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Abstract

For the understanding of the dynamics inside crowds re-
liable empirical data are needed. On that basis the safety
and comfort for pedestrians can be increased and models
reflecting the real dynamics can be designed.

For that purpose we are developing the free framework
PeTrack collecting data from laboratory experiments. With
the new integration of the detection of individual codes the
presented framework is able to personalize every single tra-
jectory by static information of each participant. The in-
clusion of inertial sensors allows the tracking of invisible
people and capturing the locomotion of the whole body also
in dense crowds. Fused information enables the analysis of
possible correlations of all observables and thus finding the
main influencing parameters for different situations.

1. Introduction

For increasing the safety and comfort for pedestrians,
e.g. by optimizing the design of escape routes and improv-
ing the transport infrastructure at stadiums or stations etc.,
the dynamics of crowds has to be understood. Collecting
data like the trajectories of every person with a high tem-
poral and spatial resolution inside a crowd allows a detailed
analysis of the movement, provides a basis for quantifica-
tions in legal regulations, guidelines and manuals for the
construction of pedestrian facilities and enables the design,
calibration and verification of microscopic models [49].
Only simulations allow the consideration of each individual,
e.g. for calculating the evacuation process for large build-
ings and large scale events.

Some of the contradictions of data and models in the lit-
erature can be traced back to insufficient methods of data
capturing or inadequate resolution of the measurement in
time and space [41]. But microscopic analysis and mod-
elling needs reliable data with a high temporal and spa-
tial resolution [|1]. Laboratory experiments investigating
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pedestrian streams give us the opportunity to selectively an-
alyze parameters independently of undesired influences and
adjust them to high densities seldom seen in field studies
[21, 44]. Optimal conditions in artificial environments en-
sure the extraction of high precise data with low error [0].
This makes it reasonable to develop measurement methods
providing high resolution in time and space of quantities
like density, flow and velocity in combination with small
scatter [43, 48]. Trajectories of very high quality [4] en-
riched with additional data allow the analysis of parameters
with only little influence like body height, age or gender e.g.
on stepping locomotion or interpersonal space.

The level of detail of the extracted information presented
in the literature varies. For getting an impression of the
overall movement of a crowd, determining abnormal behav-
ior or separating the crowd in areas of different activity the
optical flow can help [24, 1, 34]. Also the calculation of the
velocity in a certain area is possible without detecting sin-
gle pedestrians. An estimation of the density is feasible as
well [38, 32]. A high level of detail detects and tracks the
skeleton of a person. First studies analyzing precise mo-
tion sequences already started with the chronophotography
in the 19th century [33]. Today the Microsoft Kinect for
gaming or motion capturing systems in film productions for
steering virtual characters are able to do the skeletal detec-
tion and tracking automatically in real-time [17].

For the analysis of peoples’ motion the highest possi-
ble level would be the best, but for crowds with high den-
sity at present no system is able to track the full locomo-
tor system and further personal data. And thus up to now
most of the models simulating pedestrian dynamics do not
consider the motion of all parts of a body, although taking,
for example, the gait into account may enhance the qual-
ity of the simulation results [ 1, 42, 54]. Therefore most
experimental data provided for analysis and model pedes-
trian dynamics are trajectories of every single pedestrian
[22, 12, 29, 52, 39, 55, 46, 26, 28, 45, 53], sometimes en-
riched with some additional global (e.g. distribution of age
and gender) or individual (e.g. body size, head or shoulder
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Figure 1. Left: Experiment with 300 pedestrians leaving a grandstand in a stadium through one port. The green circle points to the position
of a stereo camera. Center: Plane view of the stereo recording in front of the port color coded to the distance to the camera. The red paths
show the head movement in the last second. Right: All trajectories color coded to the shirt color on the left. White spheres indicate the

peoples’ position to a fixed time.

orientation) information [25].

In this paper new functionalities of our framework Pe-
Track [5] for gathering data of pedestrians in crowds under
laboratory conditions is presented. The development over
the last ten years was oriented towards to the needs of mis-
cellaneous requirements [6]. Our free software has been
used by various research groups, e.g. [19, 18, 16, 35, 53,

3, 30].

2. Data gathering

Performing experiments under laboratory conditions
gives the opportunity to analyze parameters of interest un-
der well defined constant conditions. The variability al-
lows a survey of a parameter range e.g. for the bottleneck
width or length, or the density inside a corridor. Parameters
can be set to values seldom seen in field studies (e.g. very
high densities). For self-initiated experiments the location
and the structure of the test persons (e.g. culture, fitness,
age, gender, size) can be determined. The best modality
across the board for detection and tracking of people is vi-
sion (i.e. cameras and other imagers) and computer vision
is far ahead from other instrumented modalities especially
with respect to spatial-resolution and precision metrics [51].
The participants can be marked to ease the detection. For
high densities hats are most suitable for this purpose. The
cameras can be chosen appropriate to the coverage area and
ceiling height. To overlook large spaces a synchronized,
calibrated and overlapping camera grid can be used with
later concatenation of all trajectory sets. We scaled up to
30 industrial cameras for our largest experiment with up
to 1000 participants. Overhead recordings perpendicular to
the floor allow a view without occlusion for a range of body
heights (see Section 2.2 for handling the occlusion result-
ing from a large height difference of the participants), so
that a microscopic detection and tracking without estima-

tion of the persons’ route can be performed. To get constant
lighting conditions experiments of us have primarily been
made indoor with uniform artificial light.

