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Abstract: Various studies address the question of which factors are relevant to the course of the
fundamental diagram in single-file experiments. Some indicate that there are differences due to
group composition when gender is taken into account. For this reason, further single-file experiments
with homogeneous and heterogeneous group compositions were conducted. A Tukey HSD test was
performed to investigate whether there are differences between the mean of velocity in different
density ranges. A comparison of different group compositions showed that the effect of gender
can only be seen, if at all, in a small density interval. Regression analyses were also conducted to
determine whether, at high densities, the distance between individuals depends on the gender of
the neighboring pedestrians and to establish which human factors have an effect on the velocity. An
analysis of the distances between individuals at high densities indicated that there was no effect
of the gender of the neighboring pedestrians. Taking into account additional human factors in a
regression analysis did not improve the model.

Keywords: pedestrian dynamics; single-file movement; culture; gender effect; regression analysis

1. Introduction

In recent years, there have been a number of studies that have shown that fundamental
diagrams of various geometrical settings, such as stairs [1,2], single-file experiments [3-5],
corridors [6-10], or crossings [11,12], vary [13-17]. However, it is not only the spatial
structure that creates differences. When we look more closely into the specific structure, it
becomes clear that there are also variations depending on the experimental setup. The type
of flow, such as uni-, bi-, or multidirectional streams; human factors such as age, gender,
height, and culture [3,18-26], or external factors such as restricted visibility [27], different
height adjustments due to smoke [28], motivation or instruction [18], temperature [29],
sidewalk quality [29,30], thythm or background music [31,32], or properties of human
movement, such as step length and frequency [33-39], all affect the fundamental diagram.
This list is only exemplary and does not claim to be complete.

To reduce potential influences and to enable a thorough analysis of single factors,
single-file experiments have been introduced. As will be shown in this work, in these very
simplified experiments, it is difficult to analyze and quantify the effects of multiple factors.
The question of which factors are relevant to the course of the fundamental diagram in
single-file experiments is not yet clear. It is also difficult to compare experiments, partly
owing to the combination of different human factors and partly because the measurement
methods or the experimental scenarios vary, too. For instance, for one experiment, there
might only be data in the low-density range, whereas another experiment might also have
data for the high-density range. Furthermore, it should be noted that often the problem
arises that the fundamental diagrams represent a group that is homogeneous in one factor
but different in terms of other factors. This problem was discussed in more detail in [40],
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where single-file school experiments were studied to analyze how human factors affect the
fundamental diagram of pedestrian dynamics.

With respect to the effect of gender, the results of some existing studies can be summa-
rized as follows. Subaih et al. [20] have shown that for densities higher than 1.0 m~!, group
compositions homogeneous in gender lead to higher speeds than a heterogeneous group
composition with alternating order. However, a comparison with data from other cultures
and different ages raises the question of which other factors also need to be considered.
In [21], using the data from the experiments introduced in [20], Subaih et al. have shown
that the headway to the front and to the back is important, too. This result suggests that
the arrangement by gender has an effect on the distances between pedestrians and must be
taken into account in modeling the speed-density relation. While these findings indicate a
significant contribution of gender, in Paetzke et al. [40], it was still concluded that gender
could be neglected. This analysis is based on multiple linear regression from experiments
with heterogeneous group compositions.

To analyze these contradictory findings, further single-file experiments are performed
for the present study. Four different group compositions, female, male, gender alternating,
and gender random order, are considered to investigate the following three hypotheses
derived from the studies to date [20,21,40].

1.  The speed—density relation depends on the gender composition of the group of
test persons.

2. At high densities, the distance between individuals depends on the gender of the
neighboring pedestrians.

3. The inclusion of additional human factors that were not previously included, such
as the weight, exact height, and the gender of the previous pedestrian, improves the
multiple linear regression model developed in [40].

For the first hypothesis, the question is whether there are differences within the
density—velocity relation between the mean values of the homogeneous and heterogeneous
pedestrian group compositions when gender is taken into account. This has been tested
in seven density intervals using the Tukey HSD test. For the second hypothesis, simple
linear regression analysis is used to determine whether there are differences between the
group compositions at high densities. For the third hypothesis, a multiple linear regression
analysis is performed with different human factors.

