balanced and unbalanced runs. Indeed, compared with
the unbalanced runs, there are more fierce conflicts and avoidances within the whole duration in
the balanced runs. Especially, for 7=0.1, the corresponding values are mostly larger than those in
r=0.9. For these two runs, after 10 descending or ascending pedestrians have all left the corridor,
there will be a pure ascending or descending process. Although the boundary condition, namely
the entrance and exit width is same, the density in the corridor is higher in the ascending process
due to slower walking speeds of ascending pedestrians. Besides, as indicated by the fundamental
diagrams in figure 4, speeds in the ascending process are more heterogeneous, which makes
collisions happen more easily, resulting in smaller individual #t¢ as shown in figure 9(b). Thus,
values for the congestion level are higher in »=0.1 than »=0.9. Furthermore, compared with the
congestion level, the difference in crowd danger for these three runs is even more significant
because density in the corridor is also considered.
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