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Abstract

In recent years, many studies have been published on how individual characteristics
of pedestrians affect the fundamental diagram. These studies compared cumulative
data from individuals within groups that were homogeneous in one characteristic,
such as age, but heterogeneous in other factors, such as gender. The question arises
regarding which factors influence the fundamental diagram in single-file experiments.
In addition, some research suggests that group composition, particularly gender, may
impact the results. Therefore, three different single-file experiments are considered
in this study.

The first step in data analysis is considering the speed-density relationship
between homogeneous and heterogeneous group compositions regarding gender.
Second, individual fundamental diagrams are introduced and analyzed to investigate
the effects of both known and unknown human factors. In addition, the speed-density
model that best describes the speed of the individuals is studied.

For a single-file experiment conducted in Germany with groups of participants
that are either homogeneous or heterogeneous in terms of gender, a Tukey HSD
test is carried out. This is done to determine any differences between these groups
in the average speed over various density ranges. A comparison of different group
compositions shows that any effect of gender is only observed, if at all, within a
small range of densities. For a cultural comparison, the previous experiment is
compared with a single-file experiment conducted in Palestine with homogeneous
and heterogeneous gender compositions. There are no significant cultural differences.

Two single-file experiments in Germany are considered to investigate differences
in minimum distances and reaction times between individuals in different densities
and to analyze the influence of the gender of neighboring pedestrians. It is also
studied how human factors such as height, age, and gender and unknown individual
effects such as motivation or attention affect individual speed. Regression analysis is

performed for this. One experiment is a school experiment, and the results based on
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a simple linear regression analysis show that the differences in minimum distances
and reaction times are not very significant and are less pronounced. Using a multiple
linear regression analysis, the human factors analysis suggested that age could be
neglected as there is a strong correlation between the students’ age and height. In
addition, the study highlights that headway has the most significant influence on
speed. At the same time, gender plays a minor role, and other non-measurable
individual characteristics have a more significant impact than height. The results
of the other experiment with different gender compositions in Germany show no
correlation between the genders of neighboring pedestrians in minimum distances and
reaction times. In the human factor analysis, the model stays consistent compared

to the other experiment in Germany when additional factors are included.



Zusammenfassung

In den letzten Jahren gab es zahlreiche Verdffentlichungen, die den Einfluss
individueller Merkmale von Fufigéngern auf das Fundamentaldiagramm untersucht
haben. Dabei wurden Daten von Personen verglichen, die in einem Merkmal, wie
beispielsweise dem Alter, homogen, in anderen Merkmalen, wie beispielsweise dem
Geschlecht, jedoch heterogen sind. Dadurch ist unklar, welche Faktoren in single-file
Experimenten einen Einfluss auf das Fundamentaldiagramm haben. Auferdem deuten
Studien darauf hin, dass die Gruppenzusammensetzung, insbesondere hinsichtlich des
Geschlechts, einen Einfluss auf die Ergebnisse haben kann. Fiir die Analysen werden
in dieser Arbeit insgesamt drei verschiedene single-file Experimente herangezogen.

Zuerst wird das Geschwindigkeits-Dichte Verhéltnis zwischen geschlechtshomoge-
nen und geschlechtsheterogenen Gruppen betrachtet. Um die Auswirkungen sowohl
bekannter als auch unbekannter menschlicher Faktoren zu untersuchen, werden
individuelle Fundamentaldiagramme eingefithrt und analysiert. Dariiber hinaus
wird untersucht, welches Geschwindigkeits-Dichte Modell die Geschwindigkeit von
Personen am Besten beschreibt.

Fiir ein single-file Experiment, welches in Deutschland durchgefiihrt wurde und
bei dem die Gruppenzusammensetzungen homogen oder heterogen beziiglich des
Geschlechts sind, wird ein Tukey HSD-Test durchgefiihrt. Dabei soll festgestellt wer-
den, ob es Unterschiede zwischen diesen Gruppen, in der mittleren Geschwindigkeit,
in verschiedenen Dichtebereichen, gibt. Ein Vergleich der verschiedenen Gruppen-
zusammensetzungen zeigt, dass ein Effekt des Geschlechts lediglich in einem kleinen
Dichtebereich zu beobachten ist. Hinsichtlich eines kulturellen Vergleichs wird
das zuvor genannte Experiment mit einem single-file Experiment, mit geschlecht-
shomogenen und geschlechtsheterogenen Gruppenzusammensetzungen, verglichen,
welches in Palestina durchgefithrt wurde. Hier gibt es keine signigfikanten kulturellen
Unterschiede.

Zwei single-file Experimente, die in Deutschland durchgefiihrt wurden, werden
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herangezogen, um Unterschiede in minimalen Abstédnden und in den Reaktion-
szeiten zwischen Individuen, in verschiedenen Dichten, zu untersuchen. Zudem
wird betrachtet, ob der Abstand zwischen Personen, bei hohen Dichten, durch das
Geschlecht benachbarter Fufgénger beeinflusst wird. Des Weiteren wird beriick-
sichtigt, wie menschliche Figenschaften wie Korpergrohe, Alter und Geschlecht sowie
unbekannte individuelle Effekte wie Motivation oder Aufmerksamkeit die individuelle
Geschwindigkeit beeinflussen. Dazu werden Regressionsanalysen durchgefiihrt. Bei
einem Experiment handelt es sich um ein Schulexperiment. Die Ergebnisse der
einfachen Regressionsanalyse zeigen, dass die Unterschiede bei minimalen Absténden
und Reaktionszeiten weniger stark ausgepréigt sind. Aus der Analyse der men-
schlichen Faktoren, mittels multilinearer Regressionsanalyse, geht hervor, dass das
Alter vernachléssigt werden kann, da eine starke Korrelation zwischen dem Alter und
der Korpergrofe der Schiiler besteht. Aufierdem hat die Entfernung den groften Ein-
fluss auf die Geschwindigkeit. Das Geschlecht spielt dagegen nur eine untergeordnete
Rolle. Andere nicht messbare individuelle Merkmale haben einen gréfseren Einfluss
als die Korpergrofse. Die Ergebnisse des anderen Experiments mit verschiedenen
Gruppenzusammensetzungen hinsichtlich des Geschlechts in Deutschland zeigen, dass
es keine Korrelation zwischen dem Geschlecht benachbarter Fufgédnger hinsichtlich
minimalen Abstdnden und Reaktionszeiten gibt. Zudem bleibt das Modell konsistent,
wenn zusétzliche Faktoren bei der Analyse der menschlichen Faktoren beriicksichtigt

werden.
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1. Introduction

Chapter 1

Introduction

1.1 Motivation

In pedestrian dynamics, density, velocity, and flow describe pedestrian streams
quantitatively. A fundamental diagram is the relationship between these terms
obtained from empirical measurements. These diagrams illustrate the various states
of traffic in the field of pedestrian dynamics as well as car traffic, including free-flow,
bounded traffic, maximum flow, and congested traffic [1-3]. The maximum possible
flow is of significant importance for safety in a crowd. Furthermore, level of service
(LOS) concepts are employed to assess pedestrian comfort at different densities [4-6].
Fundamental diagrams vary [1, 4, 6-9] and are used to describe the capacity of
various pedestrian facilities such as corridors [10-14], crossings [3, 15], stairs [7, 16]
as well as stream types like single-file experiments [17-19]. Safety engineering and
civil engineering applications include planning public spaces such as train stations or
organizing events. The objective is to prevent congestion and crowding when large
crowds of people are present. Fundamental diagrams need further research to achieve
more accurate congestion predictions and a deeper understanding of the congested
area. Of particular interest is when congestion occurs, when stop-and-go waves
[20-23] or lane formation [11, 24] appear, and under what conditions traffic comes
to a complete standstill. To further investigate the significance of the influences on
speed, it is necessary to look at the fundamental diagrams not only at a macro- or
microscopic level [16, 17, 19, 20, 25-32|, but also to consider the relevance of individual
factors. For this purpose, this thesis aims to develop individual fundamental diagrams
of pedestrian dynamics. In addition, by analyzing the data in greater detail, this

method should assist in a more comprehensive understanding of the factors that
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affect speed. This work focuses on the simplest type of experiment conducted under
laboratory conditions, namely the movement of pedestrians in a single-file experiment
(see Figure 2.1), which can be observed in queuing systems. This approach minimizes
the influence of additional factors, such as those resulting from uni- and bi-directional
flow in straight corridors or by multi-dimensional pedestrian streams in crossings.
Concerning single-file experiments, several variations in the experimental setup
already affect the course of the fundamental diagrams. It is challenging to analyze
and quantify the effects of multiple factors, and it needs to be evident which factors

are relevant to the fundamental diagram in single-file experiments.

1.2 State of Research

The following section reviews the current state of empirical single-file research
that has been conducted and analyzed in recent years [17-20, 22, 25, 26, 28-33]. In
general, the trend of the resulting fundamental diagrams is similar.

Starting with the fundamental diagrams found in both pedestrian and vehicle
textbooks [1, 4-6] they typically show two regions separated by the maximum
flow. The region below the capacity is the free flow regime, while the area above
the capacity is the congested regime. Recent single-file studies and stream types
like uni-, bi-, and multidirectional streams suggest a more complex structure with
three or four regimes: free flow, bounded flow, congested flow, and stop-and-go
congested. Depending on the duration of the experiments, the different densities
that are considered, and the measurement methods used, the number of regimes in
the diagram may vary. Importantly, single-file experiments represent the simplest
experimental setup and simultaneously extreme cases where participants cannot pass
each other, which can result in pedestrian collisions. In addition, it is essential to
consider the stationary area where the speeds do not change over time. Therefore,
the focus is on the pedestrians already in motion and less on those starting to walk
or standing still. Figure 1.1 shows the macroscopic average trend of the fundamental
diagram observed in recent single-file studies [17, 19, 25, 34-36] (see Figure A.1 in
Appendix 5.2). The figure on the left shows the flow-density relationship, and the
right shows the speed-density relationship. Two kinks can be seen in the figure in a)
and b), indicating the presence of three different regimes. First, pedestrians walk
behind each other at their desired speed. When the density of pedestrians exceeds

a certain threshold p > p., the individual pedestrians slow down. The change in
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Figure 1.1: The trend of the fundamental diagram of recent single-file studies is
shown. In a), the trend of the flow-density relation is shown, and in b) of the
velocity-density relation.

speed may be influenced by the presence of slower individuals at close distances.
Second, as the density increases and the distance between individuals decreases, the
group influence on speed increases. The second change in speed seems to occur in
high-density areas for similar reasons. Some individuals appear to stop earlier and
maintain a greater distance from those in front of them, while others continue to
move closer.

Upon closer examination, variations in the overall pattern and magnitude can
be observed. These differences can be attributed to various factors related to the
pedestrians themselves, such as age, gender, height, cultural background, and human
movement characteristics such as step length and frequency [17, 22, 25, 26, 28, 30,
32, 35, 37-45], as well as external factors such as visibility limitations [33], different
height adjustments due to smoke [46], temperature [47], sidewalk quality [47, 48],
background music [31, 34, 49] and the presence of luggage or trolleys [27]. Variations
in experimental setups and measurement methods for speed and density can also
contribute to discrepancies in the fundamental diagrams. It is important to note
that the measurement areas used in these studies may vary, and the conversion of
two-dimensional trajectories to one dimension is only sometimes clearly explained.
This list is only exemplary and claims to be incomplete.

Due to the variety of factors that influence pedestrian behavior, and in part
because the measurement methods or experimental scenarios in single-file studies vary,
it can be challenging to compare the results of different experiments. For example, one

study may focus on low-density scenarios only, while another may include data from
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high-density situations. In addition, even when considering a homogeneous group
concerning one factor, such as age or gender, differences in fundamental diagrams may
still be observed. These differences highlight the complexity of pedestrian behavior
and the importance of considering multiple factors when analyzing the fundamental
diagrams. Furthermore, there are differences between the diagrams even if the same
group is considered in terms of the same human factor, like age or gender.

When examining single-file studies considering age as a human factor, apparent
differences will be explained below. Cao [17] has conducted a study in which the
speeds of three groups are compared: a younger group, an older group, and a mixed
group. At lower densities up to p =1.5 m™!, the younger group has higher speeds
than the mixed or older group. However, as the densities approached the stopping
density, the speed of the mixed group was lower than the speed of the younger group.
No data are available for the older group. Moreover, the fundamental diagram for
the mixed group has a more complex structure because the diagram that illustrates
the relationship between headway and speed in the mixed group shows three regimes:
the free, weakly constrained, and strongly constrained regimes.

In contrast, only two regimes are observed in the younger and older groups.
After scaling, only minor differences existed between the younger and older groups.
However, in general, the diagrams for these three groups could not be transformed
into the diagrams for the other groups by scaling the variables to dimensionless
quantities, e.g., by dividing the velocity with the free velocity of different pedestrian
groups, such as those of varying ages. The research of Ren et al. [25] supports these
findings. The elderly group moves slower than the young adult group, and there are
no significant differences between the mixed group and the elderly group. In addition,
when a group of elderly Chinese is compared with French students [2] in a distance
vs. speed diagram, three regimes emerge. Ren also found that pedestrian behavior is
influenced by factors such as age, group diversity, and familiarity. Another study by
Zhang et al. [50] compared two groups of middle-aged individuals based on income
level. Although the fundamental diagrams for these groups are different, they showed
similar trends. The group with higher income and more female participants tended
to be less active, preferring to keep their distance or keep pace with others. This
group was more homogeneous, resulting in more congestion and stop-and-go patterns.
On the other hand, the lower-income group with a balanced gender ratio was more
active, resulting in a higher flow rate. Regarding age, Subaih et al. [29] compared
experiments in Palestine and China with groups of different genders at high densities.

They found that older Chinese pedestrians walked at a similar speed to young

4
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Palestinians, while younger Chinese walked faster than the Palestinians. Another
study by Ziemer [22] examined age differences by analyzing fifth- and eleventh-grade
students in single-file school experiments. Despite significant differences in height
between these groups, age did not affect the fundamental diagram. In addition, the
fact that the age groups were heterogeneous did not affect the diagrams.

These six studies [2, 17, 22, 25, 29, 50], suggest that age may or may not affect
fundamental diagrams, depending on the specific characteristics of the group, e.g.,
the age. The discussion highlights that factors such as culture, income, gender,
and group composition may play a role in addition to age. Ren [25] emphasizes
the importance of considering age and diversity within a group regarding gender or
culture. Zhang’s [50] research raises the question of whether the observed differences
are influenced by income level or gender ratio within the group. In Subaih et al. [29],
it remains to be seen whether age, culture, or the mix of genders in the group has
the most significant impact on the fundamental diagram.

Studies that have focused on the impact of gender as a human factor in single-
file pedestrian dynamics have shown various results, too. Subaih et al. [35] have
demonstrated that at densities higher than 1.0 m~!, homogeneous gender composition
tended to result in higher speeds compared to groups with alternating gender order.
However, when considering data from different cultures and age groups, it becomes
clear that additional factors must be considered. Another study [37], using data
from experiments conducted by Subaih et al. and introduced in [35], found that the
headway between pedestrians to the front and the back is crucial. This suggests that
gender-based arrangements influence the distances between individuals and should
be considered in models of speed-density relationships. While these results highlight
the critical role of gender, Paetzke et al. [51] concluded that gender may not have
a significant effect based on multiple linear regression analysis of experiments with
heterogeneous group compositions.

The discussion above presents conflicting perspectives on how human factors
influence the fundamental diagrams of pedestrian dynamics. Although conducted in
a controlled laboratory setting, a methodological challenge arises from the potential
heterogeneity within groups, even when they appear homogeneous in one aspect.
While speed and density measurements are taken for individuals in these studies
mentioned above, comparing fundamental diagrams relies on cumulative data from
all individuals within each group.

Regarding the stop-and-go congestion regime in fundamental diagrams, a common

phenomenon in pedestrian dynamics is stop-and-go waves, where groups of pedestrians
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switch between a jammed and a moving phase. In single-file experiments, these
waves are visible at a global density of around p, = 2 4 0.15 m™! [20, 22, 25, 49, 52].
Recent research has focused on understanding the mechanisms behind stop-and-go
waves. This means these studies have analyzed the state of motion and the stopped
state. The stopped state is defined as a value for v;(t) less than a value within the
interval [0.05,0.15] m/s [20, 22, 25, 49, 52]. In [22], for example, a velocity is selected
for which it is assumed that a person is in a stopped state. The value is not equal
to 0 because even if a pedestrian stops, the head or body continues to move. It is
proposed that the value be chosen as 0.1 m/s or 0.2 m/s, based on the free speed
of 1.34 m/s multiplied by the ratio of the limit speed in vehicle traffic (0.08 m/s or
0.15 m/s) [22]. For a first visualization of the stopped state, different velocities v;(t)
values for each pedestrian in a specific density are presented in space-time diagrams
in various colors. They showed that the frequency of stop-and-go waves increases
with increasing density. This relationship is also analyzed in velocity distributions
based on the number and height of peaks during stop-and-go waves. In general, two
peaks appear around a global density of 2 m~!, the height of the first peak increasing
with increasing density and the second peak shifting to the left at higher densities.