Section 2 of this paper describes the experimental setup, the measurement methods,
the data preparation, and the experiments that are compared. Section 3 deals with the
results and analysis of the hypotheses. A comparison of two different experiments based
on the group composition is carried out and the regression analysis, which includes simple
and multiple linear regression, is performed. The conclusions are presented in Section 4
and further research is proposed.

2. Materials and Methods
2.1. Experimental Setup

The subject of the present study is a one-dimensional single-file experiment performed
within an experimental series [41] of the projects CroMa and CrowdDNA at the Mitsubishi
Electric Halle in Diisseldorf, Germany, in 2021. The oval path measurements in the experi-
ment are a total length of the central line [ = 14.97 m by a width of w = 0.8 m. The middle
radius is 1.65 m, while the straight sections are 2.3 m long. The two measurement areas are
highlighted in the background in the sketch on the left in Figure 1.
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Figure 1. Single-file experiment performed at the Mitsubishi Electric Halle in Diisseldorf, Germany,
in 2021. (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. (b) shows the experiment from above with the students wearing green caps with
personal ID codes on top.

When the pedestrians’ trajectories are projected into the central line of the oval,
the complexity of the system is reduced to one dimension and, consequently, only the
change in movement direction is taken into consideration [42]. Four different group com-
positions were considered in the experiment. Two homogeneous group compositions with
respect to gender were chosen, male (m) and female (f). The third group was a hetero-
geneous group composition where the male and female participants were arranged in
an alternating order, m, f, m, £, etc. The fourth group was also a heterogeneous group
composition but with a random structure, as the male and female pedestrians were ran-
domly distributed in the oval—for example, m, m, f, m, f, £, etc. With both homogeneous
group compositions, ten experimental runs at different global densities were performed.
The global density was adjusted by N, the number of persons situated in the oval. For the
runs, wechose N =4, N =8 N =16,N =20,N =24, N = 32, N = 36, and N = 40. In the
two experiments with heterogeneous group compositions, all test subjects participated at
least once in a run at each density. This was not the case in the two homogeneous runs.
The densities of the experiments with the heterogeneous group compositions corresponded
to the densities in the experiments with the homogeneous group compositions, but there
were a total of 25 different experimental runs instead of ten. The number of different runs
for each group composition can be seen in Table 1. Global densities po; = N/I for these
cases were pg € [0.27,2.67) m~!.

Table 1. The columns show a detailed overview of the number of different runs for each group
composition, female, male, gender alternating, and gender random order, for different numbers of

persons N.
N=4 N=8 N=16 N=20 N=24 N=32 N=36 N=40
Female eg.,f ff etc 1 1 1 2 1 1 1 1
Male e.g., m, m, m, etc. 1 2 1 2 1 1 1 1
Gender alternating e.g., f, m, f, m,etc 10 5 3 2 2 1 1 1
Gender random order  e.g., f, f, m, {, etc. 10 5 3 2 2 1 1 1

For all parts, the runs had a duration of 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. The test persons were instructed to
walk behind each other without haste or overtaking. In total, 80 different pedestrians
participated in the experiment, with an equal ratio of male and female pedestrians. They
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all wore green caps with personal ID codes on top. These codes were used to extract
the trajectories of different participants in several experimental scenarios and to assign
personal information to a participant, such as a gender, age, shoulder width, weight, and
height [43,44].

Table 2 shows a detailed overview of the mean values and the standard errors for age,
height, weight, and shoulder width for the four different groups: female, male, gender
alternating, and gender random order. The average age of the participants was between
26 and 28 years, 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.

Table 2. The columns show a detailed overview of the mean values and the standard errors for
age, height, weight, and shoulder width for the different groups: female, male, gender alternating,
and gender random order.

