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Abbreviations and Terminology

Abbreviation Meaning
ASET Available Safe Egress Time
DEMA Danish Emergency Management Agency
DOE Design of Experiments
ECDC European Centre for Disease Prevention and Control
EMS Emergency Management Services
ET Egress Time
EU European Union
GUI Graphical User Interface
IMO International Maritime Guideline
LoS Level of Service
NFPA 101 NFPA Life Safety Code
NIST National Institute of Standards and Technology
PBL Problem Based Learning
RSET Required Safe Egress Time
RSM Response Surface Method
SFPE Society of Fire Protection Engineering
V&V Verification and Validation

Terminology Meaning
Beredskabsloven Emergency Preparedness Act
Bottleneck A (narrow) junction that hinders traffic flow
Bygningsreglementet Danish Building Regulations
Congestion A place too blocked or crowded, making movement

difficult
Egress Exit used for leaving the building
Hotspot A place of significant activity or high density area
Occupants People residing within the fenced event area
Politiloven Police Act



Chapter 1

Introduction

Mass gatherings have become increasingly frequent and significantly larger in
scale in today’s globalized and urbanized world. From music festivals and sport-
ing events to national celebrations, these events draw massive crowds and are of-
ten held in confined or fenced environments. This can create significant challenges
even in regular scenarios, as safe and efficient egress from fenced areas can be dif-
ficult and slow, a situation the author has personally observed many times while
participating in such events. This issue becomes even more critical during emer-
gencies, where inadequate exit strategies can lead to tragic outcomes. As a Hun-
garian author, the 2006 Budapest fireworks disaster, where a sudden storm resulted
in fatalities due to poor crowd management, stands out as a somber reminder of
these risks [1]. Motivated by these personal observations and the broader rele-
vance of this issue, this thesis focuses on evacuation scenarios in mass gatherings,
with a determination to utilize advanced egress simulation tools. The selected tool
was Pathfinder, and after a detailed review of available research in the domain,
the research gap was identified as the effects of exit clustering on evacuation time.
The study was therefore conducted with the aim of contributing to the existing
literature. Specifically, it explores how different exit configurations, particularly
exit clustering and width, affect evacuation performance in outdoor festival envi-
ronments. The ultimate aim is to provide practical insight for event organizers,
ensuring that mass gatherings, such as Danish festivals, can be safer and better
prepared for emergencies.
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Chapter 2

State of the Art

2.1 Evacuation of Mass Gatherings

The topic of mass gatherings has gained more and more attention in recent years
due to the complex challenges they pose to safety, security, and emergency pre-
paredness. Mass gatherings are often organized for various reasons, including cul-
tural events like concerts and religious pilgrimages, as well as unplanned events
triggered by natural disasters. Understanding the dynamics of these gatherings is
important to ensure the safety of participants and optimize evacuation strategies
in the event of emergencies [2][3]. The different types of mass gatherings have dif-
ferent characteristics, which necessitate tailored emergency management strategies
that account for the specifics of the event and the crowd dynamics involved [4].

The impact of emergencies on mass gatherings can´t be underestimated, as they
can lead to serious health risks, physical injuries, and deaths. After the pandemic,
one of the common issues talked about in relation to mass gatherings is the rapid
transmission of infectious diseases, especially in situations where large crowds are
assembled in fenced, limited spaces. This has been particularly highlighted during
pandemics, wherein the risk of transmission escalates during mass gatherings due
to close contact among individuals [5]. Consequently, adequate public health mea-
sures, including vaccination and health monitoring, must be prioritized to mitigate
the risk posed by these events [3].

The planning and logistical aspects of handling mass gatherings are also signifi-
cant, particularly in relation to the provision of emergency medical services (EMS)
and evacuation protocols. Effective communication and crowd management prac-
tices are essential to guiding attendees to safety during emergencies [6][7].
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CHAPTER 2. STATE OF THE ART

The physical layout of venues or fenced areas where mass gatherings occur plays
a significant role in determining the effectiveness of evacuation efforts. Factors
like exit locations, crowd density, and spatial design can significantly influence
how quickly and efficiently the occupants can exit a venue or leave a fenced area
during an emergency. Studies have examined scenarios where the architectural
design of spaces affects pedestrian flow and can contribute to risks associated with
overcrowding [8][9]. The design of evacuation pathways should thus prioritize
safety alongside speed of exit [10]. This is going to be the direction in which this
paper addresses mass gatherings.

The application of simulation and modeling has recently become increasingly
available and popular in evaluating crowd dynamics and evacuation strategies in
mass gatherings. These approaches allow for rigorous testing of different emer-
gency response strategies, helping identify optimal paths for egress and assessing
potential bottlenecks that may hinder evacuation efforts [11]. By simulating var-
ied scenarios, such as fire emergencies or terrorist attacks, researchers can obtain
critical insights that inform best practices for real-world applications [8].

The psychological aspects of crowd behavior play a big role in evacuation suc-
cess. Panic and social dynamics can lead to unexpected crowd behaviors during
emergencies, complicating evacuation efforts [12]. Addressing these psychologi-
cal factors through training for emergency responders and clear communication
with the public can help stabilize the situation and promote orderly evacuation
protocols [13].

There is a need for multi-disciplinary collaboration among emergency services,
health agencies, and local governments to effectively manage mass gatherings.
Making partnerships and clear communication channels can help with rapid decision-
making and resource allocation during emergencies, ensuring that all stakeholders
are adequately prepared [14].