This phenomenon is illustrated in Figure 1.2.
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Figure 1.2: The possible course of velocity distributions for different densities. The
distributions show how the development of peaks may vary from one peak at low
density to two at high density. The peaks may continue approaching each other over
time, with the first peak becoming more pronounced.
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The five previously mentioned studies provide analysis methods for stop-and-go
waves, such as the proportion of pedestrians in the stop, the duration of a person’s
stay in the stop, the duration of stopping and going, limit speeds for the stop state,
or peak analysis in velocity distributions. However, it is not clear whether there are
differences in stop-and-go waves at high densities for homogeneous and heterogeneous

group compositions in terms of gender.

1.3 Objectives and Approach

This thesis analyzes human factors in speed-density relationships based on different
statistical methods. Therefore, three different single-file experiments are considered.
Two experiments were conducted in Germany. One was conducted at the school
Gymnasium Bayreuther Strafe (GBS), in Wuppertal, in 2014 [53] and the second at
the Mitsubishi Electric Halle (MEH), in Diisseldorf, in 2021 [54]. Another single-file
experiment was conducted at the Arab American University (AAU) in Palestine in
2018 [32, 55].

The relationship between speed-density ratio and gender composition in different
group compositions, such as homogeneous and heterogeneous groups, e.g., female,
male, gender random order, and gender alternating, is analyzed. This is done for the
single-file experiment at MEH in Germany. Therefore, a visual comparison is made,
and then individual density intervals are analyzed for differences in speed using the
Tukey HSD test. Later, this comparison between homogeneous and heterogeneous
groups is also considered between two different cultures — Germany and Palestine
— as these results in Germany are compared with existing results of a single-file
experiment in Palestine, where different group compositions regarding gender are
also analyzed in fundamental diagrams. The reason for this is that in a recent study,
in the experiments in Palestine, the speed of the homogeneous groups was higher
than that of the heterogeneous groups in a specific density range. The cultural
comparison will verify this.

Then, this thesis introduces a new method to quantify the impact of individual
characteristics of the pedestrian on the fundamental diagram. This is done using
regression analysis, starting with simple linear regression and ending with mixed
models. In addition, the focus is on how the regression analysis methodology changes
the evaluation. The inconsistent picture of how human factors affect the fundamental

diagram of pedestrian dynamics is considered. Even if recent studies are conducted
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under well-controlled laboratory conditions, the main methodological issue is that
even if a group is homogeneous for one factor, it may be heterogeneous concerning

other factors. This method difference is illustrated in Figure 1.3. At the top, the
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Figure 1.3: At the top are fundamental diagrams for homogeneous groups on one
human factor and heterogeneous groups on other human factors. The left side shows
the difference between the homogeneous groups in terms of gender, and the right
side shows the difference between the homogeneous groups in terms of age. These
groups differ in other human factors, such as height or weight. In comparison, the
figures below illustrate two fundamental diagrams for two specific persons with main
ID 82 and 43 with their human factors such as height, age, and gender.

fundamental diagrams illustrate homogeneous groups concerning one human factor.
The diagram on the left represents the human factor of gender, and the diagram on
the right represents age. Other human characteristics, such as height, gender, weight,

or age, are heterogeneous. In comparison, below are two fundamental diagrams for
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individual persons identified by a given main ID. These are only diagrams for a
given gender, age, height, and so on. The figure on the left shows a graph for a male
pedestrian in the group of older students with the main ID 82 and a height of 1.72
meters. In contrast, the figure on the right shows a graph for a male pedestrian in
the younger student group with the main ID 43 and a height of 1.54 meters.

Using simple linear regression, the minimum distance, the reaction time, and the
scatter of the data are analyzed to investigate whether individual speed-distance
functions show that gender, age, or the gender of neighboring pedestrians affect
speed at high densities. This is done for the two different single-file experiments in
Germany.

The multiple linear regression analysis is conducted to investigate the influence of
distance and individual factors on speed. In the case of the single-file experiment at
GBS, human factors such as height, age, and gender are considered. A multiple linear
regression analysis is then performed with additional human factors not previously
considered, such as the weight or exact height and gender of the previous pedestrian,
by considering the single-file experiment at MEH. This tests whether the multiple
regression model developed from the GBS single-file experiment can be improved.

Furthermore, as the last part of this thesis, stop-and-go waves are considered
and analyzed. In this context, the velocity distribution for different densities for
homogeneous and heterogeneous group compositions in terms of gender is compared
to the number of peaks that appeared. In addition, it is investigated if the different
group compositions are reflected in the stop-and-go waves, e.g., the duration of
stopping or going and the number of pedestrians in a stop state are considered.

In summary, the following hypotheses will be analyzed in this thesis for different

single-file experiments:

1. The speed-density relation depends on the gender composition of the group of

pedestrians.
2. Individual speed-distance functions depend on age and gender.

3. At high densities, the distance between individuals depends on the gender of

the neighboring pedestrians.

4. The distance and individual human factors affect the speed.
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5. The inclusion of additional human factors that were not previously included,
such as the weight, exact height, and gender of the previous pedestrian, im-
proves the multiple linear regression model developed based on the single-file

experiment at GBS.

6. Stop-and-go waves are affected by different gender compositions.

1.4 Thesis Outline

This thesis is structured as follows. In chapter 2, Experiments and Methodology,
a comprehensive overview of the various analyzed single-file experiments is presented.
The measurement methods used to collect the data are explained in chapter 3
in the context of the considered single-file experiments. Moving on to chapter 4,
namely Data Analysis, the main research questions addressed in this thesis are
investigated. Single-file experiments with homogeneous and heterogeneous group
compositions concerning gender will be considered to determine if there are significant
behavioral differences between male, female, gender-alternated, and gender-random-
order pedestrian groups. In addition, individual fundamental diagrams will be
introduced, and the influence of individual characteristics will be quantified using
regression analysis. Furthermore, stop-and-go waves will be analyzed. Finally, in
chapter 5, the conclusions of this work will be discussed in detail. Moreover, this
chapter also provides a preview of some exciting extensions that could be explored

based on the results of this study.
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Chapter 2
Experiments

This chapter presents three different single-file laboratory experiments whose data
are relevant for data analysis and their comparison in chapter 4. The first experiment
is the single-file experiment [53] conducted at the school Gymnasium Bayreuther
Strafe (GBS) in Wuppertal, Germany, in 2014. The second experiment is a single-file
experiment performed within an experimental series [54] of the projects CroMa and
CrowdDNA at the Mitsubishi Electric Halle (MEH) in Diisseldorf, Germany, in 2021.
Lastly, a series of controlled single-file experiments at the Arab American University
(AAU) in Palestine is described [56]. The GBS, Germany, and AAU, Palestine data
were available before this research was conducted. For this reason, this dissertation
only briefly describes these two experiments. However, the corresponding studies
[22, 32, 50] are referenced for those who are interested in a more detailed description.
In contrast, the single-file experiment within the CroMa and CrowdDNA experiments
was explicitly planned and performed as part of this study to investigate homogeneous
and heterogeneous group compositions in terms of gender in fundamental diagrams.

At the beginning of all three experiments, each participant was given specific
instructions on walking behind the person in front of them in the oval geometry. This
was done to avoid overtaking or rushing. Furthermore, in the experiments under
consideration, the density is expressed in units of m~', as it is only a line density.
This will become clear in the following subsection 2.1.2 by Equation 2.2. To provide
an overview of these experiments, the chapter describes the setup, procedures, data

collection, and data processing in detail.
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2.1 Single-File Experiment at GBS in Germany

2.1.1 Experimental Setup

The experimental setup consists of an oval path with a central line, precisely
measuring a total length of I, = 16.62 m (see Figure 2.1 a)). The specific dimensions
of the experiment are clearly illustrated in Figure 2.1, (a). An overhead view of
the experiment with the students wearing colored caps on their heads is shown in
Figure 2.1, (b). The oval path itself has a width of w = 0.8 m, and each straight

Circumference dotted line:

Figure 2.1: Single-file experiment conducted at Gymnasium Bayreuther Strafe (GBS)
in Wuppertal, Germany. The oval path with the corresponding lengths is shown
on the left-hand side (a). An overhead view of the experiment with the students
wearing colored caps on their heads is shown on the right (b). The colors indicate
five different intervals of height.

section has a length of Iy = 2.5 m. rg is the radius from the middle of the oval to
the central line and is 1.65 m.

In total, 118 students participated in the experiment, and 46 % were male. The
participants in this study are students from fifth and 11th grade, and they represent
a wide range of age groups. The younger students are typically between 11 and
12, while the older ones are about 17 or 18 years old. Unfortunately, the exact age
of the students is not available in the experiment. Therefore, the average age in
the respective grades is assumed. During the experiment, students wear colored
caps that serve a dual purpose. Firstly, the caps are used to extract the students’
trajectories as they move along the oval setup. This data is crucial for analyzing their
movement patterns. Second, the colored caps indicate the different height intervals
of the participants [57, 58]. By categorizing the students into five different height

intervals, it is possible to extract trajectories with a reduced error resulting from
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the perspective distortion [59] and to analyze the effect of body height on speed.
The average height of younger students is 1.48 m + 0.04 m, while older students
have an average height of 1.76 m + 0.07 m. These height differences may affect how
individuals move through the spatial structure and interact with others. Furthermore,
each pedestrian is given a main ID. This unique identifier helps to identify and track
a particular student across different runs. Therefore, their behavior can be analyzed
in various runs and densities. The identification process and gender assignment are
done manually by watching videos of the experiments. The videos were compared,
and each participant was checked to see which videos they appeared in, resulting in
a specific main ID.
In all, 31 runs are performed with varying global densities py; € [0.32,3.20] m™!
which are calculated by
pg =N/l , (2.1)

the number of persons IV in one run in the measurement area divided by the length of
the measurement area, which is set at /,,, = 15.62 m. The table provided in Table 2.3
gives an overview of the global densities for each single run in the penultimate column.
For more detailed information on the experiment and its methodology, see [22]. This
work provides a deeper insight into the experimental design, data collection methods,

and analysis techniques used in this study.

2.1.2 Data Processing

To simplify the system and ease the analysis process, the participants’ two-
dimensional trajectories are transformed into a one-dimensional representation. In
the first step, this transformation involved mapping the participants’ trajectories onto
the central line of the oval path. The central line was transferred to a straight line
in the second step. This is called a rectification process and follows the methodology

outlined by Ziemer [60]. This method is represented in the following Equation 2.2:

X
A R? 5 R, — % with
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r aOnglslay<7‘0
Iy + 7o - arccos( r027 Y 2) , x>y
3= \/(X —1)?+ (y —10) (2.2)
2lsl—$+7"0'71' angglslvyZTO
2l + 1o - T+ 10 - arccos( U ) ,z<0
(x)? + (v —10)?

The first case describes the rectification process of the lower straight line. The second
describes the right-hand curve. The third case represents the upper straight section.
Finally, the left-hand curve is defined by the fourth case (see Figure 2.1 a)). However,
only the function A is shown, which describes , the distance on the central line from
the coordinate origin. The function for the transformation, which represents 3, is
neglected because this analysis does not consider the directional distance. Thus, only
the change in movement direction is considered [60]. For the single-file experiments
at MEH the two-dimensional trajectories are transformed into a one-dimensional

representation in a similar way to the above.

2.2 Single-File Experiment at MEH in Germany

This section presents a single-file experiment at MEH as part of the idea to
conduct single-file experiments in different countries, where the experimental design
is standardized in terms of geometry, number of people, and group composition
(homogeneous and heterogeneous groups in terms of gender). This way, the experi-
ments can be compared, and cultural influences on the fundamental diagram can be
analyzed. In this context, the geometric structure, in particular the dimensions of
the oval, the number of people, and the group’s composition are considered essential
factors. Another significant aspect of the experiment in Germany is the variation
of densities. By varying the number of people from N = 4 to N = 40, different
densities should be included, from low to high. This allows a wide range of situations
to be simulated and the effects of different densities on people’s behavior to be
studied. It is important to emphasize that conducting these experiments in other
countries raises several challenges. These include coordinating local teams, sourcing
materials and participants, and technical aspects. To minimize these, the design of
experiments is crucial [61]. Among other things, they simplify communication in
science, document the exact procedure of the respective experiments, and determine
how they are carried out. By analyzing the cultural influences in different group

compositions in the most straightforward experimental setup, it may be better to
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understand the general course of the fundamental diagram. A detailed description of

the data preparation and the experimental setup follows.

2.2.1 Data Preparation

After the experiment had been carried out and the corresponding data were avail-
able, the trajectories were therefore corrected and created using the PeTrack software.
PeTrack was used similarly in the other two single-file experiments. However, the
description is only given in connection with section 2.2, as I only utilized PeTrack
for this experiment. PeTrack automatically tracked the participants. The persons
are tracked and recognized in each sequence. At each step, it is checked whether
the position of the newly detected person is similar to that of the tracked person
or whether it may be necessary to improve the position by repositioning it. More
details about PeTrack can be found in [58]. Figure 2.2 shows an example of the
trajectories of the run with N = 16 female pedestrians. The trajectories are shown

in red over the entire 2-minute period.

Figure 2.2: An example of the trajectories on the left of a run with a total number
of N = 16 female participants in PeTrack.
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2.2.2 Experimental Setup

Concerning the experimental setup, the measurements of the oval path in the
experiment are the total length of the central line I, = 14.97 m and the width of
w = 0.8 m. The straight sections are Iy = 2.3 m long, while the central radius is
1.65 m. In the sketch on the left in Figure 2.3, the two measurement areas used for
the data analysis are highlighted in the background. It is important to note that
only the straight sections marked by the measurement area are considered for the
analysis. This aims to compare the data from the same sections of the oval with the
single-file experiments in Palestine. There, too, only the data of the straight areas

are used. This experiment has no visual protection in the middle of the oval. There

ircumference dotted line;:

25m

(a) (b)

Figure 2.3: A single-file experiment conducted at the Mitsubishi Electric Halle (MEH)
in Diisseldorf, Germany, in 2021. Figure (a) shows the oval path with the lengths
of the central line, the width of the oval path, the middle radius, the length of the
straight sections, and two measurement areas highlighted in the background. Figure
(b) shows the experiment from above. The students are wearing green caps with
personal ID codes on the top.

is only a barrier in the middle between the two ovals, as seen in Figure 2.2.

The experiment considered four different group compositions to study pedestrian
behavior in a controlled single-file environment. The first two group compositions
that were carried out were homogeneous in terms of gender, with one group consisting
only of male participants (m) and the other entirely of female participants (f). This
allowed observing and studying how individuals of the same gender interacted and
moved within the oval space. The third group composition was heterogeneous,
with male and female participants arranged in alternating order of m, f, m, f
etc. around the oval. This arrangement was designed to simulate a more diverse
crowd, with individuals of different genders distributed throughout the space. The
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fourth group composition also featured a heterogeneous mix of male and female
pedestrians, but this time in a random structure — for example, m, m, f, m, f
f, etc. This random distribution was intended to imitate a realistic scenario in
which people are not organized according to particular criteria. To further explore
the effect of group composition, ten experimental runs were conducted at different
global densities for both homogeneous group compositions. The global density,
represented by the number of persons situated in the oval N, was varied across
runs: N =4, N =8 N = 16,N = 20,N = 24N = 27, N = 32, N = 36, and
N = 40. In contrast, all pedestrians participated in at least one run at each density
for the experiments with heterogeneous group compositions. The densities of the
heterogeneous group experiments matched those used in the homogeneous group
experiments. However, in this case, 25 different experimental runs were performed
instead of the ten runs conducted for the homogeneous groups. The number of
different runs for each group composition can be seen in Table 2.1. In [54], section
A.5. Experimental Configurations Oval Experiments, Table 15 shows the names of
the experiments as well as varied parameters in detail. Global densities py = N/I

for these cases are py € [0.27,2.67) m™'.

Table 2.1: The number of different runs for each group composition is detailed in the
columns, female, male, alternating gender, and gender random order, for different
numbers of pedestrians N.

N Pyl Female Male Gender alternating ~ Gender random order
eg., f, f f etc. eg,m, m, m,etc. eg.,f m, f m, etc e.g., f, f, m, f, etc.
4 027 1 1 10 10
8 0.53 1 2 5 5
16 1.07 1 1 3 3
20 1.34 2 2 2 2
24 1.60 1 1 2 2
27 1.80 0 1 0 0
32 214 1 1 (N=31) 1 1
36 240 1 (N=35) 1 1
40 2.67 1 0 1 1

The duration of each run varied between two and three minutes. Two minutes
were chosen for runs with N < 32 because, up to this density, the pedestrians had
moved a long distance in the oval in the time considered. Participants can only move
very slowly at higher densities, and longer distances are considered only in a longer

time interval. In total, 80 different pedestrians took part in the experiment, with
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an equal number of male and female participants. This balanced ratio ensured that
gender differences did not bias any observed behaviors.

The green caps worn by all participants with unique personal ID codes on the
top served a dual purpose during the experiment. Firstly, they were crucial for data
collection and analysis, as the codes were used to extract the trajectories of different
participants in different experimental scenarios. Second, the codes assign personal
information to each participant, including gender, age, shoulder width, weight, and
height [57, 59]. Access to this personal information was essential to understanding
how these factors could affect speed and the fundamental diagram. In comparison
to the GBS experiment, the ID codes on the caps now also make it easier to assign
individuals to different experimental runs.

