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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.34735/ped.20 In high-density crowds, local motion can propagate, amplify, and lead to macroscopic phenomena, including
22.2 "density waves". These density waves only occur when individuals interact, and impulses are transferred to
neighbours. How this impulse is passed on by the human body and which effects this has on individuals is
still not fully understood. To further investigate this, experiments focusing on the propagation of a push were
conducted within the EU-funded project CrowdDNA. In the experiments the crowd is greatly simplified by

Keywords:
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Pedestrian five people lining up in a row. The rearmost person in the row was pushed forward in a controlled manner
Experiment with a punching bag. The intensity of the push, the initial distance between participants and the initial arm
Motion capturing posture were varied. Collected data included side view and top view video recordings, head trajectories, 3D
Balance

motion using motion capturing (MoCap) suits as well as pressure measured at the punching bag. With a hybrid
tracking algorithm, the MoCap data are combined with the head trajectories to allow an analysis of the motion
of each limb in relation to other persons.

The observed motion of the body in response to the push can be divided into three phases. These are (i)
receiving an impulse, (ii) receiving and passing on an impulse, and (iii) passing on an impulse. Using the 3D
MoCap data, we can identify the start and end times of each phase. To determine when a push is passed on,
the forward motion of the person in front has to be considered. The projection of the center of mass relative
to the initial position of the feet is a measure of the extent to which a person is displaced from the rest
position. Specifying the timing of these phases is particularly important to distinguish between different types
of physical interactions. Our results contribute to the development and validation of a pedestrian model for
identifying risks due to motion propagation in dense crowds.

1. Introduction of people in crowds is generally described by points in terms of their
velocity or flow through a facility or characterised by their density
distributions (Boltes et al., 2018; Feng et al., 2021). In this context, the

motion of pedestrians is assessed in two dimensions, either when trajec-

Motion is a fundamental concept in physics and refers to the change
in position of an object, either in terms of its distance from a point or
its displacement from an initial position. Studying the motion of pedes-
trians is relevant for applications such as public space design, traffic
engineering, and crowd safety. Especially in large crowds, pedestrian
safety is of great importance, and crowd accidents are widely reported
in the media (Feliciani et al., 2023). To better understand the causes

tories are recorded in experiments (e.g. Adrian et al. (2020)) or when
pedestrians are represented as circles or ellipses in models (Chraibi
et al., 2018; Korbmacher and Tordeux, 2022). Videos of crowds are also
evaluated during on-site observations (Bottinelli and Silverberg, 2018;

of these accidents and the associated risks, it is necessary to analyse
crowd motions.

The motion of a crowd (macroscopic scale) results from the motion
of multiple individuals and, in particular, from the motion of their
three-dimensional bodies (submicroscopic scale). Macroscopic phenom-
ena are caused by the propagation of motion in a crowd, which occur
when individuals interact and impulses are transmitted. The motion

* Corresponding author.

Sundararaman et al., 2021) or when analysing actual crowd accidents
(e.g. Helbing et al. (2007) and Jiayue et al. (2014)), considering mainly
the motion of heads as the main body is occluded. For a detailed list
of accidents that occurred over the years see Feliciani et al. (2023).
In this way, macroscopic phenomena and collective movements of
a crowd that are considered high risk can be characterised. These
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include, for example, clogging in front of bottlenecks (Muir et al.,
1996; Garcimartin et al., 2016), density waves (Bottinelli et al., 2016),
pressure waves (Feliciani et al., 2020; Sieben and Seyfried, 2023),
turbulences (Helbing et al., 2007; Krausz and Bauckhage, 2012), or
transversal waves (Garcimartin et al., 2018; Adrian et al., 2020). There
are approaches to simulate contact forces (Kim et al., 2015; Van Toll
et al.,, 2021), but how exactly impulses propagate in a crowd is not
yet fully understood. Furthermore, the exact motion of people is disre-
garded and three dimensional movement patterns cannot be described
sufficiently. One example of this is the risk of people falling over and
forming a pile on the ground (Helbing and Mukerji, 2012; Sieben and
Seyfried, 2023).

The risk of losing balance, stumbling or falling down results from
challenges that individuals face at the sub-microscopic scale. Previous
research on human standing balance has focused on different recov-
ery strategies for single individuals following external perturbations,
e.g. the ankle, hip or stepping strategies to regain balance (Winter,
1995; Maki and Mcllroy, 2006; Tokur et al., 2020). In this context, the
critical point for static human balance has been defined as the time
at which the projected centre of mass (CoM) on the ground passes the
base of Support (BoS) in static conditions (Winter, 1995). Later on, the
use of the extrapolated center of mass (XCoM) was proposed to study
standing balance in dynamic conditions (Hof et al., 2005; Hof, 2008).
Further indicators for human standing balance such as the Margin of
Stability (MoS) (Hof et al., 2005; Rosenblatt and Grabiner, 2010; Hak
et al.,, 2013) or the Time-to-boundary (Schulz et al., 2006; Emmens
et al., 2020; Chatagnon et al., 2023), have also been introduced. The
aforementioned studies are limited to single individuals and do not
consider how the presence of others restricts the torso and limb move-
ments, thus affecting the recovery of balance. On the one hand, the lack
of space may alter the strategies chosen and foster stumbling; on the
other hand, individuals may also use other change-in-support options,
such as contact with their neighbours, to increase their BoS (Maki and
Mecllroy, 1997). Both possibilities were mentioned in witness statements
at the Loveparade (Sieben and Seyfried, 2023).

