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Abstract

This thesis analyzes what constitutes a 3D visualization of crowd simulations that
supports analysts when investigating simulation results. A key requirement for such
a visualization is a simple and clear representation that allows simulation results to
be quickly and accurately understood. For that purpose, it employs findings from
visual analytics, by collecting standard principles, as well as pitfalls, that should govern
every visualization. Then, a proof-of-concept is implemented in the crowd simulation
software crowd:it. Conducted in the course of the research project BEYOND, the
implementation employs construction data that comes from Building Information
Modeling (BIM) models and displays it in a three-dimensional view that joins the data
with the simulation results. The implementation is evaluated in the means of a user
study that was conducted with crowd:it customers, as well as other experts in the field
of crowd simulations. The visualization was positively received as a tool to expand
reports and convey structural information regarding to clients. For the analysis that is
conducted by experts that commonly work with a model, the visualization was only
perceived as supplementary to classical analysis. In the future, the proof-of-concept
should be expanded with additional features that were out of the scope of the thesis, in
order to make it viable for commercial use.
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Zusammenfassung

Diese Arbeit untersucht, was eine 3D-Visualisierung von Personenstromsimulationen
ausmacht, die Analysten bei der Untersuchung von Simulationsergebnissen unter-
stiitzt. Eine zentrale Anforderung an eine solche Visualisierung ist eine einfache
und {tibersichtliche Darstellung, die es ermoglicht, Simulationsergebnisse schnell und
prazise zu erfassen. Zu diesem Zweck werden Erkenntnisse aus dem Bereich der
Visual Analytics genutzt, indem Grundprinzipien, aber auch Fallstricke gesammelt
werden, die fiir jede Visualisierung gelten sollten. Anschlieffend wird ein Prototyp in
der Personenstromsimulationssoftware crowd:it implementiert. Die im Rahmen des
Forschungsprojekts BEYOND durchgefiihrte Implementierung verwendet Bauplédne,
die aus Building Information Modeling (BIM)-Modellen stammen, und stellt sie in
einer dreidimensionalen Ansicht dar, die die Daten mit den Simulationsergebnissen
verbindet. Die Implementierung wird im Rahmen einer Nutzerstudie evaluiert, die mit
crowd:it-Kunden sowie weiteren Experten aus dem Bereich der Personenstromsimula-
tion durchgefiihrt wurde. Die Visualisierung wurde als Werkzeug zur Erweiterung von
Ergebnisberichten und zur Vermittlung von strukturellen Informationen gegeniiber
Kunden positiv aufgenommen. Fiir die Analyse, die von Experten, die regelmaflig mit
dem Modell arbeiten, durchgefiihrt wird, wurde die Visualisierung nur als Ergénzung
zur klassischen Analyse wahrgenommen. In Zukunft soll der Prototyp um weitere
Funktionen erweitert werden, die aufierhalb des Umfangs dieser Arbeit lagen, um ihn
fir den kommerziellen Einsatz nutzbar zu machen.
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1 Introduction

Crowd simulations are an important part of modern design processes. While the
construction plans used for crowd simulation are usually available as two-dimensional
drafts, a three-dimensional representation is becoming increasingly important with
the advent of Building Information Modeling (BIM), in which construction data is
combined and visualized. BIM functions as an all-encompassing working practice into
which data from every contributor involved in the project is entered. This also makes it
possible to comprehensively anchor crowd simulations in the BIM process. One aspect
of this anchoring is the visualization of simulations in three dimensions - both in the
design phase, in which the parameters required for the simulation are set by an expert,
and in the evaluation phase, in which the data generated by the simulation must be
visually comprehended and evaluated. This thesis implements a three-dimensional
visualization that displays both crowd simulations and BIM models in a combined
view.

1.1 Motivation

With the rising computational power of graphics hardware, three-dimensional visualiza-
tions are increasingly important. Simulation visualization in general is a common topic
in scientific literature. Visualizing crowd simulations in particular is both investigated
in literature and available in commercial software.

Scientific literature mostly focuses on the simulation itself, using the visualization
only as a rudimentary tool to display the results. When specifically focusing on
visualization, rendering performance is the most prominent concern. Commercial
software, on the other hand, often aims to create a visually pleasing visualization. This
kind of visualization is useful if results are to be shown to stakeholders or clients,
however, it may be disadvantageous when a qualified analyst tries to investigate the
data that has been generated by the simulation.