Our work on the framework PeTrack for the extraction of
high accurate trajectories of pedestrians in crowds started
2006 with two synchronized industrial cameras and struc-
tured marker on the head of each participant [8]. Structures
on a hat give the most accurate results [4]. Multiple struc-
tures on a hat can additionally code the head orientation
[13]. To minimize the error caused by the perspective view
the height of each person was coded by color marker ele-
ments [8] or calculated by 3D systems like stereo cameras.
3D systems allow the extraction of paths for uneven terrains
like stairs as well [9] (Figure | shows an example of the ex-
traction of 3D trajectories from people leaving a grandstand
in a stadium). For field observations also an extraction tech-
nique without marker based on the disparity map of a stereo
camera was integrated into our framework [7]. The software
is free [5] and the extracted data from our own experiments
are available through an open access database [14].

2.1. Individual code

With the new integration of the detection of individual
codes the presented framework is able to personalize every
single trajectory by static information of each participant of
an experiment. Wearing a hat with the personal code during
a series of experiments allows the identification of individu-
als across different runs. The static information like human
factors, age or gender efc. can be gathered by handing out
questionnaires to the participants.

The detection of individual trajectories by code mark-
ers was done by [50, 10] and by us for the first time in
the project BaSiGo [31]. For those experiments a Reed-
Solomon code was used which is a rotation invariant cyclic
marker guaranteeing a minimal Hamming distance of all
used codes including error correction (see top left of Fig-



ure 2). For recording a large observation space, reducing
the probability of occlusion at high densities and to allow a
large focal length improving the reading of the code a grid
of 24 cameras was mounted above the experiment area.

The detection process of the used Reed-Solomon code
was time-consuming. To increase the processing speed a
new marker, developed by the research group “Applications
of Artificial Vision” of the University of Cordoba, has been
integrated into our framework. With the library “a mini-
mal library for Augmented Reality applications based on
OpenCV” [15] it is possible to create and detect custom
code markers. These binary square fiducial markers are
called ArUco markers which have a solid border around the
internal code (bottom right of Figure 2 is showing an exam-
ple).

This condition allows to search for solid borders by a
threshold in the whole image. For the resulting candidates
the found rectangles are analyzed afterwards. If the content
includes a readable bit code it is referred to the correspond-
ing ID. It is possible to correct partly damaged or hidden bit
codes. The detection process for the ArUco code marker is
approximately 100 times faster than searching for the Reed-
Solomon code marker and enables a real time processing for
usual frame rates.

The ArUco marker consist of dictionaries differing in the
number of bits and the error correction rate which helps to
decode partly damaged markers. To configure the detec-
tion of the marker parameters such as the threshold to differ
between marker border and background, the minimum and
maximum pixel size of a marker in the image, the minimum
distance between two markers or how to handle a perspec-
tive distortion can be adjusted.

To find the code marker candidates and readout the bit
code an appropriate sharp image is needed. Therefor mo-
tion blur has to be avoided. For normal walking a shutter
speed of a maximum of 1/300 s works well. To detect mark-
ers which move faster the shutter speed has to be decreased.
Furthermore it must be ensured that the color difference be-
tween the border of the marker and the surrounding back-
ground is sufficient. In addition the resolution of the image
and the distance between the markers and the camera should
be considered as well so that an adequate number of pixels
is covered by a marker. For our tests 27x27 pixels for a
66 bit marker like in Figure 2 was sufficient. Decreasing
the resolution will result in increasing false detections. The
tracking between successive frames permits missing decod-
ing to a certain extent. A slightly slanted view to the border
caused by the perspective view and differing head posture
is handled by the library of the ArUco markers.

2.2. Inertial measurement unit

Inertial Measurement Units (IMUs) are a combination
of sensors which allow to track the movement of an object.

Figure 2. Top left: person wearing a hat with a Reed-Solomon code
marker used in the experiments of the project BaSiGo. Bottom
right: example of the ARUCO code marker consisting of a solid
border for easier detection and an inner 6 X6 bit code.

The use of IMUs for experiments studying pedestrian dy-
namics makes it possible to gain trajectories and informa-
tion about body movements which can not be extracted by a
system needing a free line of sight to the tracked object like
a camera system.

IMUs are available as wearable devices and can be at-
tached to a persons body without restricting their move-
ment. They are cheap, light weighted and consist of only
few moving parts which make them durable [57, 20]. The
use of IMUs keeps the extension of a camera tracking sys-
tem simple. They are self-contained so that no time is re-
quired for the preparation of the tracking area. For our pur-
pose we selected sensors controllable via a wireless network
(e.g. start and stop logging) and for which the measurements
are stored locally on each IMU.