First experimental studies in which people were pushed and unbal-
anced in a crowd have been conducted only on small groups. They
mainly examine the collision dynamics (Wang et al., 2019), contact
forces (Li et al., 2020) and pressure measurements (Wang and Weng,
2018) in groups of people or the motion of only two participants (Li
et al., 2021). This does not resolve the difficulty of understanding
individual three-dimensional motion, the way people regain balance
and how this motion propagates in a crowd. Furthermore, Sieben and
Seyfried (2023) concluded that both, falls and macroscopic waves,
cause the greatest risk in dense crowds. Therefore, it is essential to con-
nect the macroscopic with the sub-microscopic analysis, when studying
the motion of pedestrians.

With our research, we aim to develop a methodology to com-
prehend the dynamics of a human body when losing balance while
the movement of the torso and limbs are restricted by surrounding
people. Therefore, we conducted a series of experiments to investigate
the propagation of a push and the balance recovery in a standing
crowd. This experimental campaign was carried out as part of the EU-
funded project CrowdDNA (CrowdDNA Project, 2024). For a starting
point of this research direction, we simplified the crowd to a row of
five people and varied specific parameters, such as the intensity of
the impulses and the initial inter-person distance in order to study
their effect on the impulse propagation (Feldmann and Adrian, 2023).
We collected head trajectories and 3D motion capturing data of each
individual, which we then combined to one data-set to get an insight
into how the individuals interact with each other by describing the
movement of their body in three dimensions. In a first analysis of
the macroscopic characteristics, the propagation of pushes in terms of
distance and speed were investigated in one dimension (the direction
of the push) without considering the individual limb motions of the
participants. Now we take the analysis a step further and examine
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the same experiments in more detail for the 3D reactions of each
participant.

To gain a deeper understanding into how impulses propagate
through a row of people and how this is influenced by individual
behaviour, we have to consider not only reactions to the external
impulse, but also the interactions between people. In this context,
the term “impulse” refers to the transfer of a force over a period of
time causing an external perturbation to the participants. Dividing
what happens into different phases facilitates a detailed analysis in
the future, especially to distinguish between various types of physical
interactions that occur in each phase. This allows us to better compare
differences between single person trials (as conducted by Chatagnon
et al. (2023)) with the row experiments, to separate between reactions
of unintended displacement from the resting position caused by exter-
nal impulses and the intended balance recovery strategy, as well as to
investigate whether an impulse is reduced or intensified along the row.
By studying the propagation of motion, insights into how pedestrians
behave in response to various forces and conditions can be obtained.
This understanding allows pedestrian behaviour to be more accurately
described and helps to develop three-dimensional models of pedestrian
dynamics also in high density scenarios, in order to hopefully predict
and identify potentially dangerous situations in the future.

2. Methods
2.1. Experiments

To investigate motion propagation in crowds, we are analysing the
same 97 trials from the pushing experiments as described in Feldmann
and Adrian (2023). External impulses were delivered by one of the
experimenters manually pushing a punching bag, that was suspended
horizontally from the ceiling, towards the upper back of the last par-
ticipant in a line of five people. All participants standing with feet
hip-width apart and facing in the direction of the push.

In the experiment, certain factors were manipulated, including the
intensity of the impulses. The inter-person distance, measured by indi-
vidual arm length, was set as arm, elbow or as close as possible (none).
At the beginning of a trial, participants held their arms either up, down,
or in an arm position of their choice. The first person of the queue either
had enough space to move forward freely or was standing in front of a
wall with the specified distance.

The experiments were recorded from the side to enable a visual
qualitative analysis as well as from above to collect individual head
trajectories with the help of PeTrack (Boltes and Seyfried, 2013; Boltes
et al.,, 2021b). In addition, each participant wore a Xsens (Schepers
et al., 2018) motion capture (MoCap) suit containing 17 inertial mea-
surement units. This allowed us to record individual 3D motion data,
and then integrate them into a common reference system by fusing
the 3D data with the head trajectories (Boltes et al., 2021a). This 3D
MoCap data is in the c3d format and contains the positions of 64
points, 22 joints, and the calculated center of mass (CoM) of the human
skeleton. Furthermore, we used a pressure sensor from Xsensor (Xsensor
1X210:50.50.05, 2019) to measure the strength of the impulses at the
punching bag and a sensor from TekScan (Tekscan PMS5400N, 2019)
to estimate the impact of the foremost person on the wall.

For the analysis, we went for a two method approach: First the side-
view videos were qualitatively described and three temporal phases
observed. As a second step, the 3D MoCap data were analysed to define
the start and end points of each phase. We will focus our analysis only
on specific points of the human skeleton, which can be found in the
Supplementary Information.

2.2. Analytical methods for the analysis of MoCap data

For the analysis of the MoCap data, various analytical methods were
applied.
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Fig. 1. Snapshots of the experiments from the side-view camera. Five people lined up along the y-axis in front of a punching bag. (a) At the beginning of the trial, all participants
stand at rest. (b) The last person in the row is pushed forward by the punching bag and touches the next person. (¢) The impulse reaches the third person of the row.

2.2.1. Distance between a point and a line in a 2D plane

To describe the loss of standing balance, the distance between the
projected CoM on the ground, represented as a trajectory, and a line
passing through the two toe points is used. In three dimensions, the
distance between a point and a line can be calculated using the cross
product. The projection on a 2D plane is simplified as follows.

