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Abstract This paper offers a comprehensive examination of single-file experiments within
the field of pedestrian dynamics, providing a review from both theoretical and analytical
perspectives. It begins by tracing the historical context of single-file movement studies
in pedestrian dynamics. The significance of understanding the fundamental relationships
between density, speed, and flow in pedestrian dynamics is explored through the lens of
simple single-file systems. Furthermore, we examine various traffic systems involving
human or non-human entities such as ants, mice, bicycles, and cars, and provide insights.
We explore the types of experimental setups, data collection methods, and factors that
influence pedestrian movement. We also define and explain the common concepts re-
lated to single-file movement, particularly in experimental research. Finally, we present a
Python tool named “SingleFileMovementAnalysis” designed for analyzing single-file ex-
perimental data, specifically head trajectories. This tool provides a unified approach for
computing movement metrics like speed, density, and headway. The article aims to stim-
ulate further research and underscore the areas where future researchers can contribute to
the advancement and improvement of single-file studies.

Keywords Single-file movement - single-file motion - single-file flow - pedestrian
dynamics - fundamental diagram - experiment - software

Collective Dynamics V9, A185:1—47 (2024) Licensed under


http://collective-dynamics.eu/
mailto:r.subaih@fz-juelich.de
mailto:m.chraibi@fz-juelich.de
mailto:rudina.subaih@uni-wuppertal.de
mailto:tordeux@uni-wuppertal.de
http://dx.doi.org/10.17815/CD.2024.185
http://collective-dynamics.eu/
http://collective-dynamics.eu/index.php/cod/issue/view/V9
http://collective-dynamics.eu/index.php/cod/article/view/A185
http://creativecommons.org/licenses/by/4.0/

2 R. Subaih - A. Tordeux - M. Chraibi

1. Introduction

In their seminal work, Seyfried et al. [1] present the concept of single-file movement in
pedestrian dynamics to explore the relationship between density, flow, and mean velocity,
also known as the fundamental diagrams, within pedestrian traffic. The fundamental di-
agram quantifies the capacity of pedestrian facilities, allowing the assessment of escape
routes and the evaluation of pedestrian models. To assess dependence on the fundamental
diagram, Seyfried et al. investigate experiments of single-file movement, where pedestri-
ans walk unidirectionally along a line with reduced degrees of freedom. This restricts the
possible factors that influence the fundamental diagram. In 2009, Chattaraj et al. [2] repli-
cated the same experiment in India [1], with the main aim of analyzing the cultural influ-
ence (social conventions) on pedestrians’ movement. The motivation behind performing
single-file experiments, as pointed out by Chattaraj et al., is that the density-speed relation
is influenced by multiple factors that are still not completely understood. In general, the
importance of studying single-file movement can be traced back to the open questions:
Which factors influence the fundamental relationships? What are the possible movement
quantities that describe the walking characteristics of pedestrians?

Over the past decade, several experiments have been conducted to explore single-file
movement. The objective of these experiments is to identify basic relationships within
a system using a minimal number of variables and parameters. In these experiments, re-
searchers typically set up a controlled environment in which pedestrians are asked to walk
through a narrow corridor without overtaking. Figures 1(a) and 1(b) show the publication
trends over the years and countries/territories, respectively. The surge in publications in
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Figure 1 The number of publications that mentions single-file movement pedestrian dynamics or single-
file motion pedestrian dynamics, according to a Scopus search on 29 March 2024.

recent years shows a rising interest in single-file movement in pedestrian dynamics. How-
ever, it is worth noting that the terminology single-file movement pedestrian dynamics or
single-file motion pedestrian dynamics is a relatively recent concept that, until now, has
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not been well-established (see the number of publications in Figure 1(a)). We can divide
the research focus of publications on single-file movement in pedestrian dynamics into
four main topics: experiments, data analysis, modeling, and experiments with models
(see Figure 2).

Given the importance of single-file experimental research, conducting a comprehensive
literature review is essential to identify the gaps in previous studies and outline directions
for future research. Xue et al. [3] examine and compare pedestrian single-file experi-
ments from a modeling perspective. They compare the basic characteristics of pedestrian
movement in the literature. Their work covers methods for measurement, data extraction,
stepping behavior quantities, influential factors, and simulations of single-file pedestrian
flow. Still, a more in-depth review, focusing on the details of the experiments from a data
analytical viewpoint, is required. In this work, we explore various traffic systems, includ-
ing humans, mice, ants, bicycles, and cars, to identify similarities and differences that
can improve pedestrian dynamics. Furthermore, we define different pedestrian single-file
systems and discuss their types. We characterize the types of experimental setups and
identify factors that influence movement, along with discussion. Moreover, we propose
a methodology for preparing trajectory data and calculating movement quantities using
an open-source Python tool called “SingleFileMovementAnalysis™ [4], which is essential
for enabling future research to build on.

The subsequent sections of this paper are structured as follows. In Section 2, we explore
the single-file traffic systems available in the literature and provide comparative insights.
Additionally, we characterize single-file pedestrian systems. In Section 3, we review the
single-file experiments in the literature focusing on the type of setups. In Sections 4, we
explore the data collection methods adopted and the movement quantities investigated
in the single-file experimental research. In Section 6, the factors influencing pedestrian
movement are identified and studied. In Section 7, we propose a methodology for prepar-
ing trajectory data, computing in a systematic way movement quantities and present a
Python software tool to analyze single-file movement data. Finally, in Sections 8 and 9,
we provide a summary of the findings, identify trends and open issues, and suggest future
research directions.

2. Exploring Single-File Traffic Systems: Definition and
Comparative Insights

Several single-file experiments have been conducted to investigate human movement [1,
2,5-41]. After reviewing the literature above, we define the single-file pedestrian system,
following the general definition of a system as described by Backlund et al. [42], as a
group of interacting pedestrians walking in a narrow path (physical or virtual path [22]),
where individuals cannot pass each other (rule: no overtaking). The order of the pedes-
trians remains constant throughout the experiment. In this context, the system aims to
question the basic elements of pedestrian movement, including physical and psychologi-
cal interactions.
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Figure 2 The percentage distribution of single-file movement publications in pedestrian dynamics across
various subjects, from the literature reviewed for this paper.

The single-file system can be a closed system or an open system. In a closed system,
pedestrian movement is influenced by elements within the system. Whereas in an open
system, the surroundings can influence pedestrian movement. The term “surroundings”
refers to the environment adjacent to the area of interest. For example, when pedestri-
ans leave the predefined system boundaries and interact with the external environment.
Further explanation of the open and closed single-file systems is described in Section 3.
Having defined the pedestrian single-file system, this section aims to identify similarities
between human and non-human single-file systems. We examine the basic principles of
movement that govern these systems and identify possible movement similarities.

Exploring other single-file systems involving non-human entities offers valuable in-
sights into understanding movement properties and relations in these systems. For ex-
ample, studying the adaptive behaviors of ants and mice, and observing the movement
of bicycles, and cars in response to movement stimuli (obstacles, other nearby entities,
etc.) can inspire innovative modeling or crowd management approaches. Table 3 in Ap-
pendix A summarizes all single-file experiments reviewed in this article for various traffic
systems.

Many non-human single-file systems, such as those observed in insects and rodents
within animal societies, have been explored in the literature [43,44]. Both systems (mice
and ants) show that speed decreases with increasing density and exhibit a piecewise linear
relationship between headway distance and speed, similar to the human system. How-
ever, scattered data points are observed in these relationships. The researchers attribute
this primarily to random pauses. For example, Xiao et al. [43] find that at all densities,
mice stop under various circumstances, including spontaneous pauses, space constraints,
and tail effects (when a mouse stops or retreats after being touched by the tail of another).
Similarly, Wang et al. [44] observe that ants exhibit random pauses during their experi-
ments. Unlike in human systems, stopping occurs at high densities only when insufficient
space is available to move forward [45].

Another difference is that mice and ants do not maintain personal space while walking,



Comprehensive Review and Software for Single-file Pedestrian Experiments 5

resulting in increased speed and flow at high densities. For instance, in the experiment
with mice, the flow remains almost constant at high densities (non-dimensional density
above 0.4) because the mice tend to make contact and move on top of each other, a behav-
ior we refer to as overlapping. Like in experiments with ants, behaviors such as touching
and moving backward are observed. Unlike the human system, where flow and speed
decrease at high densities because pedestrians maintain some distance to avoid collisions
and touching others. We recognize that differences in movement can be attributed to the
dissimilar physical attributes (i.e., body size and shape), cognition, and decision-making
processes of humans and non-human beings. However, we assume that touching and
pausing behavior helps to gain insight into improving flow in high densities (short head-
way distances less than personal space).