As urbanization and global connectivity increase, the probability of mass gath-
erings occurring near critical infrastructure, such as airports or transit hubs, will
also rise. Ensuring the safety and security of these events requires interdisciplinary
approaches that unify urban planning, emergency management, and public health
efforts to mitigate health and safety risks. The need for comprehensive strategies
that encompass mitigation, preparedness, response, and recovery components will
ultimately dictate the success or failure of evacuations during these large-scale
events [8].
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CHAPTER 2. STATE OF THE ART

This paper aims to create an overview of a wide variety of contributing fac-
tors regarding the evacuation of mass gatherings, due to the relation of human
behavior, possible triggers, and legislative background. While offering this broad
perspective, the paper later focuses primarily on the physical layout and simulation
aspects of evacuation planning. To provide context for the existing research and
to place the questions in a well-established field, a general overview is necessary.
Recognizing that precise planning, efficient execution, and continuous improve-
ment through simulation and real-world experience are essential, the focus on
layout was established later. Contributing to research and innovation in this area
is needed to enable communities with the tools and insights they need to manage
mass gathering events in an increasingly crowded and complex world.

2.2 Evacuation Triggers

Outdoor mass gatherings, such as music concerts and festivals, by nature involve
complex crowd dynamics and variable environmental conditions. Historical case
studies have shown that events like fires, severe weather conditions, terrorism, and
infrastructure failures can result in the need for rapid evacuations [15] [16]. In Den-
mark, where weather instabilities like pouring down heavy rain or strong winds
and evolving security challenges have been reported in national terror situation
reports [17], it is critical to address a broad spectrum of evacuation triggers. These
triggers also determine many factors, such as the direction of crowd movement,
and therefore the efficiency of evacuation. This chapter identifies the main hazards
and discusses their documented impact while also establishing their relevance to
the Danish context.

Fire Incidents

Fire represents one of the most commonly considered and investigated hazards
during mass gatherings. Fires may occur accidentally (due to electrical faults or
cooking equipment) or be intentionally set during terror events [16]. Research
has detailed the use of fire as a weapon in mass casualty scenarios, emphasizing
that even a small-scale fire can quickly evolve into a mass evacuation crisis if it
intersects with high crowd density. In outdoor concerts where temporary struc-
tures are employed, the use of pyrotechnic equipment, combustible materials, and
flammable temporary installations further increases the risk profile. Danish event
safety guidelines have increasingly incorporated lessons from international studies
that link fire hazards to prolonged evacuation times, making fire prevention and
rapid response a must-include part of evacuation planning [15].
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CHAPTER 2. STATE OF THE ART

Severe Weather and Environmental Hazards

Rapidly changing weather conditions, including severe storms, heavy rain, and
high winds, can lead to infrastructure collapse or hazardous environmental ex-
posures for the occupants. Due to extreme weather, the collapse of temporary
structures during tented events can occur [18]. In Denmark, despite a temper-
ate climate, there have been instances of high wind events and localized storms
that have threatened the structural integrity of temporary installations at mass
gatherings. Furthermore, research indicates that climate change is driving more
frequent and severe weather-related hazards in northern Europe, prompting event
organizers to invest in robust evacuation protocols [19]. Outdoor mass events led
to crowding-induced injuries and fatalities in Hungary, where a crowd crush oc-
curred due to a sudden storm at the banks of the Danube, where people gathered
to watch an announced fireworks show [1]. Such weather-induced emergencies re-
quire that the events integrate real-time meteorological data into their evacuation
planning.

Terrorist Threats and Security Incidents

The risk of terrorism, including planned attacks or coordinated acts of sabo-
tage, remains a critical concern for outdoor mass gatherings [17]. The literature
highlights a growing awareness of terrorism as a trigger for mass evacuations,
particularly when fire or explosive devices are used as part of the attack strategy
[16]. In addition, studies focusing on evacuation planning for public events high-
light that the unpredictable nature of terrorist threats makes it necessary to create
preplanned and adaptive evacuation strategies [20]. Despite Denmark not expe-
riencing large-scale terror incidents recently, periodic terrorist threat assessments
indicate that mass events are potential targets [17]. The incorporation of terrorism-
triggered evacuation scenarios ensures that security measures remain robust and
adaptive to emerging threats [20].

Hazardous Materials and Chemical Incidents

While less frequent than other hazards, the accidental release of hazardous ma-
terials (or deliberate chemical, biological, radiological, and nuclear attacks (CBRN)
has the potential to force rapid evacuations. Advances in detection technologies
have improved the identification of CBRN agents, but the possibility of exposure
remains a risk in scenarios where industrial facilities lie near mass gathering sites
or where a terror actor may attempt such an attack [21]. In Denmark, ongoing risk
assessments in urban planning and event safety often include modules for chemi-
cal hazard management, reinforcing the need for specialized evacuation routes and
decontamination protocols.
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CHAPTER 2. STATE OF THE ART

Structural Failures and Crowd Dynamics

Evacuation triggers are not solely confined to environmental or intentionally
caused hazards. Structural failures of temporary installations (e.g., stage collapses
or tent failures) and crowd-induced incidents (such as stampedes that may follow
a trigger event, further escalating the situation) are also significant factors. Al-
though crowd dynamic failures are typically a consequence of panic induced by
another event, planning for these secondary disasters is critical. Studies that in-
tegrate crowd behavior provide evidence that inadequate structural resilience or
miscommunication among event participants can lead to rapid and uncontrolled
evacuations [15]. This is particularly relevant in the Danish context, where the use
of temporary structures is common at outdoor venues.

Relevance in the Danish Context

Denmark’s safety and security agencies have noted that, although the overall
risk of terrorism remains moderate, the country is not immune to the spillover ef-
fects of international terror and extreme weather events [20] [17]. National reports
have increasingly highlighted severe weather episodes even in temperate climates,
emphasizing the need for comprehensive evacuation strategies. The complexity
of these threats, coupled with lessons learned from international mass gathering
incidents [15], requires Danish event planners to adopt multihazard evacuation
protocols that integrate real-time hazard detection with robust simulation-based
planning.

The evaluation of potential evacuation triggers at outdoor mass gatherings demon-
strates that fires, severe weather, terrorist threats, hazardous material incidents,
and structural failures are all important to consider in developing a resilient evac-
uation plan. The literature provides a robust empirical basis for these risks, while
Danish safety practices and threat assessments further prove their relevance. Fu-
ture research should focus on integrating multidisciplinary simulation tools with
real-time monitoring systems to further refine evacuation strategies specific to Dan-
ish outdoor events.