Let a,b,c € R? and the line, that passes through the points a, b, is
defined as ab = a + ¢ - h with unit vector h = “E:::;” along the line and
t € R. Then the distance d(ab, c¢) between point ¢ and line ab is given
by:

d(ab,c) = h, - (ay — ¢3) — hy - (@) — ¢;) )

2.2.2. Distance between a point and a line segment in a 2D plane

The point - line segment distance is used to estimate the distance
between hands and the back of the person in front. A line segment is a
special case of a line whereby the segment is limited by two specified
endpoints and includes every point on the line that lies between its
endpoints. The distance between a point and the segment is defined
as the length of the shortest connecting line between that point and a
point on the segment.

Let a,b, ¢ € R? as discussed above. The line segment ab with its two
endpoints a and b is defined similarly to a line ab = a + 7 - h. Here, h
is again the unit vector h = (b=a)_ 11t this time 7 € [0, ||(b — a)||]. The

llb—a)||?
distance of point c to the line segment can be calculated using Eq. (1):
— d(ab, ifo<(c—a)-h<|®-
d(@b.c) = 4 4@P-0 fo<@-a h<ib-al
min([|(¢ — a)|l, [[(c = b)I}), otherwise

2.2.3. Distance between two line segments in a 2D plane

To investigate the distance between the chest of a participant and
the back of the next person, the distance between two line segments is
used. The distance of two line segments ab and cd is considered as the
shortest connecting line between an endpoint of one segment to a point
of the other segment. Therefore, Eq. (2) can be used for each endpoint
of the segments to determine d (E, a):

d(ab, ed) = min[d(ab, ¢), d(ab, d), d(cd, a), d(cd, b)] 3)

2.2.4. Forward speed and acceleration
Velocities vf (t) and accelerations af (t) can be calculated from the
position data of individual body parts r/(s) as follows:

r(t + At) —rP(t — Ar)
V() = — !
i 2. At

4

VOt + At) = Vi (1 — Ar)
2- At
Hereby, i indicates the number of the person in the row (i € [1,5])
and p is a point corresponding to an anatomical landmark of the human
body reconstructed from the MoCap data. We used 4t = 0.05s to better
detect rapid changes in the motion of participants, because the duration

a0 = ®)

of the external impulses were quite short with 0.69s on average. This
time step is also shorter than the typical reaction time of young adults,
i.e. from 0.18s to 0.3s for reactions to haptic or visual stimuli (Peon
and Prattichizzo, 2013; Jain et al., 2015). Furthermore, we want to
investigate mainly the forward motion of participants which is the
same as the pushing direction, because we are particularly interested
in the effect of the impulse on the motion. To determine the forward
component, we calculate the unit vector u; in the xy-plane that is
perpendicular to the hip vector at the beginning of the trial (r"¥*(0) -
rRHP(0)). Then the forward speed v”(r) results from:

THOERAGR (6)

The same applies for the acceleration a’(r).

2.2.5. Projection of 3D position to a plane
The projection of a 3D vector corresponds to a Matrix-Vector mul-
tiplication with the projection matrices

1 0 0 0 0 0 1 0 0
p,=l0 1 of.p.=[0 1 of.p.=]0 0 o0
0 0 0 0 0 1 0 0 1

for the xy, yz and xz plane respectively.
3. Analysis
3.1. Qualitative description of phases of motion

In the experiments, the body of a participant receives an external
impulse and the person is displaced from their rest position as a result
of the push. Muscles and skeleton can dampen this impulse, direct it
into the ground or transfer it to the person in front. To manage the
impact and to regain a stable position, participants can choose different
strategies, for instance, transferring forces into the ground by taking a
step, transferring forces through arms and hands to the person in front
with and without a step, or dampening the impulse by moving the hips
backwards. These are just a few examples, and due to the complexity of
the human body, there are even more possible reactions. Consequently,
various physical interactions can occur along the row. In order to study
impulse propagation in more detail and detect these strategies, it is
important to first separate and divide the motions and interactions into
different temporal phases.

For each person within the row, multiple phases of impulse prop-
agation can be identified, although the number of applicable phases
may vary. In the following, the most detailed version, which consists
of three phases, is explained. These phases are (0) initial position at
rest, (i) receiving an impulse, (ii) receiving and passing on an impulse,
and (iii) passing on an impulse (Fig. 2). From an observational analysis
of the side-view videos, we obtained different individual behaviours
within the three phases. In this context, touching refers to any contact
that may occur between two people, for example, with hands or with
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Fig. 2. Overview of the phases of impulse propagation for the blue person in the middle: (0) no external impact (i) receiving an impulse, (ii) receiving and passing on an impulse,

and (iii) passing on an impulse. The black dots represent a contact.

Table 1
Overview of the investigated times.

Description Variable Time Condition Derived time
afM@) > 035 1 <t
vfM(1y) > 0.05 I > 1,

Start of motion toareli]
v (1) > 0.05 2 1y >t start
ofP (1)) > 0.05 % ty >t
afM(1) > 0.15 5 max|to] < min(t,]

Unstable position argmin, MosS;(1) tmin / minli]
MoS;(t;) > 0.87 - MoS; in[t tinli

Stabilised position 0Sil13) 2 08 08510 min(t3] < m‘“l{] toableli]
argmax, MoS;(1,) 1y > toinli]

< tminli] +28
End of contact dinli,i +1](t5) > 0.12m min(zs] > toareli + 1] touch Li]
End of phases minftgpie il fouen[i1] / / tenalil

the upper body. In the first phase, the blue person in the middle of
the row is touched from behind, i.e. they receive the impulse, and are
consequently displaced from the rest position which can lead to losing
balance. The second phase differs from the first phase by the fact that
the person now additionally touches the next person in the row and
therefore passes on the impulse. When the person is no longer touched
from behind, the third phase begins. They are not receiving the push
anymore, but are still passing it on. This phase lasts until the person
has regained balance or does not touch the person in front anymore.