Another group of single-file systems studied in the literature is vehicular systems. Re-
search on vehicular single-file movement shows good agreement between studies regard-
ing the relationship between certain movement quantities [46], such as the density-flow
and density-speed. However, vehicles such as bicycles [14,46,47] and both human-driven
and autonomous cars [48—51], are machines controlled by humans. This indicates that the
movement of these vehicles is systematic and dominated by the physical constraints on the
car, such as inertia and limitations on possible acceleration. We assume that investigating
vehicular systems helps us understand how humans make decisions to control vehicles,
addressing three main concerns: following instructions, avoiding collisions, and ensuring
safety. Thus, the benefits of studying pedestrian dynamics from studying vehicular traffic
can be linked to understanding cognitive processes. The differences and similarities in
the motion properties among single-file traffic systems (such as pedestrians, mice, ants,
bicycles, and cars) are summarized in Table 1.

3. Types of Experimental Setups

This section reviews the setup configurations and discusses their distinct features of single-
file experiments involving pedestrians. We also present previously studied setup types in
the literature and provide some insights.

Experimental studies on pedestrians’ single-file movement have been performed in var-
ious shapes/types of setups (see Figure 3): oval [1,2,5,6,8, 11-13,17,19,21,25,26, 28,
29,32-34,38,39,41], circle [7,9,10,14,16,22,24,32], stairs [15,35,36], one-dimensional
observation area [22,27,31], square with four straight corridors and four arcs [40], rect-
angle [30], rectangle with four straight corridors and four arcs [23], ship corridor [20],
branch [37], seat aisle [18], flood [52].

We observe that the selection of the shape/type of the experimental setup is contingent
upon the evacuation scenario the authors intend to investigate. After reviewing the lit-
erature, we categorize single-file experiments into five evacuation scenarios based on the
evacuation facility under study: flood (moving in water), stairs, ships, seat aisles, and
ground level (in general).

Here, we provide a brief overview of the relevant literature on the evacuation scenario
in flood, stairs, ship corridors, and seat aisles. Li et al. [52] investigate the effectiveness
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Table 1 Comparison of movement characteristics among different single-file traffic systems.
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of different formations for evacuating pedestrians during a flood. The authors perform
experiments with a pool, using a single-file system at two specific water depths (0.35 m
and 0.60 m), and compare the efficiency of evacuations with and without a rescue rope.
The study finds that using a rescue rope in single-file formation during flood evacuations
significantly reduces pedestrian fatigue and increases speed, particularly in higher water
depths. In the investigation of stair evacuation, Chen et al. [15] conducted experiments
exploring the movement characteristics of pedestrians ascending and descending stair-
ways. The results show that descending stairs is faster than ascending, as pedestrians ben-
efit from gravity during descent, whereas ascent requires more effort, resulting in slower
speeds. Furthermore, the speed in stairways described by the number of steps in the longi-
tudinal direction. Wang et al. [35] further investigate the impact of stair configuration and
explore the influence of stair dimensions on pedestrian movement characteristics. The
authors find that the stair configuration, particularly tread depth and riser height, signifi-
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Figure 3 Illustrations of the experimental setups for different evacuation scenarios: (A) Oval (B) Circle
(C) Stairs (D) One-dimensional observation area (E) Square with four straight corridors and four
arcs (F) Rectangle (G) Rectangle with four straight corridors and four arcs (H) Ship corridor (I)
Branch (J) Seat aisle (K) Flood.

cantly affects pedestrian movement speed, with steeper stairs leading to reduced walking
speed. Ye et al. [36] compare pedestrian movement under motivation (fast walking) with
normal walking. The results show that pedestrians on stairs move faster when motivated
(fast walking condition), with descending movements being quicker than ascending ones,
and that motivation increases velocity correlation between adjacent pedestrians.

Shifting the focus to evacuation in ship corridors, Sun et al. [20] design a simulator for
ship corridors to explore the impact of trim (ship’s tilt along its length) and heeling (ship’s
tilt to one side) on walking characteristics. The results indicate that the trim and heeling
angles affect the pedestrian walking speed, with trim angles having a greater impact than
heeling. Lastly, for seat aisle evacuations, Huang et al. [ 18] explore the effects of inactive
pedestrians (non-moving), and aisle width’s impact on pedestrian dynamics. They find
that in narrow seat aisles, pedestrian walking speed increases as aisle width increases up
to 0.40 m, after which it stabilizes, and that interactions with inactive pedestrians can
significantly slow down the flow, particularly in narrower aisles. While the studies above
offer valuable perspectives on single-file movement, our research aims to narrow the focus
to ground-level experiments.

In ground-level experiments, various shapes/types of setups are explored. We divide
them into two groups depending on the boundary conditions under which the experiment
is conducted: open (open system) or closed boundary conditions (closed system). Exper-
iments under open boundary conditions include setups with open entrances so pedestrians
can enter and leave during the experiment. Examples include branch and one-dimensional
observation areas. Lian et al. [37] employ a branch setup in which pedestrian streams from
two entrances converge into a single main channel to reach the exit. The authors aim to
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explore pedestrian movement properties through single-file merging experiments, varying
merging angles and inflow rates. In the one-dimensional observation area, Appert-Rolland
et al. [22] conducted unidirectional experiments to investigate collective and individual
decisions in walking. In other words, they study how pedestrians adapt their trajectories
and velocities while walking freely in a group of people, rather than moving within a fixed
density of pedestrians. During the experiments, pedestrians move along a fixed straight
line across the facility, one after the other, following a leader who walks at either their
free velocity or a prescribed low velocity.

Huang et al. [27] performed a one-dimensional observation area experiment to analyze
the impact of luggage on pedestrian flow at traffic terminals. Participants are instructed to
imitate walking in a terminal by following the queue while passing through the observa-
tion area. Wang et al. [31] also conduct a one-dimensional observation area experiment
to study knee and hand crawling evacuations in fire accidents. Participants pass through a
narrow channel divided into two parts: an upright walking area and a knee and crawling
area, allowing the investigation of the sole movement characteristics of pedestrians and
their movement properties under an increasing inflow at the channel’s entrance. In the
aforementioned studies, we observe that the authors opted for an open-boundary setup
because they are interested in monitoring inflow and outflow as experimental setups.

In experiments under closed boundary conditions, the configuration is enclosed, en-
abling pedestrians to move within the setup without exiting during the experiment. Ex-
amples include an oval, circle, rectangle, a rectangle with four straight corridors and four
arcs, and a square with four straight corridors and four arcs. The most commonly ex-
plored shape/type is the oval; approximately 52% oval from the total single-file experi-
ments reviewed for this article (for all evacuation scenarios). Seyfried et al. [ 1] are the first
researchers who introduce the oval setup for pedestrian’s single-file experiments. The au-
thors explain that the oval setup, similar to the one in [53], limits the number of test objects
in the experimental setup and achieves high density without boundary effects. Besides,
implementing circular guiding of the passageway gives periodic boundary conditions.

Experiments involving single-file movement in a circle shape or type constitute ap-
proximately 19% of the total single-file experiments. The initial research adopting the
circle shape in single-file experiments is done by Jezbera et al. [7]. Subsequent stud-
ies have continued to perform circle experiments [9, 10, 14, 16,22,24,32]. None of the
researchers explicitly state the rationale behind choosing the circle over the oval config-
uration. Jezbera et al. [7] merely state that they chose a geometry allowing pedestrians
to walk in a single line without overtaking, to perform experiments at various pedestrian
densities, and to operate in closed boundary conditions. After reviewing the literature in
oval and circle shapes, we summarize the main purpose of the experiments as presented
in Table 2.

In ground-level experiments under closed boundary conditions, few researchers study
single-file movement using the following setup shapes/types: a rectangle, a rectangle
with four straight corridors and four arcs, and a square with four straight corridors and
four arcs. Wang et al. [30] investigate the movement characteristics of pedestrians during
the deceleration phase. The experimental setup employs a rectangular configuration; the
rationale behind using a rectangular shape is not explicitly stated. This configuration con-
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Table 2 Summary of the objectives of oval and circular single-file experiments.

Main Objective Focuses References
Distances between pedestrians [7]
Density-speed relationship [1]
Investigate movement | Instantaneous velocity and spatial headway Re- | [10]
characteristics or lationship
behavior Microscopic movement characteristics | [11]
(density-speed, lateral sway, step frequency,
headway distances, and speed-headway dis-
tances)
Stepping behavior (step length, step duration, | [19,34,54]
stepping synchronization, step extent, and con-
tact buffer)
Movement in high-density conditions [24]
Influence of bottlenecks on pedestrian flow [55]
Validate data Trajectories of pedestrians’ heads [6]
extraction methods
Rhythm [9,16]
Instructions (walking decisions in crowds) [22]
Social conventions and location [2,41]
Effect of influential Age [12,25]
factors Gender [26,39,56]
Background music [28]
Height constraints [29]
Social distancing measures [33]
Compare traffic Cars vs. bicycles vs. pedestrians [14]
systems
Compare data sources | Experiments vs. field studies [17]
Compare setup Oval vs. circle [32]
shapes

sists of two horizontal and longitudinal paths. The authors emphasize the significance of
understanding the deceleration phase in real-life scenarios, where pedestrians slow down
to avoid collisions when their predecessors suddenly come to a stop. The focus of Wang
et al.’s article is on examining different stop-distance commands: normal stop and close
stop, for two types of walking speeds, namely normal and fast walking. Cao et al. [23]
investigate the influence of the pedestrian’s visibility on the movement properties in a rect-
angle with four straight corridors and four arcs setup. The authors perform three types
of experiments under limited visibility: 0.3% (partial visibility), 0.1% (partial visibility),
and 0.0% (no visibility) light transmissions. The shape of the setup has four straight corri-
dors with three arcs built with longitudinal walls. These long walls serve as boundaries to
ensure that participants remain within the experimental setup while walking with limited
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visibility.

