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Since the quantitative methodology analysis of the high-density pedestrian shockwaves at a bottleneck is limited, this paper
proposes a dynamic time warping (DTW) algorithm for identifying, analyzing, and verifying the shockwaves. A set of real-world
trajectory data is used to illustrate the proposed algorithm. Results show that the DTW algorithm is capable of depicting the
pedestrian shockwaves elaborately and accurately. Results also show that the shockwave velocity is unsteady, as throughout time the
gathering wave velocity and the evanescent wave velocity are decreasing and increasing, respectively.Themutual influence between
followers and leaders is decreased when the shockwave spreads. There is a linear relationship between the shockwave velocity and
density. Furthermore, singularities present a potential match solution to help identify the changing of pedestrian behaviors. The
DTW algorithm for evaluating the pedestrian system stability has significant intrinsic features in the pedestrian traffic control and
management.

1. Introduction

The rail transit, which has the advantages of high velocity,
punctuality rate, and capacity, is the leading approach to
solving traffic problems in cities with a large population;
however, it has been getting overcrowded and uncomfortable
for passengers inside the subway station. The design of
pedestrian facilities for the rail transit needs to consider the
complex behaviors of the pedestrian flows [1, 2]. In general,
the design follows the rule of thumb (i.e., the designing rule
with the assumption of ideal pedestrian behaviors), while
it fails to reflect the actual pedestrian behaviors, causing
potential security issues. Thus, the pedestrian behaviors in
the pedestrian facilities with limited space capacity are worth
studying.

The following is one of the most essential pedestrian
behaviors. It may cause a pedestrian stampede, which occurs
when large groups of people try to escape from confined
spaces where escape path directions abruptly change. In the
field of transportation, the following behavior of vehicles

was first studied. Pipes [3] introduced the follow-the-leader
concept based on the traffic flow theory.The optimal velocity
model was then proposed to model the following behavior
[4, 5]. Then Newell’s car-following model was carried out
to investigate the driving behavior with the trajectory data
[6]. Based on Newell’s car-following model, Taylor et al.
[7] proposed Dynamic Time Warping (DTW) algorithm to
examine driver heterogeneity in car-following behavior.

Since the pedestrian movements and vehicle movements
are similar [6], the one-dimensional fluid dynamics model
developed for the vehicle movements has been applied to
the studies on pedestrian movements. For statistically inves-
tigating pedestrian flow, Lv et al. [8] analyzed the similarity
between the vehicle following and the pedestrian following at
the single lane and developed the optimal velocity model to
study the pedestrian following behavior.Then, the social force
model was calibrated and developed to simulate real-world
scenarios in the pedestrian movement for evacuation sce-
narios, pilgrimage, and urban environments [9–11]. Support
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Table 1: Position and velocity time-series data.

Time (s) 1 2 3 4 5 6 7

Leader Position (m) 0.847 1.457 2.057 2.628 3.164 3.740 4.341
Velocity (m/s) 1.455 1.475 1.300 1.135 1.083 1.217 1.417

Follower Position (m) −0.056 0.501 1.031 1.545 2.051 2.613 3.221
Velocity (m/s) 1.013 1.211 1.096 1.006 1.071 1.190 1.749

Vector Machine (SVM) algorithm, cellular automata model,
and normal cloud model have been created to reveal the
pedestrian density-flow relationship and evaluate pedestrian
dynamics following behavior in a subway station [12–17].

Being related to a pedestrian following behavior, the
shockwave is a boundary in a pedestrian stream that rep-
resents a discontinuity in the flow-density domain [18].
Izadpanah et al. [19] proposed a new methodology to detect
and analyze shockwaves based on traffic trajectory data. Li
et al. [20] described the use of cloud-based crowdsourced
probe data to simplify the problem of detecting the boundary
of shockwaves between uncongested and congested condi-
tions. Stanitsas and Hourdos [21] used shockwave activity
as a surrogate of safety (shockwave length) and mobility
(shockwave frequency) to evaluate shared hot lane facilities.
Sundara et al. [22] analyzed the traffic shockwave propagation
associated with darkness on highways and determined the
value of darkness shockwave velocity propagation. Zhang et
al. [23] proposed and verified the application and efficiency
of a traffic shockwave model. Cho et al. [24] evaluate the
shockwave effectiveness including theoretical verification
based on traffic flow model and shockwave theory. However,
the shockwaves, which often occur at the bottleneck, can
quickly lead to congestion accidents. Since the quantitative
methodology analysis of the high-density pedestrian shock-
waves at bottleneck is limited, the accuracy and complexity of
the velocity calculation of shockwave have not been studied.
Hence, analysis of the pedestrian shockwave in detail at the
bottleneck is needed.