The values in Table 2.2 provide a comprehensive overview of the mean values and
the standard errors of the human physical characteristics of the participants in each
group: female, male, gender alternating, and gender random order. Namely, they
are age, height, weight, and shoulder width. The average age of the participants was
between 26 years and 28 years. Overall, the age is relatively constant. There are
some differences in these characteristics between the different groups, particularly in
height, weight, and shoulder width. Their average heights ranged between 1.70 m
and 1.83 m, and their average weights were between 76.26 kg and 92.24 kg. Lastly,
their average shoulder widths were between 0.43 m and 0.49 m. It can be seen that
there are expected differences between the male and female groups, such as the fact

that the male participants are, on average, taller, heavier, and have wider shoulders.

Table 2.2: A detailed overview of the mean values and the standard errors of
the human physical characteristics age, height, weight, and shoulder width of the
participants in the four different group compositions: female, male, gender alternating,
and gender random order.

Female Male Gender Alternating Gender Random
age £ o in years 27.12+8.11 26.42 +4.92 27.74+6.03 25.97+5.14
height + ¢ in m 1.70 £0.08 1.83 £0.07 1.75 £+ 0.09 1.77 £0.11
weight £ o in kg 76.26 £ 21.16 88.74 + 26.08 92.24 4+ 20.61 80.95 + 20.88

shoulder width + ¢ in m 0.43 +0.03 0.49 +0.03 0.45 +0.04 0.46 + 0.05
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2.3 Single-File Experiment at AAU in Palestine

In the following, a brief overview of the single-file experiments conducted by
Subaih et al.[35, 56] at AAU is presented. For more detailed information, please
refer to [35].

2.3.1 Experimental Setup

In Subaih’s single-file study, an oval path with a total length of the central line
of [ = 17.30 m and a width of w = 0.6 m, marked on the ground, was measured.
The straight sections were [y = 3.15 m long, and the radius up to the central line, rq
is 1.75 m (see Figure 2.4). In the middle of the oval is a boundary. Only the data

Circumference dotted line:

3.15m

Figure 2.4: A single-file experiment conducted at the Arab American University
(AAU) in Palestine, in 2018. The figure shows the oval path with the lengths of the
central line, the width of the oval path, the middle radius, the length of the straight
sections, and two measurement areas highlighted in the background.

from Subaih’s research, including velocity and density, has been used in this study.
This means that the data was used exactly as Subaih created them and that no
recalculation of the speed was performed. The background to this is that the same
data used in [32] should be compared with the single-file experiments at MEH in
Germany in chapter 4.

In the study conducted in Palestine, a total of 47 pedestrians participated in
the experiment. Among them, there were 26 female students and 21 male students.
The participants’ height ranged from 1.52 m to 1.84 m. The average height of the
men was 1.75 m, while the average height of the women was 1.61 m. The age

of the participants ranged from 18 to 23 years. The experiment included groups
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with different compositions in terms of gender to investigate how group composition
—homogeneous and heterogeneous groups —specifically gender diversity, affects speed.
In the homogeneous groups, which included males and females, there were N = 14
and N = 20 participants in the oval. On the other hand, in the heterogeneous
group composition where the gender alternated, there were also N =24 and N = 30
pedestrians. In [32] the different groups are called UM (male), UF (female), and UX
(gender alternated). Global densities in Palestine were 0.81 m~!, 1.16 m~!, 1.38 m™*
and 1.73 m~!. The experimental scenarios of gender-homogeneous group composition

were carried out first.

2.4 Data Selection

This section is about selecting the interval of the steady-state and the autocorre-
lation coefficients to ensure independent speed values for different experimental runs
for the single-file experiments at GBS and MEH.

During the data analysis of these single-file experiments, only the manually
selected steady-state is taken into account, chosen by looking at the average speed of
the given run. The time at which the speed is for the first time higher than 90%
of the average speed is the beginning of the steady-state interval (denoted as L)
and the time at which the speed is for the last time higher than 90% of the average
speed is the end of the steady-state interval (denoted as I;q). For the experiments
at GBS, the interval for which the speed is stable for each experimental run can be
found in Table 2.3 in columns four and five. For the experiments at MEH, the values
can be found in Appendix 5.2, in Table A.1 (see columns four and five). As an
example, the straight red lines in Figure 2.5 indicate the boundaries I,,;, and 1,4, of
the steady-state in a specific run.

In the next step, the chosen time intervals [Lnin, Lnaz] of the steady-states are
considered in detail. The aim is to ensure independent measurements in the data
analysis. One way to check the correlation of the data is to calculate autocorrelation
coefficients for the different steady-state intervals. These coefficients indicate how
strongly the observations are correlated with each other at different points in time.
A high autocorrelation coefficient (e.g. 1) indicates a high degree of dependence in
the data, while a low coefficient indicates a lower degree of dependence. If the data
are too strongly correlated, the use of some statistical methods, such as regression

analysis or ANOVA, will be severely limited. It may also lead to incorrect conclusions
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Table 2.3: A detailed overview of the experimental runs at GBS in Germany for the
different groups of students from fifth grade, 11th grade, and both fifth and 11th
grade and their general characteristics. Column by column, from left to right, the
following information is given: The number of the run, the duration of a run in
seconds, the interval of the steady-state with the beginning I,,;, and the end 1,4,
in seconds, the total number of persons in a run, the number of male and female
pedestrians in a run, the global density in m~! and the mean values for individual
specific time-steps and their standard deviation in seconds.

Run  Duration Inin Imaz N m f Pyl S to
5th grade (GBS) 1101 93.75 7 7760 16 8 8 1.02 2.01+0.38
1102 123.12 0 123.12 50 28 22 3.20 1.06 £+ 0.82
1103 167 2 167 40 20 20 256 2.02+0.73
1104 138.52 0 13852 32 20 12 2.05 2.50 £ 0.51
1105 156.16 12 105 10 6 4 064 1.72+0.49

1106 119.08 0.4 119.08 24 13 11 1.54 2.48 £ 0.46
2101 77.64 6 77.64 24 13 11 1.54 1.99 4+ 0.39
2102 123.12 6 123.12 5 0 5 0.32  2.00 £ 0.54
2103 137.28 10 137.28 11 4 7 070 1.99 +£0.73
2104 155.40 0 155.40 34 16 18 2.18 2.72 £ 0.69
2105 118.64 12 11864 16 8 8 1.02 2.04 £0.37

2106 75.16 0.8 75.16 28 18 10 1.79 1.10 £0.45
2107 44.60 4 44.60 27 18 9 1.73 244 £0.71
2108 89.36 8 89.36 14 5 9 0.90 1.09 + 0.23
11th grade (GBS) 1201 134.80 0 100 39 15 24 250 1.27 &+ 1.06
1202 78.76 6 69.04 5 1 4 0.32  0.99 + 0.39
1203 138 0 108 33 14 19 211 1.10+£0.61
1204 107.72 12 100 12 5 7 077 148 +£041
1205 114.36 2 96 23 9 14 147 1.14£0.43
1206 91.60 12 81.20 15 5 10 096 1.83 £ 0.26
1207 97.84 4 76 21 5 16 1.34 1.55 £+ 0.40
2201 103 8 99.04 5 3 2 0.32  1.39 £ 0.32

2202 109.40

(=1

72 39 17 22 250 1.31+£0.63
2203 118.20 8.80 11144 9 3 6 058 1.31+£0.18
2204 121.76 0 96 29 13 16 1.86 1.17 +£0.41
2205 133.88

(=]

12232 15 6 9 096 1.75+£0.27

5th + 11th grade (GBS) 1301 142.84 104 42 20 22 269 0.81+£0.17

1302 140.92 104 44 25 19 282 1.02+£0.73

1304 134.12

0
0

1303 91.08 4 89.44 5 2 3 032 1.13+£0.13
0 104 33 17 16 211 212+ 1.12
4

1305 76.96 70.68 11 5 6 070 2.36 £ 0.67
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Figure 2.5: Illustration of the steady-state in a specific run, where the vertical red
lines represent I,,,;, and 1,4, the beginning and end of the interval.

or over- or under-estimation of specific effects. To ensure that the statistical methods
can be applied correctly, it is therefore crucial to carefully analyze and, if necessary,
modify the time interval of the steady-state.
For this, the degree of dependence between individual speed observations v;(t)
in the case of a time lag is examined. To ensure that the data for each person i
are statistically independent, the speed values are only taken into account when the
autocorrelation function (acf) r;, < 0.3 is achieved for the first time. The values of
i+ are given by
- ?;;TH(Ui,th - @iZ(Ui,t - 7)
7 Z?:1(Ui,t — U;)? '

where 7 is the time lag, n; the number of observations of individual ¢ and ¢ = 1,..., N

(2.3)

the number of persons. This decision is applied to the length of the steady-state
intervals for each individual. As a result, N individual-specific §; time steps are
calculated for each experimental run. Only the mean values of the individual-specific
time steps, d, are used to analyze the various runs. Please refer to Table 2.3 where
the last column shows these values and the standard deviation. On average, the time
gap between each measurement is approximately 1.64 seconds, based on all values

for &; for the single-file experiment at GBS.
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After this, the data set can be used for further data analysis, including the
regression and analysis of the different fundamental diagrams. To obtain more
data points for each participant, data from a given individual is combined from
experimental runs of various densities. The number of observations k =1, ..., n;
differs for each person i due to the combination of different runs and individual §;
time steps. This variation in the number of individual observations is a point of
complexity in the analysis and a difference from other studies.

The values of 6, for the single-file experiment at MEH in Germany can be
found in Appendix 5.2, in Table A.1, too. On average, the time gap between
each measurement is approximately 1.38 seconds to ensure independence between
successive measurements, such as those for speed. Based on the average time gap
values of 1.64 seconds for the single-file experiment at GBS and 1.38 seconds for the
single-file experiment at MEH, it could also be assumed that the average time gap
for a single-file experiment could be around 1.5 seconds. It can also be concluded
that there is no relationship between d; and the associated global density py (see
Table 2.3 and Table A.1).
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3. Methodology

Chapter 3

Methodology

3.1 Measurement Methods

This section describes calculating various parameters, such as individual velocity,
density, Voronoi tessellation, and headway. In this scenario, the function x;(¢)
represents the location of person ¢ in movement direction at a given time ¢, where ¢
falls within the time interval [tmin, tmaz] 8- It should be noted that the pedestrian
i+ 1 is moving in front of the person i while the person ¢ — 1 is following behind.
To analyze the one-dimensional trajectories obtained by tracking the head in video

recordings, the software JPSreport [62] is used.

3.1.1 Headway, Voronoi Distance, Density and Individual
Speed

In the single-file experiment at GBS, the headway h;(t) of student ¢ at time ¢ is
calculated by

This formula describes the distance between the centers of the heads x;(t) and x;11(t)
of person i and pedestrian i+ 1 at time ¢. Here, the density of person i is calculated by
pi(t) = %(t) In the single-file experiment at MEH by contrast, the Voronoi distance
dy,(t) of pedestrian i at time ¢ is calculated by

A (t) = 5 - (@i () — 211 (1)) (3.2)

N
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3. Methodology

which is half of the distance between the centers of the heads ;41 (t) and z;_(¢).
The density of person i is p;(t) = ﬁ in this case. For the experiment at MEH, the
Voronoi distance (see Equation 3.2) is used in place of the headway formula (see
Equation 3.1), for the experiment at GBS. The reason for this is, that the experiment
will later be compared with the experiment at AAU in Palestine, in which the Voronoi
distance is also used. As the GBS experiment had already been analyzed previously,
this led to a change in the calculation of the distance.

The individual speed is calculated using the software JPSreport in all experiments
with Equation 3.3. It applies:

zi(t+ 5 —zi(t— 5

vi(t) = N 2/ (3.3)

It is important to note that the default value At, which represents the time interval
between two time points, is carefully chosen to minimize the effect of oscillations
in the original trajectories. These oscillations are typically caused by motion in
discrete steps, resulting in a microscopic periodic speed pattern in one dimension. By
selecting an appropriate At, these oscillations are effectively smoothed out, allowing
a more accurate analysis of the autocorrelation of speed without the need to account
for these small fluctuations. This ensures that the focus remains on the overall trends
and patterns in speed variations over time. Thus considering [63], At = 0.8 s has
been selected. The assumption of a fixed value is considered valid in this context.
In addition, the data considers both the intended direction of travel and negative
pedestrian velocities. This is important because, as illustrated in Figure 3.1, there is a
tendency for noticeable oscillations to occur at lower speeds. Even when a pedestrian
is standing still, small movements, such as shifting the weight from one leg to the
other, can cause the head to sway, resulting in observable changes in the trajectory,
including movement in the negative = direction. This phenomenon is exemplified by
the interval = € [9.5,10.5] m in Figure 3.1, where fluctuations in position and velocity
can be observed even when the pedestrians appear to be stationary. Consequently,

instances of negative velocities are not uncommon in pedestrian motion.

3.1.2 Stopping Phase

The following formulas and assumptions are used to analyze the stopping and
going phases. In general, only the data in steady-state are considered. Based on the
studies of Ziemer, Eilhardt, and Li et al. [22, 49, 52], the value 0.1 m/s is chosen
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t[s]

7 8 9 10 11

X [m]

Figure 3.1: Walking position over time for three individuals, showing movements in
the positive and negative x-direction.

as the speed limit assumption to distinguish between stopping and walking. This
value is explained in more detail in section 1.2. So if v;(¢) < 0.1 m/s a stop is defined
for individual ¢ at time ¢ in [Lyin, Lnae]- First, to count the number of pedestrians

stopping at a given time, vig,, (¢) is introduced.

1,1}i(t) < 0.1,
Vistop (t) = (34)

0, else.

Second, the number of individuals for which v;(¢) < 0.1 is valid at time ¢ is counted,

see Equation 3.5.
N
pedStop(t) = Zviswp (t) 5 (35)
i=1

where N is the number of all individuals. A further criterion this thesis considers for
the stopping and moving phase is the average number of times a person stops. The

formula Equation 3.6 is used for this criterion. This normalized formula is used for
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this purpose so that the experiments can be compared with each other.

min(Imaa) .
- Zt:maz(lm,;n) Vtsiop (Z)

fps

timestopj\r (Z) ) (36)
where maz(I,,:,) and min(l,,..) are the values of the maximum of the minimum and
the minimum of the maximum of the steady-state interval of the group compositions

with the same N, fps = 25 frames per second, and vy, (i) is defined by:

, 1,0,(i) < 0.1,
PO ER S (3.7)
0, else.

To obtain the average time of a person within a given density at a stop, the individual
values of timegop, (1) are summed and divided by N the number of pedestrians in

the corresponding density.

3.2 Statistical Methods Related to Single-File Ex-

periments

This section explains the regression models, the simple linear regression model,
the multiple linear regression model and the mixed model, and the Tukey HSD
test concerning the single-file experiments. The corresponding sections in chapter 4
describe the methods used for data analysis and verifying various assumptions. The
regression model is also discussed regarding how well it predicts or explains the
dependent variable. Furthermore, this study uses the statistical software R to analyze
the data.

3.2.1 Individuals in Simple Linear Regression Models

In general, a simple linear regression model is given by

The model describes the relationship between y, a dependent variable, and w, one
independent variable. 3y and f; are unknown regression coefficients, and € is an
error term that should ideally be as small as possible. The reason for assuming a

linear relationship in the fundamental diagram is explained in detail in section 4.2.
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It is applied to the following two hypotheses that will be analyzed in this thesis.
The Individual speed-distance functions depend on age and gender, and at high
densities, the distance between individuals depends on the gender of the neighboring
pedestrians. So the dependent variable y is represented by the speed v and the
independent variable w is defined by the headway h or the Voronoi distance dy .
Depending on the number of individual observations n;, the following simple linear

regression model for one individual 7 results:

Vg, = ﬁoi + ﬁli . h’ki + €k; > (39)

or
vk, = Bo, + Bu, - (dv )k, + €k, (3.10)

where k =1,...,n;. Assuming that ¢ = 20 and that there are 48 individual ob-
servations for this person, the following formula results from Equation 3.9 as an
example:
V1gg h‘lzo €120
= 6020 + 5120 . +

V48,0 h‘4820 €4859

In the context of this study, the values 5, and 3, (in the example: fy,, and fi,,)
need to be estimated for a good fit. This based on the least squares method for each
participant ¢, e.g., for each main ID. They represent the intercept and the slope of
the regression line. This results in the following general equation for the regression

line with the best values for 3, and /3, for each individual:
Gk = Bo, + B, - wi, - (3.11)
Regarding the values that Bl,: can take, three cases are distinguished:

> 0, positive correlation between w and y

B1; § < 0,negative correlation between w and y

= 0, no correlation between w and y,

whereby the third case Bll = 0 will not exist with real data.
Furthermore, the number of different values of Bo,, and Bl corresponds to the

total number of people participating in an experiment. In the case of the single-file
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experiment at MEH there are 80 participants. This means that there are 80 different
values for both Boi and Bli, corresponding to each participant. ¢, is calculated by

subtracting the estimated value of gy, from the true value of y,:
€k = Yk, — Yky-

3.2.2 Human Factors in Multiple Linear Regression Models

In contrast to simple linear regression, multiple linear regression is a statistical
technique used to analyze the relationship between multiple independent variables
and a single dependent variable. This method predicts the dependent variable
based on the linear combination of two or more independent variables. The main
goal of multiple linear regression is to determine the strength and direction of the
relationships between the independent and dependent variables. As mentioned in
subsection 3.2.1, the dependent variable is still the same, so y,, represents the speed.
The independent variables wy, ..., w; are defined by different factors such as headway,
age, or height. The analysis results will provide information on how each independent
variable contributes to predicting the dependent variable and which factors may
affect the speed at which pedestrians walk.