2.3 Laws and Regulations

Mass gatherings, such as outdoor concerts, pose significant logistical and safety
challenges, especially when it comes to emergency preparedness and crowd evac-
uation. The safe and orderly evacuation of large crowds is a complex task that
requires meticulous planning, adherence to legal frameworks, and the integration
of risk-based strategies. In the European Union (EU) and Denmark, specific regu-
lations and standards have been developed to ensure the safety of attendees during

6



CHAPTER 2. STATE OF THE ART

such events. This chapter presents an overview of the relevant EU and Danish laws
and guidelines concerning event safety, emergency preparedness, and evacuation
planning. These frameworks provide a foundation for simulation-based investiga-
tions such as the one undertaken in this study.

EU Regulations and Guidelines

While the EU does not provide a single, unified directive specifically tailored
to mass gatherings, several legislative instruments and international standards
adopted by EU member states are relevant to evacuation planning and emergency
preparedness at such events.
One of the foundational pieces of EU legislation is Directive 89/391/EEC on the
introduction of measures to encourage improvements in the safety and health of
workers at work [22]. Although primarily aimed at occupational settings, at a mass
event, there are also employees present to carry out various roles. This directive
mandates that employers (including event organizers) assess all potential risks to
health and safety, including those related to emergency evacuation procedures and
crowd management. This implies a legal duty for event organizers to conduct haz-
ard identification, risk assessment, and implement necessary mitigation strategies.
Another important regulation is Directive 2001/95/EC on general product safety,
which indirectly influences event safety by ensuring that all equipment used in
temporary structures, such as stages, lighting rigs, and crowd barriers, meets safety
standards and does not pose a risk to public health [23].
From a planning and procedural perspective, the international standard ISO 22315 :
2014, adopted by several EU nations, offers structured guidance on mass evacua-
tion planning. The standard provides a framework for preparing, coordinating,
and implementing evacuation plans, taking into account variables such as hu-
man behavior, communication strategies, and logistical constraints. Although not
legally binding, ISO 22315 is considered a best-practice guide for emergency plan-
ners [24].

In addition, the European Centre for Disease Prevention and Control (ECDC) has
issued several technical reports relevant to the planning of mass gatherings. For
example, the 2024 ECDC Technical Report emphasizes the importance of conduct-
ing health risk assessments, managing communicable disease threats, and ensuring
robust surveillance and emergency response capabilities. The ECDC particularly
underscores the need for cross-sector coordination among health services, civil
protection, and event organizers [25].

7
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Danish National Regulations and Practices

In Denmark, the legislative responsibility for civil protection and emergency
management falls under the Emergency Preparedness Act (Beredskabsloven). This
act outlines the roles and responsibilities of municipalities, the Danish Emergency
Management Agency (DEMA), and private actors in ensuring emergency readi-
ness. Under the act, municipalities are required to prepare contingency plans for
emergencies, which include mass gatherings. Event organizers are expected to
align their emergency plans with municipal strategies and ensure that all critical
scenarios, including evacuations, are addressed [26].

A crucial component of Danish safety regulation is found in the Danish Building
Regulations (Bygningsreglementet), which apply to both permanent and tempo-
rary structures. The regulations specify requirements for the number and place-
ment of emergency exits, minimum exit widths per person, and acceptable travel
distances to the nearest exit. For temporary events, such as outdoor concerts, these
provisions are adapted to consider the nature of the venue and the expected crowd
size. For example, the regulations may require multiple exits with a minimum
width of 0.77 meters each, spaced adequately to prevent bottlenecks and ensure
flow continuity. Additional fire safety provisions mandate the presence of fire-
fighting equipment and clear escape signage [27].

Event organizers are also subject to requirements under the Police Act (Poli-
tiloven). Large public events must be reported to the local police, who have the
authority to require modifications to plans if they deem crowd management or
evacuation procedures insufficient. Organizers must submit detailed safety and
crowd management plans, including evacuation routes, barrier placements, and
communication strategies. The police may consult with DEMA and local fire au-
thorities during the approval process [28].

Practical Application in Event Planning

The combined application of EU directives, Danish national law, and interna-
tional standards forms the basis for safe event planning. In practice, this involves
several critical steps. First, a comprehensive risk assessment must be carried out,
taking into account crowd size, venue layout, possible emergencies (e.g., fire, struc-
tural failure, crowd surges), and environmental conditions. Second, evacuation
routes must be designed with sufficient width, number, and dispersion to accom-
modate the anticipated flow. Third, the event must be coordinated with relevant
authorities—municipal emergency planners, police, fire brigades, and health ser-
vices—to ensure that a coherent response plan is in place. The base requirements
are well regulated in Danish law, but other than some minimum requirements, the

8
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details of the plan can be adjusted/planned by professionals and later have to be
approved by the authorities. In this process optimization, planning strategies can
be freely utilized to achieve the possible lowest safe egress time.

In the context of this research project, these regulatory requirements serve as
the baseline conditions under which Pathfinder simulations are run. For exam-
ple, compliance with the Danish Building Regulations informs the minimum exit
widths evaluated in the simulation. Similarly, police requirements influence the
spatial constraints and acceptable configurations for exit clusters. Finally, ISO
22315 guides the selection of parameters related to human behavior, such as pre-
movement time and crowd density thresholds.

2.4 Evacuation Factors

This section provides a comprehensive overview of the influencing factors in
evacuation time at mass gatherings. In formulating evacuation strategies, a mul-
titude of variables can affect both the pre-movement delay and the overall egress
time of occupants. The identified factors can be grouped into demographic, phys-
ical, behavioral, environmental, and structural categories. Each category is de-
scribed below, with supporting evidence from the literature.