This paper investigates the pedestrian movement at a
bottleneck and presents a basic theory to evaluate the stability
of the pedestrian system and have a great significance for the
pedestrian traffic control and management. The main con-
tribution of this paper is to propose a new approach, named
DTW algorithm, for identifying, analyzing, and verifying the
shockwaves. Compared with the fluid dynamic theory, the
superiority of the DTW algorithm is that it provides a new
method for calculating wave velocity using fewer parameters
and simplified formula. This paper also contributes to using
a set of real-world trajectory data to illustrate the proposed
algorithm and validate the computational efficiency of the
estimated results algorithm. The parameters, such as gath-
ering wave velocity, the evanescent wave velocity, and the
relationship between the shockwave velocity and the density,
are analyzed.

2. Pedestrians following Characteristics

When pedestrians are compared with vehicles, pedestrians
have more free and flexible behaviors and are more valuable

to the influence of environment or other pedestrians. But
behaviors of vehicles and pedestrians can still be considered
to be similar. The pedestrian following movements in the
single-file passageway is analogous to the vehicle following
movements in the single lane. The leader is the person who
influences a group of people into walking in a single-file
passageway; the follower is the person who follows the leader
walking in the single-file passageway. The movements of fol-
lowers are all restricted by the leader and adjusted according
to the positions and velocities of the leaders. The average
velocity of the followers is less than or equal to the average
velocity of the leaders so that collision is avoided. Vehicles
or pedestrians are controlled by the conditions of space
and velocity. The follower velocity is restricted by the space
distance of the whole group. When the distance is decreased
to a certain extent, vehicles or pedestrians must stop due to
the congestion. Due to the existence of the reaction time,
the change of motion of followers is always delayed after the
change of motion of leaders. Due to the delay, the change of
motion of the whole group at the bottleneck has a complex
transfer phenomenon.We apply a followmodel that has been
developed for vehicle movement to the investigation of one-
dimensional pedestrian movement.

3. DTW Algorithm

For the analysis of the pedestrian shockwave, the DTW
algorithm is proposed that serves to extract the optimal
match points and analyze pedestrian microscopic following
behavior. Because of the advantage ofmatching precision, the
DTWalgorithmhas beenwidely applied to the field of speech
recognition, pattern recognition, and failure diagnosis [25–
27] and the field of sensor technology for tracking pedestrian
trajectories [28, 29]. The specific aim of this paper is to use
theDTWalgorithm to find the similarity or distance between
pedestrian data sets.

TheDTWalgorithm is explained with an example of two-
people trajectory data. The time-series data of position and
velocity for the leaders and the followers are inputted and
calibrated using SIMI Motion. Table 1 lists an example of the
time input data.

A velocity difference matrix C is established to assess the
cost of aligning each velocity data point in one-time series
to all other points of the second time series, using the equa-
tion

𝐶𝑖𝑗 = √(𝑥𝑖 − 𝑦𝑗)2 = 󵄨󵄨󵄨󵄨󵄨𝑥𝑖 − 𝑦𝑗󵄨󵄨󵄨󵄨󵄨 , (1)
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where 𝑥𝑖 is the velocity of the leader at time point 𝑖 and 𝑦𝑗 is
the velocity of the follower at time point 𝑗. An example of the
velocity difference matrix is shown as follows:

C

=

[[[[[[[[[[[[[[
[

0.442 - - - - - -
0.462 0.264 - - - - -
0.287 0.089 0.204 - - - -
0.122 0.076 0.039 0.129 - - -
0.070 0.128 0.013 0.077 0.012 - -
0.204 0.006 0.121 0.211 0.146 0.027 -
0.404 0.206 0.321 0.411 0.346 0.227 0.332

]]]]]]]]]]]]]]
]