From reviewing the ground-level experiments, we observe that the selection of open
or closed shapes/types depends on the goal of limiting the number of pedestrians inside
the experimental setup and achieving high density without encountering boundary effects.
Additionally, it depends primarily on the purpose of the experiment. For example, Lian
et al. [37] aims to investigate the effect of complex structures (pedestrians merging on
branching walking paths) on the properties of pedestrian movement. Another experiment
by Seyfried et al. [1], where they execute an oval setup to analyze the simple system of
pedestrians walking at different densities and without boundary effect. However, some
researchers do not explicitly state the reason for choosing the shape/type of the exper-
imental setup, but we can deduce it based on the experimental information and details
provided.

In summary, we offer valuable insights and recommendations derived from a compre-
hensive review of the literature on the shapes of setups and experimental settings. We
recommend having fewer variables in the experimental settings. That emphasizes iso-
lating undesired effects from the surrounding environment, including external sounds,
weather changes, and light changes. Any variation in the experiments can impact the way
pedestrians walk. Some research already examines the potential effect of the setup con-
figuration (oval and circle) on pedestrian movement [1, 8,32]. The oval setup consists of
two straight parts and two curvatures, whereas the circular setup is entirely composed of
a continuous curve. Seyfried et al. [1] consider the possible influence of the curve part
of the oval setup. To avoid this effect, they widen the width of the corridor in the curves,
and a measurement section is selected in the center of the straight part of the passage-
way. However, we assume that limiting the investigation only to the straight part will
neglect the characteristics that could be explored in the entire walking path. To avoid the
previous issue, Ziemer et al. [ 13] proposes transforming the oval trajectories into straight
trajectories. In this case, the investigation of all trajectories is applicable.

From observing some oval experimental videos, we notice that the navigation between
the two parts (straight and curved) could be responsible for a change in walking behav-
ior because the pedestrian turns at the beginning of the curve. The study of [13] al-
ready assumes the potential influence and compares the fundamental diagram relationship
(density-speed) of the straight and curved parts. They use the Kolmogorov-Smirnov test
to determine whether two data sets in the density-speed relationship have the same distri-
bution. The results show that the difference between the straight and curved parts can be
neglected.

Fu et al. [32] have another opinion about the possible influence of the curve. The
authors examine the impact of curvature by comparing oval and circular pedestrian ex-
periments while keeping settings like path circumference, participant number, methods to
extract trajectories, movement direction, and measurement techniques constant. They find
that pedestrian flow in the straight part of the oval setup is 20% higher than in the curved
part of both setups. This difference is attributed to a more heterogeneous distribution on
straight paths, allowing efficient space use and increased flow, whereas curvature leads
to a more homogeneous distribution and reduced density. Additionally, at high global
densities, the mean instantaneous density is higher in the oval passage than in the circular
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one. The curvature effect causes differences in pedestrian distribution and decreases den-
sity. These findings highlight significant differences in movement characteristics between
oval and circular setups. Therefore, we advise researchers studying experiments involv-
ing curves to either standardize turning angles for experiments that aim to compare or use
experiments with similar shapes.

4. Data Collection

This section provides an overview of the data collection processes for pedestrians’ single-
file experiments conducted under closed-boundary conditions. This section does not ex-
plore the devices suitable for data collection in achieving the experiment objectives. How-
ever, we provide an overview of the data collection processes in the literature, the data
types, and the devices used to collect data from single-file experiments. For more details,
we refer to Table 4 in Appendix B

We define data collection in single-file experiments as a systematic process for collect-
ing and processing data to investigate the characteristics of pedestrian motion. Several
data collection processes are followed depending on the data type, devices, and methods
used for data collection. The process mainly includes the following steps: installing the
devices to collect data (i.e., capturing videos and detecting brain signals) and process-
ing the data (e.g., extracting head positions by detecting pedestrians’ heads and tracking
them throughout the experiment duration). Based on the experiments we review, the data
collection processes can be categorized into two groups:

1. Semi-automatic data collection: combines both manual and automatic processes.
In other words, some tasks or functions in the data collection processes are auto-
mated, while others require human intervention. For instance, Chattaraj et al. [2]
use a digital camera to capture the experiments and manually extract the data frames
of participants entering/exiting from the measurement area by observing the videos.

2. Automatic data collection: all processes are fully automated. The only involve-
ment of humans is to verify and manually adjust the results from the system. For
example, Paetzke et al. [39] capture the whole experiment using a digital camera
and then detect and extract pedestrians’ heads using PeTrack [57] software.

The first step in the data collection involves employing the appropriate devices to col-
lect data required for the investigation. In single-file experiments, various devices are
installed to collect data and differ in the type of data they measure (see Figure 4).

The primary focus of most experiments is to capture pedestrians’ positions over time
through head trajectories [5,6,11-14,19,21-26,28-30,32,33,39,40,58], which is signif-
icant for calculating movement quantities such as speed, density, and headway distances.
Cameras are the predominant devices used to collect head trajectories. The cameras cap-
ture video footage, enabling the extraction of trajectories by detecting and tracking the
positions throughout the experiment execution. This results in 2D or 3D positions over
time. Various types of cameras are utilized for this purpose. The most commonly used
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Figure 4 The data types presented in the single-file movement articles (under closed-boundary conditions)
from the literature in this article.

are the digital cameras to capture the experiment from a side-view [1,5,38] or bird’s-eye
view [6,11-14,19,21,23,25,28-30,32,33,37,39, 58]. The former condition (side-view)
is recommended when the roof of the experimental hall is not high enough to locate
the camera perpendicular to the setup, or if the researchers are interested in observing
the movement characteristics from the side view. Whereas, the latter condition (bird’s-
eye view) provides the data of the overall periodic movement of all pedestrians inside
the entire setup. Other types of cameras used rarely in the experiments include Stereo
Vision camera [1], UAV drone camera [24], infrared camera [10,22], and Camcorders
device. [34].

More types of data are extracted from video footage. Thompson et al. [38] collect
trajectories of shoulders, hips, knees, tips of the toes, and heels to analyze stepping be-
havior. Furthermore, time instances of entry/exit to/from a specified measurement area are
recorded to calculate the density in [1,2,5,17,41]. Other devices are less commonly used
in the literature for extracting movement data, such as the light gate [7] detect each pedes-
trian’s crossing time at a designated spatial point, ultra-small near-infrared spectroscopy
(NIRS) device [16] to measure frontopolar/brain activity signals, and Ultra-Wideband
(UWB) to collect pedestrians’ trajectories by utilizing tag signals combined with the lo-
cation coordinates of the base station [40]. After reviewing the literature, we include that
the selection of data collection devices depends on the types of data one aims to measure
or record to investigate quantities related to movement. Besides, this choice is influenced
by the researchers’ preferences, which are shaped by the availability of both experience
and financial resources to explore and implement new, specialized devices.

The second step for collecting data involves the processing of the collected data. 1t
includes extracting the data of interest from collected raw data (i.e., video footage) and
preparing the data for usage. One of the most common processing steps for video footage
is the extraction of pedestrians’ head trajectories over the experimental duration. To
achieve this, the process begins by detecting individuals’ heads or markers in the initial
frame and then tracks their positions in subsequent frames. In addition to the videos, there
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are other data types, such as pedestrian information stored in an ID marker [39]. Several
methods employed in the literature to process the data, such as manual observation of the
videos [1, 17,41], applying image processing techniques based on the mean-shift algo-
rithm [19,23,33,37], Tracker software [24], and PeTrack software [5,12,21,25,26,28-30,
32,39]. PeTrack [57] is the widely used open-source software in the literature because it
is specialized software for calibrating, recognizing, and tracking pedestrians and is avail-
able online for free. Based on our literature review, we conclude that the data processing
varies depending on the utilization of collected data in the investigation (i.e., calculating
movement quantities using pedestrian positions).

5. Movement Quantities

After collecting the data, the quantities that characterize pedestrian dynamics are calcu-
lated. The researchers use these quantities to quantitatively analyze pedestrian dynamics.
In this section, we narrow the focus to the research on ground-level experiments con-
ducted under closed boundary conditions. We discuss the quantities and the methodolo-
gies employed.

We can categorize the movement quantities in the literature into four groups based on
their focus on different aspects of human behavior: quantities to describe head movement
(to represent pedestrian movement) [1,2,6-8, 10, 12—14, 17,22-26,29,30,32,33,39,41,
55, 56, 58], stepping locomotion [9, 19, 21, 34, 38, 54], both (head movement, stepping
locomotion) [11, 28], and cognitive behavior (using brain signals) [16]. Here, we focus
the review on the research that analyzes head movement.