Female Male Gender Alternating Gender Random Order
age & o in years 2712 £8.11 26.42 £4.92 27.74 £6.03 2597 £5.14
height + ¢ inm 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 £ 20.61 80.95 £ 20.88
shoulder width £ o in m 0.43 £0.03 0.49 £0.03 0.45+0.04 0.46 £0.05

2.2. Measurement Methods

The individual velocity, the Voronoi tessellation, and the density were calculated on
the basis of the one-dimensional trajectories obtained by tracking the head from the video
recording. For this case, x;(t) describes the position of individual 7 at time . Pedestrian
i + 1 is walking directly in front and a person i — 1 directly behind person i. The Voronoi
distance dy (t) of pedestrian i at time ¢ is calculated by

() = 5 - (e (8) — 14 (6) M

which is half of the distance between the centers of the heads x;,1(¢) and x;_1(¢). The den-
sity is calculated by p;(t) = d%. The individual velocity is calculated by

) Aty o (p — At
oy = T X7 ©

As explained in [40], the value At = 0.8 sis a good assumption. The intended direction
and negative velocities of the pedestrians are also included. Both straight sections of the
oval are used as measurement areas.

2.3. Data Processing

For the various experimental runs, only the data in a steady state were considered.
The range was determined by the CUSUM algorithm [45]. To ensure independence between
two successive measurement values, such as for the velocity, autocorrelation was used to
determine one value for the time gaps to be considered in an experimental run. On average,
the time gap between these measurement values was approximately 1.38 s. For each group
composition, approximately 3000 data points were considered for the analysis.

2.4. Experiments in Comparison

The single-file experiments in Diisseldorf, Germany—performed for the present
study—were compared with the single-file experiments conducted by Subaih et al. [20,46]
at the Arab American University in Palestine. Therefore, the data from Subaih’s study,
already including the velocity and density, were used. In this section, only selected features
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of the experiment conducted by Subaih et al. are described. For further details, we refer
to [20]. In Subaih’s experiment, the measurements of the oval path were the total length of
the central line of | = 17.30 m by a width of w = 0.6 m, indicated by markings on the floor.
The straight sections were 3.15 m long. In total, 47 different pedestrians participated in
the experiment, with 26 female and 21 male students. Their heights were within the range
of 1.52 m to 1.84 m. On average, the height of men was 1.75 m and women 1.61 m. Their
age was between 18 and 23 years. For the homogeneous group compositions including
both males (UM) and females (UF), the number of persons situated in the oval was N = 14
and N = 20. For the heterogeneous group composition with a gender alternating order
(UX), there were also N = 24 and N = 30. The global densities were 0.81 m—1,1.16 m~1,
1.38 m~ ! and 1.73 m !, respectively. Compared to the experiments in Diisseldorf, Germany,
the participants in Palestine were younger and shorter. In both experiments, the experimen-
tal scenarios of the homogeneous group compositions in terms of gender were performed
first. Furthermore, the same measurement methods were used in both experiments.

3. Results And Analysis
3.1. Comparison of Group Compositions for the Experiments Performed in Germany

In order to check the first hypothesis, we conducted an analysis for different density
intervals to see whether there were systematic differences in the velocity between homo-
geneous and heterogeneous group compositions with respect to gender. First, a visual
comparison was performed. Figure 2 shows a density vs. velocity fundamental diagram for
the groups female, male, gender alternating, and gender random order in Germany with
binned data so that the trends and possible differences can be seen more clearly.

o
—
e ]
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Male
o
E Gender alternating
\
_— 0
> S \T %, Gender random order
\

N ﬁi1Hiﬁi_ﬁﬁﬁmﬁm@
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Figure 2. Fundamental diagram of density vs. velocity for the groups female, male, gender alternating,
and gender random order in Germany with binned data within 0.1 intervals.

The data suggest that the question of whether the fundamental diagrams correspond
or not depends on which density interval is considered. Up to a density of around 1.15m 1,
there seems to be no systematic variation in equality and inequality between the group
compositions. For densities larger than 1.15 m~! and smaller than 2.0 m~!, it could be
seen that the velocity is higher for homogeneous group compositions. For densities higher
than 2 m~1, the course of the individual curves appears very similar. For a more detailed
analysis, the mean values of the velocity are compared for each group composition in 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]. The selection ensures that the free-flow, highly congested areas and the
area of maximum change in velocity are investigated in more detail. The density intervals
are highlighted in grey areas in the fundamental diagram in Figure 3.
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Figure 3. Fundamental diagram of density vs. velocity for the groups female, male, gender alternating,
and gender random order in Germany with binned data that represent only the mean values of
the velocity. Furthermore, the individual 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 areas.