These IMUs consist of an accelerometer, gyroscope and
magnetometer measuring the acceleration, angular rate and
magnetic field of a moving object. With those readings it is
possible to keep track of relative changes of the pedestrians’
position. Starting with an initial position the next absolute
position is calculated by applying algorithms from the fields
of Inertial Navigation or Step-and-Heading Systems:

e Inertial Navigation Systems (INSs): The orientation of
the IMU is calculated with the data of the gyroscope or
with magnetic field and acceleration data additionally.
Afterwards the acceleration can be transformed from
the local frame of reference (IMU coordinate system)
into the global frame of reference (world coordinate
system). In consideration of gravity the current posi-
tion can be estimated by double integrating the accel-
eration. [56]

e Step-and-Heading Systems (SHSs): The algorithms
consist of three basic parts — step detection, step length



estimation and step heading estimation. Steps are de-
tected by the signal of the accelerometer. The head-
ing is calculated from the vertical gyroscope. Then the
position is propagated using a fixed or variable stride
length in heading direction. [27]

Both systems use body-mounted IMUs. While the sen-
sors for a SHS can be mounted to different positions, most
INSs require the IMU to be foot-mounted for a regular
phase without acceleration. There are also forms of SHS-
INS algorithms mixing both approaches.

For experiments with dense crowds small people, peo-
ple using a wheelchair or children can be covered by sur-
rounding people and thus invisible for optical systems with
a perspective or slanted view. Due to these temporary oc-
clusions the trajectories extracted with a camera system are
incomplete. To fill those gaps the respective persons can be
equipped with IMUs whose signals are used for the recon-
struction of their trajectories. By attaching multiple sensors
to a persons’ body tracking of the full body motion as in
[2, 37, 36] is possible which allows a deeper understanding
of interactions in crowds.

If the sensor is placed at the upper body of a walking
person it is possible to calculate the vertical fluctuation of
the persons’ height. During the walking process the height
of the person reaches its minimum when both feet touch the
ground. The signals of the IMU can be used to reconstruct
the up and down movement. The actual height is crucial
for the calculation of the distance to the camera and the
depending global position of the head [8]. In prior exper-
iments stereo cameras were used for this purpose which are
susceptible to optical distortions of the images [©].

Tracking algorithms for IMUs have to deal with a rapid
accumulation of error. The sensors’ biases and noises lead
to an imprecise acceleration and heading information and
thus to a large drift of the position, if calculated without an
error correction. The error can be restricted by applying fil-
ter for IMU data fusing. Additionally, for occluded people
it is known that their position must be near the center of
the polygon formed by the heads of neighboring people and
can only be located in occluded areas. Besides, characteris-
tics of the enclosing group can be assumed for the covered
person as well such as main direction of motion and veloc-
ity. Furthermore constraints are given by the geometry setup
(walls, obstacles) and the laboratory conditions simplify the
tracking. The participants will follow specific instructions
which makes a very rough estimation of the trajectories pos-
sible (e.g. the movement to an exit).

2.3. Correlation of observables

Data from different sensors e.g. to detect the person or
the persons’ height, to read out a code of a structured marker
or to measure the acceleration of body parts have to be

fused. The calibration in space has to be done and the syn-
chronization in time can be made by absolute time stamps, a
special audio signal or light flashing depending on the sen-
sor performance. Beside the accuracy of the single sensor
data the merging of the data has to be correct to be able to
derive correlations between the measured quantities.

For some studies the extracted data can be used directly
like the path of the peoples’ head for analyzing the stepping
locomotion. For other derived quantities these data have
to be filtered. To determine e.g. the velocity in the main
moving direction the swaying inside the trajectory has to be
smoothed best done by considering the stepping locomotion
or the locomotion of the whole body.

3. Conclusions and Outlook

The dynamics of a crowd and the behavior of a person
have a large number of influencing parameters. To analyze
and thus to understand the interdependencies comprehen-
sive and reliable data of all persons and the surrounding
like the geometry of the facility or the lighting conditions
are needed so that main influencing parameters in a special
situation can be determined.

With the integration of individual codes the presented
framework is able to personalize every single trajectory by
static information of each participant. The inertial sensors
allow the tracking of invisible people and capturing the lo-
comotion of the whole body also in dense crowds. Fused
information enables the analysis of possible correlations of
all observables.

The captured dynamic sensor data focus up to now on
the physical momentum inside the crowd. For a better ex-
ploration of the social and psychological character of the
crowd and to combine aspects of behavioral biology [3] and
social psychology [47] with the natural scientist perspective
as a first step sensors measuring the electrodermal activity
will be utilized in the next upcoming project. For other re-
quested projects also eye tracker are planned to be used to
capture the objects or signs getting most attention.
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