Different methodologies are employed in the literature to calculate movement quan-
tities. These methodologies vary according to the objectives of the analyses. The first
aspect is the level of movement to describe, including microscopic [12,13,26,30,31,33,
37,39] and macroscopic levels [1,2,28,41]. At the microscopic level, the movement
properties of each pedestrian are investigated during the experiment. At the macroscopic
level, the motion characteristics of a group of pedestrians are studied throughout the ex-
periment and averaged over time or space. Jelic et al. [10] qualitatively analyze the influ-
ence of different measurement procedures—macroscopic and microscopic—which they
refer to as global and local measurements, respectively. Comparing the density—speed
diagrams from both measurements reveals very similar results at low densities (approx-
imately less than 1.2 m~'). At higher densities (when stop-and-go waves appear), the
results of both measurements differ. Ren et al. [25] find that both macroscopic and mi-
croscopic level measurements reveal similar trends in density-speed diagrams but with
different levels of resolution. The microscopic level measurements provide finer detail,
particularly at higher densities, where localized fluctuations in speed and density become
pronounced. We observe from reviewing the literature that using macroscopic measure-
ments, where the movement quantities are averaged for multiple pedestrians, ignores the
individual movement characteristics. Further quantitative research is needed to compare
the disparities in the results from various measurement procedures in single-file exper-
iments. Previous studies show that different measurement procedures produce varying
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density—speed relations [59]. However, these findings are based on studies of crowds in
straight corridors and T-junction experiments, not on single-file movements.

The second aspect is the setup area that the measurements cover. Studies focus on ei-
ther the measurement area (a predefined part of the experimental setup) [2,23,26,28,29,
32,33,39,41], or the entire setup path (applying a linear transformation or 2D calcula-
tions) [12,13,25,28]. Upon reviewing the literature, we notice that calculating movement
quantities for a specific part of the setup is simpler. It is simple because there is no need
to transform the trajectories when analyzing longitudinal movement (along the x-axis).
Instead, the equations for calculating quantities are applied directly to that area. We dis-
cuss this further in Section 7. However, analyzing pedestrian movement across the entire
setup enables observing phenomena like stop-and-go waves that require complete trajec-
tories [13].

The third aspect is the dimension for calculating movement quantities: one dimension
or two dimensions. Most studies focus on the 1D movement because the researchers are
interested in studying the longitudinal interactions among pedestrians walking in single-
file experiments. Only Fu et al. [32] calculate the speed and density in 2D in the circle
experiments without reporting why they used the 2D measurements. Yet, no single-file
research compare the analysis results using 1D and 2D measurements. Using data from
Paetzke et al. [39] experiments, we plot the speed-density relation to observe the dif-
ferences between 1D and 2D measurements (using the tool in Section 7). We disregard
comparing density in one and two dimensions because the 2D density values are equiva-
lent to the 1D values plus a constant. As we see in Figure 5, the volume of speed in 2D is
larger than 1D, because the magnitude of the speed in 2D is inherently greater than 1D.
The significance of this difference can be further investigated, depending on quantitative
analysis and the objective of the experiment (i.e., is the lateral displacement of the head
important for the research?).

One-dimensional Two-dimensional
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Figure 5 Speed-density relation using 1D and 2D measurements of the speed.

The fourth aspect concerns the phase of movement chosen for analysis. In single-file
experiments, Chattaraj et al. [2] identify three distinct phases of movement: acceleration,
during which pedestrians start walking and their speed increases gradually; steady state,
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where their speed remains relatively stable; and deceleration, in which individuals gradu-
ally reduce their speed until they leave the setup or stop. Most studies focus on investigat-
ing movement characteristics during the steady state, except Wang et al. [30]. In the latter,
the authors study how people slow down when walking in single-file to better understand
their behavior during sudden stops [30]. The author’s motivation for conducting this study
is to enhance evacuation plans, prevent collisions, and ensure safety during emergencies.
We believe that analyzing the data from a steady state allows gaining valuable insights
into system behavior while simplifying the analysis. However, we assume it is essential
to recognize the limitations of steady-state analysis and consider transient effects when
necessary for a comprehensive understanding of pedestrian dynamic systems.

Finally, we summarize an artifact related to the calculation of movement quantities
that influence single-file movement analysis as reported in the literature. Jelic et al. [10]
demonstrate that the number of detected markers during data extraction affects the anal-
ysis. Some pedestrians’ head markers are occluded in the experimental videos resulting
in the loss of their head trajectories during specific time intervals. Jelic et al. com-
pare the density-speed relationship using different numbers of detected markers and find
that data points for all marker quantities mostly overlap. Additionally, density values
are higher with fewer detected markers because density calculations include distances
between pedestrians and their predecessors and followers. Hidden predecessors or fol-
lowers not included in the trajectories increase these distances. We recommend that the
position and numbers of detected markers match the real experiment’s precision to avoid
inaccuracies in the analysis.

6. Factors that influence movements

Various factors can be examined in pedestrians’ single-file experiments (see Figure 7).
In this section, we focus on discussing the influential factors already investigate on the
ground-level evacuation scenario under closed-boundary conditions. We categorize these
factors and discuss their influence on the characteristics of pedestrian movement.

Analyzing the impact of various influential factors is essential for modelers simulating
pedestrian movement and for event organizers to implement safety procedures. To under-
stand pedestrian walking behavior, we thoroughly explore potential factors and their im-
pact on movement quantities, such as speed changes and flow variations. Analyzing these
factors helps uncover correlations and causal relationships between variables, which are
important for defining movement.

By observing experimental videos, participating in experiments, reviewing relevant lit-
erature, and conducting research on diverse aspects of single-file movement, we catego-
rize these influential factors into three main groups based on their sources (see Figure 6):

* Personal attributes such as age, gender, etc.

* Cognitive factors involve mental processes and knowledge acquisition through
thoughts, experience, and the senses, i.e., route choice, and motivation.
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* Social factors including interactions with other pedestrians.

* Environmental factors including physical characteristics and layout of the exper-
iment where individuals move and interact, such as location, weather, lighting con-
ditions, etc.

We define social conventions as a set of agreed-upon or generally accepted standards
and social norms that a group of people follows. These conventions influence walking
behavior, as observed by Chattaraj et al. [2] in their pioneering research comparing young
German and Indian participants. They conduct quantitative and qualitative analyses of the
free-flow speed, density-speed, and speed-headway relations of Indian and German exper-
iments. The results show that German walking speed is more dependent on density than
Indian speed, with Indian data exhibiting greater fluctuations in speed and density (un-
ordered behavior). Germans maintain greater personal space (headway distance) than In-
dians. Furthermore, both groups have similar free-flow speeds when walking alone. Bilin-
toh et al. [41] also examine social conventions by studying the locations of compatriots in
single-file experiments conducted in Ghana and China with African students. They com-
pare movement characteristics such as density, speed, flow, and headway. Their analysis
reveals that Ghanaian pedestrians (speed between 0.74 +0.01 m/s and 0.324+0.02 m/s)
walk slower than the African students in China (speed between 1.11+£0.01 m/s and
0.3140.03 m/s) at the same global densities of 0.62 m~! and 0.95 m~!, respectively.
Additionally, Ghanaians maintain smaller personal space than African students in China
based on headway distances.

1. Cognitive factors 2. Social factors

® » o

\ H )
3. Environmental factors 4. Pedestrian’s
characteristics or

properties

Figure 6 Main groups of factors that Influence movement in single-file experiments as proposed by the
authors

Age and gender are personal attributes influencing movement. Ren et al. [25] and Cao
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et al. [12] investigate the age effect on pedestrian dynamic. Cao et al. conduct a com-
parative analysis of homogeneous and heterogeneous age groups, including youth (16-18
years, average age 17), old adults (45-73 years, average age 52), and mixed groups (youth
and elders randomly ordered). In contrast, Ren et al. focus on elders aged 50-85 years,
with an average age of 70. Cao et al. find that young students move faster than old adults
in the speed-density relationship. At the same density, the young group is faster than the
mixed group. The mixed group’s speed is slightly lower than that of the old adults’ group
at densities between 0.5 m~! and 1.2 m~!, while it is higher at densities below 0.5 m 1.
Additionally, flow increases monotonically with density for all groups but reaches differ-
ent peak flows: 1.3 s~! for youth, 0.9 s~! for old adults, and 0.7 s~ ! for mixed groups
around a density of 0.9 m~!. Ren et al. compare the speeds of elders and old adults, find-
ing that the elders walk slower than the adults in the low-density scenarios but at roughly
the same speed in the mixed group. Furthermore, stop-and-go waves occur frequently and
last for a longer duration in the elderly group compared to the old adult group. The au-
thors observe from the experiment videos, time-space diagrams, and headway values that
some elders wait several seconds until they have a certain sufficient distance in front to
move again. Elders do not resume walking synchronously with the preceding pedestrian
after stopping, a phenomenon they term “active cease”. We attribute these differences in
movement to the physical mobility capabilities of pedestrians.