Demographic Factors

Age is a well-established parameter affecting mobility and reaction time dur-
ing evacuations. Older occupants often have slower walking speeds and
longer pre-movement delays, which can extend overall evacuation time [29].

Gender differences can influence reaction time and physical performance
during emergencies, with studies indicating variance in evacuation speed
due to differences in gait and decision-making processes [30, 31].

Height and Physical Stature: The occupant’s height and leg length can affect
stride length and walking speed, thereby influencing evacuation efficiency.
Taller individuals may cover distances more quickly, although this advantage
may be negated by other mobility constraints [32].

Health Status and Physical Fitness: Pre-existing health conditions or reduced
physical fitness, including disabilities, play a crucial role in individual evac-
uation performance. These factors contribute to slower movement and ex-
tended safe evacuation times [29, 30].

9
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Physical and Behavioral Factors

AlcoholConsumption Alcohol impairs judgment, decreases motor skills, and
slows reaction times during emergencies. Its influence on decision-making
and coordination has been documented as a critical factor in delaying evacu-
ation [30].

Grouping and Social Behavior: The tendency of individuals to form groups,
follow emergent leaders, or exhibit herding behavior is known to influence
evacuation time. Group dynamics can either facilitate orderly movement
or cause congestion, particularly when groups are hesitant or delay their
movements to remain together [30, 33].

Pre − movement and Response time: The interval between perceiving the
emergency cue and initiating movement is influenced by individual cognitive
and psychological factors. Factors such as risk perception, situational aware-
ness, and prior training are essential determinants of the pre-movement delay
[34].

Decision − Making and Delay Behaviors: The process of deciding on an evac-
uation route and reacting to dynamic conditions in an emergency can affect
overall performance. Variability in directional-choice parameters has shown
that even small calibration errors in decision-making can lead to significant
differences in evacuation time [35, 36].

Environmental and Structural Factors

Terrain and Surface Conditions: External factors such as slippery conditions,
mud, or uneven surfaces can considerably slow movement. Studies on con-
struction site evacuations have reported that adverse terrain conditions re-
duce effective evacuation speed and increase the risk of falls or injuries [37].

Layout and Obstructions: The configuration of the environment—including
the number, width, and placement of exits, as well as obstacles like stacked
equipment or temporary installations—directly influences evacuation time.
Limited exit widths, local bottlenecks, or the presence of obstacles adversely
affect flow rates and reduce overall efficiency [38, 39].

Visibility and Sensory Cues: Environmental factors such as poor visibility
(due to smoke or low lighting) are critical in determining the speed of evac-
uation. Sensed parameters (e.g., temperature, CO concentrations) can also
indirectly contribute to delays as occupants seek to avoid perceived danger
zones [37, 40].
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Uncertainty and Randomness in Human Behavior

Psychological Stress and Panic: Under emergency conditions, the psycholog-
ical state of an evacuee is highly variable. Stress, confusion, or panic can
exacerbate delays and lead to erratic behavior, while under controlled guid-
ance, individuals may evacuate more efficiently [35, 41].

Uncertain Evacuation Route Selection: The randomness inherent in human
behavior under emergency conditions—such as the choice between multiple
exits—adds an element of unpredictability to evacuation timing. Simulation
studies have demonstrated that even slight variations in exit-choice behavior
can result in significant variations in total evacuation time [33, 35].

In summary, safe evacuation planning must integrate a comprehensive assess-
ment of these factors. The combination of individual demographic characteristics,
the behavioral responses elicited by stress, and the physical constraints of the en-
vironment all interact to determine evacuation efficiency. Understanding each of
these contributors through robust simulation and empirical analysis is essential
for developing targeted interventions to reduce egress times and enhance overall
public safety during emergencies.

2.5 Festival Attendees

Danish music festivals have evolved to attract diverse demographics, signifi-
cantly impacting planning and management. This also needs to be considered
while planning for evacuation scenarios. This section shows data on age and gen-
der distribution among attendees.

Age Distribution

Data indicate that the average age of festival attendees in Denmark has shifted,
with younger crowds historically dominating these events. An increasing trend
shows that a significant portion of attendees falls into the 20-29 age range (approx-
imately 45%), with 30% in the 30-39 bracket, highlighting the equaling between
younger festival participants and older attendees. However, specific data support-
ing these figures are not available in the cited references. While trends may suggest
these patterns, precise attendance figures should be verified [42].

The data indicate a structural demographic change in attendees is available in
psychology and marketing research papers. These papers are pressing organizers
to adapt programming and marketing strategies to the age groups of attendees.
Research suggests that younger attendees gravitate toward high-energy genres,
while older attendees often seek genres like rock or classical [43].
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Gender Distribution

Gender representation at Danish festivals has improved significantly, becoming
more balanced than in earlier years. Current estimates suggest that women consti-
tute approximately 45–50% of festival attendees, a substantial increase from previ-
ous decades. However, the cited references do not support the exact proportion of
gender representation [44, 45].

Additionally, differences in behavior based on gender have been evidenced;
females are more inclined to seek safety and social experiences compared to their
male counterparts, who may engage more with substance use. This point has been
supported by relevant literature [45].

Nationalities

The examples for age and gender were taken from Roskilde Festival. The festival
boasts a notably diverse international attendance, with the majority of its audience
coming from across Europe. Among the prominent nationalities represented, Great
Britain, France, Finland, Germany, and the Netherlands each account for several
hundred festivalgoers, reflecting the festival’s broad European appeal[46]. Cultural
and linguistic differences significantly impact evacuation procedures during emer-
gencies. When disaster strikes, the effectiveness of communication is paramount,
yet varying cultural contexts and languages can hinder timely and efficient evac-
uation. For instance, disaster management strategies must consider local cultural
practices and languages to ensure that critical information is conveyed in ways
that resonate with diverse communities [47]. In multicultural settings, disparities
in emergency responses can emerge due to variations in risk perception and trust
in authorities influenced by cultural backgrounds [48]. Furthermore, language bar-
riers can complicate the dissemination of information regarding evacuation routes,
safety protocols, and available resources, ultimately affecting the overall effective-
ness of evacuation efforts [49].