1 Introduction

This thesis aims to join the ndings from scienti c literature and commercial software to
create a visualization that is applicable for commercial software, while also employing
scienti ¢ principles to support an analyst or experienced user in investigating simulation
results. In order to achieve this, it applies principles from the scienti ¢ eld of visual
analytics.

1.2 Goal

The 3D visualization is implemented as a proof of concept in the crowd simulation
software crowd:it. Crowd:it is a commercial software that allows carrying out agent-
based crowd simulations. It is developed by accu:rate GmbH[1]. So far, the software
only features a two-dimensional visualization of the construction plans and simulation
results. This thesis expands this by implementing and evaluating a basic 3D view
according to the principles of visual analytics. At the time of writing this thesis, the
author is employed at accu:rate GmbH.

In order to employ three-dimensional construction data, the visualization needs to
integrate BIM models. At the time of writing this thesis, the company is involved in
the research project BEYOND that is concerned with this matter. This thesis is carried
out as part of this research project.

1.3 OQOutline

This chapter has so far set out the motivation for this work and what objectives are to
be achieved.

Section 2 summarizes the most important technical details regarding crowd simulations
in general and the simulation model that is used in crowd:it.

Section 3 outlines tasks and goals of the research project BEYOND that accu:rate is
af liated with.

Section 4 provides an overview of existing visualizations for crowd simulations. It
presents exemplary implementations both from scienti c literature, as well as commer-
cial software other than crowd:it. This serves as a means to con rm the claims made in
1.1.
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Section 5 summarizes essential ndings from scienti c literature regarding visual
analytics. It presents basic concepts regarding visualization and interaction that are
applied in the implementation. It collects standard principles that should be employed,
as well as pitfalls that should be avoided, in a checklist-style manner.

Section 6 then presents the implementation of the 3D visualization. It explains how
and why speci ¢ decisions were made. For that purpose, it commonly refers to the
concepts introduced in Section 5. The section also explains technical details regarding
the implementation, as these often directly in uenced the design of the visualization.

Section 7 evaluates the implementation. For that purpose, a user study was carried out
that gathered feedback from crowd:it customers and other experts in the eld of crowd
simulations.

Section 8 summarizes the thesis and the results. Finally, some suggestions for further
improvement and development are presented.




2 Agent-based crowd simulation

2.1 Overview

Crowd simulations aim to model the real world as closely as possible, in order to
analyze a scenario and make accurate assessments, e.g. regarding egress times. A
model needs to comprise two main components: Geometry and Behaviour.

On one hand, a model needs to incorporate the structure of a scenario, i.e. geometry
like walls, stairs, and escalators. This information is highly available through construc-
tion plans. Therefore, a simulation can incorporate geometry to a very ne degree.
Historically, crowd simulations have mostly been two-dimensional. With the advent of
BIM, many models have been adapted to include 2.5D or 3D data, such as stairs and
escalators, among others.

On the other hand, a model needs to take human behavior into account. It needs
to consider path nding on a large scale, i.e. how a person navigates towards its
destination. Some models also incorporate the movement of a person on a small scale,
down to the individual steps that a pedestrian makes.

All this information may be important for 3D Visualizations. Some information is
used by all crowd simulation models, like the geometry of the scenario. Then, there is
information that is speci c to or generated by certain models. In order to develop a clear
and readable visualization, one needs to decide, what information needs to be included
in the visualization. Therefore, it is important to have a profound understanding of the
used model.

The following sections will describe the basic structure of crowd simulations. Then,
an overview of existing models for crowd simulation will be given. Finally, the model
used in the software crowd:it will be explained in more detail.
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2.2 Composition of a crowd simulation

Every simulation contains geometry, like walls, that obstructs pedestrians in their
movement. It may also contain geometry that interacts with pedestrians other than
blocking their movement. Stairs, for instance, alter the movement of pedestrians, by
slowing them down and changing their behavior when evading other pedestrians. Then
some objects allow pedestrians to stop completely, while they are moved by the object
itself — for example, escalators or elevators. Crowd simulation models need to account
for objects like these.

A simulation also needs to contain objects that carry navigational information. Usually,
pedestrians appear in a source (origin) and disappear in a sink (destination). A scenario
may contain multiple origins and destinations. It may also contain intermediate
destinations that should be targeted by pedestrians before they head for their nal
destination. These objects are set up by a human modeler, who assigns pedestrians to a
path that contains the speci ¢ destination that they should target. Usually, the model
supports the modeler by offering a wide toolset that allows to create highly complex
setups.