First, the Kolmogorov-Smirnov test was conducted to determine the velocity distri-
bution for all group compositions, and this resulted in a difference between almost all
distributions in all intervals. Therefore, a statistical test, a Tukey HSD (honest significant
difference) test, was performed to check whether two means were significantly different
from each other. Here, all group compositions were directly compared pairwise. The test
takes into account that the sample size is approximately the same. If the Tukey test shows
that the p-value is larger than 0.05, this means that there is equality between the means of
the observed group compositions considered.

Table 3 shows the mean values and the standard deviation for the velocity of each group
in Germany and Palestine in all seven intervals. The results of the experiments performed in
Palestine by Subhai et al. will be discussed in the next subsection in the comparison.

Table 3. Mean values and standard deviation for the velocity (7 + ¢) in seven different density
intervals for different group compositions in Germany and Palestine. Equal colors in an interval
indicate equality between the corresponding groups.

[0.15,0.25]  [0.55,0.65] [0.85,0.95] [1.051.15] [1.25,1.35] [2.05,2.15] [3.05,3.15]

Female, Germany

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

Male, Germany

Gender alternating, Germany

1174009  L11£010  061+019 | 048%023  044+021 011009

Gender random order, Germany

1.17 £0.16 1.14+£0.15 0.74+0.24 0.30+£0.19 0.10 £ 0.07
1.26 +£0.14 1.11 £ 0.07 0.54 £0.30 0.55 £ 0.15 0.35£0.16 0.07 £0.07

Female, Palestine

1.14 +0.01 0.80 £0.11 0.68 £ 0.07

Male, Palestine

0.94£0.20 0.81 £0.13 0.74 £ 0.13

Gender alternating, Palestine

1.00 £0.18 0.70+0.14 0.50 +0.18 0.1140.05

For every interval, group comparisons where the p-value is larger than 0.05—and
so their mean values are therefore equal—are shown in the same color. In the first four
intervals in the range from 0.15 m~! to 1.15 m~!, both the group with the highest speed
changes and the group compositions that are rated as equal by the Tukey test change from
interval to interval. First, the two means are significantly equal for the female and gender
random order groups. In the second interval, the test results show equality between the
male, gender alternating, and gender random order groups; then between the female, male,
and gender random order groups; and, finally, in the fourth interval, between female and
gender random order as well as male and gender alternating. Consequently, there is no
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systematic equality or inequality between different group compositions in the low-density
regime. In the density range between 1.25 m~! and 1.45 m~!, the mean values of the
homogeneous group compositions are equal to or higher than those of the heterogeneous
group compositions. Between 1.45 m~! and approximately 2.15 m !, the two means are
significantly equal for all group compositions except gender random order. For the gender
random order group, the velocity is the lowest of all groups. At a density of 2.15m~! and
above, there is equality for all group compositions.

In addition to Table 3, the boxplots in Figure 4 also illustrate the results of the Tukey
test. The left-hand Figure 4a shows the first interval [0.15,0.25] at which there is only
equality between male and gender alternating groups, and the right-hand one Figure 4b
shows the last interval [3.05, 3.15] at which all group compositions are equal. This equality
or inequality is indicated by the letters above the boxes. The same letters represent equality
between group compositions. In addition, the boxplots show the minimum and maximum
values, the median within the box, and the lower and upper quantiles, the boundaries of
the box, and those of the individual group compositions. The darker the color of the box,
the higher the median.

17

0.2

T Ebg - -

B e o

v[m/s]

Female, Ger. Gen. al., Ger. Gen. ran., Ger. Male, Ger. Female, Ger. Gen. al., Ger. Gen. ran., Ger. Male, Ger.

(a) (b)

Figure 4. Boxplots for the velocity for different group compositions in Germany. Equal letters above
the boxes indicate equality of the mean values of the velocity between the corresponding groups.
The first interval [0.15,0.25] is represented by (a) and the last one [3.05, 3.15] by (b).

3.2. Comparison with the Experiments Performed in Palestine

In this section, data from the experiments in Palestine [20,46] are compared with those
in Diisseldorf, Germany [47]. First, the binned data are plotted in a fundamental diagram
up to a density of 2.5 m~! (see Figure 5). The left-hand diagram illustrates the values for
Germany and the right-hand one those for Palestine.

