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3D Motion in Crowds



Goal

• Increase of Safety, e.g. of escape routes, Comfort, e.g. design of transport 

infrastructures and Performance, e.g. throughput of facilities

• Computer simulations are the most general method for optimizing pedestrian streams

• Reliable empirical data of pedestrian movement are necessary

→ Analyze pedestrian dynamics

→ Understand PED

→ Model design

→ Model calibration

→ Model validation

[Mohcine Chraibi][Andrea Portz]



Body Motion Capturing

Shoulder orientation by

•Single IMU

•Shoulder marker

•3D cameras

•ML like YOLO*pose

Full body motion capture (mocap) system setup: (optical systems

are not usable in crowds due to the missing line of sight to markers)

• Inertial measurement units (IMU) at differentiable segments (measuring):

Accelerometer (acceleration), Gyroscope (angular rate),

Magnetometer (magnetic field)

•Biomechanical model of human skeleton incl. sensor fusion

[Xsens]

[Alaa Khater]

[Ann Katrin Boomers]

[Deniz Kilic]

[Jette Schumann]



3D Full Body Motion Capturing Systems

Capturing body motion in crowds 

for e.g. shoulder orientation, arm 

and foot position, gait, bobbing:

•Describe/Understand effects 

like integration into bottlenecks, 

physical interaction, passing or 

overtaking, body posture inside 

dense crowds

•Enable reliable 3D models

e.g. bipedal models or models 

considering body orientation 

and expansion



Sensor Fusion

Fusion of data from different sensors needs 

1. Spatial calibration by a shared world coordinate 

system of extrinsic calib., e.g. for camera grid

e.g. camera grid, imu/cam zeitsynchron ort kalib
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Calibration and Synchronisation



Sensor Fusion

Fusion of data from different sensors needs 

2. Time synchronization:

•Manually: abrupt motion, switched light, 

best: audio like clapping, record global absolute time 

(together with internal time or within video recording) 

(no frame accurate sync possible)

•Automatically: for industrial cameras:

shared bus (Firewire), computer software (e.g. PointGrey); 

for camcorder: Tentacle, Sony Camera Control Box for RX0

3.   Person mapping

Calibration and Synchronisation



Sensor Fusion
Hybrid tracking system

Fused trajectory places 3D full body motion 

into camera coordinate system

[Boltes et al.: A Hybrid Tracking System of Full-Body Motion Inside Crowds, Sensors 21(6), 2108 (2021), DOI: 10.3390/s21062108]



Passing Bottleneck

•Stand still

•Small steps (low velocity) 

before passing bottleneck

•Rotation of pelvis

•Large steps (higher velocity) 

through bottleneck and beyond 

Width: 0.9 m

Motivation: high

[Boltes et al.: A Hybrid Tracking System of Full-
Body Motion Inside Crowds, Sensors 21(6), 

2108 (2021), DOI: 10.3390/s21062108]



Passing Bottleneck

[Boomers et al.: How Approaching Angle, Bottleneck Width and Walking Speed Affect the Use of a Bottleneck by Individuals, Sensors (2024), DOI: 10.3390/s24061720]

avg. 
0.49 m

avg. 
0.75 m



Impulse Propagation

[Feldmann et al.: Propagation of Controlled Frontward Impulses Through Standing Crowds, Collective Dynamics 9 (2024), DOI: 10.17815/CD.2024.148]
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Phases of impulse propagation (0) no external impact (i) receiving, 
(ii) receiving and passing, (iii) passing on an impulse



LoStInCrowds - Locomotion Strategies and 

Injury potential in dense pedestrian Crowds

Partner: 

Institute of Biomechanics and Orthopaedics

German Sport University Cologne

Duration: 01.01.25 – 31.12.27

PhD student: Carina Wings



LoStInCrowds - Locomotion Strategies and 

Injury potential in dense pedestrian Crowds

Goals: 

1. Identifying risk factors for injuries in crowds at bottlenecks

(paper review, data/video review, interviews) 

2. Investigating influencing variables 

(e.g. density, motivation, gender, height, 

age and fitness) on overall body movement 

and thus the risk of injuries 

within condensing pedestrian streams

3. Small-scale experiments analyzing

individual factors that modulate 

the risk of injury potentials



Densedynamics - Pulse propagation in dense crowds - 

decoding the origin of dangerous dynamics

Partner: 

School of Architecture and Civil Engineering

University of Wuppertal

Duration: 3 years, starting in summer 2025 
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Densedynamics - Pulse propagation in dense crowds - 

decoding the origin of dangerous dynamics

A: Waiting behaviour and collective dynamics

• Active and passive people in experiments

• Under which circumstances do people “wait“?