3.2. 3D data from MoCap

The second analysis aims to identify characteristics in the 3D MoCap
data that represent the different phases in order to accurately determine
the start and end times of each phase. Following the reconstruction
from the MoCap data, only certain points corresponding to anatomical
landmarks of the human skeleton will be examined. The points and
the abbreviations used as well as the index to find these points in the
reconstructed MoCap data are listed in the Supplementary Information.
The analysis was performed in python with the ezc3d library (Michaud
and Begon, 2021). To detect the phases, several variables, namely the
forward velocity, the margin of stability and the distance between two
participants, have to be investigated in combination. In this section,
each variable is first explained separately, and then the phases are
defined based on the combination. For temporal segmentation of the
phases, we examine several times to derive the actual start and end
times of the phases. A list of the studied times is given in Table 1 as an
overview and will be explained in more detail in the following section.

3.2.1. Contact

As observed in the videos, whether there is a contact or not is a
measure of receiving and passing on the impulse. This can be analysed
by looking at the distance between different points of the individual
MoCap data. In most cases, people are touched at the back either by

hands or the upper body. Contacts that were observed in the videos
include hands on upper back, hands on lower back, chest on upper
back, belly on lower back and hands on the side of the arms. It is also
possible for multiple contacts to occur at the same time, for example
the chest on the upper back and hands on the lower back, or the belly
on the lower back and hands on the upper back.

In order to find contacts, we estimate the extent of the torso using
the 3D MoCap data, which corresponds to the approximate positions
of anatomical landmarks on the human skeleton. The upper body of
each participant is therefore approximated by the two points of the
sternum (1J, PX), the height of the hip (HIP), the sacrum (PS) and two
points of the spine C7 and L5 as plotted in Fig. 3. This results in three
line segments: the segment of the chest (CH) from the upper sternum
through the lower sternum to the projected hip point, the upper back
(UB) from C7 to L5 and the lower back (LB) from L5 to the sacrum. For
the hands, the points of the right as well as the left palm are considered
(RH, LH).

For simplification and because all participants are lined up along
the y-axis of the experimental area, the x-component of the MoCap
data was not considered. To calculate the shortest distance d;,[i,i + 1]
between the two participants i and i + 1 with i € [1,4], Egs. (2) and (3)
are used for the segments in the yz-plane as follows:
duinli, i + 1] = min[d(P,,r™, P, r'®) d(P,,rH, P rlB),

d(PyzriRH’ Pyzr}ﬁ)’ d(PyzriRH' Pyzr}fl)’

LH UB LH LB
d(Py i, Pyt D, d (P, Pyoripl

For the shortest inter-person distance to be as accurate as possible,
the correct positioning in the experimental area is crucial. In addition,
to an error of the trajectory data of 1.54 cm and the 3D MoCap data
of approximately 3 cm, an error resulting from the fusion of both data-
sets has to be considered. The simplified representation of a person by
three segments further decreases the accuracy. Therefore, we define a
touch if the distance falls below a certain threshold, which has been set
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Cc7
L5
PS

PX
HIP
RH
LH

y (m)

y (m)

y (m)

Fig. 3. MoCap data for the same experiment and times as in Fig. 1. The points of the MoCap data for all five participants are shown in grey. The upper body of each participant
is approximated by the two points of the sternum IJ and PX (magenta), the height of the hip HIP (yellow), the sacrum PS (cyan) and two points of the spine C7 and L5 (blue).
The hands RH and LH are shown as red points and the segments of the chest, upper back and lower back are represented as black arrows. (a) All participants stand at rest. (b)
The impulse is passed on to the second person. (c) The second person in the row receives and passes on the impulse.
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Fig. 4. An example of the closest distance d;,[i,i + 1] changing over time. As a limit

for touching, the threshold value of 0.12m is represented as dotted line.
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Fig. 5. Closest distance between two persons i and i+ I at the time the motion starts.
(a) Series of experiments without a wall and (b) with wall. Within a series, the order
of participants remained the same. The person who receives the push first has number
one. The dotted line represents a threshold value of 0.12m.

to 0.12m by an initial estimation (see Supplementary Information). An
example of the closest distance between two people changing over time
is shown in Fig. 4. According to our definition, contact occurs when the
distance drops below the dotted line, which can be confirmed by the
video. It can be seen that the two people approach each other and touch
between 1s and 2.4 s of the trial.

Furthermore, individual differences might be relevant, as the MoCap
data only gives a reconstruction of the skeleton meaning that the exact
body dimension cannot be taken into account when calculating the
distance. To find appropriate thresholds, we assume that a person is
touched from behind when they start moving forward, and therefore
we analyse the closest distance at the time the motion starts (Fig. 5).
For the definition of the start of motion see Section 3.2.2.

Fig. 5 illustrates that the distances between the same participants
vary considerably across trials and there is no significant difference
between individuals. Our conclusions are this: The calculated distances
are too imprecise for a definition of a phase and touching cannot be

reliably detected in the MoCap data. Nevertheless, the distance can be
used subsequently to describe whether people are moving towards or
away from each other and to find an overall minimal distance.