. (2)

The velocity difference matrix C is used to calculate
the cumulative velocity difference matrix L that denotes the
cumulative least cost for continuously moving from the first
pair to the last pair.The algorithm of the cumulative least cost
evaluates the costs in the next cell vertically, horizontally, or
diagonally away from the current cell in the matrix, using the
equation

𝐿 𝑖𝑗 = 𝐶𝑖𝑗 +min (𝐿 𝑖−1,𝑗−1, 𝐿 𝑖−1,𝑗, 𝐿 𝑖,𝑗−1)
(𝑖 = 2, 3, . . . , 𝑁; 𝑗 = 2, 3, . . . ,𝑀) . (3)

An example of the cumulative velocity difference matrix
is shown as follows:
L

=

[[[[[[[[[[[[[[
[

0 - - - - - -
0.462 0.264 - - - - -
0.749 0.353 0.468 - - - -
0.871 0.429 0.392 0.521 - - -
0.941 0.557 0.405 0.469 0.481 - -
1.145 0.563 0.526 0.616 0.615 0.508 -
1.549 0.769 0.847 0.937 0.961 0.735 0.840

]]]]]]]]]]]]]]
]

. (4)

The optimal alignment with the least cumulative velocity
difference matrix, which starts at the last pair in the cumula-
tive velocity differencematrix andworks back to the first pair,
is found. The warp path search pattern is used to search the
next cell vertically, horizontally, and diagonally away from the
current cell in the warp path. An example of the warp path is
shown as follows (formatted in italics):

[[[[[[[[[[[[[[
[

0 - - - - - -
0.462 0.264 - - - - -
0.749 0.353 0.468 - - - -
0.871 0.429 0.392 0.521 - - -
0.941 0.557 0.405 0.469 0.481 - -
1.145 0.563 0.526 0.616 0.615 0.508 -
1.549 0.769 0.847 0.937 0.961 0.735 0.840

]]]]]]]]]]]]]]
]

. (5)
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Figure 1: Pedestrian trajectories with DTWmatch solution.

When establishing the warp path, one potential problem
arises when the values of the cumulative velocity differences
in the adjacent cells are equal. Thus, a prespecified warp
path step direction (diagonal step is preferred) is specified
to help guide the algorithm through the cumulative velocity
difference matrix.

The DTW algorithm (programmed using MATLAB) is
applied to intuitively and precisely find the optimal corre-
sponding between two timestamps. Note that the algorithm
allows one-to-many matching in time series. An example of
the matching result is shown in Figure 1 (the position data is
shown in Notations and Input Parameters).

4. Analysis of the Shockwaves with Practical
Pedestrian Behavior Data

4.1. Data Collection. A bottleneck typically denotes a nar-
rowed area that reduces the flow through a channel. For
identifying and analyzing the shockwave characteristics of
a pedestrian in subway bottleneck, 300 shockwave samples
were collected by the videos of two peak hours at 10
typical bottlenecks in Beijing subway stations. The videos
are processed by the SIMI Motion software to obtain data
of parameters such as velocity and position of pedestrians.
Then, a MATLAB program is developed to perform DTW
calculations and visualizations.

4.2. The Identification of Shockwaves. One typical bottleneck
is selected as an example to illustrate the identifying process
of shockwave using DTW algorithm, as shown in Figure 2(a)
(the scene before the bottleneck is selected). Figure 2(b)
shows the optimal matching results through the DTW
algorithm. For evaluating the shockwave transmitting, the
data for the blank group is collected from subway channel.
Figures 3(a) and 3(b) show the scene and the optimal
matching results. A phenomenon of shockwave transmission
in multiple locations along the trajectory at the bottleneck is
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(a) The scene of the bottleneck
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Figure 2: The matching results in bottleneck using DTW algorithm.

(a) The scene of no bottleneck
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(b) The matching results of blank group

Figure 3: The matching results in channel using DTW algorithm.

identified by comparing with the blank group (which present
a parallel matching line).