• How do pedestrians switch between waiting 

and moving forward?

• How is the dynamic within the crowd affected?

• Different space usage of crowd

B: Connection between impulses and body movements

• Movement strategies to recover from external impulses

• Identification using MoCap Data

• Analyse strategies in “2D crowds“

Seite 16



FAIR Data



Controlled Experiments

•Global static information: e.g. 

surrounding: facility design, lighting/wall/floor condition, temperature, humidity, acoustics;

people: instruction/motivation, distribution of age/gender

•Personal static information: e.g.

age, gender, disability, body size, weight, 

culture affiliation, togetherness, clothes, luggage

•Personal dynamic information: e.g.

physical: (3D) trajectories, motion of body parts 

(head, shoulder, gait, eye movement);

mental: physiological response, behaviour

Data: large variety of influencing aspects to dynamic of person, group or crowd



DOI: 10.34735/ped.da→ ~60 visits/day



Be FAIR to Pedestrian Dynamics Data

RDM Challenge

Pedestrian Dynamics 
Data Archive

PED Metadata Schema

Trajectory Structure Setup Structure

Jülich DATA

Fileserver with
all Experiments

POLYGON (
(-4 -4, -4 5, 4 5, 4 -4, -4 -4), 
(-3.5 -3.5, -3.5 0, -0.45 0, -0.45 
4, -0.5 4, -0.5 0.05, -3.55 0.05, 
-3.55 -3.5, -3.5 -3.5), 
(3.5 -3.5, 3.5 0, 0.45 0, 0.45 4, 
0.5 4, 0.5 0.05, 3.55 0.05, 3.55 -
3.5, 3.5 -3.5))

[Boltes et al.: Be FAIR to Pedestrian Dynamics Data, Collective Dynamics 9 (2024), DOI: 10.17815/CD.2024.163]

             

 
 
  
 
 
  

      

                

        

        

  

 

 

 

          

   

 
 
  
 
 
  

     

   

   

Pedestrian Dynamics 
Database

Standardized metadate and data formats

Open Access

Search & Access
• Experiments
• Single Runs
• Data Objects

Dashboard

• 45 experiments

• 1787 runs
• 5942 data objects



Open source, open data and open access journal 

• Open source framework JuPedSim for pedestrian dynamics simulations:

http://www.jupedsim.org

• Open source software PeTrack for automatic trajectory extraction:

http://ped.fz-juelich.de/petrack

• Open source library PedPy for pedestrian movement analysis:

http://ped.fz-juelich.de/pedpy

• After finishing thesis about experiments the data 

published publicly available in the open data archive:

http://ped.fz-juelich.de/da, .../extda

• Support of diamond open access journal Collective Dynamics:

http://www.collective-dynamics.eu/

DOI: 10.5281/zenodo.6320753

DOI: 10.34735/ped.da

ISSN: 2366-8539

DOI: 10.5281/zenodo.6144559

DOI: 10.5281/zenodo.7386931

Open Science

http://ped.fz-juelich.de/petrack
http://www.jupedsim.org/
http://ped.fz-juelich.de/petrack
http://ped.fz-juelich.de/pedpy
http://ped.fz-juelich.de/da
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Technology of China, China]
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Canada]

[National Research Council Canada, 
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Ease collaborations

Open Science
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QUESTIONS FOR DISCUSSION

• How much control is needed in experiments?

• Are experiments with people reproducible and thus worth to perform?

• Is open science always the right way to work?

• What is needed next to improve pedestrian models?



