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Abstract With the development of aging society, the proportion of the old population

is ascending continually. The elders facing the challenge of impaired mobility and decreasing flexibility will affect the dynamic characteristics of pedestrian flow. While the
study of the evacuation dynamic mainly focuses on the young for the limited experimental conditions. The movement of elderly pedestrians are seldom investigated. However,
the comprehensive understanding of the influence of the elders on the pedestrian flow is
essential for facility design and evacuation management. Therefore, a series of comparative experiments between the separate elderly group, separate young group and the mixed
group (38 elders and 63 young) are carried out to study the movement properties of elderly pedestrians in the bottleneck flow with different compositions quantitatively. The
mixture of the elderly and the young makes the efficiency decrease significantly. In the
mixed group, the speed of the young pedestrians is lower than that of the elders for the
young slow down to avoid collisions. The young kept a certain distance from the elders
for the sake of safety, so that the high-density profiles of the mixed group present as long
strips. In addition, pedestrians in the mixed group have longer time lapse than that in the
separate groups when passing the bottleneck. In the separate groups, the spatial distribution of the nearest neighbour presents as a uniform circle. The spatial distance between
the elderly (0.46 m) is bigger than that between the young (0.39 m). While there is no
obvious difference in the mixed group. The results can be used in pedestrian modelling,
facilities designing and evacuation management for the population with old people.
Keywords Elderly group · young group · mixed group · bottleneck flow · density · speed

Collective Dynamics 6, A121:1–13 (2021)

Licensed under

2

X. Ren · J. Zhang · W. Song

1 Introduction
Comprehensive knowledge on pedestrian dynamics is of key importance of facility design
and crowd management, especially under some emergencies, such as fire accidents and
earthquake. The studies on human safety and pedestrian dynamics are growing rapidly
in recent years [1, 2]. Population aging is one of the most significant trends of the 21st
century. Changes in crowd composition can have an impact on pedestrian dynamics and
transportation systems for the elderly are vulnerable [3]. In response to the change of
population structure, more attention should be paid to the study of the passage efficiency
and the safety of pedestrians in public facilities. However, most of the previous studies focused on the young adults with single composition considering the operability of
the control experiments. Only few works were made to consider the influence of elderly
pedestrians and crowd compositions on pedestrian dynamics [4, 5]. The movement properties of elderly pedestrians through bottlenecks are seldom investigated. In addition, the
mixing effect of pedestrians of different age remains to be explored.
Bottleneck structure is a key position of traffic facilities that restricts the efficiency of
pedestrian passage [6]. It has been paid much attention on the dynamics properties of
pedestrian flow through the bottleneck [7], including controlled experiments and simulation model. Flow rate is an important consideration for the efficiency of pedestrians
crossing bottlenecks. It has been found in the previous studies [8, 9] that the flow rate increases linearly with the increase of exit width. But the situation is different when the exit
location is in the corner [10]. The increasing age of pedestrians has a negative impact on
the magnitude and growth slope of the flow rate [11, 12]. While the influence of mixture
of pedestrians with different ages has not been studied. Speed and density are basic parameters for describing pedestrian dynamics. To observe the relation between speed and
density, the fundamental diagram [13] has been widely studied. It can be observed in the
previous study [11] that the separately elderly group has lower speed and density than the
separately young one. In addition, Voronoi diagram method [14] usually be used to show
the density files. The outline shape and peak value of the density profiles can reflect the
congestion situation of the crowd. To study the mechanisms of efficiency and congestion,
time headway between two continuous pedestrians [15] and spatial distribution [16] of the
nearest neighbour can show the pedestrian dynamic through temporal and spatial aspects
respectively. However, the previous studies mainly focus on the crowd with pedestrians
within a certain age range. The influence of the mixture of young and elderly pedestrians
on the dynamic is ambiguous.
In daily life, the mixed traffic flow of elderly and young people is common, especially
in places where old people gathering, such as hospital and nursing homes. The facilities
design and crowd management of these places require further comparison studies on dynamics of the mixing crowd. The remaining of this paper are arranged as follows: Section
2 introduces the experimental setup and Section 3 exhibits the data analysis method. In
Section 4, we show the results and discussions, including flow rate, speed differences,
density profiles, time headway and spatial distribution. Finally, Section 5 summarizes the
paper and makes the conclusions.
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2 Experiment setup
The experiments are carried out in the University of Science and Technology in Hefei,
Anhui province. Three series of the set up are considered to observe the elderly movement
in different compositions, including the separated elderly group, separated young group
and mixed group. The young are students recruited from the university and the elders
are recruited from a senior centre in Hefei. The mean age of the elderly group is 74.5
ranging from 60 to 86. The young group has an average age of 23.0 ranging from 17 to
28. Only elderly (young) participants in the separated elderly (young) group. While in the
mixed group, the ratio of the elders to the young is around 1:1.5. Considering the limited
physical strength of the elderly, we follow the wishes of each elder to participate in each
run and arranged adequate rest to ensure the safety, which also led to the inconsistency in
the number of the elderly in each run. The details of the experimental set up can be found
in Tab. 1.
The experimental scenario is a built room surrounding by 1.8 m height boards. The
width of the exit varies from 0.6 m to 1.6 m at an interval of 0.2 m. Fig. 1 shows the
schematic illustration of the scenario and a snapshot of the experiment. At the beginning,
the participants are asked to wait in the waiting area in queue. In the mixed group, the
elders alternate with the young in rows. See Fig. 1(b), the orange hats are for the elders
and the red ones are for the young. When the experiment starts, all of the participants are
required to walk through the built room as soon as possible.
The process of the experiments is recorded by two cameras fixed at the height about 10
m. The software PeTrack [17] is used to process video information. Two calibrations are
carried out before and after the experiments according to the software user manual. The
trajectories of each participant can be extracted through the video by tracking the brightly
colored hats. Fig. 1(b) shows the trajectory tracking results of five elderly pedestrians.
According to the trajectory data, the parameters such as pedestrian velocity, density and
flow rate can be further calculated and analysed.