15
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Figure 5. Relation of density and velocity for the experiments in (a) Germany and in (b) Palestine by
binned data of the mean values of the velocity for different group compositions.

A visual comparison based on Figure 5 shows that in the density interval of [0.6, 1.5] m~?,
the mean velocity is higher in the experiments performed in Palestine than in Germany.



Appl. Sci. 2023, 13, 5450

8 of 14

For densities higher than 1.5 m ™!, the heterogeneous group in Palestine approaches the mean
speed of the groups in Germany. When we only consider the data from Palestine, we see that
the heterogeneous group composition in Palestine is faster for densities less than 0.8 m~1.
With increasing density, the homogeneous group compositions of males and females show
higher means than the heterogeneous group composition.

To enable us to compare the data of the experiments in Germany and Palestine based
on a statistical test, the Tukey HSD test was used again. The corresponding mean values
and the standard deviation of the velocity are shown in Table 3. For the experiments
performed in Palestine, only data for the intervals [0.85,0.95] m~! to [2.05,2.15] m~! are
available. Up to a density of approximately 1.0 m~!, the means are significantly equal
for all group compositions in Palestine, as well as for the gender alternating group in
Germany, and for the group compositions of female, male, and gender random order in
Germany. In the interval [2.05,2.15] m~!, the two means are significantly equal between
German group compositions and between all group compositions in Palestine. Above a
density of 1.25 m~!, the heterogeneous group composition in Palestine approaches the
group compositions in Germany. Only in the interval [1.25,1.35] m~!, the homogeneous
group compositions have a higher mean value of the velocity than the heterogeneous
groups. This is true for Germany and Palestine. In other density intervals, there are no
significant differences in Palestine and no systematic differences in Germany. Figure 6
shows the results of the Tukey test for the comparison between Germany and Palestine in
the interval of [1.25,1.35] m~!.

1.00

0.75 a

v[m/s]

0.25

0.00 J

Female, Ger. Female, Pal. Gen. al., Ger. Gen.al., Pal.  Gen. ran., Ger. Male, Ger. Male, Pal.

Figure 6. Boxplots for the velocity for different group compositions in Germany and Palestine in the
interval of [1.25,1.35] m~ L. The same letters above the boxes indicate equality for the mean values of
the velocity between the corresponding group compositions.

3.3. Gender Differences in Distances of Neighboring Pedestrians

A simple linear regression analysis for the speed-distance relation of each individual
i was conducted to determine whether the distance between individuals depends on the
gender of the neighboring pedestrians at high densities. The model is

vi; = Bo, + B1, - (Av)is +€i1, 3)

wherel = 1,...,n; and n; is the number of individual observations. v;; is the individual
velocity, the predicted variable; By, is the intercept, 1, is the regression coefficient, (dy );; is
the Voronoi distance as an independent variable, and €; ; describes the random experimental
error. For a good adjustment, the values o, and B, need to be estimated. This results in
the following equation:

i1 = Bo, + B, (dv)i; - “4)
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When we transform formula (4) for 9;; = 0, the minimum Voronoi distance for each
individual is: .
_Po

:B 1;

Bli can be interpreted as the reaction time for acceleration and braking.

In Table 4, the columns provide an overview of the mean values and the standard
deviation for (dy ); min and By, for the four different group compositions in Germany. Here,
the values appear to be more or less identical.

(dV)i,min =

©)

Table 4. The columns provide an overview of the mean values and standard error for (dy); i, and
B, for the different group compositions.

Female Male Gender Alternating Gender Random Order
(dv)imin 0 0.31£0.07 0.34+0.08 0.344+0.08 0.36 +0.08
Bli to 096+022 095£0.23 0.94+0.18 0.90+0.21

In addition to obtaining the data shown in Table 4, we also compared the different
values for (dv); min and Bli using a statistical Tukey test. For (dv); i and ,311., for each
group composition, the p-value is larger than 0.05, so the means are significantly equal for
all four group compositions, female, male, gender alternating, and gender random order,
in Germany.