The shockwave velocity is defined as the slope of the
optimal matching line between two points and is a primary
parameter of depicting the characteristics of shockwaves.
Figure 4 visualizes the key points highlight in matching
results, and Table 2 lists the values of the key parameters.
The optimal match point coordinate obtained through the
DTW algorithm is extracted to analyze pedestrian following
parameters. There is a phenomenon of shockwave transmis-
sion when pedestrians walk through the bottleneck. Lines
AB, CD, and EF are the boundaries between low-density state
and high-density state, indicating the tendency of gathering.
On the contrary, lines GB, HD, and IF are the boundaries
from high-density state to low-density state, indicating the
tendency of dissipating.

In Table 2, since 𝑘AB > 𝑘CD > 𝑘EF, the shockwave veloc-
ity appears to change in the entrance and departure regions,
a slight trend toward decreasing before congestion and

increasing congestion. Meanwhile, since |𝑘GB| < |𝑘HD| <|𝑘IF| and 𝑆ΔABG > 𝑆ΔCDH > 𝑆ΔEFI, the evanescent wave
velocity increases gradually, and the influence decreases
gradually.

4.3.TheVerification of Shockwaves. Thefluid dynamic theory
is introduced to verify the shockwaves identification results
of DTW algorithm. The velocity of shockwave is calculated
using

𝑊 = 𝑄1 − 𝑄2𝐾1 − 𝐾2
𝐾 = 1𝑙
𝑄 = V𝐾 = V𝑙
𝑊 = 𝑄1 − 𝑄2𝐾1 − 𝐾2 =

V1/𝑙1 − V2/𝑙21/𝑙1 − 1/𝑙2 =
𝑙2V1 − 𝑙1V2𝑙2 − 𝑙1 ,

(6)
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Table 2: Value of the key parameter.

Key point Time (s) Position (m) Wave velocity (m/s) Triangle area𝑆 (m2)
A 7.2 5.035

𝑘AB = +0.397 𝑘GB = −1.272𝑘CD = +0.282 𝑘HD = −3.330𝑘EF = +0.245 𝑘IF = −6.960
𝑆ΔABG = 0.434𝑆ΔCDH = 0.361𝑆ΔEFI = 0.287

B 8.5 5.551
C 8.2 5.207
D 9.2 5.489
E 8.9 5.108
F 9.7 5.304
G 8.1 6.060
H 9.0 6.155
I 9.6 6.000

Table 3: Values of pedestrian shockwaves.

Transfer
direction

Gathering wave
velocity (m/s)

Evanescent wave
velocity (m/s)

V1(1 → 2) 0.550 0.921
V2(2 → 3) 0.401 2.685
V3(3 → 4) 0.261 5.246
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Figure 4: Key points highlight in matching results.

where the parameter𝑊 is the velocity of shockwave, 𝑄1, 𝑄2
are the pedestrian flow in a different state, 𝐾1, 𝐾2 are the
pedestrian density in different state, V1, V2 are the pedestrian
velocity in different state, and 𝑙1, 𝑙2 are the pedestrian distance
in a different state.

Table 3 lists the change of the shockwaves velocity. Fig-
ure 5 presents the comparison of the two algorithms for gath-
ering and evanescent wave. The tendency of the shockwave
velocity changing between the two algorithms is consistent,
which verifies the analysis of the phenomenon of shockwaves
by using the DTW algorithm. Compared with the fluid
dynamic theory, the superiority of the DTW algorithm is
more intuitively and precisely finding the changing point
of wave velocity; on the other hand, it provides a new
method of calculating wave velocity. Fewer parameters and

more straightforward formula are beneficial to reduce the
complexity of calculation.

5. The Shockwaves Characteristics of
Pedestrian Flow

The typical shockwaves parameters of pedestrian flows,
such as singularities, shockwave velocity, and density, are
further analyzed using the 25 groups of pedestrian trajectory
data.

5.1. Singularity Analysis. Relevant to the shockwave charac-
teristics of the pedestrian flow, the singularity occurs where a
large section of time series is matched with a single point in
the other time series.

The physics of the singularity in the pedestrian crowd
is the pedestrian’s speed variation, which affects the stability
of the pedestrian system. Singularities are divided into two
types: the follower’s reaction is mapped tomultiple actions by
the leader (which present equilateral triangle); the multiple
actions by the follower are mapped to a single action by
the leader (which present inverted triangle), as shown in
Figure 6.