(a)
Figure 1

(b)

(a) The schematic illustration of the scenario and (b) a snapshot of the experiment with trajectories
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condition

elderly group

young group

mixed group
number of elders number of young

b=0.6 m
b=0.8 m
b=1.0 m
b=1.2 m
b=1.4 m
b=1.6 m

65
44
63
45
34
35

84
84
84
84
84
84

39
39
38
38
37
38

Table 1

63
63
63
63
63
63

The details of pedestrian compositions of different runs in our experiment

3 Data analysis method
The flow rate J and flow Js are defined as below:
Nt
J=
t

(1)

Nt
(2)
t ·b
where Nt is the cumulative number of passengers passing through the exit at time t and
b is width of the exit.
The instantaneous velocity vi (t) of pedestrian i in time t is defined as below:
p
[xi (t + ∆t/2) − xi (t − ∆t/2)]2 + [yi (t + ∆t/2) − yi (t − ∆t/2)]2
(3)
vi (t) =
∆t
where xi (t) yi (t) is the x and y coordinate of pedestrian i at time t and ∆t=0.4 s is used
in our analysis.
The average density ρ and velocity v for the measurement area based on the Voronoi
method [14] are calculated by Eq. 4 and Eq. 5:
Js =

RR

ρ=

ρxy dx dy
b · ∆x

(4)

RR

vxy dx dy
(5)
b · ∆x
where ρxy =1/Ai and vxy =vi (t) if (x,y) ∈ Ai for Ai is the Voronoi cell area for pedestrian
i and vi is the instantaneous velocity for pedestrian i.
v=

4 Results and discussions
4.1 Flow rate
The flow rate is defined as the number of pedestrians passing through the exit in unit
time. The relation between the flow rate J and the exit width b is studied widely. Fig. 2(a)
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compares the flow-width relations of the separate elderly group, separate young group and
the mixed group and the linear fitting is further applied. Due to the insufficient number
of participants in the elderly experimental group, we only used the data of the first four
groups in the fitting. The relation between the flow rate and the bottleneck width b fit
the formula Je =2.33b-0.42, Jy =2.53b-0.20 and Jm =1.91b-0.15 for the elderly, young and
mixed groups separately. The flow rate of the separate young group is the highest in these
three groups. The mixture of the young and the elderly pedestrians diminish the flow rate
significantly. As can be found in Fig. 2(a), the flow rate of the mixed group is lower than
the young even the elderly group. One reason not to be overlooked is that the mixed group
has more participants in each run than the separate elderly group. In addition, the relation
slope of the mixed group is the smallest. It indicates that the mixture of pedestrians in
different age limits the increase of the flow rate J with the exit width b. This is a reflection
of the mixed effect of pedestrians with different ages. Fig. 2(b) shows the specific flow rate
Js which represents the traffic capacity of the pedestrians. The separate young group has
the significant advantages for they have stronger movement ability and greater flexibility.
The capacity of the mixed group is around 1.7 ped/(m·s) which is lower than the separate
young group even the elderly. In the mixed crowd, there are some phenomena that affect
the traffic capacity, such as the modesty of the young to the old. Heterogeneity of age and
movement ability in the population leads to a decrease in specific flow. This reminds us
that in the study of pedestrian dynamics, we need to pay attention to the influence of the
mixing effect of pedestrians with different compositions.