Lastly, a simulation contains the pedestrians (agents) themselves. They in uence each
other, in that agents may repel or attract one another. Usually, agents are not allowed
to overlap. The exact effects that agents exert on each other depend on the details of
the model that is used.

2.3 Classifying different models for crowd simulation

There exists a wide variety of crowd simulation models, which aim to reproduce
realistic behaviour, while still being as simple as possible. In order to categorize them,
Chraibi et al. [2] introduce three layers of agent behavior: The strategic level, the tactical
level, and the operational level. On the strategic level, agents decide, which destination
(and possibly intermediate destinations) they should target. The speci c routing is
applied on the tactical level, i.e. the agent identi es the pathway they need to walk to
reach their destination. These two levels are usually composed by a modeler, who sets
up origins and destinations.

The third layer of agent behavior is the operational level. This layer concerns the
immediate short-term walking behavior of agents. It ensures that agents step towards
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their destination while avoiding collision with obstacles and other agents. Crowd
simulation models differ mostly in their description of the operational level. Therefore,
it is reasonable to differentiate them according to criteria regarding the operational
level.

Chraibi et al. separate the simulation models according to seven characteristics: Micro-
scopic vs. macroscopic, discrete vs. continuous, deterministic vs. stochastic, rule-based
vs. acceleration-based vs. velocity-based, heuristic vs rst-principles, and high vs. low
delity. When classifying the simulation model used within crowd:it, it is best described

as a microscopic, continuous model. The other characteristics play a subordinate role.
The following section elaborates on this classi cation and provides a basic description
of crowd:its simulation model.

2.4 Crowd simulation with crowd:it

The implementation of the concepts described in the course of this thesis is done
exemplary within the simulation software crowd:it. It is necessary to gain a basic
understanding of the simulation model implemented in the software, in order to
evaluate the decisions made regarding the content of the 3D Visualization. This section
classi es the model at hand according to the characteristics described in the previous
section. Then, it provides a short description regarding crowd:its implementation of
the operational level.

Crowd:it is an agent-based simulation model. In an agent-based, i.e. microscopic
simulation, each pedestrian is simulated as a separate entity. Each agent carries
individual properties that may vary according to a given distribution. These properties
include size and velocity, amongst others. A macroscopic simulation, on the other hand,
aggregates these properties into averages. In recent years, there has been an effort to
expand crowd:it with aspects of both micro - and macroscopic models into a hybrid
model. This will not be addressed in the 3D Visualization, as this thesis focuses on
microscopic simulation models.

Crowd:it is also time and space continuous, i.e. attributes like the position of an agent
might take any real value, instead of only integer values, like it is the case with discrete
models. It is important to note that crowd:it historically has been time-discrete: The
simulation is divided into separate timesteps in which all agents move simultaneously.
Recently, this has been changed to an event-based architecture, where the step of an
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agent is an event that may be scheduled at any time. However, the simulation output is
still discretized into timesteps, for the historic reasons noted above. This is an important
factor regarding the visualization. The exact effects of this will be discussed in section
6.12

The last substantial component regarding crowd:its simulation model is the mechanism
that determines the walking behavior of agents. Crowd:it implements a modi ed
version of the Optimal Steps Model (OSM)[3, 4]. The OSM assigns a scalar potential to
each point of the two-dimensional plane: The next target of an agent exerts an attractive
force (i.e. negative potential), while obstacles and agents result in repelling forces (i.e.
positive potential). These are summed into a total potential for each point. For each
step that an agent makes, they sample a circular disk around their current position and
choose the point with the lowest potential.

Figure 2.1: Visualization of the potential - the arrow marks the most attractive position
(image provided by accu:rate [1])

Figure 2.2: Sample points on a circular disc around the agent (image provided by
accu:rate [1])
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It is important to note that the vanilla OSM inherently only contains two-dimensional
information about the position of an agent. Crowd:it expands this by introducing stairs,
escalators, and elevators which carry 3D information. Beyond that, there are efforts to
fully integrate 3D-BIM Models into the simulation model. This is elaborated further in

section 3.




3 The BEYOND research project

3.1 Overview

This thesis is written in the course of the research project BEYOND. The project aims
to make construction planning more cost-ef cient and fast, while at the same time
improving quality. For this purpose, Building Information Modeling (BIM) and crowd
simulations will be combined: “Kl-basierte Optimierung in frihen Entwurfsphasen
von Gebauden mithilfe der Analyse von Personenstrémen in intelligenten Gebaude-
modellen” (Al-based optimization in early design phases of buildings using crowd
simulations in smart building models). The participating partners are accu:rate GmbH,
TUM, DB Netz AG and SSF Ingenieure AG. This section provides a brief description of
the basic process of BEYOND and outlines the contribution this thesis will make to the
research project.