This brief showcase of age, gender, and nationality distributions highlights the
evolving demographics of Danish festival attendees, with the average age increas-
ing and a more balanced gender representation. The data presented herein require
additional sourcing and validation to ensure accuracy, thus providing a founda-
tional understanding that will inform planning and evacuation strategies and en-
hancing safety.

2.6 Mobile Fencing Solutions

Fencing solutions play a vital role in the organisation of festivals, offering the
base for crowd management, defining event boundaries, and enhancing overall
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safety. The popularity of mobile fencing has surged in recent years, particularly
due to its adaptability and ease of deployment across diverse festival environments
[50]. Effective crowd management and perimeter security are critical for the suc-
cessful organization of festivals and mass gatherings. Temporary fencing solutions
are central to achieving these objectives, offering both safety and logistical control
in dynamic environments. This section presents a brief insight into fencing solu-
tions available for festival organization, product types, market trends, and practical
considerations for deployment.

Market overview

The temporary fencing industry has witnessed steady growth over the past
decade, driven by heightened awareness of crowd safety and evolving regulatory
standards [51]. Festivals and large-scale events increasingly rely on modular fenc-
ing solutions to manage access, create controlled zones, and ensure safe evacuation
routes [52]. This has resulted in a diverse marketplace offering a range of products
tailored to the needs of event organizers.

Product types and features

Fencing solutions for festival environments can be broadly categorized as follows:

StandardTemporaryFencing Modular steel mesh panels, typically 2 meters
high, supported by weighted bases. Used for site perimeters and general site
security [53]. Temporary fencing systems are among the most widely used
in festival organisation. These fences are typically made from lightweight
materials such as plastic or metal, allowing for easy installation and removal.
They can be configured to create enclosures for restricted areas, directing foot
traffic while preventing unauthorized access. Smith notes that these tempo-
rary structures can normalise restricted access, thus mitigating opposition to
enclosed public spaces during festivals [50].

CrowdControlBarriers Low-height barriers for guiding pedestrian flows and
forming secure queues. Portable and modular [54]. These barriers are de-
signed specifically to manage the flow of people during large gatherings.
They often feature interlocking systems that allow for flexible configurations
depending on the crowd size and movement patterns. Barriers can delin-
eate paths for entry and exit, segregate different audience groups, and pro-
vide a buffer between attendees and other activities. This variability ensures
that festival organisers can respond effectively to changing crowd dynamics
throughout the event [50].

High − SecurityFencing Dense mesh fences that deter climbing and secure
VIP or technical areas [55].
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AcousticandSoundBarriers Panels with sound-absorbing materials to miti-
gate noise impact in residential areas [56].

DecorativeandThemedFencing Fencing solutions with branded or themed cov-
ers that enhance visual appeal and sponsor visibility [33].

EmergencyandEvacuationPathwayFencing Flexible barriers for emergency routes,
facilitating clear and safe egress during evacuations [35].

Market trends and considerations

Several trends shape the market for fencing solutions in festival settings:

• Regulatory Compliance and Safety Standards: Rising awareness of crowd
safety has driven festival organizers to comply with ISO 22315 standards and
national building codes [24, 27].

• Sustainability and Reusability: Eco-friendly and reusable fencing materi-
als are increasingly prioritized to reduce environmental impact and lifecycle
costs [51].

• Customization and Branding: Organizers integrate branded wraps and themed
fencing to enhance festival identity and sponsorship visibility [33].

• Smart and Modular Systems: Innovations include sensor-equipped fencing
for monitoring crowd density and modular panels adaptable to changing
crowd flows [52].

Geographical distribution and pricing

European countries, notably Denmark, Germany, and the UK, have robust tem-
porary fencing markets driven by stringent safety and noise regulations. North
America and Asia-Pacific also show growing demand, driven by the expansion of
festival culture [51].

Approximate rental prices in Denmark in 2024 include:

• Standard temporary fencing panels: €20–€40 per panel per day.

• Pedestrian barriers: €5–€10 per barrier per day.

• Acoustic barriers: €50–€100 per panel per day, depending on acoustic rating.

• Custom branding wraps: €5–€15 per square meter.
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The market for fencing solutions in festival organization is diverse and dy-
namic, shaped by safety imperatives, evolving regulations, and aesthetic consid-
erations. Selecting appropriate fencing solutions ensures compliance, enhances
crowd safety, and contributes to a positive festival experience. As sustainability
and smart technologies continue to develop, future fencing solutions are poised to
become even more adaptable and environmentally conscious [50].

The variability of fencing solutions enables festival organisers to tailor their ap-
proach to specific contexts. For example, some festivals may require more substan-
tial, secure fencing to manage high-risk crowds, while others may opt for lighter
barriers that are easy to navigate. The ability to adjust the configuration based on
the festival’s unique needs is crucial for ensuring optimal crowd flow and enhanc-
ing the attendee experience.

The modern trend involves integrating fencing solutions with technology, in-
cluding digital signage, CCTV monitoring, and crowd management software. This
integration enables real-time data monitoring, allowing for faster response times to
crowd issues and enhancing overall safety. This technological adaptability show-
cases the contemporary versatility of fencing solutions in festival settings [50].

In conclusion, fencing solutions have become indispensable tools in the effec-
tive management of festival environments. Mobile fencing solutions offer flexible,
adaptable, and cost-effective solutions for responses to varying crowd dynamics
while sustaining accessible public spaces. This flexibility in area design is unique
to open-air mass gatherings and festivals. This allows a wide range of different
exit configurations to be executed.