3.2.2. Start of motion

In order to define the phases, the start time of the motion is
considered for further analysis and the overall definition of the phases
has to be adjusted. The aim of this section is to find the time at which
a person starts moving forward because of the external impulse and
thus determine the start time of the first phase. The analysis of the
3D motion of a human body is complex, because the body consists
of several limbs that can move individually. Furthermore, participants
can react differently when they are pushed. To investigate the motion
propagation due to an external impulse more uniformly, the motion of
the center of mass (CoM) can be compared. However, the CoM will also
move when, for example, only the arms are raised upwards and the
person does not receive the push. Participants can in addition move
independently, e.g. looking down, turning around or swaying on the
spot while waiting. Therefore, it is necessary to develop a method that
captures only the motion in response to the external impulse. In order
to include all movements that are initiated by the external impulse, but
at the same time exclude movements that do not relate to it, multiple
criteria have to be fulfilled. We investigate the forward velocities of the
three body parts C7, Hip and the CoM and the acceleration of the CoM
with Eq. (6).

We want to find the time 7, at which the velocity of the participants
is still zero. But since only motions should be counted that exceed
a threshold value, prospective events will be firstly investigated. We
assume that the CoM is considerably accelerated by the impulse, i.e. it
is larger than 0.3 m s~2. If shortly afterwards the velocities of all three
body parts C7, Hip and the CoM are greater than 0.05m s~! simulta-
neously, it will be counted as motion due to the push. This results in
the Boolean variable motion[i, 7] that is true if the following condition
occurs.

motionli. 7] : a®M(1;) > 0.3 = A vCM(1,) > 0.05 ? A0 (1)) > 0.05 ?
S
A VP () > 0.05 % for 1, > 1,

The thresholds defining motion[i, ] exclude minor movements that
are not initiated by the external impulse. For the exact definition of
the start of a phase, it is important to identify the point in time at
which the participants are still at rest but will move in the next time
step. The time detected by motion[i,7] deviates from the actual start
time of motion. Therefore, a backward search is performed to find the
previous point in time at which the participant has not yet moved. A
participant stands definitely at rest, when the acceleration of the CoM
is less than 0.15m s~2. Using this threshold value, the start time 7, [i]
can be found as follows:

tygarcli] = maxltgl,  if a®M(tg) > 0.15 2. for 1, < min[1,]
S
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Fig. 6. (a) The forward acceleration of the CoM with a threshold value of 0.3m s~2. (b) Example of the velocity of C7, HIP and CoM with the threshold value of 0.05m s~'. The

start time of the motion r,.[i] is shown as dotted black vertical line.

The determined threshold values were found by comparing the
output of the analysis with the side-view videos qualitatively to best
represent the experiments (see Supplementary Information for more
detail). Fig. 6a shows the forward acceleration, the threshold value of
0.3m s72 as well as the start time ty,[i]. The forward velocities of C7,
Hip and the CoM are plotted as an example in Fig. 6b. The threshold
value of 0.05m s~! is shown as dotted grey line and the detected start
time as dotted black line. In this example, the following times were
detected: 1, = 0.68s, 1, = 0.73s and #; = t5,[i] = 0.67s.

3.2.3. Perturbation and loss of standing balance

As response to the external impulse, the participants are displaced
from their rest position and potentially lose balance. One way to
measure standing balance is to consider the position of the projection
of the CoM to the xy-plane in relation to the position of the feet.
The external points of both feet create the base of support (BoS). In
general static conditions, a person is considered in balance when the
CoM lies inside the BoS and out of balance when the CoM is located
outside of the BoS. However, the CoM of individuals does not remain
static following an external perturbation. In such dynamic conditions,
the velocity of the CoM should also be considered to study standing
balance. Therefore, the margin of stability MoS as proposed by Hof
et al. (2005), which is the shortest distance of the extrapolated CoM to
the boundary of the BoS, is analysed.

The extrapolated centre of mass XCoM takes the velocity into ac-
count and can be calculated with the pendulum equation w, = 4/g/I.
Here, g is the gravitational acceleration and / the leg length of the
participant.

CoM
rXCoM(p) = rCMp) 4 Y ®
@y

For the calculation of the MoS;(r), we only consider the forward
boundary of the BoS, i.e. the line TOE that passes through the two
toe points (LT and RT), because we mainly investigate the effect of the
impulse to the front. With Eq. (1), MoS;(?) is calculated as follows:

MoS(t) = d(P,,r[% (1), P, rXcM (1))

This definition gives a negative distance when the XCoM lies ahead
of the TOE line of the BoS and a positive distance when lying behind
it. An example of the MoS;(r) during one trial is shown in Fig. 7.

Our goal is to distinguish between receiving and passing on the
impulse. However, that is a very challenging task, because we have
to differentiate between passive and active actions. We assume that
a participant is unintentionally displaced from their rest position and
then takes action to regain a stable position. Therefore, we can de-
fine the most critical state of standing balance corresponding to the
smallest MoS. This gives the time #.,;,[i] until the person reaches the
most unstable position. After that, the person uses strategies to regain
balance and thus may pass on the impulse. To obtain an end time for

0.5

. A R Bl
- : - N [ tstabre [1]

MoS; (m)

il 2 4 6

time (s)

Fig. 7. Example of the MosS, which is the distance of the XCoM to the TOE line. The
MoS is positive when the XCoM lies behind the TOE line of the BoS and negative
when lying ahead of the TOE line. The most unstable position at 7;,[i] is shown as
dotted red vertical line and the time at which the person is in balance again fg.[i]
is shown as dotted black vertical line.

potentially passing on the impulse, the actions of the participants need
to be divided, in terms of what is a necessary reaction to the impulse
and what is not. Since the MoS also takes into account the velocity
of the CoM as well as the positioning of the feet, we propose the time
at which the MoS reaches a threshold value as the end time. For our
experiments, we define the threshold value as being 87% of the initial
MoS; value. In the cases when this value is not reached, the time at
which MosS; value is at a maximum within 2 after 7;;,[i] is considered
as end time. However, these threshold values are just a starting point
of the analysis that must be tested critically in further experiments (see
Supplementary Information).
This results in the following definitions for both times.