(a)
Figure 2

(b)

The flow rate (a) and the specific flow rate (b) against the exit width b of the separate elderly
group, separate young group and the mixed group
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4.2 Speed difference
The speed of the elderly and the young in the mixed group are calculated separately
to study the mixing effect furtherly. It can be found in the Fig. 3(a) that the average
speeds of the young under different exit width b are lower than that of the elderly. It was
proved that the speed of the elderly is lower than that of the young people under the same
density due to the decreased flexibility and movement ability of the elders [18]. However,
the young pedestrians in the mixed group did not attempt to pass the elderly for safety
considerations. They sacrifice their own speeds to maintain the movement synchronous
with the old pedestrians. On the other hand, the young pedestrians keep a certain distance
from the elderly in order to avoid collisions, so that the speed of the young is lower than
that of the elderly in the mixed group. This is the effect of a mix of pedestrians with
different ages which also can be reflected in the fundamental diagram. See Fig. 3(b).
Where the measurement area is chosen as the axis x from 3 m to 5 m and the y axis from
0.75 m to 2.75 m. The speed and density are calculated based on the Voronoi method [14]
using the data from the steady stage excluding the start and the end stage. The smaller
scatters show the calculated results every 10 frames and the larger scatters represent the
average values. It can be observed that the average speed of the mixed group is between
that of the separate young group and the separate elderly group. The high density of
the mixed group distributes between 2.0 m−2 to 2.5 m−2 which is manifest lower than
that of the separate young group. The average speed of the mixed group in this region has
relatively large fluctuations. This is because that the young pedestrians avoiding collisions
with the elderly limits the formation of higher densities. The heterogeneous composition
of pedestrians in the mixed group caused the fluctuation of average velocity.

(a)
Figure 3

(b)

(a) The instantaneous speed of the elders and the young pedestrian in the mixed group. (b) The
fundamental diagram of these three groups with different compositions
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4.3 Density profiles
As described in [19], the spatiotemporal profiles of the density spatial distributions can
help to study the dynamics of the motion and the sensitivity of the integrated quantities to
influencing factors. Consequently, the spatiotemporal profiles are studied for insights into
the dynamic discrepancy of groups with different compositions. The densities integrated
over the state stage in small regions (0.1 m × 0.1 m) are calculated based on the Voronoi
method and the profiles over the experimental areas are obtained. Fig. 4 shows the profiles
for runs of b=0.6 and 1.0 m and E, Y, M represent the elderly, young and mixed groups
respectively. Only data in the steady stage excluding the start and the end stages are used
to reduce the fluctuation. For the distinct spatial distribution information, the Gaussian
filtering procedure is used in the data filtering. The contour lines according to the change
of density gradient are plotted to show the transitions of different density stages.
It is clear that the distributions of density are inhomogeneous over space for all of these
three groups. While the density of the separate young group is the highest than the other
groups under the same width b for there is a greater degree of vitality and competition
among young pedestrians. In addition, the shape of the pick-density around the exit can
reflect the degree of competition of the crowd [20]. For instance, the arch distribution
can be observed in the simulation with the social force model [21]. In our study, the
distribution ranges and shapes of the high density for these three groups are different
obviously. For the separate elderly group, the peak-density region displays an ellipse
shape with a longer major axis. For the young group, it is similar to teardrop-shape
distribution for the young which consists with the results in [9]. While the profiles of
the mixed group present as long strips. It is because that the pedestrians with large age
differences have greater distances and less competition for the sake of safety. The mixture
of the young and elderly pedestrians dilutes the congested degree of the high-density areas
in front of the bottleneck.