2.7 Egress Simulation Literature for Festival Scenarios

The utilization of the Pathfinder simulation model in evacuation scenarios at
large-scale music festivals was applied multiple times fitting a concrete location.
Use of Pathfinder in Evacuation Modelling In the study by Ronchi et al., Pathfinder
is employed as a multi-agent continuous evacuation model to simulate various
evacuation scenarios, including a preventive evacuation due to a fire and a total
evacuation prompted by a bomb threat. in the paper this model was selected for
its capacity to represent large populations and high densities more accurately than
previous methodologies. The study aims to create sophisticated representations of
crowd behavior under different evacuation triggers and to analyze how variations
in layout and delay parameters can impact evacuation efficiency [57].

Okřinová et al. [58] similarly leverages numerical models to optimize crowd
evacuation processes, focusing on realistic variables that affect crowds during an
emergency. This includes assessing body space, walking speeds of different de-
mographic groups, and the impact of pre-evacuation behavior based on real crisis
incidents. The model integrates empirical data to refine the simulation parameters,
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ensuring that the scenarios closely mimic real-world conditions, which is crucial
when developing emergency plans for large public gatherings.

Both papers highlight a historical context of crowd disasters, citing incidents
such as the Love Parade in 2010, which resulted in significant casualties due to poor
crowd management practices [58]. This historical backdrop emphasizes the neces-
sity for sophisticated modelling tools like Pathfinder. By utilizing such models,
festival organizers can preemptively address key failings observed in previous in-
cidents, such as insufficient exit paths and inadequate crowd control measures, by
testing different layout scenarios and identifying optimal evacuation paths [57, 58].
Moreover, Ronchi et al.[57] emphasizes the critical aspects of pre-evacuation behav-
ior, taking into account the social dynamics and psychological responses of atten-
dees during an emergency. These dimensions are often overlooked in traditional
evacuation planning but can significantly influence the overall effectiveness of the
evacuation process. The dynamic modeling of movement speeds—factoring in
variations among individuals, including those with mobility impairments—further
illustrates the nuanced approach of these studies [57].

Implications for Future Evacuation Models Both studies advocate for a continu-
ous improvement approach to evacuation modeling through detailed simulations.
For instance, research by Ronchi et al. indicates the significant role of social me-
dia during emergencies, impacting how quickly individuals begin to evacuate [57].
The incorporation of such social behaviors, alongside empirical data on participant
demographics and physical capabilities, allows for a more refined understanding
of potential bottlenecks and escape routes [57].

Okřinová et al. work stresses legal and safety compliance by highlighting issues
like overcrowding and the need for proper authorizations, which can directly affect
the safety and efficacy of emergency plans. By presenting quantitative data on
evacuation times and operational capacity under various scenarios, these models
can inform better regulatory frameworks and organizational practices for large
events [58].

In conclusion, the integration of Pathfinder in these research endeavors exem-
plifies the application of advanced simulation technology in crisis management.
It underscores the ethical responsibility of event organizers to leverage such tools
to enhance public safety. These two studies serve as typical examples of applica-
tion possibilities for outdoor mass gathering scenarios. However, it is important to
note that while they provide detailed modeling of human behavior and crowd dy-
namics, they largely take the given layout as fixed and do not explore the broader
freedom and flexibility of fencing or exit layout configurations in detail. As the
simulation literature is already saturated in terms of human behavioral aspects
and refined movement models, this highlights a gap in studies that treat the spa-
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tial design itself as an adjustable parameter. Both studies collectively advocate for
continued research and innovation in crowd management strategies at large-scale
events. Yet, there remains ample scope for future work to systematically investigate
how alternative fencing arrangements and layout flexibility could further optimize
evacuation performance and public safety.

2.8 Literature on Exit Configuration

Evacuation safety in mass gatherings is heavily influenced by the physical layout
and design of exit routes. A substantial body of literature explores various aspects
of exit configurations, including exit width, positioning, and clustering, to under-
stand how these factors impact egress performance and crowd safety. These stud-
ies draw from diverse fields, from architectural design to behavioral psychology,
underscoring the multifaceted nature of emergency evacuations. While general
evacuation modeling and simulation applications are well-established, the specific
configurations of exits, especially in the dynamic settings of outdoor mass events,
require a focused examination. The following subsections synthesize key insights
from the literature, providing context for the exit configuration parameters ana-
lyzed in this paper.

2.8.1 Effect of exit width

The relationship between exit width and egress time has been extensively stud-
ied across various domains, including architectural safety. Understanding how
exit width influences the efficiency of crowd evacuation and movement dynamics
is critical, especially in emergency situations. A variety of research demonstrates
that both the geometry of egress points and the surrounding conditions signifi-
cantly influence egress time.

A substantial body of work has established that the width of an exit signif-
icantly affects flow rate and subsequent evacuation time. For example, Wei et
al. found that various exit structures affect evacuation efficiency, highlighting that
narrower exits tend to lead to increased congestion and prolonged egress times
[59]. This conclusion is also reflected in the study by Wang and Lin (2017), the
paper observed that in a controlled experiment involving ants, the mean flow rate
did not linearly increase with exit width, showcasing the complexities involved in
determining effective egress configurations [60].

The geometry of exit points plays a role in shaping evacuation dynamics. Ta-
vana et al. conducted experiments demonstrating that relocating an exit point from
the center to a corner of a walkway decreased evacuation times significantly [61].
This finding highlights the multifaceted factors influencing egress, indicating that
exit width alone does not determine egress time; the spatial placement of exits is
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also a crucial consideration [61].
Moreover, specific configurations, such as bottlenecks, further complicate the

effects of exit width on egress time. Bode et al. explored how social interactions
and environmental obstacles modify movement dynamics, noting that narrower
exits can result in extensively longer evacuation times due to increased interactions
among individuals attempting to escape [62].

These observations also align with findings by Kodur et al., who indicated that
various parameters, including geometric characteristics of exits, govern evacuation
efficiency in hospital environments, reiterating the importance of exit width in
emergency design [63].

In conclusion, the literature strongly supports the assertion that exit width is a
critical determinant of egress time and efficiency. They have a non-linear relation.
It also indicates that exit width is not the sole structural factor in egress time.