I'min[i] = argmin M oS, (1)
'
min(t;], if MoS;(t;) > 0.87 - M0S;(0),
Tstableli] = for 13 > tin[i]

argmax,, MoS;(t;), for tpylil <ty < typlil+2s

We estimate that at 7. the person has regained a stable position
and no further motion is required to counteract the impulse. Therefore,
this is set as the time until the impulse could potentially be passed
on, although this does not ensure whether this is actually the case.
Additionally including the closest distance d;,[i,i + 1], as shown in
Fig. 4, can give information on how close people are to each other and
provide an indication of whether or not people are touching and thus
passing on the impulse. In order to find the time when people are out of
contact again, we use the threshold as proposed in Section 3.2.1. There
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Fig. 8. Three variables are needed to identify the phases of motion for one person with the 3D MoCap data. The start time of the first phase is defined by the time the forward
motion starts #,.[i] and ends when the next person in the row starts moving forward r.[i + 1]. The second phase ends with the minimal MoS at time 7.,,[i]. The end time of
the third phase 7.,4[i] is set by using the MoS as well as the closest distance between two participants.

is no longer a contact at time #,.,, when dp;, > 0.12m.

trouchlil = min[ts], if dyin[i, i + 11(85) > 0.12m  for 15 > ty i + 1]

As a result, the end time 7,4 of the last phase is given as the smallest
time of tg,p1e and touch-

Tendli] = min[tgeapielils foucn [i1]
4. Results and discussion
4.1. Detection of the phases

Precisely detecting the defined phases of impulse propagation in
the 3D MoCap data is a challenging task. For this purpose, we used
the following two methods, observation of the side-view videos as well
as investigation of the 3D MoCap data. We distinguished three phases,
(0) initial position at rest, (i) receiving an impulse, (ii) receiving and
passing on an impulse, and (iii) passing on an impulse. In the videos,
it is easier to see when people are touching each other rather than
when each individual starts moving forward. For the 3D MoCap data,
the opposite is the case: the start of motion is more reliably detected
than the time people touch each other. However, touching does not
necessarily involve passing on the impulse. Participants can grab the
person in front instead of pushing forward, as sometimes seen in the
videos. Furthermore, people can move in a variety of ways and of
their own choice and not every behaviour is a response to the impulse.

Therefore, it is important to evaluate which motions are counted for
defining the phases and investigate various parameters simultaneously.

We come to the conclusion that mainly three variables are needed
to identify the phases. These are the velocity in the same direction as
the external impulse, i.e. the forward direction, the margin of stabil-
ity in the forward direction and the estimated distance between two
participants. Fig. 8 presents a summary of the variables as a function
of time, and shows the start and end times of each phase for a trial
without wall, in which the initial inter-person distance is set to elbow
and the initial arm posture is free. Based on this example, the following
times are obtained for the first person pushed. Person i = 1 receives
the impulse and thus enters the first phase when they start moving
forward (74,[1] = 0.67s). The second phase begins when the next
person i = 2 in the row moves (fg,[2]1 = 1.025). The start of the
third phase t,;,[1] = 1.30s corresponds to the most unstable position,
and it ends when the person reaches either a certain stability in the
MoS (tgapell] = 2.20s) or a certain distance to the person in front
(ttouch[1] = 2.43s). The phases continue smoothly into one another. A
general overview of these start and end times with the corresponding
phases are listed in Table 2.

Determining a time at which a person receives the impulse is
relatively clear and the detection works well. The beginning of our
experiments represents a stationary crowd for example in a waiting
scenario. This means that participants do not move that much and there
is a correspondingly significant motion, when they receive the impulse.
In order to capture only the motion in response to the external impulse,
small as well as slow motions are not considered. This ensures that
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Table 2
Overview of the phases of motion for each person in the middle of the row.
Phase Impulse Behaviour Start End
0 None In balance - totareLi]
i Receiving Moving forward, tseare ] tsrare [ + 1]
Displacement from rest position
ii Receiving and Moving forward, Person in front moves, tspare[i + 1] tin ]
passing on Displacement from rest position
ii Passing on Person in front moves, inli] tenalil
Regaining rest position
iv None In balance tenalil -

independent movements, such as swaying on the spot, are excluded,
but it also implies that slight effects on the body due to the impact
are not taken into account. Since the three body parts CoM, Hip and
C7 have to move forward simultaneously to be included, movements
like raising hands or looking down are neglected, and the forward
component of the velocity causes rotations or moving backwards to
remain undetected. When comparing the identified start of motion with
the videos, only one person is falsely detected (false positive) in one
trial because they show a very similar motion pattern to a pushed
person. Furthermore, there are four cases of false negative detections.
These occur mainly when the persons are already touching each other
while waiting for the impulse.