In gender studies, Subaih et al. [56] and Paetzke et al. [39] explore the impact of gender
composition on pedestrian movement. While their objectives are similar, their contribu-
tions and findings differ. Both studies use statistical analyses to assess the significance
of their findings with different testing methods. They find that homogeneous gender
groups (either all female or all male) exhibit similar density-speed relationships. Sub-
aih et al. observe differences in the density-speed diagram between homogeneous and
heterogeneous (mixed-ordered) gender groups, suggesting that the gender of neighboring
pedestrians affects movement. In contrast, Paetzke et al. expand the analysis to various
group compositions and find that gender composition effects on speed-density relations
are either nonexistent or only present within a narrow density range. They attribute these
discrepancies to different statistical methods and data preparation. Furthermore, Paetzke
et al. investigate additional factors like weight, height, and the gender of the preceding
pedestrian but conclude that these factors do not significantly improve the predictability
of pedestrian speed. This reinforces that gender composition and these additional factors
have minimal impact on pedestrian dynamics in single-file movement.

Some influential factors are controlled or manipulated to observe their effects on the
experimental results (motivation). For example, organizers use instructions, music, and
environmental changes to assess their impact on participants’ behavior and walking pat-
terns. Lu et al. [33] investigate pedestrian movement under different social distancing
measures similar to those during COVID-19 in China: 1 m, 2 m, and normal condi-
tions (before COVID-19). They find that social distancing measures caused participants
to maintain greater distances than normal conditions, though some violations occurred.
Stop-and-go waves under social distancing measures are observed not only at high densi-
ties but also at low-density ranges. We suppose the reason is that pedestrians prefer to stay
alert and maintain the predefined distance to follow the instructions. Thus, they stop to
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estimate and adjust the distance headway before proceeding. Wang et al. [30] investigate
the effect of stop distances by instructing participants to either stop close to or normally
behind their predecessors. The close-stop condition results in shorter average stop dis-
tances (0.34 m) compared to normal stops (0.63 m). Additionally, the speed-distance
headway slope is steeper in close-stop experiments, indicating more abrupt deceleration
as participants approach the person in front.

Appert-Rolland et al. [22] study the cognitive processes of pedestrians, focusing on
how increased freedom of movement affects pattern formation, interaction, and decision-
making in crowds using a single-file system. In their experiments, participants are in-
structed to walk in a self-chosen virtual circle without predefined boundaries. Conse-
quently, participants form circular paths by following and interacting with their predeces-
sors (following behavior).

Another group of researchers focuses on the influence of music, songs, and metronome
rhythm on pedestrian motion. They hypothesize that music and rhythm enhance pedes-
trian flow in congested situations without causing danger. Zeng et al. [28] perform an
oval experiment to understand the impact of background music on movement. Seven ex-
periments are performed: three with different music tempos, three with rhythms from a
metronome device, and one without music (normal conditions). The authors only ana-
lyze and compare the movement under normal conditions and with music at 120 beats per
minute (BPM). The analysis of density-speed and density-flow shows that at the medium
and high densities investigated, speed and flow are lower with background music than
under normal conditions. Stop-and-go waves appear in both cases at a global density
of Pglop = 1.82 m~!, but with background music participants stop frequently and for a
longer duration.

In studying the impact of metronome rhythm, Yanagisawa et al. [9], Ikeda et al. [16],
and Li et al. [40] conduct experiments with different types of setups with and without
a rhythm of 70 BPM. Yanagisawa et al. use experimental data to validate their pedes-
trian flow model, which combines two primary parameters: step size and walking pace
(steps per unit time). Their results indicate that the slower walking rhythm can enhance
pedestrian flow in congested environments. This improvement occurs because pedes-
trians maintain a more consistent pace and avoid abrupt reductions in step size, which
is observed in the experimental data. Specifically, the slow rhythm helps synchronize
pedestrian movement, reducing variability and improving flow at high densities.

Ikeda et al. analyze the impact of steady beats on the cognitive processes of pedestri-
ans by measuring participants’ frontopolar brain activity in walking and stepping groups.
They find that playing a steady beat sound (like a metronome) helps groups walk together
more smoothly in crowded situations and improves the coordination between their brain
activities, particularly in the prefrontal region. The aforementioned research on music
and metronome rhythms demonstrates that pedestrian flow can be improved by music and
rhythm, which influence stepping behavior and cognitive processes.

There are also Environmental factors that significantly impact pedestrian movement, as
demonstrated by various studies. Cao et al. [23] investigate the movement under various
visibility conditions by testing three levels of light transmission (0.3%, 0.1%, and 0.0%).
The study show that pedestrian speed and flow change significantly with different visi-
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bility conditions. Specifically, the following behavior (toward proceeding pedestrians or
the walls) is observed at light transmissions of 0.1% and 0.0%. Additionally, stop-and-
go waves appear at low densities and increased as visibility decreased. The maximum
specific flow rates vary with visibility, being 1.3 s7!, 1.15s~!, and 0.9 s~! for light trans-
missions of 0.3%, 0.1%, and 0.0%, respectively.

Chattaraj et al. [2] investigate the influence of corridor length and found no significant
impact on speed-density or speed-headway distance relations. Jelic et al. [10] analyze
how the walking path -either along the inner wall or the outer wall of a circular setup-
affects pedestrian movement. The authors observe that pedestrians maintain a slightly
greater distance from the wall when walking along the outer path compared to the inner
path. Furthermore, they find no significant differences in density-speed relations between
the two paths.

Ren et al. [25] explore the effects of vertical walls in various experimental setups,
observing different pedestrian behaviors based on wall presence. They examine three
cases: case one with a wall on one side of a straight section, case two with walls on both
sides of a straight section, and case three with no walls in curved sections. Pedestrians
in case one tend to walk away from the wall towards the open side, while movements
in case two are less fluctuating and more concentrated compared to cases one and three.
In case three, fluctuations are more frequent, and pedestrians often crossed boundaries,
especially at high densities, leading to overlapping. The study concludes that boundary
types, whether vertical walls or ground tape, significantly affect pedestrian movement
characteristics. Ren et al. [25] also observe the influence of the setup shape on the speed
of pedestrians (straight and curved). This influence is further analyzed by Fu et al. [32],
where the authors find that pedestrian flow increases in the straight part (oval experiments)
than the flow in the curve part (discussed before in Section 3).

Ma et al. [29] conduct experiments to understand the impact of height constraints
(1.0m, 1.2 m, 1.4 m, 1.6 m, and 2.0 m) on pedestrian movement. The authors find that
speed distributions across different heights follow a Gaussian pattern, with lower height
constraints significantly reducing pedestrian speeds and altering the flow. In conclusion,
experimental settings such as visibility, corridor length, walking path, boundaries, setup
shape, and height constraints significantly affect pedestrian movement analysis. These
factors should be carefully considered in the analysis and interpretation of results.
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7. Methodology for Preparing Trajectory Data and
Calculating Movement Quantities

From reviewing the literature, we notice that various studies employ different codes and
tools to analyze experiments. These differences stem from diverse experimental setups
and settings. We analyze data from multiple studies to ensure a comprehensive under-
standing, i.e., comparing the one-dimensional and two-dimensional measurements dis-
cussed in Section 5. We identify the need for foundational software for single-file experi-
ments that researchers can build upon. This software is open-source and available online,
enabling developers to systematically analyze experiments across different settings. The
tool serves as a standardized approach for data analysis. Furthermore, it provides a foun-
dation for future development, allowing other researchers to enhance its capabilities by

adding new features.
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Figure 8 Flowchart for calculating movement quantities using head trajectories.

In this section, we introduce a Python tool for analyzing single-file experiments. We
also propose a methodology for preparing experimental data (head trajectories), calculat-
ing movement quantities, and analyzing the common relations investigated in the single-
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file literature: density-speed and density-headway. To qualitatively and quantitatively
analyze the single-file movement by using head trajectories, we propose the methodol-
ogy outlined in the flowchart presented in Figure § to prepare the raw data and calculate
movement quantities.

The first two steps in the methodology for preparing the raw trajectory data are trans-
Jformation additional and transformation straight. Upon observing the plots of raw tra-
jectories in the literature, we notice that the (x,y) values are centered around different
points, depending on the trajectory extraction process (location of the coordination sys-
tem). To convert oval trajectories into straight - a process we refer to as the “transforma-

tion straight” step, following the method of Ziemer et al. [13] - we adjust the trajectories
x x

/

y
In this system, trajectories represent a person starting her/his walk from the beginning

of the bottom straight corridor (x = 0), along the corridor’s central line (y = 0) (Sub-
figure 9(b) show the new coordination system). Additional transformation is achieved
by applying appropriate transformations in geometry, such as rotation, shifting, etc (see
Sub-figures 9(a) transform to 9(c)).