2.8.2 Effect of exit positioning

Architectural studies have demonstrated that strategically positioning exits can
alleviate some negative effects associated with narrow exit designs, effectively re-
ducing egress times [64]. In this paper, Tavares (2009) investigates how the po-
sitioning of exits influences evacuation times in a square room occupied by 200
individuals. By examining various exit configurations for single and dual exits of
equal width, the study reveals that placing exits in corners leads to slightly faster
evacuations due to reduced congestion around exit points. Notably, the study
demonstrates that congestion plays a significant role in determining evacuation
times, and the influence of exit positioning can outweigh the impact of exit width
in certain scenarios. Furthermore, the literature is saturated with analyses of exit
positioning in relation to walls and corridors, underscoring the relevance of spatial
layout beyond just the width of exits. While the research is limited to idealized
behavior, such as zero response time and straightforward exit choice, it highlights
the importance of optimizing exit placement to enhance overall safety and reduce
egress times in enclosed spaces [64].

2.8.3 Effect of exit clustering

The design and clustering of exits in buildings, particularly with reference to
regulations in Denmark and the EU, are subject to various guidelines and stud-
ies in evacuation planning. Such regulations prioritize safety and effectiveness
to facilitate egress during emergencies, generally emphasizing the need to avoid
clustering exits too closely together.

In Denmark, the Building Regulations [27] stipulate requirements for exit place-
ments in buildings, focusing on providing adequate egress routes to enhance safety.
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The Danish regulations adhere closely to the principles outlined in the EU direc-
tives on construction, which focus on ensuring that exits are adequately spaced
to minimize congestion during emergencies. The EU Directive 2014/24/EU sets
standards for public safety in building designs, including the necessity of hav-
ing multiple exits located in such a manner as to avoid over-reliance on a single
exit route [65]. This directive aligns with recommendations emphasizing that exits
should be positioned near pathways that can handle high densities of occupants
without leading to delays due to congestion.

Moreover, the NFPA Life Safety Code [66], which often inform regulations
across EU member states, advocate for a formal approach to clustering exits. They
indicate that exits should not be clustered too closely together to provide redun-
dancy in case of blockages or obstructions. The recommended distance between
clustered exits or the number of exits in relation to the maximum occupant load
helps ensure that during an emergency, individuals can navigate toward the exits
without being funneled into singular points of failure [64].

Research has extensively analyzed the dynamics and implications of exit clus-
tering on crowds during evacuations. Studies examining pedestrian flow empha-
size that while clustering exits can reduce the time to reach an exit, it can simul-
taneously lead to dangerous bottlenecks if not designed properly. For instance,
a simulation study by Asadi et al. demonstrated that improper placement of ex-
its could lead to increased egress times, especially in scenarios with high traffic
density [67, 68].

Research shows that emergency situations often see individuals making quick
decisions, which can result in clustering behavior at certain exits if individuals see
others heading in that direction. This observation aligns with findings from major
studies which utilized agent-based modeling to simulate evacuations[67]. Such
studies indicate that the effects of social influence can lead to uneven distributions
of crowd pressures at exits, influencing how effectively they are utilized during an
emergency.

Additionally, studies exploring architectural adjustments have highlighted how
certain modifications can alleviate congestion at exits, thereby promoting a more
effective evacuation process. For instance, Al-Khalidi et al. noted that altering
the architectural design of exit zones tends to relieve bottlenecks and facilitate
smoother egress flows during emergencies [69].

The concept of the Level of Service (LoS) is often applied in evacuation studies,
providing a quantitative measure of exit performance based on crowd density esti-
mates and flow rates. This framework helps understand how clustered exits might
operate under different occupant load scenarios, delineating minimum distances
required between exits to maintain a high level of safety [70].

Research into Danish evacuation protocols, combined with broader EU norms,
indicates a pressing need for policies that integrate behavioral psychology with
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architectural design to inform exit strategies. A detailed study by M. F. H. Zaman
et al., focusing specifically on Danish evacuation routes, found that behavioral
patterns of occupants during an emergency could move certain exits to be under-
or over-utilized relative to their design capacity [71].

As the balancing act of exit clustering continues to evolve, it is clear that reg-
ulations in Denmark and the EU, and research emphasize the necessity of careful
consideration in exit placement beyond simply adhering to spatial dimensions. The
general consensus is pointing towards the need to avoid exit clustering as much as
possible.

2.9 State of the Art Conclusion

Mass gathering evacuations are a relevant and pressing topic due to the in-
creasing scale and frequency of such events worldwide. The literature covers a
broad range of factors influencing evacuation, including behavioral, demographic,
and environmental triggers, with significant research already available. Simula-
tion techniques are also well-established and widely utilized for modeling crowd
dynamics in specific scenarios.

While the spatial layout and exit configurations have been extensively studied,
exit clustering is generally discouraged due to its tendency to create bottlenecks
and congestion. However, for outdoor mass gatherings—where mobile fencing and
flexible setups are necessary for security and controlling incoming crowds—exit
clustering is often unavoidable. This practical reality highlights a gap in the cur-
rent literature, as optimal exit clustering configurations have not been thoroughly
investigated in simulations. To address this, the present work focuses on simulat-
ing different exit clustering setups using Pathfinder to identify optimal strategies
for safe and efficient evacuation in festival environments.
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Problem Formulation

3.1 Research Question

How do different exit width and exit clustering configurations influence evacuation
efficiency, congestion patterns, and optimal egress times in large-scale outdoor
mass gatherings in Denmark, and what practical insights can be derived to improve
crowd safety and event planning through simulation-based analysis?

3.2 Objectives

The primary objective of this study is to systematically investigate the influence of
exit clustering on egress times and crowd dynamics during emergency evacuations
at outdoor mass gatherings. Specifically, the research aims to:

• Quantify the impact of exit clustering on overall evacuation time for different
crowd densities typical of Danish outdoor events.