On the contrary, it is difficult to identify when a person is no longer
receiving or passing on an impulse. One can argue that touching as
observed in the videos is an indicator, but on the other hand, this is no
guarantee that forces are actually exchanged. For example, one person
could be holding the person in front of them instead of passing on the
external impulse by pushing that person forward. Therefore, we choose
to use a measure of stability for the definition. We are confident that
up to the lowest M oS (7,;,[i1), which corresponds to a most unstable
position, the impulse is received. However, this does not necessarily
mean that the person cannot continue to be affected by the impulse past
this moment. Since 7.,;,[i] sets the end of receiving in our definition, we
may underestimate phase 2 and overestimate phase 3. The experiments
are designed in such a way that the subjects move forward due to
the impulse, regain their balance and usually return to their starting
position immediately afterwards. This returning is not caused by the
impulse and should not be included as part of the phases. Detecting
the time 7y, [i] when a person regained stability works quite well. In
our definition, we assume that no further action is necessary at this
time to achieve a stable standing position, other than maybe placing
the heels of the foot fully on the ground. This outcome also agrees with
the viewing of the videos, and only for a few single cases the time is
specified a little late.

4.2. Occurrence and duration of phases

The three phases defined in Table 2 are not always applicable to
all persons. By default, the last person to receive the impulse only goes
through the first phase. To investigate this, we examined the data for
all four individuals within the row. The data for the furthermost person
is ignored because, by definition, they can only undergo the first phase
if at all and cannot pass on the impulse. This means that a total of 420
pushed persons can be examined. In 28 cases, the person is not affected
by the push when the initial inter-person distance is large (either arm
or elbow) and therefore does not go through any phase. A further 28
people were the last person to be pushed and hence only experienced
phase 1. Of the remaining 364 pushed persons, 306 persons completed
all three phases.

It could happen that there are sometimes just two phases. If people
touch each other directly at the beginning, which is particularly the
case with arms up, but can also occur at no distance, people are able to
transfer the impulse faster and thus shorten the time of the first phase.
For 7 persons, only phases 2 and 3 are detected and in extreme cases,

only phase 2 is observed (9 persons). This means the difference of the
start time of both participants r,.[i] and fs,.[i + 1] is smaller than
the time resolution of the sensors. Consequently, there are only phase
2 (receiving and passing on) and phase 3 (passing on the impulse).

By contrast, standing further apart at the beginning increases the
probability that a person is already in the process of regaining a stable
position by the time they reach the next person. At large inter-person
distances (elbow or arm), phase 2 is omitted (32 times) and therefore,
only phases 1 and 3 are detected, which results in the phases (i)
receiving and (iii) passing on the impulse. In this scenario, there could
be a gap between phases when 7;.[i] < fg.[i + 1]. For a total of
10 persons, only phases 1 and 2 were identified, because the closest
distance dp;,[i,i + 1] never drops below the threshold of 0.12m.

In the next step of the analysis, the duration of each phase is
investigated in relation to the initial distances and the arm position
up or not up, whereby we distinguish between experiments with and
without a wall. Fig. 9 shows the duration of the phases 4r for trials
where the initial arm posture were either down or free and Fig. 10 for
trials with arms up.

We find that the duration of phases 1 and 2 correlate with the
initial inter-person distance which corresponds to our assumption. The
closer the people stand to each other, the shorter is the first phase
and the longer the second phase, as people interact with each other
more quickly and therefore pass on the impulse sooner. In addition, the
options for motion strategies in phase 1 increase with the initial inter-
person distance. This is shown by the fact that the variance in phase
duration is low for short distances and greater for longer distances.
No clear statement can be made about the third phase, because the
duration is widely distributed across all intervals. In Phase 3, strategies
to regain balance vary, and this variation is reflected in the variance
of the phase duration, regardless of the initial inter-person distance.
Another reason could be the fact that the end of the third phase is
difficult to determine (both in the qualitative analysis of the videos and
on the basis of the data) and thus hard to detect.

All trends in the duration of the phases are given for both arm
posture conditions (up or not up) and there is no significant difference
between experiments with and without wall. Furthermore, we did
not find a correlation between the duration of the phases and the
intensity of the impulses. Figures of this analysis can be found in the
Supplementary Information.

4.3. Applicability

First of all, the aim of our research is to investigate how external
impulses propagate in a crowd. It is important to note that people
behave differently from billiard balls (elastic impact) and that the
displacement of an individual can occur in various ways. This means
that different characteristics of impulse transfer and strategies to regain
balance can occur in a crowd. To investigate this in more detail
and identify different characteristics, we divide the impulse transfer
between people into different temporal phases. We hope that these
findings will be helpful in developing a physical model for impulse
propagation in a crowd.



S. Feldmann et al.

Arm posture free or down

2.5
a b
2.0
-
15 5
i) Q
b (74
b
1.0 o
=
. 1
0.5 - %
° —_— —— ¢ © 2% & f"““'ﬁ
®g 00 ﬁ% T ¥
0.0 ¥
2.5
2.0
-
15 =5
Gl Q
=
(74
= 1.0 4 o
% N
$..8 2 3
051 °® 3
o & :
P & 82
* ot " fs -1,
00l? -t *on? b
25
2.0 ® »
. ¢ 2
15{ ¢ ¢ » %, H g
o “® [ g v Q
e *
<10 o o 8&0 ’o T % P 3
. o A
——— - ® s = w
< VQ@? 1
05{ @ °§ &&g .
dg ¢ L 00 £
0.0
none elbow arm none elbow arm

Fig. 9. Duration At of phases 1, 2 and 3 according to different initial inter-person
distances none, elbow and arm. The arm posture of participants were either free or
down for trials (a) without a wall and (b) with wall. The median is shown as black
horizontal line.