Figure 7 illustrates the results for (dy); i, in Figure 7a and for ,311. in Figure 7b with
boxplots based on the Tukey test for different group compositions, female, male, gender
alternating, and gender random order, in Germany. The same letters above the boxes
indicate equality of the mean values between the corresponding groups. As the letters
above the boxplots are all the same, this indicates that there is equality between the means.
As also shown in the previous analysis in this Section 3.3, it is confirmed that there are
no differences between the group compositions at high density. Consequently, the second
hypothesis—namely that, at high densities, the distance between individuals depends on
the gender of the neighboring pedestrians—cannot be confirmed.

M — - == aE 1

v[m/s]
v[m/s]

02 050 -

Female, Ger. Gen. al., Ger. Gen. ran., Ger. Male, Ger. Female, Ger. Gen. al., Ger. Gen. ran., Ger. Male, Ger

(a) (b)
Figure 7. Boxplots based on a Tukey test for (dy); i, in (a) and for By, 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.

3.4. Human Factors in Fundamental Diagrams

In [40], the multiple linear regression analysis showed that the headway has the most
significant effect on the velocity and other human factors such as gender only have a small
effect or can be neglected (further details on the procedure and the structure of the model
can also be found in the publication cited). In this section, we will determine whether
taking into consideration additional human factors leads to a more sensitive model. For this
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purpose, additional factors such as the weight, age, exact height, and gender of the previous
pedestrian are taken into account.

Accordingly, in the new model, the velocity depending on the Voronoi distance, height,
gender, age, weight, and gender of the previous pedestrian is studied. The variable gen-
der.prev is used for this, and, for all other individual effects, e.g., motivation, attention,
or excitement, which was described in [40], the variable alloence is used. It was taken into
account that there could be strong correlations between certain human factors. A measure-
ment of the correlation of the factors considered shows obvious dependencies, such as the
correlation of gender and body height (p = 0.66), gender and shoulder width (p = 0.71),
or weight and shoulder width (p = 0.75). In addition, in this analysis, one model is suffi-
cient for all four groups, female, male, gender random order, and gender alternating, as the
previous results did not show any significant differences between the groups. Furthermore,
the new model was applied to a low density, p,; < 0.75, and a high density, p,; > 0.75.
Taking into account the results of the previous sections, the 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.

First, the model evaluation using Akaike’s Information Criterion (AIC) is applied
to the model introduced in [40]. Step by step, it was decided which factors should be
considered in order to obtain the best possible model with the fewest factors, without
degrading the model. The AIC procedure indicates that gender, age, height, and weight
can be omitted. Accordingly, the resulting model is as follows:

Model: vy, = Bo + B1 - dy,, + B2 - gender.prevy, + YN | Ba; - alloencey, + €, 6)

where m = 1,...,n and n is the number of all observations of all individuals; vy, is the
velocity and alloence;;, = 1 for all m belonging to individual i and 0 for all other m. B3;
is an individual coefficient across all measurement points for each pedestrian. The new
model in (6) is applied to study the effect of the variables Voronoi distance dy, gender.prev,
and alloence on the velocity. The ANOVA table shows that the p-values for all variables are
less than 0.05. This means that all variables considered in the new model have an effect on
the individual velocity. Figure 8 shows the result using pie charts for low and high density
and for a combination of these.

Again, the headway has the most effect on the velocity, followed by all other unknown
individual effects. The effect of the gender of the pedestrian in front of the person observed
is less than 1% and can therefore be neglected. Furthermore, the model is better suited
to lower densities than to high densities because the velocity is affected more by the
Voronoi distance at a low density. At a high density, the effect of the Voronoi distance is
decreased, since variations in the range of millimeters occur due to the swaying of the
head. With regard to the third hypothesis, it can be concluded that this hypothesis is false.
The analysis provides the same model as before in [40]. When it is taken into account that
the gender of the pedestrian in front has an effect, the model is different. However, since
the effect is so small, less than 1%, and therefore negligible, the model is identical.
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Voronoi distance 46%

Alloence 2%

0,
Alloence 6% Voronoi distance 5%

Residuals 93%

Residuals 48%

(a) (b)

Alloence 3% Voronoi distance 31%

Residuals 65%

(©)

Figure 8. Effects on the individual velocity based on the ANOVA table in pie charts for a low density in
(a), pgi < 0.75, a high density in (b), pg; > 0.75, and for a combination of low and high density in (c).