Data Archive: 

Access History,

Top 3

2023                                                           2024 (until 12.11., without FZJ, BUW, robots)

→ ~60 visits/day

2024



Fair2Ped+ and Fair2Ped (RDM Challenges)

• Experiments database for pedestrian dynamics data

direct connection of single data objects (e.g. video, trajectories)

→ 45 experiments – 1787 runs – 5942 data objects

F

A

I

R



Fair2Ped+ and Fair2Ped (RDM Challenges)

• Dashboard as user friendly database front-end

→ Search – download F

A

I

R
Intranet: https://ped.fz-juelich.de:8000



Fair2Ped+ and Fair2Ped (RDM Challenges)

• Connection to other metadata repositories

→ Enhance visibility – enhance findability

Jülich DATA
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Fair2Ped+ and Fair2Ped (RDM Challenges)

• Database relies on information collected by us ☺

→ Document legacy datasets / experiments

→ Document new datasets from the beginning on

• This was created to facilitate your daily work

→ Small hands-on tutorial planned (January / February 2025)

→ Rocketchat Channel for errors caught, questions and feedback

→ USE IT ☺
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Intranet: https://ped.fz-juelich.de:8000



WHERE WE LEFT OFF… (AFTER 2ND RDM CHALLENGE)

• Metadata schema for database 

• Filled with experimental metadata (30 experiments / 1482 runs) 

• Only metadata without connection to data

• Only accessible through database

• Gathered user feedback

• Standardized and coherent and trajectory and geometry structure

• Only sample datasets transformed
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WORKING FIELDS FOR ROUND 3

3rd RDM Challenge
2nd RDM Challenge

https://ped.fz-juelich.de/da



DATA ACCESS

• Connect single data objects to the database

→ 5942 data objects are now accessible 

(trajectories, mocap, geometries, videos, questionnaires, pressure, mood)

• Facilitate search and access through a web front-end

→ Dashboard has been built with search functions 

through experiments, runs and data types

• Enabling direct access to each data object

→ Direct data access possible by URL or 

through dashboard export (data or table)
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Intranet: https://ped.fz-juelich.de:8000



DATA ANALYSIS CONNECTION

Direct access to analysis tools (e.g. PedPy)

→ Search, visualize & analyze

→ Possibility to process large amounts of prefiltered

data for i.a. machine learning applications
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REPOSITORY CONNECTION

Mirror our metadata to other repositories & enhance findability

of our data and metadata

→ APIs applied to transfer metadata from database to JülichData and DataCite
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Jülich DATA





SUMMARY

• Enlarge and extend experiments database for pedestrian dynamics data

45 experiments – 1787 runs – 5942 data objects

• Dashboard as user friendly database front-end

Search – download – process – analyze

• Connection to other metadata repositories

Enhance visibility – enhance findability

F

A

I

R



Controlled experiments

• Selective analysis of parameters 

without undesired influences 

• Variability of the 

experimental procedure

• Generation of desired situation 

like high densities seldom seen 

in field studies

• Possibility to extract requested 

data like microscopic trajectories

at high quality in space and time

• Privacy issues manageable 

by declaration of consent

Advantages



Controlled experiments

Collecting the data is expensive

(fee for participants, build structure)

Situation is artificial so that transferability 

to real life has to be justified

Some parameters influencing pedestrian 

dynamics are difficult to set up artificially 

For microscopic data the space and time 

is limited to the experimental area

But: extraction of meaningful general findings is much harder for field studies

Disadvantages (in comparison to field studies)

[Getty Images]



3D full body motion capturing systems

Advantages (depending on system):

self-contained (e.g. local storage)

light weighted

wireless control

→ no vi ibility  rom out ide needed 

→ u able in ide crowd

Disadvantages (IMU based):

Capturing only 

relative movement

→ dri t in   ace

System



Pressure padsSystem

recording integrating

over space

integrating

over time

[Feldmann et al.: Forward propagation of a push 
through a row of people, Safety Science 164, 

106173 (2023), 
DOI: 10.1016/j.ssci.2023.106173]