Furthermore, it is of great importance to understand and charac-
terise risks in a crowd. Previously, there have been different concepts
when talking about these risks. For example, a single person could fall
down (Sieben and Seyfried, 2023), several people could move in one
direction within the crowd leading to density waves (Bottinelli et al.,
2016), or the interactions between multiple people are described with a
domino model (Wang et al., 2019). The temporal segmentation of mo-
tion propagation into three phases can contribute to an understanding
how these different types of movement can emerge and help to identify
the conditions under which they occur.

Phase 1 corresponds primarily to the fact that only one person is
severely affected by the impulse. Particularly in cases where phase 2 is
skipped, i.e. when a person moves from phase 1 to phase 3, there could
be a risk of a single person falling down. In phase 2, a person is not only
receiving the impulse but also passes it on. This could fit well with a
domino model, as at least three people are simultaneously affected by
the impulse. To this end, the duration of the second phase could be
investigated in more detail. If the times of the second phase of several
people overlap, it is possible to determine how many people are in the
critical phase of losing balance at the same time and to examine wave
movements of the crowd. The third phase indicates the time in which
people regain their balance. Identifying this time could enable different
movement strategies to be determined and automatically detected. In
addition, applying this method to rows with more people could identify
the conditions under which an impulse may be intensified or damp-
ened, allowing a more accurate description of impulse propagation in
crowds.

Safety Science 175 (2024) 106512

Arm posture up

2.5,
a b
2.0
-
1.5 =
2
3
1.0 n
o . =
05 ® u
T m
® e _ O &—E—% =
X % - ¥
0.0 s g &% # 8
2.5
2.0
©
15 =
2
3
101 ®og0 . ‘ . m
2 0% o N
LA - %
n
0.5 '3 = < =" g §°§ oy
® e ¥
g oy s ee = a
0.0 o
2.5
M
L
2.0 L JER J *

° * 3 s ., )
~151% o, . o3 . >
v * * —_— Q
1 ° s = ¢ g % oe [

10{ +—7F = —& ° 2 o o
' ¢ o ® 00® . w
o

° Oo: "= ® e

0.5 LT} PS L
* L] o
L

0.0 * 4
’ none elbow arm none elbow arm

Fig. 10. Duration At of phases 1, 2 and 3 according to different initial inter-person
distances none, elbow and arm. The arm posture of participants were up for trials (a)
without a wall and (b) with wall. The median is shown as black horizontal line.

4.4. Limitations

It is interesting to note that there are differences in the closest inter-
person distances between trials with and without a wall, as shown in
Fig. 5. For the trials without wall, all medians are below the determined
0.12m threshold, while for the trials with a wall, three out of the four
medians exceed the threshold. The reason for this could be that the
wall may cause people to change their strategies to transfer more of the
impulse to the ground instead of passing it on to the next person. As a
result, participants keep more distance to their neighbours in this situ-
ation. The contact detection method proposed in this study has a few
weaknesses and could be improved. Especially to investigate whether
hands enclose arms or touch the shoulders at the back, the xy-plane
must be considered in addition to the yz-plane. This is also necessary for
experiments that are extended to two dimensions. The approximation
by segments in the xy-plane, for example for the shoulders, can be
useful as well. It would also be interesting to compare different methods
that represent the participants differently. These would be for example
point cloud, line segments or the convex hull.

Another limitation of this study is the accuracy of the data. If the
3D MoCap data are not well enough aligned with each other due to
combining the data with the head trajectories, it results in a significant
error especially when calculating the distance between two people. To
minimise this error for the forward motion, we have calculated the
forward direction for each person individually using the hip vector
and did not use the y-direction as standard for all. Even within one
person, the 3D MoCap data can contain some errors, for example if
sensors are displaced during trials or if the body measurements, on
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which the articulation of the skeleton are based, are taken imprecisely.
Furthermore, this study (Guo and Xiong, 2017) comes to the conclusion
that the BoS calculated with Xsens showed a high error.

5. Conclusion and outlook

In this study, the 3D motion of the human body as response to
an external impulse is separated into temporal phases. These phases
can be detected based on the MoCap data by investigating the forward
velocity, the margin of stability and the estimated distance between
two participants. A maximum of three phases can occur, which are
characterised by receiving, receiving and passing on or passing on the
impulse.

Each phase should be further investigated in terms of their specific
characteristics, physical interactions that occur, and the differences
between the phases. More research is also needed on the relation of
the initial inter-person distance as well as the intensity of the impulse
to the phases of motion and the factors that influence them. Possible
factors include individual characteristics (e.g. height or weight of the
participants), body tension, or also preparedness and reaction time.
The age of the participants should also be taken into account, as age
may induce a number of changes in these characteristics. As mentioned
in Tokur et al. (2020) people choose different strategies, i.e. ankle, hip
or steps, to regain a stable position. As a result, the impulse might
be transmitted differently or perhaps even be intercepted, leading to
a general intensification or mitigation of the impulse along the row.
We could observe different movement strategies in the videos and it
would be helpful to classify these strategies into individual movement
types. Thereby, the analysis could focus on pendulum movements of
the upper body, the exact hip motions, the placement of the feet, and
the use of the hands.

The experiments presented in this study could be enhanced to
capture physical contacts by using additional pressure sensors on the
hands and backs of the participants. This would also facilitate the
estimation of normal forces acting between individuals and hence
improve the analysis of whether an impulse is passed on. Furthermore,
these experiments were conducted on a small scale corresponding to
only a few real-life scenarios, such as queues. Therefore, the analysis
of the phases should be extended to larger experiments in which people
are standing in multiple rows or groups.
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