Some common cases for additional transformation are summarized as follows:

to a new, unified Cartesian coordinate system, 7 : R? — R2,

1. In some experiments, the (x,y) coordinates are given in centimeters. We convert
them to meters by setting the unit conversion factor u as follows: if the original
units are in centimeters, then u = 100 to convert to meters; otherwise, u = 1.

2. To ensure the straight segments of the oval setup are parallel to the x-axis, rotate the
trajectories by 90° clockwise, transforming (x,y) — (y, —x), or 90° anticlockwise,
transforming (x,y) — (—y,x). For experiments, pedestrians walk either clockwise
or anticlockwise. In clockwise experiments, apply horizontal reflection to calculate
distances, setting constraints i = —1 and j = —1 for axis reflections; otherwise, set
i=1land j=1.

3. To align the origin with the middle line of the corridor, as shown in Sub-figure 9(b),
we need to shift the trajectories horizontally or vertically. For horizontal and verti-
cal translations, we use the constants kK € R and d € R, respectively.

The additional transformation equations 7 are:

="k (1)
u
=21 2)

In case we want to calculate the movement quantities for pedestrians walking inside
a specific area (the straight part), we need to extract (x,y) values from within the space
interval of the measurement area, (x,y) € [a,b], where a € R and b € R represent the
minimum and maximum x-axis values, respectively.
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(a) Raw head trajectories. (b) Sketch of the new coordination system.

(c) Transformation additional. (d) Transformation straight.

Figure 9 The steps of the transformation applied to the trajectory data extracted from the single-file ex-
periment.

To apply transformation straight, T' : R> — R?, (x> — <x > the equations are

y//

defined as follows:

(
r—y
l+r arcos( (x_€)2+(y_r)2> x>/,
X 0<x</l y<r,

X' = 3)
204+rm—x 0<x<{,y>r,
2€+rn+rarcos<2r¢) x <0,

2 (y—r)?

\
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and
(y—r)2—r 0<x<y,
Y=/ G=02+G—r)?=-r x>/, 4
X2+ (y—r)2—r x<0,

where /¢ represents the length of the straight segment of the oval corridor, and r denotes
the radius of the curved part (see Figure 9(b)).

The third step of the methodology involves calculating the movement quantities. In
our paper, we calculate Voronoi 1D density, individual instantaneous speed, and headway
distance. To calculate the headway distance, we apply the following equation:

i —X; i=1,...n—1,
hi(x):{xﬂ(t) xi(t) ! n 5)

(c—x,(2)) +x1(2) i=n.

where 7 is the number of pedestrians in the experiment and c is the geometry circumfer-
ence.
Voronoi 1D density is defined as:

2 hio1(x)  hi(x) I

—2 ___ xc :
Pi(X) _ hi_q (x)—i—hi(x) [ 2 2 (6)
0 Otherwise.

Finally, we calculate the individual instantaneous speeds of pedestrians using the fol-
lowing equation for side-view experiments or analysis within a specific measurement area:

((xi(t+A1/2)—x;(1—At/2)

= t+At)2 <teng, t — At/2 > ttar,
Xi(tstart)—Xi(l—Al/z)
A t+At/2 > tond, t —At/2 > tsiart,
bi(t) = 4 heanta2 /2> fen /22 fan (7)

Xi(1+A1/2) ;i (tena)
fend—t+AL/2

t+At)2 <teng, t — A2 < tytart,

\ 0 otherwise,

where fgar¢ and f.,q are the time when the pedestrian i enters and leaves the measurement
area, respectively. The short time constant of Ar = 0.4 s (10 frames) is used to smooth tra-
jectories and avoid fluctuations in the stepping behavior of pedestrians. For the top-view
experiments, Equation 7 (case one) is used to calculate the /D individual instantaneous
speeds. In 2D, the speed is calculated by dividing the displacement in 2D by At as follows:

VGl A = — A2+ (il + A /2) — il — A2
vilt) = © G

For more details regarding the proposed analysis tool, check the GitHub project Single-
FileMovementAnalysis [4]. The tool is tested across 10 experiments involving 28 datasets,
as detailed in Appendix C, Table 5.
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8. Summary, trends and future outlooks

In this section, we highlight the trends and the directions of future research in single-file
experiments.

In single-file systems (discussed in Section 2), cars and bicycles are influenced by
mechanical effects and inertia. This leads to systematic speed control and the maintenance
of space to prevent collisions, especially in traffic jams. In contrast, animals such as mice
and ants do not maintain personal space or time gaps and often overlap, pause randomly,
and even move backward, resulting in higher flow at crowded densities. Pedestrians, like
vehicles, maintain personal space, but like animals, their movements are flexible. At
high densities, people slow down to avoid contact, creating stop-and-go patterns driven
by psychological and physiological factors. These differences should be confirmed by
further experiments.

In analyzing pedestrian movement, there is a clear consensus regarding the choice of
experimental setups as reviewed in Section 3. Closed systems are preferred for inves-
tigating the fundamental diagram, as they provide controlled conditions that eliminate
external boundary effects and control the density. In contrast, open systems are valuable
for examining external influences, such as pedestrians’ streams from different directions
or decision-making in movement (i.e., direction to take, following behavior), which are
critical in real-world scenarios. However, the influence of boundaries in these setups re-
mains an area that requires further investigation. Understanding how boundary conditions
affect pedestrian dynamics can enhance our comprehension of movement.

Data collection in pedestrian studies is develop to become more comprehensive, in-
corporating surveys that gather meta-data about pedestrians, such as demographic details
and socio-psychological contexts. This trend reflects a growing recognition of the impor-
tance of understanding not only the physical movement of individuals but also the factors
influencing their behavior. Furthermore, automation through tools like PeTrack has sig-
nificantly advanced the precision of head trajectory extraction from videos, allowing for
a more detailed analysis of pedestrian movement. Different types of data are extracted by
Thompson et al. [38] such as the trajectories of shoulders, hips, knees, tips of the toes, and
heels to improve the calculation of stepping quantities. By integrating this additional in-
formation, researchers can gain deeper insights into pedestrian dynamics and the various
influences that shape movement in different environments. A new technologies to capture,
track and analyze pedestrian steps, such as step extent and step frequency is required. In
the literature, the measurements of stepping behavior are mostly analyzed using the head
trajectories. This will enable researchers to improve accuracy and reduce errors in the
analysis.

In Section 6, we discuss several factors that influence pedestrian dynamics which have
already been investigated in the literature, categorizing them into personal attributes (age,
gender), cognitive factors (route choice and motivation), social factors (interactions with
others), and environmental factors (visibility and layout). Each of these factors signifi-
cantly impacts, or does not, movement characteristics such as speed and flow, highlighting
the complexity of pedestrian behavior. There is a growing interest in research examin-
ing the effects of rhythm and music on movement to improve the flow of pedestrians in
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congested situations. The researches [9, 16, 28, 40] highlight how the rhythm and mu-
sic influence the fundamental diagram and the pedestrian behavior. Investigating how
varying tempos affect coordination and flow in different environments may provide valu-
able insights into optimizing pedestrian movement, particularly in crowded settings where
synchronization can enhance safety and efficiency. Future research could also explore the
effect of the surrounding environment (indoor or outdoor) on pedestrian dynamics. Ad-
ditionally, investigating the impact of emerging technologies, such as wearable devices
that provide real-time data on movement, could further enhance our understanding of
pedestrian dynamics. Finally, focusing on factors such as the role of individual cognitive
processes and socio-psychological factors in pedestrian behavior. For example, how in-
dividuals feel under different motivations (e.g., evacuation, noise, thythm) and how these
factors influence their decision-making. More suggested factors are highlighted in Fig-
ure /.

9. Conclusion

This article comprehensively reviews the literature on single-file pedestrian movement,
with a focus on experiments and data analysis. We provide a scientific background and
discuss the significance of single-file experiments in pedestrian dynamics. Then, we com-
pare different traffic systems - including humans, mice, rats, bicycles, and cars - to high-
light their similarities and differences. From this comparison, we derive insights that
contribute to our understanding of pedestrian dynamics. Furthermore, we present a de-
tailed discussion and categorization of the types of experimental setups, data collection
methods, movement quantities, and influential factors of the movement, and provide our
discussion. Finally, we propose a methodology and introduce the “SingleFileMovement-
Analysis” tool for analyzing single-file pedestrian dynamics. After the comprehensive re-
view, we recognize the ongoing need for further research in single-file movement. Specif-
ically, experimental research focuses on the cognition processes of moving pedestrians
to understand the related factors influencing the dynamics. We also suggest perform-
ing research concerning defining and automating the steady-state in pedestrian single-file
movement. Moreover, we encourage further experiments to investigate new influential
factors and validate new data collection devices. There is still room for improvement in
research on pedestrian single-file movement to compare experimental data against exist-
ing research objectively and easily, thereby improving the quality of analysis.
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sities