In general, a multiple linear regression model is given by
Ym =00+ P1-wi + ...+ B wj+ e, withm=1,....n, (3.12)

and n is the number of all observations over all pedestrians NV, and j is the number
of the independent variables. The model is now presented in detail concerning the

given context, considering a total number of individuals N. This is done using matrix

notation:
v=M -+ e with (3.13)
Bo
1 w1 Wi2 ... W1 N43
B
U1 T owey .o o W2, N+3 . €1
v= M= : ,B=1 = |,e=
. _ . Ba
Up : : . : . €n
1 Wn,1 ce co. Wn N+3
Bn+s
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The regression coefficients 8, to Sy3 can also be represented as the following sum:

N+3

> B
i=4

Ba, is a regression coefficient that refers to an independent variable —introduced
as alloence (all other unknown individual influences) in the equations in chapter 4
in more detail— that depends on N, the number of individuals, and therefore
occurs N-time. As the fourth regression coefficient in the later equations, i starts
at ¢ = 4. Fulfilling certain assumptions is necessary to apply the model to the
data and interpret the regression analysis’s results [64]. One of the most essential
assumptions for successful regression analysis is linearity. The dependent variable y
and the independent variable w must have a linear relationship. This means that the
dependent variable can be represented as a linear function of the independent variables.
Another critical assumption is homoscedasticity. The residuals, the difference between
the observations and the predictions, must have a constant variance. If the variance
of the residuals is not constant, this is called heteroscedasticity. This can affect the
validity of the regression analysis. For meaningful regression analysis, normality is
also a necessary assumption. The error components should be normally distributed.
This allows statistical tests to be performed correctly. There should also be no
multicollinearity between the independent variables. Multicollinearity occurs when
two or more independent variables have a high correlation. If two independent
variables are too highly correlated, then only one of them should be used in the
regression model. This is why the independent variables, such as age, gender, or height,
are investigated for their correlation. Finally, there should be no autocorrelation in

the components of the error.

3.2.3 Model Comparison with Mixed Models

The concept of mixed models that include both fixed and random effects is
considered in this section. These models are particularly relevant to the study of
pedestrian dynamics as they allow the analysis of individual and fixed characteristics
of people, as discussed in [65-67]. Mixed models are valuable when dealing with
correlated data, such as repeated measures and multilevel data, with multiple
individual or group observations. In previous sections, simple and multiple regression
analyses have only included fixed effects. This approach treats all data points as

independent without considering any hierarchical structure. However, data points
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are often not truly independent, as they may be produced by the same individual or
grouped based on some other characteristic. The data are considered hierarchical
in these situations, and statistical models should consider this structure. Random
effects will be incorporated into the model to capture the hierarchical structure
of the data and address this issue. By incorporating random effects, the model
can better account for dependencies within the data and provide more accurate
results when analyzing complex data sets in pedestrian dynamic research. Figure 3.2
illustrates how data is structured in hierarchical levels. Here, the sample space €2
is the single-file experiment. It is then further structured into a group composition
such as a homogeneous or heterogeneous group, a specific density, and a pedestrian i
with a fixed set of variables. This allows the comparison of person i and person i + 1
in the same run and analyze their differences, or pedestrian i in different group

compositions. The difference between fixed and random effects is explained as

Single-file Experiment (Sample Space)

Pedestrian
B

Pedestrian
A

Group
composition

Group
composition

Figure 3.2: Representation of how data related to a single-file experiment is structured
hierarchically.

follows:

o Fixed effects are observable variables, such as headway, height, age, or gender.

They are a fixed set of variable levels.

e Random effects are used in statistical modeling to account for variability at a
higher level where data points are grouped. Unlike fixed effects, random effects

are categorical and represent a sample of infinite possible levels. These levels
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may include individual characteristics that are not considered as fixed factors,
such as personal attributes such as attention or motivation. In the context of

this study, random effects are incorporated into the variable alloence.

In general, a mixed model is given by Equation 3.14:
y=X: B+ Z u+ewith (3.14)

y is an unknown vector of observations, X is the known matrix for the fixed effects, 5
is an unknown vector of fixed effects, Z is the known matrix for the random effects, u
is an unknown vector of random effects and ¢ is an unknown vector of random errors.
Parameters are estimated by optimizing the objective function in a mixed model.
The analysis uses the lme4 package [66] in R. In this study, the mixed model is
used to analyze whether the model explains more of the variance than the regression

model with only fixed effects and is, therefore, preferred.

3.2.4 Tukey HSD Test and Gender Group Compositions

This explanation of the Tukey HSD (honestly significant difference) test is based
on [68-70]. The test is used in chapter 4, Data Analysis.

The Tukey method is a statistical procedure developed by John Tukey to perform
multiple comparisons in a single step. This test aims to determine which means are
significantly different from each other. This thesis shows the difference between mean
speed values in density intervals for various gender group compositions. The key
concept behind the Tukey test is to calculate the statistically significant difference
between all pairs of means based on a studentized range distribution (q), called the
q distribution. Performing the Tukey HSD test in R requires using the TukeyHSD
function. This function allows the comparison of means across multiple groups and
the identification of statistically significant differences. It can be used to determine
whether observed variations between group means are due to chance or represent
actual differences in group mean values by calculating the honest significant difference.
It is important to note that the assumptions of the Tukey test, such as the data’s
normality and the variances’ homogeneity, should be met to obtain accurate results.

The next step is to explain the null hypothesis Hy and the alternative hypothesis H;.
e Hy: All means of the tested groups are equal (p; = ;)

e Hp: At least one mean is different (p; # ;)
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where i and j represent two different groups, e.g., male and female or male and
gender alternating order. The test is based on the formula for the sample t-test
statistic in Equation 3.15. -
_ [ Xa— X5 |
SE ’

where X4 and Xp are the two means being compared, and SE is the standard error

qs (3.15)

for the sum of the mean values. X4 could be the average speed, e.g., for female
pedestrians in a given density interval, and Xp could be the average speed for, e.g.,
male pedestrians. The value ¢, is compared to the value g, to decide whether to
accept or reject the null hypothesis. Here, the significance level is a = 0.05, and the
critical value for gg o5 is chosen from a table of studentized range distributions. The
null hypothesis is rejected if ¢; > g,. Then, the means are different at the level of
a:0<a<l.
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Chapter 4
Data Analysis and Results

This chapter presents a detailed insight into different statistical methods of
analysis for single-file experiments and the results of the hypotheses, listed in chapter 1,
section 1.3, which are of great importance for the relationships in fundamental
diagrams. Once the data had been prepared and specific criteria as mentioned in
chapter 2 and chapter 3 had been defined to ensure that only information relevant
to the research questions were included in the study, different hypotheses could be
tested. By systematically analyzing the data, interesting patterns and trends could
be identified.

4.1 Gender Compositions in Fundamental Diagrams

This section compares homogeneous and heterogeneous gender group composi-
tions in different density intervals and examines their influence on speed. First, a
single-file experiment at the MEH in Germany is considered. Further, this experiment
is compared with a single-file experiment from Palestine at the AAU. Results for
homogeneous and heterogeneous gender group compositions in Palestine are already
available for this comparison. Overall, in this section, the data are investigated con-
cerning the initial hypothesis that the gender composition of a group of participants

influences the speed-density relationship.

4.1.1 Gender Composition in Germany

Concerning the hypotheses mentioned before, an analysis is conducted across
different density intervals in Germany to determine whether there are consistent

speed differences between homogeneous and heterogeneous group compositions based
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on gender. First, a visual comparison is made. This visual representation allows a
first estimation of how homogeneous and heterogeneous groups with varying gender
compositions may influence speed within different density intervals. Figure 4.1

illnstrates a densitv vs.  velocitv fundamental diasram for oronns catecorized as

B iﬁﬁﬁiﬁﬁﬁﬁﬁ.@g

T T T T T
2
p[m™]

Figure 4.1: Fundamental diagram of density vs. velocity for the groups female, male,
gender alternating, and gender random order at MEH in Germany with binned data
within 0.1 density intervals [71].

the fundamental diagram, it is possible to see if there are any patterns or differences
in speed based on the gender composition of the group. In addition, the data
presented in Figure 4.1 provides a basis for a more detailed statistical analysis. The
data is binned to allow more precise observation of trends and potential variances.
For example, by binning the data according to density intervals for different gender
compositions, a deeper understanding of the implications of group dynamics on speed
can be gained. This approach allows a comprehensive investigation of the relationship
between speed, density, and gender composition within groups of participants. The
data suggest that the correspondence of the fundamental diagrams depends on the
specific density intervals considered. For densities up to about 1.15 m™!, there
appears to be no systematic variation in inequality and equality between different

group compositions. However, as densities increase beyond 1.15 m~! but remain
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below 2.0 m™!, it becomes apparent that homogeneous group compositions have
higher velocities compared to heterogeneous groups. Interestingly, for densities above
2 m~!, the individual curves show a notable similarity in their course. For a more
thorough analysis, the mean velocity values for each group composition are compared
across seven small density intervals: [0.15,0.25], [0.55, 0.65], [0.85,0.95], [1.05,1.15],
[1.25,1.35], [2.05,2.15], and [3.05,3.15]. This selection of intervals is designed to

ex

ar
]
o ]
- ® Female
[ ] Male
g ®  Gender alternating
‘:‘ g — ®  Gender random order
IR
= SRR S A A A R R A AR KRR AR
T T T T T
0 1 3 4

Figure 4.2: Fundamental diagram of density vs. velocity for the groups female, male,
gender alternating and gender random order at MEH in Germany with binned
data representing only the mean values of velocity. In addition, the single intervals
[0.15,0.25], [0.55, 0.65], [0.85,0.95], [1.05, 1.15], [1.25, 1.35], [2.05, 2.15], and [3.05, 3.15]
are highlighted in grey [71].

are visually highlighted in grey within the fundamental diagram shown in Figure 4.2.
When analyzing the mean velocity values within these selected density intervals,
areas where velocity differences between homogeneous and heterogeneous groups
are most pronounced can be identified. First, the Kolmogorov—Smirnov test is used
to analyze the velocity distribution across all group compositions, which revealed
significant differences between the distributions in each interval. A Tukey HSD
test is then performed to determine whether two means for pairwise comparisons
of all group compositions are significantly different. Table 4.1 provides detailed

information on the mean speed values and standard deviations for each group
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composition in German and Palestinian settings for all seven intervals. The results of
the experiments conducted by Subhai et al. in Palestine will be discussed further in
the following subsection of this comparative analysis in subsection 4.1.2. In addition,
Table 4.1 shows which groups are equal in the pairwise comparisons of all the group
compositions. Therefore, the same colors indicate equality between the corresponding
groups in an interval. For each interval, comparisons between groups where the
Table 4.1: Means and standard deviations for velocity (v & ) in seven different

density intervals for different group compositions in Germany and Palestine. The
same colors in an interval indicate equality between the corresponding groups [71].

0.15,0.25] [0.55,0.65] [0.85,0.95] [1.05,1.15] [1.25,1.35] [2.05,2.15] [3.05,3.15]

Female, 1.07+£0.04 1.10+0.05 0.62+£0.14 0.58+0.12 0.41+0.14 0.10+0.07
Germany

Male, 1.17£0.09 1.11£0.10 0.61+0.19 0.44+£0.21 0.11£0.09

Germany

Gender al- = 1.174+0.16 1.14+£0.15 0.74+0.24 0.30£0.19  0.10 £0.07
ternating,

Germany

Gender 1.26£0.14 = 1.114£0.07 0.54£0.30 055+0.15 0.35+0.16 0.07=+0.07
random

order,
Germany

Female, 1.144+0.01 0.80+0.11 0.68+0.07
Palestine

Male, 094+£020 0.81+£0.13 0.74£0.13
Palestine

Gender al- 1.00£0.18 0.70+0.14 0.50+0.18 0.11 + 0.05
ternating,
Palestine

p-value is larger than 0.05 — indicating that their means are equal — are highlighted
in the same color. Within the first four intervals, ranging from 0.15 m~ to 1.15 m™!,
both the group with the highest change in speed and the composition of the groups
that are considered equivalent by the Tukey test vary from one interval to the next.
Initially, there is significant equality between the two means between the male and
gender alternating groups. In the second interval, equality is observed between the
male, gender alternating, and gender random order groups, followed by equality
between the female, male, and gender random order groups; and finally, in the fourth
interval, equality is found between the female and gender random order and male
and gender alternating groups. As a result, there does not appear to be a consistent
pattern of equality or inequality between the different group compositions in the

low-density regime. Within the range of densities between 1.25 m~! and 1.45 m™, it
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is observed that the mean values of the homogeneous group compositions either equal
or are above those of the heterogeneous group compositions. This suggests a degree
of unity and consistency within groups with similar characteristics or properties.
There is a trend in the data in which groups that are more homogeneous in their
composition tend to have higher mean values than groups that are more diverse.
Moving into the density range between 1.45 m~' and approximately 2.15 m~!, an
interesting pattern appears. The two means are significantly equal for all group
compositions except the gender random order group. However, it is worth noting
that the speed of the gender random order group stands out as being the lowest of
all the groups in this interval. At a density of 2.15 m~! and above, there is a shift
in which equality is observed across all of the group compositions. This suggests
that mean differences between group compositions decrease as density increases
beyond a certain threshold. The boxplots in Figure 4.3 illustrate the results of the
Tukey test in addition to Table 4.1. The figure on the top, denoted as Figure 4.3a),
illustrates the first interval [0.15,0.25], where equality is only observed between the
groups of male and the groups of alternating gender. The final interval [3.05, 3.15],
where all group compositions show equality, is shown in the figure at the bottom,
labeled as Figure 4.3b). The boxplots provide a snapshot of central tendencies and
variability within each group and highlight any disparities or similarities among
different compositions. Letters above the boxes in the figures visually represent this
distinction between equality and inequality of group composition. The identical letters
indicate equality between particular group compositions. In addition, the boxplots
shown in both figures provide a comprehensive overview of the data distribution
within each group composition. These boxplots show key statistical measures such as
minimum and maximum values, the median—represented by the line inside the box—
and lower and upper quantiles that define the box’s boundaries. The intensity of the
boxes’ colors corresponds to the median value within each group composition. Darker
colors indicate that the median is higher. The progression from unequal distributions
in the first interval to complete equality in the last interval provides a compelling
view of the evolution of group dynamics over different densities. Furthermore, trends
and patterns that may not be immediately apparent from the raw data alone can be

identified by examining these patterns across intervals.
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Figure 4.3: Boxplots of the velocity for different group compositions at MEH in
Germany. Equal letters above the boxes indicate equality of the mean velocity
values between the corresponding groups. The first density interval [0.15,0.25] m~tis

represented by (a) and the last density interval [3.05,3.15] m™! is represented by (b)
[71].

39



4. Data Analysis and Results

4.1.2 Gender Compositions and Cultures

Further, the data from the experiments at the AAU are compared with those
at the MEH. However, there are some differences between the experimental setup
at AAU in Palestine and the setup at MEH in Germany. For example, the oval
size in Palestine is larger than the camera area in the single-file experiments in
Germany, which requires an adjustment of the values in the oval. In Germany,
there is also no boundary in the middle of the oval, potentially affecting people’s
behavior. Between the two ovals, there is only a barrier in the middle. These two
experiments are compared in Table 4.2 to show their similarities and differences.
It is necessary to consider these differences or similarities when interpreting the

results. Compared to the studies conducted at MEH in Germany, the participants

Table 4.2: Comparison of the differences in the experimental design for the single-file
experiments at MEH in Germany and AAU in Palestine regarding the total number
of pedestrians N, gender ratio, densities in m™!, age in years, height in m, and the
length of the central line in m.

MEH, Germany AAU, Palestine
Total N 80 47
Ratio m/f 50% male 45% male
por in m~! [0.27,2.67) [0.81,1.73]
age in years [26, 28] [18,23]
height in m [1.70,1.83] [1.52,1.84]
lgg in m 14.97 17.30

in Palestine were younger and of shorter stature. In Palestine, the central line and
the straight sections are longer in the oval, and the width is smaller. For both
experiments, the experimental scenarios of gender-homogeneous group composition
were carried out first. In addition, the experiments in Germany and Palestine used
the same measurement methods.

First of all, the binned data are plotted in a fundamental diagram up to a density
of 2.5 m~* (see Figure 4.4). The upper graph shows the data for Germany, while the

lower graph shows the data for Palestine.
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Figure 4.4: Relation between density and velocity for the experiments in (a) at MEH
in Germany and (b) AAU in Palestine by binned data of mean values of velocity for

different group compositions [71].

Looking at the data from both countries in more detail, it is evident that patterns

are emerging regarding the groups’ composition and corresponding speeds. A more

consistent relationship between density and speed across different group compositions

appears in Germany. In Palestine, however, there is more variation in the effect of

group composition on speed at different densities. A visual analysis of Figure 4.4

shows that in the density range [0.6, 1.5] m~!, the mean speed of the experiments
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conducted in Palestine is higher than that of the experiments conducted in Germany.
At densities above 1.5 m™!, the heterogeneous group in Palestine begins to approach
the average speed of the groups in Germany.