Other systems

Heart rate variability sensors

Electrodermal activity sensors

Emotional response systems

Happy-or-not terminals



Bluetooth Low Energy (BLE) Scanner

Grid o  Ra  berry Pi’   canning  or BLE device   

1. Pedestrian density estimation scanning all BLE devices (e.g. smartphones)

2.  Large-scale tracking and measurement of dwell time scanning specific BLE 

devices (e.g. beacons handed out to people)

System, example

Live relative density heatmap at entrance of business fair 

[Claudio Feliciani & Tobias Arens: 
Github: Open-Source Python code Blescan

 https://github.com/Crowd-Management-Japan]



Embedded Field tracking System
Tracking system from ASE 

consisting of overlapping grid

of 33 stereo cameras 

covering 1000 m2

at city train (S-Bahn) platform 

of Frankfurt central station

Trajectories (2D, 3D) 



LoStInCrowds - Locomotion Strategies and 

Injury potential in dense pedestrian Crowds
1. Identifying risk factors for injuries in crowds at bottlenecks

(paper review, data/video review, interviews) 



LoStInCrowds - Locomotion Strategies and 

Injury potential in dense pedestrian Crowds
2. Investigating influencing variables (e.g. density, motivation, age and fitness) 

on overall body movement and thus the risk of injuries 

within condensing pedestrian streams

Variation: density, motivation, age composition

Study: influence of individual characteristics: 

physical fitness, age, gender, height 

on locomotion strategies

Capturing: head trajectories, 

MoCap data from 20 neighbouring 

persons inside crowd of 50 people,

force between people (force suit)

[pixabay]



LoStInCrowds - Locomotion Strategies and 

Injury potential in dense pedestrian Crowds
3. Small-scale experiments (max. 5 people) analyzing individual factors 

that modulate the risk of injury potentials

Variation: force (location, direction, temporal characteristic)

Study: movement patterns provoked and reconstructed 

by externally applied contact forces 

(with respect to physical fitness, age, gender, height)

Capturing: MoCap data, force to people, 

ground reaction forces (force plates)

[Thomas Chatagnon]



Densedynamics

• A: Bottleneck 

• B: Impulspropagation

00. Monat 2017 Seite 64

New experiments (ideas)



Camera system

Camera recordings allow the extraction of trajectories 

of head (and shoulders) and a qualitative validation

3D devices like stereo cameras enable 3D tracking

(e.g. stairs, height variation like bobbing)

Seite 

65/XX

Trajectories (2D, 3D) 

[Boltes et al.: Collecting pedestrian trajectories, 
Neurocomputing 100, 127 - 133 (2013), 
DOI: 10.1016/j.neucom.2012.01.036]



Camera systemIdentification

P      ‘        needed for calculating trajectories in real world:

Coding options:

Color code mapping to height range

ID and questionnaires



VR-Driven Visual Ana. Framework to Advance PD ResearchUsing social virtual reality for

1. Immersive analysis of empirical data

derived from pedestrian experiments

to perceive the situation as part of the crowd

by adopting the perspective of an individuum:

▪ e.g. experiencing visual restrictions or

▪ proximity

2. Performing VR-based studies with

authentic populated immersive environment

and social reactions of surrounding people 

[Project BaSiGo, bidirectional corridor, DOI: 10.34735/ped.2013.5]



VR-Driven Visual Ana. Framework to Advance PD Research

Visualization library: Unreal Engine 

(deployable to HMD or room-sized VR)

Input data: 

Geometry

Head trajectory (no shoulder orientation)

Individual information:

height, weight, shoulder width, 

gender, age

Dataset used for test and expert review:

Crowd Management Experiment within

CroMa exp. (DOI: 10.17815/CD.2023.141)



VR-Driven Visual Ana. Framework to Advance PD Research

Character representations for virtual agents:

Cylinders (most abstract only showing measured data)

Mannequins (abstract but human like extension)

Human characters (highest perceived presence)

Color: gender (red: female, blue: male)



VR-Driven Visual Ana. Framework to Advance PD Research

Perspective: 

Exocentric view 

(free fly or 

balcony with(out) railing)

Egocentric view 

(free movement or point of view from another person)
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