The singularities offer a matching solution which is
presenting a newperspective identifying pedestrian following
behavior. The size of the angle 𝜃 at the singularity has an
important implication for the individual pedestrian follow-
ing behavior of shockwaves. Different angles indicate that
the individual reaction time for state changes diverges. At
bottleneck, especially in a high density of pedestrian, as the
angle increases, the follower reaction time increases, and the
pedestrian flow state is increasingly unstable.

5.2. Evaluation of the Parameters of Density and Shockwave
Velocity in Pedestrian Flow. The relationship between the
density and shockwave velocity of pedestrian flow is analyzed.
The changing shockwaves velocity is obtained, as shown
in Figure 7. The gathering wave velocity decreased due
to the limited capacity and disappeared at the end, while
the evanescent wave velocity increased reversely. Both the
gathering wave velocity and the evanescent wave velocity
have a close linear relationship, as shown in Table 3.
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Figure 5: Comparison of the two algorithms for gathering and evanescent wave.
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Figure 6: Example output for DTW pedestrian data match with
highlighted singularity.

Figure 8 shows the changing density of the pedestrian
flow. The density of the pedestrian flow increases before the
bottleneck happens and decreases after that, which presents
a phenomenon of “low density-high density-low density.”
For the pedestrian psychology of escaping from the crowd,
the acceleration of pedestrian after bottleneck is larger than
the one before the bottleneck happens. Also, the density of
the pedestrian flow has a quadratic correlation, as shown in
Table 4.

Results show an intimate relationship between the shock-
wave velocity and the density (Figure 9). The shockwave
velocities, including both gatheringwave velocity and evanes-
cent wave velocity, decrease with the density increase. The
evanescent wave velocity has a larger acceleration than
gathering wave velocity, which results from the psychology
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Figure 7: Shockwave velocity for 25 times of pedestrian flow.

of pedestrian escaping from the crowd. Moreover, there is
a linear relationship between the density and either the
gathering wave velocity or the evanescent wave velocity.

6. Conclusion

The DTW algorithm is capable of identifying, analyzing,
and verifying the shockwaves of pedestrians using the crowd
trajectory data in traffic bottleneck. Compared with the fluid
dynamic theory, the superiority of the DTW algorithm is
that it provides a new method of calculating wave velocity.
Fewer parameters and more simple formula are beneficial
to reduce the complexity of calculation. The parameters,
such as gathering wave velocity, the evanescent wave velocity,
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Table 4: Values of density and shockwaves velocity of pedestrian Flow.

Shockwaves velocity/density Mean Max Min Std Fitting analysis 𝑅2
Gathering wave velocity 1.5 4 0.1 0.97 𝑦 = −0.36𝑥 + 3.28 0.83
Evanescent wave velocity 2.5 4.3 0.6 0.87 𝑦 = −0.43𝑥 + 3.53 0.71
Density 2.4 4 1 0.70 𝑦 = −0.03𝑥2 + 0.61𝑥 + 0.48 0.81
Gathering velocity-density - - - - 𝑦 = −1.01𝑥 + 4.00 0.80
Evanescent velocity-density - - - - 𝑦 = 1.37𝑥 − 5.71 0.81
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Figure 8: Density for 25 times of pedestrian flow.
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and the relationship between the shockwave velocity and
the density, are also analyzed. Results show that there is
a linear relationship between the shockwave velocity and
the density. Also, a set of real-world trajectory data is
used to illustrate the proposed algorithm and validate the

computational efficiency of the estimated results algorithm.
The DTW algorithm for evaluating the pedestrian system
stability has significant intrinsic features in the pedestrian
traffic control and management.

Notations and Input Parameters

𝑘𝑖: The slope of the line 𝑖𝑆Δ: The area of triangle𝜃: The response sensitivity of pedestrian state changes
C: The velocity difference matrix𝑥𝑖: The velocity of the leader at different time points 𝑖𝑦𝑗: The velocity of the follower at different time points 𝑗
L: The cumulative velocity difference matrix𝑊: The velocity of shockwave𝑄𝑖: The pedestrian flow in state 𝑖𝐾𝑖: The pedestrian density in state 𝑖
V𝑖: The pedestrian velocity in state 𝑖𝑙𝑖: The pedestrian distance in state 𝑖.
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