Focusing only on the Palestinian data, the heterogeneous group composition in
Palestine shows higher speeds at densities below 0.8 m~!. As density increases, the
homogeneous group composition of males and females shows higher mean speeds than
the heterogeneous group composition. The differences observed between Germany and
Palestine could be attributed to various factors such as cultural norms, social dynamics
within the groups, or even the environmental conditions during the experiments,
e.g., in Palestine, only students took part in the experiment, and the professor was
present here. In addition, it could be that the participants in Palestine are younger,
and some are smaller than in Germany, as mentioned in Table 4.2.

Tukey’s HSD test is again applied to statistically analyze the German and
Palestinian experimental data. The respective means and standard deviations of
velocity are shown in Table 4.1 for the experiments conducted in both countries. It is
important to note that for the experiments conducted in Palestine, data are available
only for density intervals ranging from [0.85,0.95] m~! to [2.05,2.15] m~!. When
the results are analyzed, it is found that up to a density of about 1.0 m™!, the means
are statistically the same for all group compositions in Palestine, as well as for the
gender alternating group in Germany, and the group compositions of female, male,
and gender random order in Germany. Similarly, in the interval [2.05,2.15] m™!,
there are no significant differences between the means of different group compositions
within Germany or across all group compositions in Palestine. When the density
exceeds 1.25 m™!, it is observed that the composition of the heterogeneous groups
in Palestine approaches the composition of the groups in Germany. Only within
the interval [1.25,1.35] m~! do homogeneous group compositions show higher mean
speed values than heterogeneous groups, a trend observed in both Germany and
Palestine. In other density intervals, no significant differences are found in Palestine,
while Germany shows no systematic variations. The previously described progression
within each density interval is also shown in Figure 4.5. Each point represents the
equality between the groups named above the points. The arrows show the change
from one interval to the next. From the density interval [1.05,1.15] m™ to the
interval [1.25,1.35] m™!, the speed in Palestine is higher than in Germany. In the
density interval [2.05,2.15] m~!, however, the values are the same for all available
groups in Germany and Palestine.

Figure 4.6 visually presents the results of the Tukey test, focusing specifically

42



4. Data Analysis and Results

[0.85,0.95] m ! [1.05,1.15] m~! [1.25,1.35]m ! [2.05,2.15] m !

Palestine: Female, Male,
Alternating; Germany: Alternating

Palestine: Female,
Male, Alternating

Germany: Female,
Male, Random Palestine:

Female, Male,

Germany:
Female, Random

Palestine: Alternating

Germany: Female, Male
Germany: Male)

Alternating

Germany: Random

Germany: Alternating

Germany: Female,
Male, Alternating;
Palestine: Alternating

Figure 4.5: The chart illustrates the similarity between the different group composi-
tions regarding gender at MEH in Germany and AAU in Palestine in four different
density intervals. Each point represents the equality between the groups named
above the points. The arrows show how to move from one interval to the next.

on the comparison between Germany and Palestine within the density interval of
[1.25,1.35) m™!. The letters above the boxplots are the same for the female and
male groups in Palestine (a), the female and male groups in Germany, and gender
alternating in Palestine (b). For the gender alternating and gender random order

groups in Germany, inequality is only in (c¢) and (d).

4.2 Individual Speed-Distance Functions

After the fundamental diagrams have been examined for differences between

homogeneous and heterogeneous groups regarding gender, the focus now shifts
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Figure 4.6: Boxplots of velocity for different group compositions at MEH in Germany
and AAU Palestine in the interval [1.25,1.35] m~*. The equal letters above the boxes
indicate equality for the mean values of velocity between the corresponding group
compositions [71].

to analyzing individuals within the fundamental diagram. Therefore, this section
addresses the research question concerning the potential influence of gender and age
on individual speed-distance functions at high densities.

First, another limitation of the data set is presented. The visual representations
in Figure 4.7 demonstrate the relationship between headway and individual speed for
a particular main ID of an individual of four pedestrians. The data presented in the
diagrams show specific patterns or regimes. However, whether these regimes can be
categorized as two or three separate regimes needs to be clarified. The complexity of
pedestrian interactions and the need for a detailed approach to analyzing pedestrian
behavior is highlighted by identifying different regimes within the data. Nevertheless,
the free-flow branch starts clearly at a headway of about h = 1.5 m. The beginning
of the area selected for the free speed is supported by previous research by Ziemer
[22] and Cao [17], who also focused on studying younger age groups. Their findings
are consistent with the observations in this study and provide additional support for
limitations in the following analysis. This work considers the branch where the speed
is affected by neighboring pedestrians. Accordingly, the effect on the free speed is not
analyzed. So, in particular, only the cases in which the headway for each individual ¢

is less than 1.5 meters are relevant. To illustrate that the linear progression for
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Figure 4.7: Headway vs. individual speed diagrams for four different main IDs to
illustrate the different linear sections and to show that the free flow area starts at

h < 1.5 m does not only occur for selected individuals, for further pedestrians in the
experiment at GBS and also for the single-file experiment at MEH, further diagrams
for the course can be found in Appendix 5.2, in sections A.2 and A.3.

It is now possible to apply a simple linear regression analysis. To do this, several
assumptions are checked for validation. These assumptions are checked for simple
linear regression for all individuals in both single-file experiments. If they are valid,
the analysis focuses on the regression analysis of each individual 7 in detail. First,
there is no need to check for hidden relationships between variables because only one
independent and one dependent variable are considered. The second step checked
whether the dependent variable follows a normal distribution. This was found to
be the case. As explained before, only the values for h < 1.5 m are considered.

Therefore, a straight line could describe the distribution of data points for the
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relationship between the independent variable distance and the dependent variable

speed. For the two single-file experiments at GBS and MEH, the p-value is close to

zero. This indicates that the model is a good fit for the data.

The next Listing 4.1 illustrates the output table of the simple linear regression

analysis for all individuals for the single-file experiment at GBS in Germany. The

first row presents the model equation. Then, the model residuals are summarized.

The coefficients show the estimated values in the first column (Estimate). In this

case, the intercept value is —0.27, and the estimated effect of headway on speed is

0.96. The second column shows the standard error of the estimates (Std. Error).

Then, the t-statistic and p-value indicate whether a relationship exists between the

dependent and independent variables. This is the case because p-value < 0.05. The

following rows are the diagnostics of the model. In this case, the p-value is essential

to decide whether the model fits the data well. This is also the case, given that the

p-value is less than 0.05.

1 Call:
2 Im(formula = indVelocity ~ Headway, data =
DataEveryXFramesNEWHeadway15)

4+ Residuals:

] Min 1Q Median 3Q Max

6 -1.17411 -0.09998 -0.01280 0.08186 1.31766

s Coefficients:

9 Estimate Std. Error t value Pr(>|t]l)

10 (Intercept) -0.269732 0.001677 -160.8 <2e-16 *x**
11 Headway 0.960507 0.002904 330.8 <2e-16 *x**

12 - --

13 Signif. codes: 0 "*x*x" 0.001 "*xx" 0.01 "x" 0.05 ".

14

15 Residual standard error: 0.165 on 49686 degrees of freedom

16 Multiple R-squared: 0.6877, Adjusted R-squared:

17 F-statistic: 1.094e+05 on 1 and 49686 DF, p-value:

Listing 4.1: Output table: Simple linear regression for all individuals at GBS in

Germany.

Based on the formulas in subsection 3.2.1 and on the values in the column

Estimate in the output table, the following formula with estimated values results for
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all individuals in both single-file experiments:
GBS: g, = —0.27+0.96 - Ay, , (4.1)

MEH: g, = —0.18 + 0.66 - (dy ), , (4.2)

with m = 1,...,n and n is the number of all observations over all pedestrians V.

These two equations are illustrated in Figure 4.8. When all individuals are considered,

o
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Figure 4.8: Comparison between the regression lines based on Equation 4.1 at GBS
and Equation 4.2 at MEH for all individuals.

it can be observed that in the comparison between the experiments at GBS and
MEH, from a speed of 0.018 m~! and a headway of 0.3 m, the individuals are faster
in the experiment at GBS than in the experiment at MEH. Below this threshold, the
opposite is true. The individuals in the experiment at MEH seem to achieve even
higher speeds at shorter distances.

Considering each individual and the given context, the individual estimation

equation for the Equation 3.11 is as follows for the distance hy:
ik, = Bo, + B, b, (4.3)

whereby ﬂAoi and Bli are the estimated values that minimize fitting error. The
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Equation 3.11 is the following in terms of the Voronoi distance (dy ) for each individual:
O, = Bo, + Bu, - (dv ), - (4.4)

By transforming the formula for 7y, = 0, the minimum distance for each individual

is obtained:

Do,
i, = — =20 . 45
2. (4.5)

Finally, the fourth assumption, the goodness of fit of the simple linear regression

model, i.e., homoscedasticity, was tested. For this purpose, the general model was
considered again. This model takes into account all individuals. The assumption
of homoscedasticity is illustrated in the following Figure 4.9. An example of this is

the single-file experiment at GBS. In the first step, the red lines, which represent
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Figure 4.9: The assumption of homoscedasticity for the single-file experiment at
GBS in Germany.

the residuals, are considered. In principle, they should be horizontal and centered
around the zero point. This means that there are no outliers or biases in the data.

Most of the time, this is the case, so linear regression is valid. Secondly, the Normal
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Q-Q plot in the top right-hand corner is essential. It shows the real model residuals
and the theoretical residuals from a perfect model. In the Normal Q-Q plot in the
top right, we can see that the real residuals from our model form an almost perfectly
one-to-one line with the theoretical residuals from a perfect model. A perfect model
is one in which there is a nearly perfect one-to-one line between the theoretical and
real residuals. So, based on these residuals, the model satisfies the assumption of
homoscedasticity.

The following two subsections present in more detail the results of the simple
linear regression analysis for the single-file experiments at the GBS and MEH based

on each individual and Equation 4.3, Equation 4.4, and Equation 4.5.

4.2.1 Differences by Gender and Age

The relationship between minimum distances and age and between minimum
distances and gender of the students from the experiment at GBS is shown in Fig-

ure 4.10. On the left, it can be seen that older students tend to have larger minimum
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Figure 4.10: The left figure shows the minimum distances for younger and older
students, and the right one shows minimum distances for male and female students
from the experiment at GBS at v, = 0.

distances when their speed is equal to zero, ¥y, = 0. The mean values for the mini-
mum distances are jto;q = 0.28 £ 0.01 for the older students and ftyoung = 0.24 +0.01
for the younger students, with the standard errors indicating the variability of
these measurements. Furthermore, on the right, a comparison between male and
female students shows that female students generally have slightly greater minimum

distances than male students. The mean minimum distance for male students is
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tmate = 0.25 £ 0.01, while it is ffemare = 0.28 £ 0.01 for female students. Despite
this difference, it is important to note that the difference between genders is less
pronounced.

In the context of this study, the slope /311 of the regression line plays a crucial
role in understanding the stimulus-response mechanism among students. This slope
can be interpreted as the reaction time required for acceleration and braking in

various situations. A comparison can be made between younger and older students
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Figure 4.11: The left-hand figure shows the distribution of /3, reaction time and
acceleration/braking ability, for younger and older students, and the right-hand
figure the distribution for male and female students.

and between male and female students (see Figure 4.11). These comparisons show
only minimal differences. The left-hand figure shows that the mean values and the
standard errors for the older students are ji,q = 0.87 + 0.04, while for the younger
students, they are ftyoung = 0.94 £ 0.04. Similarly, the right-hand one shows that the
mean is fimae = 0.89 £ 0.04 for male students and ftfemaeze = 0.93 £ 0.03 for female
students. These results are an indication that there is a slight variation between
the groups. Figure 4.11 also shows that the values for /31 are all larger than 0. This
indicates a positive correlation between the dependent variable v and the distance.

A t-test was performed to validate these conclusions further. First, normal Q-Q
plots were used to confirm that the distributions were normally distributed. The
t-test was then performed with the null hypothesis Hy, which showed no significant
difference between the groups. If the null hypothesis were to be accepted in all
cases, this means that the distributions for younger and older students, as well as

for female and male students, are equal in terms of minimum distances or Bl. The
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null hypothesis is only rejected when comparing younger and older students at the
minimum distance, as indicated by a p-value of less than 0.05. This suggests that
there is no similarity between these two groups concerning age. To conclude, while
there may be some slight variations in certain comparisons between different groups
of students, overall, there appears to be a high degree of consistency across age and
gender groups when comparing the values of minimum distances or 8. Overall,
while the initial comparisons may have shown minimal differences between younger
and older students or between male and female students, there is still much to be
investigated to understand the complexity of the factors that impact speed.

The following analysis investigates the scatter observed around the regression
line in more detail. When the entire group is divided into subcategories based on
age and gender, e.g., younger and older students and females and males, different
patterns are seen in the headway vs. speed plots. It is evident that within each
subgroup, there are variations in the range of scattering. There are headway vs.
individual speed diagrams with low and high scattering. Looking more closely at

Female ©  Male o Female o Male o

05 1.0 15 0.5 1.0 15
| | ; | ;
24 50 of 100
.

v; [m/s]

Figure 4.12: Diagrams of headway vs. individual speed with a regression line for
representative younger students in the fifth grade in (a) and for older students in
the eleventh grade in (b). These two groups are divided into male and female main
IDs. The numbers in the orange box represent the different main IDs. High and low
scatterings exist for each gender and age group [51].

Figure 4.12, it can be seen that for both the younger and the older students, four
main representative IDs have been chosen to illustrate this phenomenon. Each point

on the graph represents the measured values [ = 1, ..., n; for one individual i, with
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the regression line plotted according to Equation 3.11 in different densities. The left
side of the figure (a) focuses on the younger group of pedestrians, while the right
(b) highlights the older group of students. In addition, males are indicated by blue
dots and females by red dots. To investigate whether there is a difference in the
scatter around the regression line based on age and gender, a study of the correlation
between headway and individual speed is conducted (see Figure 4.13). Figure 4.12,
indicate that there may be a higher scattering for younger students compared to older

students. This hypothesis is supported by the histograms in Figure 4.13. Looking
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Figure 4.13: Distribution of the correlation coefficient 7, between headway and
individual speed for younger and older students and female and male students.

more closely, the mean correlation coefficient 7, for the younger groups is 0.77 and
slightly higher for the older groups with 0.82. Upon dividing the data by gender,
no significant difference was observed in the correlation coefficients between male
and female students within both age groups. This is because the group correlation
coefficient is low. Specifically, the correlation coefficient is 0.76 for young male
students, while for young female students, it is 0.77. In contrast, the correlation
coefficient for older students is 0.80 for males and 0.84 for females. Interestingly,
when looking at all male and female students separately, the scatter appears slightly
larger for male students than for female students (see Figure 4.13.)

In general, the linear regression diagrams plotting headway versus individual speed
for different individuals suggest that for A < 1.5 m, there is virtually no difference
between gender and age. However, there may be a more significant variation among
younger students. This assumption is supported by the histograms in Figure 4.13,

which show the correlation coefficients of the individuals in the different groups, such
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as the younger and older students. In addition, there is no significant difference
between male and female students regarding scatter patterns. On closer investigation,
a comparison of the minimum distances at © = 0 shows differences between younger
and older students, with older students showing greater distances. These differences
are less pronounced when male and female students are compared. Furthermore, an
analysis of 3, — reaction time and ability to accelerate and brake — shows virtually

no differences between younger and older students and male and female students.

4.2.2 Differences by Gender of Neighboring Pedestrians

The following analysis focuses on the simple linear regression for the single-file
experiment at MEH. The study mainly investigates the minimum distances d,in,
when the speed is equal to zero 7y, = 0, and the reaction time Blz required for
accelerating and braking. Four groups are considered: female, male, alternating
genders, and gender random order. This allows comparison between two homogeneous
groups (female and male), two heterogeneous groups (alternating genders and gender
random order), and homogeneous and heterogeneous groups. The mean values and
standard deviations for d,,:,, and Bli for the four different group compositions in

Germany are presented in Table 4.3.

Table 4.3: The columns give an overview of the mean values and standard error for
dpmin, and fy, for the different group compositions: female, male, gender alternating,
and gender random.

Female Male Gender Alternating Gender Random
Amin, £ 0 0.31 £0.07 0.34 £ 0.08 0.34 +0.08 0.36 + 0.08
Bll +o 0.96 + 0.22 0.95 4+ 0.23 0.94 +0.18 0.90 +0.21

Interestingly, the values shown in the table are consistent across the different
group compositions. The value is only slightly lower for females. The mean values
and the standard errors for the minimum distances are ppemqee = 0.31 +0.07 for
the female group and piprqe = 0.34 £ 0.08 for the male group. Furthermore, for the
heterogeneous groups, the mean values and the standard errors are piGender aiternating =
0.34 £ 0.08 for the gender alternating group and pgender random = 0.36 = 0.08 for the
gender random order group. In comparison, the mean values and the standard
errors for ﬂAlz for the different groups are piremae = 0.96 + 0.22 for the female group,
while it is piprae = 0.95 £ 0.23 for the male group. In contrast, the values for the

heterogeneous groups are fgender aternating = 0.94 £ 0.18 for the gender alternating
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group and pUgender random = 0.90 £ 0.21 for the gender random order group. While
the values may appear similar at first view, closer examination may show slight
differences that require further investigation. It could be said that d,;,, is lower in
the homogeneous groups and higher in the heterogeneous groups and that the values
for Bli in the groups are precisely the opposite, e.g., higher in the homogeneous
groups and lower in the heterogeneous groups. A shorter distance seems to result in
a longer reaction time, whereas a longer distance results in a slower one. Therefore,
It could be assumed that at a shorter distance, the participants pay more attention
to the person in front of them and react faster. However, it is also important to note
that the differences are small and, therefore, less pronounced.