ve
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Improve a  one-di-
mensional  continuous
distance model by | The proposed model de-
10 | Song2013 [11] Pedestrians China Outdoor Oval introducing desired | scribes the one and two-
direction and analyzing | dimensional movement
microscopic movement
characteristics
Investigate how traffic | Jams occur at high den-
11 | Tadaki2013 [49] CE.ll"S (human- Japan Indoor Circle jams can emerge even s1t1§s, Wh1le free flow is
driven) without bottlenecks at a | maintained at low densi-
certain high density ties
Despite different behav-
Identify a universal flow- | iors, the flow-density re-
12 | Zhang2014 [46] Bicycles Germany | Outdoor Oval df:nsny relat10n§h1p for latlonsf}lp i described
bicycle, pedestrian, and | by a universal fundamen-
car movement systems tal diagram after rescal-
ing
. Age composition influ-
Investigate  movement ences velocity and the
13 | Cao2016 [12] Pedestrians China Outdoor Oval characteristics across y
. occurrence of stop-go
different age groups
waves
. Describe the stop-and-
Analyze congestion
. . go waves and fundamen-
dynamics using - com- tal diagrams, which have
14 | Ziemer2016 [13] Pedestrians Germany | Indoor Oval plete trajectory data & ’ .
. the same shape in both
(both straight and curved .
. straight and curved sec-
sections) .
tions of the setups
Compare and study the | Similarities exist be-
- . space-time trajectories | tween the space-time
15 | Zhao2017 [14] ) ‘: J P§destr1ans, China Outdoor Circle and space-velocity di- | trajectories and space-
e Bicycles

agrams of pedestrians,
bicycles, and vehicle

velocity diagrams of
traffic systems
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Study the characteristics

Present the  bicycle
numbers-flow  relation

16 | Jiang2017 [47] Bicycles China Outdoor Oval . and analyze the spa-
of bicycle movement . .
tiotemporal evolution of
bicycle flow
Similar properties and
. different resolutions for
Investigate  movement .
characteristics when as- | JcnSiy-speed and speed-
17 | Chen2017 [15] Pedestrians China Indoor Stairs . . headway diagrams are
cending and descending . .
. observed in ascending
stairs .
and descending move-
ment
Show that a steady beat | A steady beat signifi-
can enhance coordinated | cantly improved walking
18 | Tkeda2017 [16] Pedestrians Japan Indoor Circle group walking and inter- | flow and increased neu-
subject neural synchrony | ral synchrony between
in congested situations individuals
Compare data from a | The data from experi-
19 | Gulhare2018 [17] Pedestrians India Outdoor Oval field study with con- | ments are different from
trolled experiment the field data
Investigate movement in The speed of pedestrians
20 | Huang2018 [18] Pedestrians China Indoor Seat aisle g . changes with variations
narrow seat aisle . .
in aisle width
. . The relationship between
Analysis of continuous step leneth and headwa
21 | Ma2018 [19] Pedestrians China Outdoor Oval stepping behaviors in in- ©p feng vy
. . distance shows a piece-
teracting pedestrians Lo .
wise linear behavior
Investigate the effect of Trim 'ang’les impact
Ship cor- | ship trim and heeling pedestrians speed
22 | Sun2018 [20] Pedestrians China Indoor . . more than heeling an-
ridor in movement character-

istics

gles, which show less
influence

9€
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Investigate the link be-

There is a dependence

23 | Wang2018 [21] Pedestrians Germany | Indoor Oval tween stepping and flow | between stepping loco-
characteristics motion and speed
Reduce stop-and-go | Reduce stop-and-go
Cars (au- waves with intelligent | waves by controllin
24 | Stern2018 [50] tonomous USA Outdoor Circle & .y . &
. control of autonomous | the velocity of a single
vehicle) . L.
vehicles vehicle in the system
Circle
(virtual,
without
prede-
fined . . . . .
Examine how pedestri- | Pedestrians adjust their
Appert- . path), . . .
25 Pedestrians France Indoor . ans adapt their trajecto- | headway according to
Rolland2018 [22] . one-di- L. ,
ries in crowds the leader’s speed
men-
sional
obser-
vation
area
Rectangle
with four | Understand the move- | Visibility conditions af-
26 | Ca02019 [23] Pedestrians China Outdoor stralght ment . .charact.e.rls.tl.cs fect the occurrence of
corridors | under limited visibility | stop-and-go waves and
and four | (light conditions) the movement properties
arcs
Investicate  movement Quantitatively  discuss
ﬁ‘ gale . the values of density and
- characteristics in a high- speed for the stop and
27 | Jin2019 [24,55] Pedestrian China Outdoor Circle density circular setup (4 P P

pedestrians per square
meter)

moving states, as well
as the critical density
values
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Compare the movement
characteristics of differ-

The elderly stop for
longer periods and walk

28 | Ren2019 [25] Pedestrian China Outdoor Oval ent age groups, with afo- | more slowly than other
cus on the elderly age groups
Investigate the influence Male and ferpale groups
of sender composition walk at similar speeds,
29 | Subaih2019 [26,56] Pedestrians Palestine | Indoor Oval & pos but they adjust their
(male, female, mixed- .
speed when moving
random) on movement
together
gzrel__dl_ A decaying velocity-
sional Investigate the move- | density relationship
30 | Xia02019 [43] Mices China Indoor obser- ment characteristics of | at low densities and a
. mice non-strict relationship at
vation . .
high densities
area
One-di- Luggage has a minor
men- . . S
sional Analysis of movement | influence on individual
31 | Huang2019 [27] Pedestrians China Indoor obser- characteristics for pedes- | speed but a significant
vation trians carrying luggage impact on headway dis-
tances
area
With music there is a
Compare the movement higher frequency of stop-
Zeng2019 [28, 60, . . characteristics with and | =2 quency ot Sop
32 Pedestrians China Outdoor Oval . and-go waves, longer
61] without background mu- .
sic headway distance and
stopping durations
Investigate  movement | Height constraints affect
33 | Ma2020 [29] Pedestrians China Outdoor Oval characteristics under dif- | movement characteris-

ferent height constraints

tics

8¢
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One-di-
:;sz;ﬂ Investigate ant move- | Random pauses and
34 | Wang2020 [44] Ants China Indoor obser- ment under high- | overtaking are observed
. temperature stress among the ants
vation
area
Investigate the impact of
35 | Wang2020a [30] Pedestrians China Indoor Rectangle different stopping dis- | The type of stop influ-
tances (normal, close) on | ences the speed
movement
One-di- Investigate knee and
men- . . The speed of elementary
sional hand crawling behavior school students is faster
36 | Wang2020b [31] Pedestrians China Outdoor during building evacu-
obser- . . . than that of college stu-
. ations in a fire scenario
vation . dents
for different age groups
area
Ova, i | geometry (oval, cieutary | TR 18 an influcnce of
37 | Fu2021 [32] ﬂﬂ Pedestrians China Outdoor ’ & y ’ curvature on the flow
cle on movement character- .
s properties
istics
. Social distancing mea-
Analysis movement .
characteristics while | Sures cause pedestrians
38 | Lu2021 [33] Pedestrians China Outdoor Oval .. . to maintain greater dis-
maintaining social
. . tances compared to nor-
distancing .
mal walking
Synchronization begins
Study the synchroniza- | when the distance be-
39 | Ma2021 [34] Pedestrians China Outdoor Oval tion of both legs in inter- | tween pedestrians is too

acting pedestrians

small for them to move
forward
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Investigate the effect of

The analysis shows a
unified behavioral mech-

40 | Wang2021 [35] g Pedestrians China Indoor Stairs stair (fonﬁguratlon on aplsm for pedestrian
= pedestrian ascent and | single-file movement on
descent both horizontal planes
and stairs
Analysis of pedestrl.a " In fast walking condi-
] movement —on_ stairs tion, pedestrians move
41 | Ye2021 [36] ﬁ Pedestrians China Outdoor Stairs with different motiva- ) p ..

1 . at higher velocities com-
tions (normal and fast ared to normal walkin
walking) p &

- Cars (au- xiﬁor:;? Evaluate the impact of | Adaptive cruise control
42 | Ciuffo2021 [51] e tonomous Hungary Outdoor dom adaptive cruise control | systems tend to increase
vehicle) systems on vehicle flow | traffic instability
shape
Investigate the merging | The speed-density rela-
43 | Lian2022 [37] Pedestrians China Outdoor Branch flows of pedestrians at | tionship is not affected
different angles by the merging angle
Analyze the step extent | Step extent and contact
44 | Thompson2022 [38] m Pedestrians Sweden Indoor Oval and cc?ntact byffer of | buffer are k.e)./ pa?ameters
] i pedestrians while walk- | for determining interper-
ing sonal spacing
Compare the movement
of pedestrians in gender- | No effect of the gender
45 | Paetzke2023 [39] » Pedestrians Germany | Indoor Oval homogeneous and | of neighboring pedestri-

gender-heterogeneous
groups

ans on movement

oY
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Square
i . . hyth ff -
:t/i;}: lf?ur Investigate the influence ieitt r;ndaineccrfas;zorge
46 | Li2023 [40] - Pedestrians China Indoor g of rthythm on male
corridors . frequency of stop-and-go
pedestrian movement
and four waves
arcs
. Investigate the move-
2 ?tlt;r(;z?l?s ment characteristics of Location influences
47 | Bilintoh2023 [41] M Pedestrians .. . Outdoor Oval pedestrians  from  the
living in s movement
China same country living in
different locations
One-di-
lsTil(f):tIlla-ll Investigate the speed of Speed increases as the
48 | Li2024 [52] Pedestrians China Indoor pedestrians walking in P .
- obser- . water depth increases
Ereg . specific water depths
vation
area

* The main contribution and result reported as they appear in the original paper by the authors.

sjuawiiadxg ueLisapad aj14-9|buIS 10} 81em}oS pue MmalAaYy aAIsuayaidwo)

87



B. Data Collection

Table 4 Overview of data collection from experiments on single-file pedestrian movement during ground-level evacuation scenarios with closed boundaries,
as reviewed by the authors.