4. Conclusions

The analysis of the single-file experiments conducted by Subaih et al. [20] in Palestine
showed that in a density range around 1.0 m~! and above, the velocity of groups that
are homogeneous with respect to gender is higher than that of heterogeneous groups.
In order to test whether this result could be reproduced, further single-file experiments
with homogeneous and heterogeneous group compositions were performed in Germany.

First, we investigated the hypothesis that the speed—density relation depends on
the gender composition of the group of test persons. The comparison of different group
compositions with respect to gender in different density intervals in the experiment with test
persons from Germany could be summarized as follows. At low densities, the comparison
shows no systematic variation, neither with respect to the equality of the mean values
of the speed between the group compositions nor with respect to the question of which
group is faster. Only in a small density interval around 1.4 m~! do homogeneous groups
differ from heterogeneous groups and show a higher velocity. Between densities of 1.5 and
2.15 m~!, the differences lessen and the mean value of the speed of the homogeneous
groups approaches the mean of the heterogeneous group, the gender alternating group.
The gender random order group is the slowest group in this interval. Finally, at high
densities, the mean values of the velocities of all groups are equal.

In comparison to the results of the experiments performed in Palestine, there is a
certain correspondence but not in every detail. No systematic variation between the
homogeneous and heterogeneous groups can be observed for densities lower than 0.8 m~!.
The difference between homogeneous and heterogeneous groups around a density of
1.4 m~! could be reproduced, but this is less pronounced in the experiments performed in
Germany. Moreover, the velocity in the density interval from 1 m~! to 1.5 m~! is higher in
Palestine than in Germany. For higher densities, only data for the heterogeneous group
in Palestine are available and the mean speed of this group approaches the mean of the
German groups.

Therefore, the first hypothesis is proven to be correct. However, a closer look shows its
weak relevance to the experiment in Germany. The difference can only be seen in a narrow
density interval and it is small. It cannot be ruled out, however, that the relevance of the
effect is stronger in other cultures.

With respect to the relevance of the effect, it should be noted that the verification of
the hypothesis depends on the test method, as well as on the data preparation. Obviously,
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the size of the binning intervals has an effect on the data. Depending on the size of the
individual density intervals selected for different test methods, the systematic variation
described above could not be seen. This was already the case for intervals of 0.2. Methods
besides the Tukey test, such as the t-test, give similar results. However, tests with high
sensitivity, such as the Kolmogorov-Smirnov test, lead to no correspondence of the velocity
distributions in almost all density intervals and would lead to the rejection of the first
hypothesis. For all density intervals, the differences in the mean speeds of the different
group compositions are smaller than the standard deviation.

For the second hypothesis—namely that, at high densities, the distance between indi-
viduals depends on the gender of the neighboring pedestrians—a simple linear regression
analysis was performed. We used these results to derive the values for the minimal distance
(dv)i min and for the reaction time ,Bli. A comparison of the mean values of (dv); i, and
,311. using the Tukey HSD test shows that there are no discernible differences between the
four group compositions, female, male, gender alternating, and gender random order, in
Germany. Thus, it can be verified that there are no disceriable differences in the reaction
time for the different group compositions and the second hypothesis cannot be confirmed.

Finally, we consider the third hypothesis that the inclusion of additional human factors
that were not previously included, such as the weight, exact height, and the gender of
the previous pedestrian, improves the multiple linear regression model developed in [40].
The analysis provides the same model. Again, the headway has the strongest effect on the
velocity, followed by all other unknown individual effects. Taking into account that the
gender of the pedestrian in front has an effect, the model shows a difference. However,
since the effect is so small, less than 1%, and therefore negligible, the model is identical.
Accordingly, it can be concluded that this hypothesis is false.

For further research, the factor of culture could be further investigated. The reason
for this is that when comparing the data between Germany and Palestine, we see that the
velocity is higher in Palestine. It is unclear where this difference comes from, so more
data from other cultures are needed. For Palestine, no data in the higher-density range are
available to date, so no further conclusions can be derived about the further course of the
velocity at present.
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