In addition to the data presented in Table 4.3, an analysis comparing the different
values for d;,, and Blz was performed using a statistical method known as the
Tukey HSD test as described in subsection 3.2.4. This test determined whether there
were significant differences between the means of different group compositions. Each
group composition was directly compared in pairs with the other compositions to
ensure a more comprehensive analysis. The Tukey test takes into account that the
sample sizes are approximately equal. If the p-value obtained from the Tukey test is
greater than 0.05, there is no significant difference between the means of the group
compositions being compared. This indicates equal groups. This study showed that
for all four group compositions: female, male, gender alternating, and gender random
order in Germany, the p-values for both values d,;,, and Bll were consistently greater
than 0.05. The results of the Tukey HSD test in R for d,,;,, and BL. are shown
below in Listing 4.2. The last column, namely p adj, presents the p-value. For
example, in the first row, the gender-alternating group is compared with the gender
random-order group. The p-value for this comparison is approximately 0.528. All
in all, this clearly shows that all the groups are equal in the paired comparisons.
This suggests that across these different group compositions, there is no statistically
significant difference in the means of the values d,;,, and 51 The equality observed
in the results indicates that factors such as gender or the structure of different group
compositions do not have a significant impact on the values d,,;,,, and BL: in Germany.

Tukey multiple comparisons of means

95% family-wise confidence level

Fit: aov(formula = minHeadway ~ group, data = Test_all)
$group
diff lwr upr p adj
i Gen. al. -Female 0.026 -0.024 0.075 0.528
7 Gen. ran.-Female 0.050 -0.002 0.102 0.063
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Male -Female 0.022 -0.033 0.077 0.730
Gen. ran.-Gen. al. 0.024 -0.026 0.074 0.596
Male -Gen. al. -0.004 -0.058 0.050 0.997
Male -Gen. ran. -0.028 -0.084 0.028 0.555
Fit: aov(formula = betal ~ group, data = Test_all)
$group

diff lwr upr p adj
Gen. al. -Female -0.016 -0.148 0.115 0.988
Gen. ran. -Female -0.057 -0.195 0.080 0.698
Male -Female -0.012 -0.158 0.135 0.997
Gen. ran. -Gen. al. -0.041 -0.175 0.093 0.855
Male -Gen. al. 0.005 -0.138 0.148 0.999
Male -Gen. ran. 0.046 -0.102 0.194 0.851

Listing 4.2: Results of the Tukey HSD test in R for the values d,;,, and Bll at the

MEH in Germany. The last column presents the p-value.

The boxplots in Figure 4.14 provide a visual representation of the results of the
Tukey test for dp,, in Figure 4.14 (a) and £y, in Figure Figure 4.14 (b) across
different group compositions in Germany, including female, male, gender alternating
and random gender order.

Presenting these results visually improves understanding of the behavior of the
values dn, and Bli under a variety of conditions. The letters displayed above each
boxplot serve as indicators of equality or inequality between the group compositions.
If the same letter appears above more than one box, it means that these groups
are statistically equal in terms of the values d,;,, and Bl Boxplots also provide a
comprehensive overview of data distribution within each group composition. Further-
more, the figures show that the four groups are equal in terms of d,,;,, and Bli, as
indicated by the similarity of the letters at the top of the boxplots. The consistency of
the results across the group compositions suggests that there are minimal differences
in the values d,;,, and Bl, between the groups female, male, gender alternating and
gender random order in Germany. This equality implies that factors such as gender
or the groups’ composition do not significantly affect these variables when analyzed
at high densities. It should be noted that while there may be slight differences
between group compositions, these differences are not significant when considering
the overall distribution of the values d,,;,, and Bl,-n The minor differences may be
due to random variation rather than meaningful differences between groups. So,
it is confirmed that there are no differences between the group compositions at

high density. Consequently, the hypothesis that, at high densities, the distance
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Figure 4.14: Boxplots based on a Tukey test for (dy ); min in (a) and for £, in (b) for
different group compositions of female, male, gender alternating, and gender random
order in Germany. The same letters above the boxes indicate equality for the mean
values between the corresponding groups [71].

56



4. Data Analysis and Results

between individuals depends on the gender of the neighboring pedestrians cannot be

confirmed.

4.3 Speed-Distance Relation, Human Factors, and

Individuality

The following study investigates the effect of independent variables like distance,
gender of the previous pedestrian, and various individual factors such as gender,
height, weight, shoulder width, and age on the dependent speed variable. By using
multiple linear regression analysis and considering a range of independent variables,
a robust model for predicting speed can be developed. The speed of each individual
is denoted as v,,, where m = 1,...,n and n is the number of all observations of
all individuals. Thus, the focus of the analysis shifts from all observations of one
individual to all observations of all individuals. This is essential to obtain the full
range of variability in speed. At the same time, a best-fit model aims to construct a
model that minimizes the number of relevant independent variables included while

still including all relevant factors that affect speed.

4.3.1 Human Factors and Individuality

Firstly, multiple linear regression analysis is considered in the single-file experiment
at GBS. Here, several independent variables are introduced that are expected to
significantly impact an individual’s speed. These individual characteristics measured
include the headway h, age, height, and gender. In addition, the variable alloence
is included to consider any other unknown individual effects that may influence
speed, such as motivation, attention, or excitement. By including this variable,
the aim is to have a model that includes all of the factors that affect speed. In
addition, it is important to ensure that the independent variables chosen in the model
are not to be highly correlated with each other. This ensures that each variable
contributes unique information to the speed prediction and avoids problems such
as multicollinearity. Ideally, these variables should also have a clear theoretical or
empirical relationship to the speed of individuals to improve the model’s prediction.
A useful understanding of how these factors interact to influence the speed can be
gained by carefully constructing the model and selecting relevant variables.

Concerning the relationship between age and height, it is important to note that
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there is a correlation. For younger and older students, height can vary significantly.
This is because students’ bodies are still growing. The strong correlation between
the variables height and age with (7height,age = 0.89) suggests that it may not be
necessary to include both of them in a statistical model. Depending on the research
question and the data quality, including only one of these variables may be sufficient.
In this case, height is chosen over age because age is measured as binary (0 for
younger, 1 for older students) while height is categorized into five levels. In contrast,
there is no or weak correlation between the other independent variables in the data.
This means (1, < 0.29). Thus, the assumption of observations’ independence is
fulfilled for the multiple linear regression analysis. Normality and linearity are also
assumed to hold. The assumption of homoscedasticity will be checked at a later
stage. In the following multiple linear models, all variables are considered without
units. The first full model, based on the general multiple linear regression model in

Equation 3.12 and including all measured individual characteristics, is as follows:

Model Iggs : vm = Bo + B1 * A + B2 - gender,, + B3 - height,, + €, . (4.6)

This model aims to explain the relationship between the dependent variable and
all relevant independent variables headway h, gender, and height. However, it is
essential to consider whether including these variables in the model is necessary or
whether a simpler model with fewer variables might be sufficient. When exploring
the relationship between individual characteristics and the fundamental diagram,
this model allows us to analyze which of the two individual characteristics, height or
gender, has a more substantial effect on the fundamental diagram. Furthermore, in
the context of the analysis, it is important to distinguish between the following two

research questions:

1 Which individual characteristic, height or gender, affects the fundamental

diagram more?

2 How strongly do individual characteristics affect the fundamental diagram?

To respond to the second research question, it is necessary to consider additional
variables that would potentially improve Model I and affect the dependent variable
VU Building on the initial model focused on height, headway, and gender, a more
extended model can be developed to consider all other unknown individual effects.
One way of doing this is to introduce a new variable called alloence. This variable,

which represents additional factors, is not explicitly measured in the dataset. By

58



4. Data Analysis and Results

including both the known variables (headway, height, and gender) and the unknown
variable (represented by alloence) in the model, it is possible to explore how these
hidden influences are related to variations in speed v,,. The extended model with

the new variable alloence is shown in the following equation:

Model Ilgps : v = By + P1 - him + B2 - gender,, + B3 - height,,
N+3
+ Z Ba, - alloencey,, + €, , 47
i=4
where alloence,,, = 1 for all m belonging to individual ¢ and 0 for all other m. Sy, is
an individual coefficient across all measurement points for each student.

The next part of the analysis considers which variables from Equation 4.6 and
Equation 4.7 should be included in the model. This is done to create the most
optimal model with the fewest variables. One way of doing this is to evaluate the
model using Akaike’s Information Criterion (AIC) [72]. This involves systematically
investigating whether removing independent variables in Equation 4.7 can help to
improve the model. By carefully considering the impact of each variable on the overall
performance of the model, more accurate and efficient models can be created that are
designed to extract the most relevant information from the data without unnecessary
complexity. Therefore, using AIC in model evaluation provides essential information
about which variables are most influential in predicting outcomes. A lower AIC value
is an indication of a better model fit. The process continues until further reduction
is no longer an advantage. It is important to note that AIC does not provide an
absolute criterion for selecting a best-fit model. Applying the AIC procedure to
Model II, it is evident that gender can be removed from the model without reducing
its performance. However, the evaluation of Model I using the same approach shows
that gender should remain in the model because of its significant influence on the
result. This comparison indicates that the model can only be reduced to Model
IIT by considering unmeasured individual characteristics. Therefore, the variable
alloence, which describes the unknown individual effects, significantly contributes to
the model. This result also shows that Model I only includes some relevant individual

characteristics that describe the influences on the speed.

Model IIIGBS L Um = BO -+ ﬁ1 . hm + 52 . h@lghtm

N+2 (4.8)
+ Z Bs, - alloencen, + €n, .
i=3
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The Akaike’s information criterion results are consistent with the conclusions drawn
from the analysis of minimum distance, reaction time, and the correlation between
headway and individual speed discussed in subsection 4.2.1 above. The difference
between younger and older students is more pronounced than that between male and
female students, where the difference is minimal. In Model II, where gender is found
to have a minimal effect when other individual characteristics are considered, it is
reasonable to exclude it from the model to reduce its complexity. However, in Model
I, where other personal factors are not considered, gender cannot be ignored because
of its low influence. It must be considered for a comprehensive analysis.
Continuing with Model III, the estimated regression coefficients based on the

multiple linear regression analysis are shown in Equation 4.9:

N+2
G =023+ 0.98 - hy, — 0.34 - height,, + > fs, - alloence,y, . (4.9)
=3

By examining the estimated regression coefficients in Equation 4.9, it is possible to
gain insight into the effect of each variable specifically on the outcomes investigated.
The values By = 0.23, 31 = 0.98, and 35 = —0.34 show the importance of the predictor
variables in influencing speed. Each predictor variable has a significant effect on
speed changes. The headway contributes more to the speed than the height. This
is reflected not only in the values but also in the sign of the estimated regression
coefficients. The values for /331 are illustrated by the distribution in Figure 4.15. The
variable alloence can have either a positive or a negative effect on the individual
speed. The regression coefficient Bgi associated with each individual determines the
strength of the effect on individual speed. It is important to note that most effects
are statistically significant with p < 0.05, although some values appear weak. A
notable finding from this analysis is that 83.3% of the observed effects are considered
statistically significant. In addition, a study was carried out to see if there were
any differences in the results or the models when the data from the younger and
older students were examined separately. Surprisingly, no significant differences were

found between the two groups.
The assumption of homoscedasticity is now checked by using the scatter of the

residuals in model III see Equation 4.8. The values are shown in Table 4.4.
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Frequency
20 30 40
1 1
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Figure 4.15: Distribution of the regression coefficients Bgl of all other unknown
individual effects for each main ID [51].

Table 4.4: Summary of the scatter of the residuals for model III: the minimum value,
the first quartile, the median, the third quartile, and the maximum value.

Min 1Q Median 3Q Max

-1.10 -0.09 -0.01 0.08 1.33

Thus, the model is consistent with the assumption of homogeneity as the residuals
are approximately centered around zero and have a similar spread on either side.

Next, Model IIT (see Equation 4.8) is used to analyze the effect of the indepen-
dent variables, headway h, height, and alloence on the dependent variable speed.
Therefore, an ANOVA table is considered. ANOVA, which stands for Analysis of
Variance, is a statistical method that can be used to determine if there are significant
differences in the mean values of independent variables. This test allows to analyze
whether the dependent variable, such as speed, is affected by various independent
variables mentioned before. ANOVA aims to explain as much of the variance in the
dependent variable as possible using the independent variables. If there is much
variance within data groups, there is more chance that a sample selected from the

data will have different means. By understanding how the mean of each independent
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variable differs from the others, it is possible to understand which are related to the
dependent variable. In an ANOVA table, p-values are essential to determine whether
there are statistically significant differences between groups.

Analysis of Variance Table
Response: indVelocity

Df Sum Sq Mean Sq F value Pr (>F)
Headway 1 2978.91 2978.91 127538.492 < 2.2e-16 *x*x*
Z 1 28.62 28.62 1225.120 < 2.2e-16 **x*
MainID 105 166.20 1.58 67.769 < 2.2e-16 *xx**
Residuals 49580 1158.04 0.02
Signif. codes: 0O "*xx" 0.001 "*x" 0.01 "x" 0.05 "." 0.1 " " 1

Listing 4.3: Table of the Analysis of Variance for modell III at GBS.

Based on the ANOVA (see Listing 4.3), it becomes clear that all variables considered

in Model IIT do affect individual speed. Any effect is significant because p < 0.05.
Figure 4.16 illustrates the various effects of the independent variables on the

individual speed based on the ANOVA table in a pie chart. This is done based on the

column named Sum Sq in Listing 4.3. The headway has the most significant effect

Alloence 4%

Residuals

Height 1%
— "

Headway 69%

Figure 4.16: Different effects of the independent variables on individual speed based
on the ANOVA table in Listing 4.3.

with 69%. This is followed by all other unknown individual effects with 4%. The
height has the lowest effect at 1 %. The same analysis for Model II (see Equation 4.7)
shows that gender has a more minor effect than height. However, this effect of the

variable height is so small, around 1%, that it can be neglected. The final model
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without height and gender is presented in Equation 4.10.

N1
Model IVggs : Uy = Bo + b1 by + Z B, - alloencen,, + € . (4.10)
=2

The residuals are further analyzed for first-order autocorrelation using the Durbin-
Watson test. This test allows to investigate whether significant effects on speed
are being ignored. The null hypothesis in this test, denoted as Hy : p; = 0, where
p1 is the theoretical autocorrelation coefficient, suggests that the error term is not
autocorrelated. If the null hypothesis is rejected, it can also be decided whether the
data has positive or negative autocorrelation. When the null hypothesis is rejected, it
indicates that the error term does not fulfill the standard assumptions of a multiple
linear regression model. In this case, the Durbin-Watson statistic shows a value of
0.7077, leading to the rejection of the null hypothesis. In addition, there is positive
autocorrelation due to the low value of DW and the limits of the critical values of the
Durbin-Watson statistic. This finding highlights that headway has a significant effect
on individual speed. However, it also implies that other factors besides height and
unknown individual effects play a role in determining speed. These additional factors
must be addressed when analyzing the speed results. For example, distinctions
between acceleration and deceleration phases and consideration of stimulus-response
mechanisms in reaction time and acceleration capabilities should be carefully modeled.
Furthermore, this finding highlights the importance of modeling locomotion in steps
to accurately capture all relevant factors influencing speed outcomes. In the next

step, further human factors are included in the model.

4.3.2 Human Factors Extension

In the previous subsection 4.3.1, the multiple linear regression analysis results
indicated that headway has the most significant effect on speed. In contrast, other
human factors, such as gender, have minimal effects or could be ignored. In addition,
subsection 4.3.1 provides further insight into the methodology and structure of the
model used in the analysis. The focus now shifts to whether incorporating additional
human factors improves model sensitivity. This expanded model should provide a
more detailed understanding of how human factors contribute to speed outcomes.
Hidden patterns and relationships that may have been missed in previous analyses can
be uncovered by incorporating diverse variables. This is done by including additional

variables such as the weight, age, exact height, and gender of the pedestrian in front.
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Consequently, the new model examines speed as a function of Voronoi distance,
height, gender, age, weight, and gender of the previous pedestrian. The variable
"gender.prev" is used for this purpose, while individual effects such as motivation,
attention, or excitement mentioned in the previous section are represented by the
variable alloence.