The project integrates crowd simulations into the planning process of buildings at an
early stage. Crowd simulations are computationally intensive tools, rendering them
ineffective in a design phase that is subject to frequent changes. In order to make it
possible to simulate a vast number of variations in early design phases of the building,
the project aims to utilize deep learning. The deep learning model developed in the
course of the project analyzes the parameters that come from the digital model of the
building and makes predictions regarding the pedestrian ow. This goal is achieved
by means of seven work packages (“Arbeitspaket”) that are conducted by the project
partners. The following sections summarize the work conducted during each work
package, in order to provide a quick overview of the project.
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3.2 Work packages

Requirements Analysis

This rst work package took the form of a kickoff workshop that served to identify
the requirements for the project and match them with technical feasibilities. Here the
baseline for the following work packages was established - the results of this work
package are re ected in the following work packages.

BIM model analysis and extension as a basis for parametric studies

This work package aims to create an algorithm that generates parametric ifc models
of railroad stations. Besides the development of the algorithm itself, it also de nes a
good selection of parameters and boundary conditions used for the development of
the algorithm. Parametric means that the algorithm may be parametrized with input
values that determine the structure of the building. One conceivable parameter, for
instance, would allow setting the desired number of rail tracks: The resulting ifc model
will contain the speci ed number of rails, while the algorithm makes sure to obey the
given boundary conditions and adjust the surrounding geometry accordingly.

Interfaces for bidirectional data exchange between the BIM authoring tool
and the simulation tool

To ensure the compatibility of the applications developed in the individual work
packages, adequate interfaces have to be de ned. This work package establishes a
bidirectional interface between the parametric model and the simulator, in order to
extract geometric and semantic data from the model and transfer simulation results
back into the model after a simulation has been carried out.

Extension of existing simulation models to enable the automated process

In order to utilize crowd simulations, BIM models need to be converted to a format
that is suitable for crowd simulations. This work package implements a converter that
converts an IFC-File that was de ned and generated in the course of the previous work

10
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packages into such a format. In practice, the le format of crowd:it serves as a proof of
concept, here.

The necessity to be able to generate large datasets for machine learning exerts some
additional requirements on the converter: It needs to be able to convert a large number
of IFC les that are ready for a simulation, without the obligation of additional manual
operations inside crowd:it. The converter makes use of the interface de ned in work
package 3 in order to set up a nished project that can immediately be simulated.

To complement this, the simulation kernel of crowd:it is also adjusted to be able to fully
utilize the information available through IFC.

Lastly, the simulation results should be returned to the construction model. This is
implemented in the course of this thesis: The construction model is viewed in a joined
view with the simulation results.

Application of machine learning approaches and integration into simulation
models

Crowd simulations usually require a considerable amount of manual effort and high
computational capacities. This work package aims to develop a deep learning model
that predicts simulation results in order to enable a straightforward comparison between
variants of the building.

To generate a large dataset for machine learning, the parametric model from work
package 2 and the IFC-Converter from work package 4 are utilized: By varying the

parameters offered by the parametric models, a set of models is generated, which is then
converted and simulated. The resulting simulations may either serve as a training set
for the deep learning model or as a means to verify the model. Once the deep learning
model is established, a simple user interface is developed that allows employing the Al

in practice.

Extension of the IFC standard

IFC is an exchange format for BIM models. This work package aims to extend the
IFC standard by introducing the results of this project to the international working
group “MVD Proposal for Fire Safety Engineering and Occupant Movement Analysis”.

11
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The standardization enables seamless communication between various BIM-Tools and
crowd simulators.

Dissemination: Testing of the developed prototype

This work package intends to evaluate the prototype that was developed in the course
of the project. The prototype is presented to a professional audience from DB in order
to gather feedback and assess the results of the project. Also, the prototype is tested for
practicability.

12



4 Existing 3D Crowd Visualizations

There exists a variety of crowd visualizations that have been published in scientic
literature, as well as in commercial software. Understanding the concepts that have
been established with these existing visualizations is essential when creating a new
implementation. This section brie y summarizes the ndings from these visualizations.

4.1 Visualizations from Scienti c Literature

In “A simulation as a service methodology with application for crowd modeling,
simulation and visualization”, Wang et al.[5] developed a cell-based crowd simulation
that integrates BIM tools. The components that were developed comprise, amongst
others, Cell-DEVS modeling, which is used to create the crowd model, a data collection
component that extracts data from IFC- les, and a 3D visualization.