4.4 Time headway and spatial distribution
For further study of the movement properties of elderly pedestrians in the bottleneck flow
with different compositions, the spatial and temporal characteristics are analysed in this
section. Fig. 5(a) shows the time-space diagram of the mixed group under width b=0.6 m
to show the spatial-temporal characteristics qualitatively. Obvious gap in time and space
can be found between the young and the elderly. This is due to the distance between
the young and the old in the mixed group. Further, the time headway and the spatial
distribution of different groups are calculated quantitively. In the same way, only data in
the steady stage are used. It can be found from Fig. 5(b) that whether the elderly or the
young pedestrians in the mixed group have longer time headway than them in the separate
group. The separate elders have longer time headway than the separate young while the
opposite is true for them in the mixed group. Which indicates that the young pedestrians
consume time for avoiding collision with the old.
Fig. 6 shows the relative probability statistics of the spatial distribution for the pedestrian’s nearest neighbour. The darker color represents the greater probability of the dis-
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Figure 4

The high-density profiles of groups with different compositions in the run of b=0.6 and 1.0 m, E
is for the elderly group, Y is for the young group and M is for the mixed group

tribution. The spatial distributions of the separate and mixed group for the elderly and
young have significant difference. In the separate groups, the spatial distribution of the
nearest neighbour presents a uniform circle for both of the elderly and the young. The
spatial distance between the elderly (0.46±0.14 m) is bigger than that between the young
(0.39±0.09 m) because of the difference in number and density. While in the mixed
group, there is no obvious difference between the distance of the elderly (0.44±0.09 m)
and the young (0.45±0.08 m). The distributions of the nearest neighbour on the left and
right side of the pedestrian are of higher probability than that in the front and rear. This
indicates that old pedestrians are closer to the old and the young are closer to the young
according to the way of line up.

5 Conclusion
Under the background of aging population, the movement properties of the elderly pedestrians in the bottleneck flow with different compositions were studied experimentally.
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(b)

(a) The time-space diagram of the mixed group under exit width b=0.8 m, blue for the elderly
and red for the young. (b) The time headway of the elders and young in the separate and mixed
groups

Different compositions of the crowd were considered, including the elderly group, young
group separately and the mixed group. Qualitative and quantitative analysis of the parameters, such as flow, velocity, density, the spatial and temporal characteristics, were carried
out for the comprehensive understanding of the influence of the elderly pedestrians on the
pedestrian and evacuation dynamic. Through the comparison of the relations between the
flow rate, specific flow rate and the bottleneck width b, it can be found that the mixture of
the elderly and the young in the mixed group makes the efficiency decrease significantly
and even lower than that of the separate elderly group. Based on the linear fitting, the
flow J - width b relations fit the formula Je =2.33b-0.42, Jy =2.53b-0.20 and Jm =1.91b-0.15
for the elderly, young and mixed groups separately. The mixed group has the smallest
slope in the J-b relation which indicates that the mixture of pedestrians of different age
limits the increase of the flow rate J. The factors can be found from the analysis of speed,
density and spatial-temporal characteristics.
In the mixed group, the young pedestrians sacrifice their speeds to keep synchronous
with the elderly, which leads to the average speeds of the young pedestrians are lower than
that of the elders. From the fundamental diagram, it can be observed that the density of the
mixed group is lower than that of the separate young group. In addition, the high-density
profiles of the mixed group present as long strips which indicates that the congestion
degree in front of the exit is diluted. It is because that the young kept a certain distance
from the elders for the sake of safety. From the temporal respect, whether the young
or the elderly pedestrians in the mixed group have longer time lapse than in the separate
groups when passing the exit. In the separate groups, the spatial distribution of the nearest
neighbour presents a uniform circle. The spatial distance between the elderly (0.46 m) is
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(a)
Figure 6

(b)

The spatial distribution of the nearest neighbour of the elders and the young in the separate group
(a) and mixed group (b)
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bigger than that between the young (0.39 m). While in the mixed group, there is no
obvious difference between the distance of the elderly (0.44 m) and the young (0.45 m).
The distributions probabilities of the nearest neighbour on the left and right side are of
higher for pedestrians of similar age are closer to each other.
The mixture of the elderly and the young pedestrians have significant influence on the
pedestrian and evacuation dynamic. In the mixed flow with young and elderly pedestrians,
the young slow down and keep certain distance with the elders for the sake of safety and
avoiding collisions. It limits the speed of the young, reduce the density of the crowd and
increase the time for pedestrians to pass the exit. Consequently, the mixture of the young
and elders has a negative impact on the efficiency of pedestrian flow. The influence of
the elderly pedestrians on the traffic flow are studied in this paper which is helpful for the
modelling and management.
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