It is expected that strong correlations between certain human factors could exist.
Therefore, a correlation plot is considered. In Figure 4.17, positive correlations
between the variables are displayed in blue, e.g., weight and shoulder width, and

negative correlations in red color. The stronger the correlation between the variables,

& &
& & 3&\8\
D e D Fe O
& &é’\é\ @*‘os & & 1
Density 1.00 -0.71/-0.61
0.8
Gender.prev  1.00
0.6
Voronoi distance  1.00 0.73
0.4
Velocity ' 1.00
0.2
Weight  1.00 0.75 0.59
0
Shoulder Width  1.00 0.66 0.71
-0.2
Height  1.00 0.66
-0.4
Gender  1.00
-0.6
MainIiD ' 1.00
-0.8
Age  1.00

-1

Figure 4.17: Correlogram: Correlation between certain factors, like weight, height,
and gender, in a correlation plot. Positive correlations are shown in blue, and negative
ones in red. The intensity of the colors increases as the correlation between the
variables increases.

the higher the intensity of the colors. The correlation coefficients and corresponding
colors are shown in the legend to the right of the correlogram. Based on the
measurement of the correlation between the factors considered, it can be concluded
that there are apparent dependencies, such as positive and strong correlations between
gender and height (r = 0.66), gender and shoulder width (r = 0.71), or weight and
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shoulder width (r = 0.75). Due to the correlation, shoulder width is neglected in the
following. Furthermore, in this analysis, one model is considered for all individuals.
So all four groups, female, male, gender random order, and gender alternating are
included in one model. This is because the results in section 4.1 and subsection 4.2.2
showed no significant differences between the groups.

First, the model evaluation using Akaike’s Information Criterion (AIC) as ex-

plained in subsection 4.3.1 is applied to the following model:

Model Iygn : vm = Bo + B1 - (dv)m + B2 - gender,, + Bs - height,, + B4 - agey,

N+6
+ B5 - weight,, + B¢ - gender.prev,, + Z Bz, - alloence,,,
=7 (4.11)
+€m
where m = 1,...,n and n is the number of all observations of all individuals.

Step by step, an analysis was conducted to determine which factors to include
to create the best possible model with the fewest variables without compromising
accuracy. The Akaike Information Criterion (AIC) procedure guided this process.
This method determined that the variable weight could be omitted from the model
without significantly affecting its prediction performance. Thus, the final model for

all individuals and all densities that resulted from this process is the following;:

Model Ilyign : Vm = Bo + 51 - (dv)m + B - gendery, + Bs - height,, + Bs - agen,
N+5

+ Bs - gender.prev,, + ZG Bs; - alloencey,, + €, . (4.12)
Now model IT in Equation 4.12 is applied to investigate the effect of the indepen-
dent variables Voronoi distance dy, gender, height, age, gender.prev, and alloence
on the dependent variable speed, v,,. So again, an ANOVA table is considered. The
ANOVA table in Listing 4.4 shows that the p-values for all variables are less than
0.05. This means that all variables considered in model II (see Equation 4.12) affect
the individual speed. Again, the headway affects the velocity most, followed by all

other unknown individual effects.
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Analysis of Variance Table

; Response: indVelocity

Df Sum Sq Mean Sq F value Pr (>F)

Headway 1 4248.7 4248.7 97637.310 < 2.2e-16 *x*x*

; GenderVorderIDm1£f0 1 5.0 5.0 114.614 < 2.2e-16 ***
Age 1 3.0 3.0 68.614 < 2.2e-16 **x
HeightM 1 11.9 11.9 274.533 < 2.2e-16 *xx*
GenderAmBfCdivers 1 1.7 1.7 38.875 4.527e-10 *x*x*
MainID 71 442.8 6.2 143.334 < 2.2e-16 **x
Residuals 203445 8853.0 0.0

; Signif. codes: 0 "x*x" 0.001 "x*" 0.01 "x" 0.05 "." 0.1 " " 1

Listing 4.4: Table of the Analysis of Variance for modell II at MEH.

Based on the column Sum Sq, the table clearly shows the variables gender.prev,
age and gender have very little influence. Up to now, the models are designed
for the whole density. Now, a distinction is made between low and high density.
For this purpose, N < 20 (py < 0.75) was selected for the low density and N > 20
(pgt > 0.75) for the high density. Considering the results of the previous sections,
low density is the region in which there is no systematic difference between equality
and inequality between the mean values of the velocities in the different group
compositions. For these two density separations, the AIC procedure reduces the
model in Equation 4.11 again. The variables age, weight, gender, and height are

omitted, and the following model results for low and high density:

Model IIMEH(low/high) © Um = Bo + b1 - (dv)m + B2 - gender.prevy,

N+2 (4.13)
+ Z Bs; - alloencenm,, + €, .
=3

These cases provide the following two ANOVA tables in Listing 4.5 and Listing 4.6:

Analysis of Variance Table

Response: indVelocity

Df Sum Sq Mean Sq F value Pr (>F)
Headway 1 2422.11 2422.11 40518.391 < 2.2e-16 **x*
5 GenderVorderIDm1£fO0 1 27.16 27.16 454 .428 < 2.2e-16 *xx**
i MainID 71 293.88 4.14 69.242 < 2.2e-16 **x*
Residuals 41910 2505.30 0.06
Signif. codes: O "xxx" 0.001 "xx" 0.01 "x" 0.05 "." 0.1 " " 1

o0

Listing 4.5: Table of the Analysis of Variance for modell IT at MEH for low density.
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Analysis of Variance Table

Response: indVelocity

Df Sum Sq Mean Sq F value Pr (>F)
5 Headway 1 364.0 363.96 9955.562 < 2.2e-16 **x*
GenderVorderIDm1fO 1 6.5 6.47 176.843 < 2.2e-16 x*xx*x*
7 MainID 74 129.3 1.75 47.807 < 2.2e-16 *x*xx
Residuals 179620 6566.7 0.04
Signif. codes: 0 "*xx" 0.001 "*x*" 0.01 "x" 0.05 "." 0.1 " " 1

Listing 4.6: Table of the Analysis of Variance for modell IT at MEH for high density.

It can be seen here that the gender of the person in front of individual ¢ has a small

effect overall, but at higher densities, it has an even smaller effect on the speed than

it does at a low density. In the next step, these results from the Sum Sq column

of the ANOVA table are once again presented in pie charts for better visualization

of low density in Figure 4.18 (a) and hich densitv in Figure 4.18 b). The effect of
Gender.prev Gender.prev

Voronoi Voronoi
1% Alloence 0% Alloence

distance distance
\ 2%

46% 6% 5%

\ F

Residuals
93%

(a) (b)

Figure 4.18: Effects on the speed based on the ANOVA table in pie charts for a low
density, pg < 0.75 in (a) and a high density, py > 0.75 in (b).

the gender of the pedestrian in front of the observer is minimal, accounting for less
than 1%, and can be considered insignificant. In addition, the model is more suitable
for low densities than high densities, as speed is more influenced by the Voronoi
distance at lower densities. At higher densities, the effect of the Voronoi distance
is reduced due to slight variations caused by head movements within millimeters.
Regarding the third hypothesis that the inclusion of additional human factors not
previously included, such as the weight, exact height, and gender of the pedestrian

in front, improves the multiple linear regression model developed in subsection 4.3.1,
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in Equation 4.10 it can be seen that this hypothesis is false. When considering all
individuals and splitting the model into low and high density, and when including
the pedestrian’s gender in front, there may be a slight variation, so the model is
different. However, as this effect is so small, less than 1%, it can be ignored, and
the model remains unchanged compared to Equation 4.10. Only in this case is the
hypothesis correct and the model is identical. The formula Equation 4.14 for the
experiment at MEH is the same as Equation 4.10 for the experiment at GBS.

N+1
Model gy : v = Bo + B+ hn + D _ Ba, - alloencey, + e, . (4.14)

=2

4.4 Speed-Distance Relation with Fixed and Ran-

dom Factors

The current analysis uses a mixed model to consider both fixed and random
effects as discussed in subsection 3.2.3. The data set is not considered completely
independent because the same individual collects it. This approach differs from
previous models that have only included fixed effects such as headway, height, or
gender and treat all data points as completely independent. Random effects, in
contrast, are not directly observable. These could include personal attributes such as
attention or motivation, such as those captured in the variable alloence, which are
not treated as fixed factors. So, the new variation allows for a more comprehensive
examination of the data because a hierarchical structure and multiple observations
of a given individual are considered, too.

As mentioned, the final model in Equation 4.10 for the experiment at GBS
is the same as in Equation 4.14 for the experiment at MEH. Thus, the model in

Equation 4.15 is used as a simple model for comparison with a mixed model.

N+1
Modelsimple : Um = Bo + 51 - hm + Z Ba, - alloence,,, + €, . (4.15)

=2
The aim is to determine which of the two models leads to improvement and should
be used. An essential aspect of this analysis is the transition of the variable alloence
from a fixed factor in previous models to a random factor in the mixed model. By
treating alloence as a random factor, its potential correlation with other variables

such as height or gender.
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To assess this comparison between the two models, a x? test is performed to
evaluate whether the mixed model accounts for more variance than the regression
model with only fixed effects and, thus, whether it is more effective than the simple
model. If the null hypothesis is rejected, the mixed model is preferred to the simple
model. This applies if p < 0.05 applies. In the present analysis, Hy is rejected. These
results suggest that the mixed model that includes the individual effects as a random
factor is preferable to the simple model. Consequently, the use of mixed models
for multivariate analysis is recommended in this context, as it helps to avoid the
potential hiding of the effects of the variables of interest. By incorporating these
random factors, the results may be more accurate. However, one reason for less
accuracy could also be using the linear model. For some students, the free speed

could be included because this could start earlier than at a headway of 1.5 m.

4.5 Gender Composition Related to Stop-And-Go

Waves

This chapter presents a detailed analysis of the speed of different gender group
compositions. The data from the single-file experiment at MEH is employed for
this purpose. The primary focus is on the investigation of stop-and-go waves.
Initially, velocity distributions are analyzed. Subsequently, time-space diagrams are
investigated. Overall, only the global densities N > 20 (N=20 (py = 1.33 m™!),
N=24 (py = 1.6 m™'), N=32 (py = 2.13 m™'), N=36 (py = 2.4 m™ '), N=40
(pg = 2.67 m™1)) are used to illustrate the progression from go to the occurrence of
stops for each of the various groups. The limiting velocity for the definition of a stop

state is v;(t) < 0.1 m/s, as specified in subsection 3.1.2.

4.5.1 Velocity Distribution for Gender Compositon

This section investigates the velocity distributions for the gender group com-
positions of female, male, gender alternating order, and gender random order for
varying densities. For this analysis, only the data from the lower straight section of
the oval are considered, precisely the values of x in the range [0,2.5] m. Figure 4.19
illustrates the velocity distributions for the two group compositions, female on the
left and gender random order on the right. These distributions were calculated for

different global densities, namely, py = 2.67 m™', py = 2.40 m™', py = 2.13 m™*,
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pg=1.60m™ ", py =133 m™" and py = 1.33 m ™.

[ Female

® py=267[m”]

® py=24 [m7]

® py=213[m7]
py=16 [m™]

® py=133[m7]
pg=133[m™]

[ Gender random order
® py=267[m”]
| ® py=24 [m7]
® pg=213[m7]
pg=16 [m]

1

1

® py=16 [m”
Pgi=1.33 [m”

Density
4
Density
4

-0.4 -0.2 00 02 04 06 08 -0.4 -0.2 0.0 02 0.4 06 08
vi[m/s] vi[m/s]

Figure 4.19: Velocity distributions for different global densities p, = 2.67 m™,
pg =240 m™, py =213 m™', py = 1.60 m', and py; = 1.33 m~'. The figure
on the left illustrates the female group composition, while the figure on the right
illustrates a gender-random order.

For these two groups, lower values for the velocity are observed more frequently
in the gender-random order group. In general, for global densities py > 2.13 m™*
for the groups female, male, gender-random order, and gender-alternating group,
the velocity distributions are approximately equally distributed. The respective
illustrations of the velocity distribution for the group compositions male and gender
alternating can be found in Appendix 5.2, in Figure A.9 and Figure A.10. Figure 4.20
compares the velocity distribution of the highest densities observed in the given
group compositions. The male group exhibits lower speeds, which are more strongly
distributed around 0. This may indicate a tendency for males to stop more frequently
or slow down. This phenomenon can be seen even though the maximum global
density for the male group is py > 2.34 m~! (N = 35). It should be noted that
this is the first experimental run for this group composition and the other group
compositions for N = 40. However, no group composition exhibits multiple peaks in
the velocity distribution. Only one peak is identified at high densities. An exception
is when the velocity distribution for individuals is considered instead of the velocity
distribution for all persons within a density. As a result, the velocity distribution

will have two peaks.
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® Female: pg=2.67 [m™]
® Male: py=2.34[m"]
® Gender random:  pg=2.67 [m™]
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Figure 4.20: Velocity distributions for all four gender group compositions for the
highest density.

4.5.2 Stop-And-Go Waves in Time-Space Diagrams

In this section, the stop-and-go waves are analyzed within time-space diagrams.
This analysis aims to visualize the first occurrence times of the stop-and-go waves
and identify the relevant global densities for further analysis.

First, the entire area of the oval, about 15 meters, is considered. In addition, the
diagrams consider a time interval of about 60 seconds. Figure 4.21 shows an example
of the course of the stop-and-go waves for the female group at a global density of
pg = 1.33m™! (N = 20) up to a global density of p, = 2.67 m™~! (N = 40). The first
small stops occur already at a density of N = 20. However, these first signs are rather
sporadic and less pronounced. Only at a global density of py =2.13 m™! (N = 32)
do the stop-and-go changes become significantly more frequent and intense. From
this density, there are more frequent and recognizable changes between stop and go.
The dynamics of stop-and-go waves are closely linked to the number of pedestrians in
a certain experimental run. At lower densities (e.g., N = 20), the individuals are still
relatively free to move, which leads to few and short stops. With increasing density

(e.g., N = 32), the space per person decreases, leading to increased interaction
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and, ultimately, more frequent stops. The time-space diagrams in Appendix 5.2,
Figure A.11, Figure A.13, Figure A.12 also illustrate these trends for different groups:
male, gender random order, and gender alternating order. It is shown that the
occurrence of the stop-and-go waves follows a similar course in all groups. Compared
to previous studies [22, 25, 49, 52], the results confirm that stop-and-go waves only
occur from a global density of about 2 £ 0.15 m~!. It should be noted that slight
deviations from this threshold may occur in specific group dynamics and individual
behavior. The observations of the progression of the stop-and-go waves are not
only visually understandable but can also be measured quantitatively. This phase
transformation will be examined in more detail in the subsequent section, considering

the gender composition of the groups.

4.5.3 Phase Transformation between Stop-And-Go States

The percentage ratio of pedestrians in stop-and-go states is considered for analysis
in the phase transition between stop-and-go states. This is calculated using the

formula in Equation 3.5. Figure 4.22 illustrates the relative frequency of individuals
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Figure 4.22: The relative frequency of individuals in the stop is illustrated for four
group compositions for the global densities from py = 1.33 m™" to py = 2.67 m™!
by the mean values and the standard deviations.
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in the stop for the group compositions female, male, gender alternating and gender
random order for varying global densities from p, = 1.33 m™! to p, = 2.67 m™!
by the mean values and the standard deviations. These values are presented in
Table 4.5.

The global density of 1.33 m™ (N = 20) indicates that the groups are mainly in
the go state. This density marks the beginning of a transition in which the relation-
ship between movement and standstill changes continuously. Although a complete
standstill is not shown in the available data, the corresponding Figure 4.22 illustrates
the transition between the states for the individual groups. The phase transformation
between the stop-and-go states can be classified according to Ehrenfest’s criteria
[73] and identified with a specific order parameter. In this case, the transition is
second-order, as a continuous transition from the go to the stop state can be observed.
This indicates no abrupt change between the two states but rather a continuous
change. In the study by Eilhardt [52], a similar inhomogeneous state is described
in the density range from around 2.25 m~! to 2.6 m~!. These results support the
observations from the current experiment and demonstrate that the transformation
from movement to standstill occurs in a comparable density range. In the work of
Ziemer [22] in Section 5.3.2, Figure 5.7, the course for the single-file experiment at
GBS is the same for the 5th grade.

Table 4.5: Mean values and standard deviations for the stop frequency of different
pedestrians that are illustrated in Figure 4.22 for different global densities and group
compositions.

Pyl N Gender Alternating Gender random order Female Male
2.67 40 0.80 £ 0.05 0.79 + 0.05 0.72 + 0.06 /

2.40 36 0.64 £0.07 0.63 + 0.07 0.60 & 0.06 /

2.34 35 / / / 0.77 £ 0.05
2.13 32 0.49 + 0.08 0.49 £+ 0.08 0.42 4+ 0.07 /

2.07 31 / / / 0.33+0.07
1.60 24 0.11+0.05 0.12 4+ 0.05 0.003 £ 0.01 /

1.60 24 0.02 +0.02 0.01 +£0.01 / /

The mean values and standard deviations presented in Table 4.5 demonstrate that
the mean values increase with increasing density. Interestingly, the fluctuation range
of the standard deviations remains relatively constant despite increasing density.
The mean values are highly similar for the group’s gender random order and gender
alternating, and these groups have the highest stop frequency in the various density

ranges. In comparison, the values for the female group are somewhat lower. Due
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to the varying density, it is impossible to directly compare the values for the male
group and those for the other groups. However, it is notable that the values for a
global density of 2.34 m~! (N = 35) are comparable with the values for the global
density of 2.67 m~! (IV = 40) and are very similar to those of the other groups. This
discrepancy may be because the first run for the male group had a global density of
2.34 m~! (N = 35), while the other groups started their first run at a global density
of 2.67 m™! (N = 40).