The 3D-visualization tool is implemented as a prototype using the computer graphics
program 3ds Max[6]. A separate parser loads simulation results into the program.
3ds Max offers a large number of advanced tools for rendering and animation. This
allowed them to prepare animations for the agents and employ 3ds Max to create
smooth transitions between the animations. The basic agent model provided by the
tool is a simple cuboid. If direction information is available, the tool also provides a

realistic agent model, as well as an arrow model. The GUI offers options to show and
hide agents and oors, and to focus on a speci c area or agent.

The major strength of this work is that it assembles many components, like collecting
the data from the BIM model, simulation and visualization into one system. The system

offers different solutions for each component. Furthermore, the user can replace or
modify individual components. However, from the viewpoint of a visualization, it

is a mere prototype. It allows to visually comprehend the scene but does not offer
advanced tools to analyze the data.

13
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Figure 4.1: Realistic and arrow models [5]

In “Crowd Data Visualization and Simulation”, Diaz et al.[7] created a real-time crowd
simulation that employs GPU-processing and GPS data to simulate real cities. They
employ an agent-based approach to crowd simulation: Preprocessed trajectories that
are extracted from the GPS data are used to steer agents, which also adhere to a social
force model.

The visualization shows realistic, animated agent models. The authors use dynamic
materials to achieve variety. The scene obtains a realistic look by applying textures to
the geometry.

The main target and simultaneously the most important asset of the work was to create
a computationally ef cient simulation and visualization. On their target system, a
framerate of 35.71 was achieved when rendering one thousand characters. Due to this
focus, the visualization is only a rudimentary tool that is not aimed at a comprehensive
analysis of the simulation results.

In the course of his doctoral thesis “Crowd Simulation and Visualization”, Perez[8]
developed a visualization for a microscopic agent-based crowd simulation that employs
a social force model. The simulation is performed on a High-Performace Computing
cluster. The visualization aims to show the results without the need for simpli cation,

14
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Figure 4.2: Realistic agent models [7]

Figure 4.3: Variety with dynamic materials [7]

which would hide relevant details. The author developed three different con gurations
for that purpose. The In-Situ con guration is executed on a client that is connected to
the same LAN as the cluster. The client receives images of the simulation results. This
enables to simulate and visualize very large simulations. The Streaming con guration

15
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is aimed at systems that are not directly connected to the LAN of the cluster. It streams
simulation data to the client, which then performs the rendering. Lastly, the Web
con guration allows viewing the simulation results on any device, as the application
streams the rendered images to the client. The author compares this to current cloud
gaming technology.

The visualization itself employs realistic agent models and allows to render a realistic
environment by accessing different data sources. The author argues that this is an
effective technique to prepare users to face real events. However, the implementation
focuses on visualizing the results of the simulation. Therefore, it does not offer advanced
means to interact with the visualization that allows to conduct a thorough analysis of
the results.

Figure 4.4: Agent models [8]

4.2 Visualization from Commercial Software: Path nder

Path nder is an agent-based crowd simulation software developed by Thunderhead
Engineering[9]. Path nders 3D Visualization is highlighted on the company's website
as a prominent feature and selling point. Therefore, it is an adequate candidate to
evaluate the current state of 3D visualizations for crowd simulations.

16
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As a commercial software, path nder supports an abundance of features. It allows
to import several le formats, including IFC to import BIM models. Regarding the
analysis of simulation results, path nder offers various tools to investigate the data
from the simulation. Charts allow plotting output data, for example, ow rates. For the
visualization, the company prominently advertises realistic, animated human models
that may be changed by importing custom models. However, the software also features
a simplistic view that allows to visualize agents as simplistic cylinders. Additional
tools for analysis allow to integrate contour plots into the visualization: These color the
oors of a model depending on some speci ed data. This is comparable to a heatmap.
Apart from visualizing agent movement, path nder also allows to import and visualize
smoke and re data.

Figure 4.5: Realistic Agents in Path nder [10]

Path nders 3D visualization is an advanced tool for visualizing crowd simulations. It
provides clear visuals, while the software itself still offers many tools for analyzing
the results. The focus on pretty visuals is a valid approach to generate a pleasing
visualization when presenting the results to stakeholders and clients. Employing the
visualization from an analytical point of view is possible. Still, implementing more
tools for analysis and interaction is the main improvement that was identi ed in the

17
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