4%

. Sur-
. Country/territory . Data collec-
Experiment rounding | Setup . . .
. (where the exper- . Data type Data collection device tion
(AuthorYear [cite]) ) environ- | shape/type
iment performed) process
ment
Time Digital camera (side- | Semi-
1 | Seyfried2005 [1] Germany Indoor Oval instances view, video recordings) | automatic
Head Stereo vision camera .
. . 1 ) Automatic
trajectories | (bird’s-eye view)
2 | Chattaraj2009 [2] | India Outdoor | Oval Time Digital * camera  (side- | Semi-
instances view, video recordings) | automatic
Time Digital (side-vi Semi-
3 | Lukowski2009 [5] Germany Indoor Oval instances sltal camera SIAeVIEWS ytomatic
video recordings)
Head
trajectories
Head Digital camera (bird’s-
4 | Liu2009 [6] China Outdoor Oval . . eye view, video record- | Automatic
trajectories .
ing)
. . Time . .
S | Jezbera2010 [7] Czech Republic | Outdoor | Circle . Light gate Automatic
Instances
Head Digital camera (bird’s-
6 | Seyfried2010 [8,58] | Germany Indoor Oval . . eye view, video record- | Automatic
trajectories ing)
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Time

7 | Yanagisawa2012 [9] | Japan Indoor Circle ) No details No details
Instances
Head and
8 | Jelic2012 [10, 54] France Indoor Circle shoulders Infra_lred camera (VICON Automatic
. . motion capture system)
trajectories
Head Digital camera (bird’s-
9 | Song2013 [11] China Outdoor | Oval . . eye view, video record- | Automatic
trajectories .
ing)
Head Digital camera (bird’s-
10 | Cao2016[12] China Outdoor Oval . . eye view, video record- | Automatic
trajectories | .
ing)
Head Digital camera (bird’s-
11 | Ziemer2016 [13] Germany Indoor Oval ) ) eye view, video record- | Automatic
trajectories .
ing)
Head Digital camera (bird’s-
12 | Zhao2017 [14] China Outdoor Circle ) . eye view, video record- | Automatic
trajectories .
ing)
Frontopolar/
brain
.. NIRS Automati
13 | Tkeda2017 [16] Japan Indoor | Circle activity vromatic
signals
Number of D.lgltal cameta (.S ide- Semi-
. view around the circle, .
pedestrians . . automatic
video recording)
14 | Gulhare2018 [17] | India Outdoor | Oval Time Digital ' camera  (side- | Semi-
instances view, video recordings) | automatic

sjuawiiadxg ueLisapad aj14-9|buIS 10} 81em}oS pue MmalAaYy aAIsuayaidwo)

147



Head and | Digital camera (bird’s- | Automatic
15 | Ma2018 [19] China Outdoor Oval foot eye view, video record- | (mean-shift
trajectories | ings) algorithm)
Head Digital camera (bird’s-
16 | Wang2018 [21] Germany Indoor Oval . . eye view, video record- | Automatic
trajectories .
ings)
Circle
(virtual,
Appert- without Head Infrared camera (VICON .
17 Rolland2018 [22] France Indoor prede- trajectories | motion capture system) Automatic
fined
path)
Rectangle
:;g: ﬁ?ur Head Digital camera (bird’s-
18 | Cao2019 [23] China Outdoor s . . eye view, video record- | Automatic
corridors | trajectories ings)
and four &
arcs
Head UAV  drone camera
19 | Jin2019 [24,55] China Outdoor Circle ) ) (bird’s-eye view, video | Automatic
trajectories .
recordings)
Head Digital camera (bird’s-
20 | Ren2019 [25] China Outdoor Oval . . eye view, video record- | Automatic
trajectories .
ings)
21 | Subaih2019 [26,56] | Palestine Indoor | Oval Head ) Digital camera (side- | Semi-
trajectories | view, video recordings) | automatic

4%
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Digital camera (bird’s-

22 | Zeng2019[28,60,61] | China Outdoor Oval Hga d ) eye view, video record- | Automatic
trajectories .
ings)
Head Digital camera (bird’s-
23 | Ma2020 [29] China Outdoor Oval . . eye view, video record- | Automatic
trajectories .
ings)
Head Digital camera (bird’s-
24 | Wang2020a [30] China Indoor Rectangle . . eye view, video record- | Automatic
trajectories | .
ings)
. Digital camera (bird’s-
25 | Fu2021 [32] China Outdoor Oval, cir- He? d ) eye view, video record- | Automatic
cle trajectories | .
ings)
Head Digital camera (bird’s-
26 | Lu2021 [33] China Outdoor Oval . . eye view, video record- | Automatic
trajectories .
ings)
Head and
27 | Ma2021 [34] China Outdoor Oval foot Camcorders Automatic
trajectories
Head Digital camera (bird’s-
28 | Lian2022 [37] China Outdoor | Branch . ) eye view, video record- | Automatic
trajectories

ings)
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Right
shoulder,
hip, knee, . . .
29 | Thompson2022 [38] | Sweden Indoor Oval the tip of D‘1g1tal. camera ‘(s1de— Automatic
view, video recordings)
the toe,
and heel
trajectories
Head Digital camera (bird’s-
30 | Paetzke2023 [39] Germany Indoor Oval ) ) eye view, video record- | Automatic
trajectories .
ings)
Head
Square ... |UWB Automati
31 | Li2023 [40] China Indoor Wcilth four | trajectories utomatic
straight DJI camera (side-view,
corridors | No details video recordings, entire | No details
and four setup)
. arcs . Digital camera (bird’s- .
32 | Bilintoh2023 [41] Af.ncap stu'dents Outdoor Oval T1me eye view, video record- Semi- )
living in China instances automatic

ings)

ot
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C. Collected experimental data for testing the proposed analysis tool

Table 5 The details of the experiments, which are used to test our proposed analysis tool, comprise 28 datasets.

Dimensions of the experimental setup
Setup Corridor
Experiment . Central Straight part Measurement width Radius | Trajectory Cam;ra Frame-
. Investigates . area . . top/side | rate
(AuthorYear [cite]) circumference | length [m] (straight, [m] extraction .
length [m]) view (fps)
[m] curved) [m]
I | Lukowski2009 [5] | Motvation- |, 5, 4 2 08,12 220 | Manually | 219 | 25
haste view
2 | Seyfried2010 [58] | S1OP-and-g0 | 56 ¢ 4 4 0.7,0.7 300 | PeTrack | 1P 25
waves View
3 | Cao2016[12] Age 25.70 5 - 0.8,0.8 290 | PeTrack 31‘2; 25
4 | Ziemer2016 [13] Congestion | ¢ oy 4 - 1.0, 1.0 300 | PeTrack | °P 16
Dynamics view
5 | Wang2018 [21] Stepstyle | 16.6 2.5 - 0.8,0.8 225 | PeTrack 3105” 25
6 | Subaih2019 [26] Gender 17.27 3.14 3.14 0.6, 0.6 2.05 | PeTrack s‘:gfv 25
Side
7 | Ren2019 [25] Age 25.70 5 - 0.8,0.8 250 | PeTrack | % |25
8 | Zeng2019 [28] Motivation - 15, 43 5 - 0.8,0.8 190 | PeTrack | [°P 25
musicC View
9 | Ma2020 [29] Height 28.08 4 3 0.8,0.8 24 | PeTrack | 1°P 25
constraints View
10 | Paetzke2023 [39] | Gender 14.97 2.3 ; 0.8,0.8 1.65 | PeTrack Ef’ezv 25

sjuawiiadxg ueLisapad aj14-9|buIS 10} 81em}oS pue MmalAaYy aAIsuayaidwo)

YA %



	Introduction
	Exploring Single-File Traffic Systems: Definition and Comparative Insights
	Types of Experimental Setups
	Data Collection
	Movement Quantities
	Factors that influence movements
	Methodology for Preparing Trajectory Data and Calculating Movement Quantities
	Summary, trends and future outlooks
	Conclusion
	References
	Single-file Experiments
	Data Collection
	Collected experimental data for testing the proposed analysis tool