The mean duration of a person’s stay in the stop-and-go state is calculated based
on Equation 3.6. For the gender alternating and gender random order groups, the
values are nearly equal for the global densities of 2.67 m~! (N = 40) and 2.40 m™*
(N = 36). The lower mean duration in the stop state is presented only for the female
group composition (see Figure A.14).

Regarding the research question of whether there are differences in stop-and-go
waves at high densities for homogeneous and heterogeneous group compositions
regarding gender, the velocity distributions at high densities are nearly identical for
all group compositions. Considering all individuals in a density, there is only one
peak in the distribution. Two peaks appear only when the velocity distributions of
specific individuals are examined in detail. Time-space diagrams illustrate that stop

Lin all group compositions. In

states are visible for global densities py, > 1.33 m™
addition, the mean values for the number of pedestrians in a stop state increased
continuously with increasing density. Individuals in a stop state are more frequent
in heterogeneous gender group compositions, with gender random order and gender
alternating, than in the homogeneous female group. Furthermore, the mean and
standard deviation trend is approximately the same for the heterogeneous group
compositions. Regarding the mean duration of a person’s stay in the stop-and-go
state, the time for the stop state is higher in the heterogeneous groups, which are
also almost equal. In conclusion, the heterogeneous groups are practically equal and

slightly different from the homogeneous groups.
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Chapter 5
Discussion and Outlook

This chapter presents the findings and implications of the previous chapter in

the following section: conclusions. Then, an outlook on future research is given.

5.1 Conclusions

This study addresses two main aspects. First, it compares different group
compositions based on gender and other cultures. Second, it employs regression
analysis to analyze and quantify the effects of multiple factors on speed. The second
point addresses a specific issue: previous research on single-file experiments showed
that age can affect fundamental diagrams. However, there is a contradictory relation
to how age affects the diagrams. One potential explanation for these discrepancies
is that previous experiments are not directly comparable, as even if a group is
homogeneous in one factor, it may be heterogeneous in other factors, such as gender.
Previous comparisons of fundamental diagrams have utilized only the cumulative data
of all individuals in the group. In this new study, individual fundamental diagrams
are introduced, considered, and analyzed in one-dimensional single-file experiments.
Furthermore, to describe pedestrians on a personal level and for regression analysis,
additional factors such as height, weight, gender, and age are considered.

First, the hypothesis that the relationship between speed and density is influenced
by the gender composition of the group of pedestrians is investigated. This hypothesis
is based on the results of previous single-file experiments conducted by Subaih et al.
at AAU[35]. The results of the study above in Palestine indicated that homogeneous
groups concerning gender tend to have higher speeds than heterogeneous groups at

1

a given density of approximately 1.0 m™ and above. New single-file experiments
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were conducted in Germany at MEH with homogeneous and heterogeneous group
compositions to verify this result. The comparison of different gender compositions
across different density ranges revealed the following patterns: There is no discernible
variation in speed between group compositions at low densities. Only at densities
around 1.4 m~! did homogeneous groups exhibit higher speeds than heterogeneous
groups. Between densities of 1.5 m~! and 2.15 m™!, the differences decreased as the
speeds of the homogeneous groups approached those of the heterogeneous gender
group and the gender alternating group. The randomly ordered gender group is the
slowest in this interval. Finally, at high densities, the mean values of the speeds of
all groups are similar. In conclusion, there is a progression from unequal distribution
in the initial interval to complete equality in the final interval.

A comparison of the results of the Palestine experiments with those of the German
experiments reveals some similarities, although only in some details. No consistent
difference exists between the homogeneous and heterogeneous groups for densities
below 0.8 m~!. However, a discrepancy between the two groups is observed around
a density of 1.4 m™!, less pronounced in the German experiments. Furthermore,

the speed in the density range of 1 m™! to 1.5 m™!

is higher in Palestine than in
Germany. For higher densities, data are available only for the heterogeneous group
in Palestine, and their mean speed approaches that of the German groups. Therefore,
the first hypothesis is confirmed. However, this relevance to the German experiment
is only weak upon closer examination. The discrepancy is only discernible in a narrow
range of densities and is relatively minor. As density increases, group compositions
become increasingly similar. It cannot be ruled out that this phenomenon may
be more pronounced in other cultural contexts. For certain density intervals, the
speed is higher for all group compositions in Palestine, and in a middle-density
interval, it is higher for homogeneous groups than for heterogeneous groups. The
data for homogeneous group compositions in high-density intervals are unavailable
for Palestine. However, for high-density intervals, the data for heterogeneous groups
in Palestine at AAU are comparable to those in Germany at MEH.

Regarding the significance of the effect, it is essential to note that the confirmation
of the hypothesis depends on the testing method and data preparation. The size of the
binning intervals utilized to group the data also plays a role. Depending on the size of
these intervals selected for different test methods, the described systematic variation
may not be apparent. This was evident even with intervals as small as 0.2. Other
tests, such as the t-test, give similar results to the Tukey HSD test. Nevertheless,

more sensitive tests, such as the Kolmogorov—Smirnov test, demonstrate differences
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in the speed distributions across most density intervals, leading to the rejection of the
hypothesis. In all density intervals, the differences in mean speeds between different
group compositions are smaller than the standard deviation.

The second hypothesis states that individual speed-distance functions depend on
age and gender, and the third hypothesis, which suggests that at high densities, the
distance between individuals depends on the gender of neighboring pedestrians, is
investigated in the context of a simple linear regression analysis. This investigation
is conducted for single-file experiments carried out at the GBS in Germany for the
second hypothesis and at the MEH in Germany for the third hypothesis. The analysis
at GBS aimed to determine whether gender and age play a role in the individual
speed-distance functions. Factors such as minimum distance, reaction time, and
data scatter are analyzed using simple linear regression on individual fundamental
diagrams. The results in subsection 4.2.1 showed no tendency regarding scatter
patterns. The comparison of older and younger students and female and male students
for the reaction time showed no differences between these groups. In contrast, the
minimum distances significantly differ between older and younger students. Older
students exhibited a more pronounced effect than younger students; generally, age
was more pronounced than gender. For the experiment at MEH, and therefore for the
third hypothesis, the mean values of (dy); s and /;1, are compared using the Tukey
HSD test across different group compositions (female, male, gender alternating, and
gender random order). Based on this test, no significant differences are observed.
Therefore, it is concluded that there are no significant differences in reaction time
and minimal distances between the different group compositions. This means that
the third hypothesis that at high densities, the distance between individuals depends
on the gender of the neighboring pedestrians cannot be confirmed.

For the fourth hypothesis, a multiple linear regression analysis examines how
distance and individual factors such as gender, height, and age affect speed. The
speed models at GBS are based on headway, gender, height, and alloence. Alloence
is included to account for unmeasurable individual factors such as motivation or
attention. The results showed that alloence is crucial and that gender can only
be excluded from the model if the unknown factor is not ignored. The analysis
confirms that headway has the most significant effect on speed. Other unknown
effects follow, with height having a minimal impact. Therefore, the unknown factors
have a more significant influence than either height or gender. This is consistent
with the finding that gender differences are smaller than differences between younger

and older students. Further examination of the residuals indicates that individual
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speed is not determined only by the predictor variables. This suggests that there
may be additional effects on speed beyond height and other unknown individual
factors. Consequently, for the single-file experiment at MEH that includes additional
human factors, the fifth hypothesis is that the inclusion of additional human factors
such as weight, exact height, and gender of the previous pedestrian will improve the
multiple linear regression model developed for the single-file experiment at GBS in
subsection 4.3.1. The analysis provides the same model as mentioned before when
excluding factors with minimal impact on speed. Once again, headway is identified
as the most influential factor on speed, followed by other unknown individual effects.
The pedestrian’s gender in front affects the model, but it is less than 1% and
is considered insignificant. Therefore, the model is unchanged. Thus, it can be
concluded that this hypothesis is incorrect.

Furthermore, the extended regression analysis for the experiment at GBS compares
a simple model with only fixed factors to a more complex mixed model that includes
individual speed as a function of fixed factors such as headway and height, along
with other unknown individual effects as random factors. The analysis indicates that
the mixed model is a more suitable approach. For this reason, the individual effects
should be treated as random so that the impact of the investigated factors is not
obscured.

The final hypothesis of this study is that the gender composition of the individuals
involved influences stop-and-go waves. The velocity distributions in high-density
intervals are approximately the same for all group compositions. A comparison of the
mean values and their standard deviations regarding the number of pedestrians in a
stop state revealed that these values increased continuously with increasing density.
Furthermore, the heterogeneous groups demonstrated a greater prevalence of gender
random order and gender alternating than the homogeneous group of females. This
is also true for the mean duration of a person’s stay in a stop-and-go state. Therefore,
concerning the abovementioned hypothesis, heterogeneous groups are almost equal

and exhibit slight differences from homogeneous groups in stop-and-go states.

5.2 Outlook

For further research, a more detailed look at the influence of culture may be
helpful. For example, when comparing data from Germany and Palestine, speed

is more significant in Palestine. The unclear cause of this difference indicates the
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need for additional data from different cultures. Due to insufficient data, no further
conclusions about the relationship between speed and density in Palestine in the
high-density area can be drawn.

Moreover, in the high-density intervals of the experiment at MEH conducted in
Germany, an interesting phenomenon can be observed in some cases (e.g., for Female
for N = 36, and Male for N = 32) where the number of pedestrians who are in a
stopping and going state are compared (see Figure A.15). Despite the predominant
tendency towards stops, there are phases in which more go movements occur. This
unexpected change between phases may be attributed to individuals who sometimes
try to walk in rhythm or step in step to make faster progress. This observation
raises the question of whether synchronized movement could influence the ratio
of stop-and-go within specific densities and possibly delay the occurrence of the
stop-and-go waves. A detailed analysis of this aspect would be of great interest, as it
could provide insight into how coordinated movements in dense crowds influence the
dynamics of the stop-and-go waves in terms of frequency and intensity of the stop-
and-go waves. However, the experiments considered here do not provide an optimal
basis for a comprehensive synchronized step analysis. Although the participants tried
to coordinate with each other and walk in step at the beginning of the homogeneous
series of experiments, these efforts were not systematically continued. Due to the
limited data, it is not easy to investigate the effects of synchronized walking precisely
on stop-and-go dynamics. Nevertheless, future studies investigating synchronized
movements could provide valuable insights into how and when synchronized stepping
influences the occurrence of stop-and-go waves. Another interesting approach in this
regard could be to compare different cultural backgrounds. In some cultures, walking

in step is more firmly established than in others.
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Figure A.1: Two fundamental diagrams based on recent studies [17, 19, 25, 34-36]
are presented. The top figure shows the velocity-density relation, and the figure at
the bottom is the flow-density relation.
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A.2

The following figures illustrate the distance vs. speed relationship for several

main IDs to show the approximately linear course for h < 1.5 m for the data at GBS.
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Figure A.2: Distance vs. speed relationship for several main IDs: 2, 3, 4, 5, 6, and 7
at GBS.
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Figure A.3: Distance vs. speed relationship for several main IDs: 8, 10, 11, 12, 13,
and 14 at GBS.
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Figure A.4: Distance vs. speed relationship for several main IDs: 16, 18, 19, 20, 22,
and 23 at GBS.
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Figure A.5: Distance vs. speed relationship for several main IDs: 25, 26, 27, 46, 48
and 49 at GBS.



A.3

The following figures illustrate the distance vs. speed relationship for several

main IDs to show the approximately linear course for h < 1.5 m for the data at

MEH.
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Figure A.6: Distance vs. speed relationship for several main IDs: 708, 710, 711, 713,

714, and 718 at MEH.
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Figure A.7: Distance vs. speed relationship for several main IDs: 730, 731, 737, 770,
771, and 775 at MEH.




N4 e MainID =784 ) Y4 e MainID=785
e : e
© o
—_— o —_ o
£ R
E «© E o©
> o ] > o ]
< <
o o
~ N
o o
S o |
< T T < T T
0.0 1.5 0.0 1.5
h [m] hi [m]
Y4 e MainID=789 Y4 e MainID =801 -
-"l
(= (= hd
° o
— © — O
Q @
£E «© £ o©
s S > o ]|
< <
o o
N N
o o
o o
° T T e T
0.0 1.5 0.0
h; [m] h; [m]
Y4 e MainID =835 Y4 e MainID =837
S e
© 4 < |
—_— o —_— o
£ 2
E o | E o |
s © s ©
< <
o o
N N
o o
< <
< T T ° T
0.0 1.5 0.0
h; [m] hi [m]

Figure A.8: Distance vs. speed relationship for several main IDs: 784, 785, 789, 801,
835, and 837 at MEH.
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The following figures illustrate velocity distributions for different gender composi-
tions: male and gender alternating order for different global densities. Furthermore,

the single velocity distributions for the various densities of the female group are

shown in detail.
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Figure A.9: Velocity distributions for different global densities. The figure above
illustrates the male group composition, while the figure below illustrates a gender-

alternating order.
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Figure A.10: Velocity distributions for the various densities of the female group
are shown in detail. p, = 2.67 m™' top left, p, = 2.40 m~' top right, p, =
2.13 m~" middle left, p,; = 1.60 m~" middle right, p, = 1.33 m™* bottom left and
pg = 1.33 m~! bottom right.
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The following figures illustrate time-space diagrams for different gender composi-
tions: male, gender random order and gender alternating order and densities. Red

represents the stop state and blue is the go state.
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Figure A.11: Time-space diagrams for the group composition male for different global
densities. py = 2.34 m™! top left, py = 2.07 m™! top right, py = 1.80 m™! bottom
left and py = 1.33 m~! bottom right.
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Figure A.14: The mean duration of a person’s stay in the stop-and-go state for the
group compositions female, gender alternating and gender random order for the
global densities py, = 2.67 m™" (N = 40) and py = 2.40 m™* (N = 36).
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Figure A.15: The number of pedestrians in a stop-and-go state over time for the
female group N = 40 at the top and for the male group N = 35 at the bottom. In
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Table A.1: An overview of experimental runs for different gender groups female, male,
gender alternating, and gender random order at MEH in Germany. From the left to
the right column, the following information is given: The total number of persons
in a run, the global density m~', the beginning I,,;, and the end 1,4, of the steady
state interval in seconds, and the mean values for individual specific time-steps d; in
seconds.

N Pyl Linin Imax Ot
Female 40 2.67 6.52 185.48 0.67
36 2.40 6.12 186.68 0.83
32 2.14 1.16 122.28 0.73
24 1.60 3.32 81.48 1.49
20 1.34 7.48 122.96 1.32
20 1.34 3.92 80.32 1.85
16 1.07 0.84 114.08 1.53
8 0.53 8.00 116.92 2.43
4 0.27 2.04 118.64 1.69
Gender alternating 4 0.27 2.16 120.72 1.51
4 0.27 3.40 45.28 1.04
4 0.27 1.08 118.52 2.44
4 0.27 9.96 89.20 3.78
8 0.53 3.88 120.00 1.37
8 0.53 3.96 122.68 1.51
16 1.07 2.56 141.34 1.19
20 1.34 5.08 120.32 1.56
24 1.60 6.36 118.64 1.11
24 1.60 3.20 123.60 1.05
32 2.14 3.12 178.60 0.69
36 2.40 0.76 182.12 0.66
40 2.67 0.48 160.84 0.63
4 0.27 1.76 119.88 0.96
4 0.27 3.04 100.44 1.54
4 0.27 1.48 119.56 0.92
8 0.53 8.52 117.60 1.08
4 0.27 1.68 117.84 0.88
4 0.27 6.52 109.64 1.36
8 0.53 6.08 120.60 0.88
16 1.07 1.28 98.20 1.64
20 1.34 0.20 120.12 1.52
16 1.07 0.28 122.80 1.64

8 0.53 0.64 178.56 1.16




N Pgl Tmin Imaa ot
Male 35 2.34 0.52 190.16 0.76
31 2.07 3.08 188.00 0.72
27 1.80 6.60 121.16 0.84
19 1.27 2.88 124.40 0.80
15 1.00 0.68 117.12 0.76
20 1.34 2.64 113.80 2.23
16 1.07 0.48 120.40 1.96
8 0.53 1.36 105.72 1.36
8 0.53 1.40 103.20 1.16
4 0.27 1.60 120.68 1.00
Gender random 4 0.27 3.64 116.92 1.39
4 0.27 2.92 119.44 1.42
4 0.27 1.84 115.72 1.12
4 0.27 3.48 113.64 1.40
8 0.53 2.84 119.44 1.41
8 0.53 3.24 116.04 1.38
16 1.07 3.28 113.68 1.75
24 1.60 6.44 120.44 1.10
24 1.60 1.48 121.32 0.96
32 2.14 2.48 178.92 0.81
36 2.40 4.60 182.88 0.78
40 2.67 0.28 117.68 0.61
4 0.27 0.48 117.36 2.56
4 0.27 0.28 134.24 5.00
4 0.27 8.68 105.32 1.48
8 0.53 0.52 119.60 1.36
4 0.27 1.24 112.64 1.36
4 0.27 3.04 119.24 1.36
8 0.53 1.36 71.60 1.36
16 1.07 0.48 117.60 2.04
20 1.34 0.48 110.64 0.76
16 1.07 1.04 121.16 2.00
8 0.53 10.00 176.64 1.56
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