• Identify critical clustering configurations that either mitigate or worsen bot-
tlenecks during evacuation.

• Evaluate crowd flow patterns and density distributions associated with vari-
ous exit configurations, using agent-based simulations in Pathfinder.

• Provide practical recommendations for event organizers and planners in Den-
mark on how to optimize exit placement to improve crowd safety during
emergencies.

This focus reflects the need for data-driven insights to guide evacuation plan-
ning in outdoor venues, a topic of particular relevance in the context of large-scale
festivals and public events in Denmark.
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3.3 Delimitations

• Single Simulation Software: The analysis exclusively utilizes Pathfinder
2024.2, an agent-based egress simulator. While other software solutions exist
(e.g., MassMotion, Simulex), the choice of Pathfinder is justified by its robust
validation and established use in evacuation modeling.

• Focus on Exit Clustering: The study narrows its scope to the examination
of exit clustering (number, placement, and proximity of exits). Other exit
parameters such as shape, signage, and environmental factors (e.g., lighting,
weather) are not considered in this study.

• Fixed Crowd Profile: Simulations are based on a representative crowd profile
reflecting typical festival attendees in Denmark. Variations in demographic
factors (e.g., mobility impairments, age distribution) are not explicitly ex-
plored.

• Geographical and Cultural Context: The analysis is constrained to scenarios
relevant to Danish festival events and does not extend to international con-
texts or venues with significantly different regulatory frameworks or cultural
crowd behaviors.

3.4 Limitations

• Validation Scope: The study’s validation of simulation results relies on com-
parisons with published peer-reviewed studies and Pathfinder’s internal ver-
ification and validation documentation. No large-scale real-world evacuation
exercises or field experiments were conducted to directly calibrate or verify
the simulation results.

• Time and Resource Constraints: Conducted within the scope of a single
semester, the study’s duration limited the number of scenarios and variations
tested. Further refinements (e.g., testing additional crowd profiles or exit
geometries) were beyond the available timeframe.

• Generalizability: The use of a single crowd profile and static environmen-
tal conditions means that the findings may not fully capture the variability
of real-world crowd behavior under different circumstances (e.g., extreme
weather, panic).

• Simplified Assumptions: Although Pathfinder can simulate complex occu-
pant behaviors, some aspects of human decision-making and environmental
variability (e.g., group behavior under stress, real-time weather changes) are
not fully represented in the current simulation scope.
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Methodology

The methodology of this thesis follows the Problem-Based Learning (PBL) ap-
proach, a cornerstone of academic inquiry at Aalborg University. This approach
guided the research process as a funnel-shaped progression: beginning with a
broad and explorative literature search, which led to the identification of a research
gap, resulting in the problem formulation. After this point, the topic to address
the research question, the focus remains narrow through detailed simulations and
analyses, then expanding outward again as various applications are discussed.

4.1 Methodology Overview

Figure 4.1: Methodology Flowchart [Own Creation]

The Overview can be seen in Figure 4.1. Initially, a comprehensive literature
search and scientific theoretical perspective review were conducted to establish

23



CHAPTER 4. METHODOLOGY

a solid foundation for understanding evacuation modeling and simulation tech-
niques. This initial phase incorporated insights from both Danish and international
guidelines, studies on pedestrian evacuation dynamics, and the broader context of
simulation-based emergency planning. The insights gathered were distilled into a
focused problem formulation that explicitly addressed the role of exit clustering in
evacuation performance—an area not thoroughly explored in previous literature.

Building on this foundation, the simulation framework was developed using
Pathfinder, a robust agent-based modeling tool validated for crowd movement and
egress scenarios. Pathfinder’s flexibility and detailed representation of both oc-
cupant behaviors and geometries made it ideal for systematically testing how exit
number, placement, and width influence egress times in large-scale outdoor events.

To interpret the simulation data and quantify relationships between key vari-
ables, R was employed as the primary tool for statistical analysis and visualization.
Using advanced function fitting, regression techniques, and heatmap generation,
the analysis captured both the global and localized effects of exit clustering on
crowd dynamics. To ensure systematic exploration and robust parameter tuning, a
structured Design of Experiments (DOE) approach was implemented. This struc-
tured framework allowed for controlled variation of exit parameters—such as gap
lengths and door counts—across different scenarios. Building on DOE, the Re-
sponse Surface Methodology (RSM) was then used to refine the identification of
local optima, including the observed optimal gap length of approximately 1 m. The
RSM approach confirmed how small variations in exit design can have significant
impacts on evacuation performance.

The conceptual framework of ASET-RSET (Available Safe Egress Time vs. Re-
quired Safe Egress Time) was integrated throughout the study, providing a safety-
focused interpretation of the simulation outputs. This helps placing the findings
from a technical number to a practical view aligned with safety engineering prin-
ciples.

In line with the PBL philosophy, the entire methodological process—starting
from broad exploration, narrowing to the problem formulation, and then expand-
ing into detailed simulation-based investigation—was iterative and reflective. This
ensured that the research question was addressed comprehensively, while still be-
ing responsive to new insights and challenges encountered during the project. The
following sections will elaborate on each of these methodological components in
greater detail.
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4.2 Literature Search

The data collection for this thesis began with an exploratory search using ref-
erences suggested by professors and the supervisor. This initial exploration was
complemented by a chain search method to identify foundational documents re-
lated to emergency evacuations in outdoor mass gathering scenarios. Key studies
emerged, providing a baseline for the problem formulation and highlighting re-
search on pedestrian movement, exit design, and the use of simulation software
for evacuation analysis.

Building on this foundation, a systematic literature search was conducted to
expand the understanding of exit clustering effects and to identify relevant studies
within the context of outdoor events and crowd management. The PICo model
was adapted to guide the controlled block search [HÃÿrmann_2015]:

• P (population): Attendees at outdoor mass gatherings.

• I (interest): Human behavior, exit clustering, evacuation simulation.

• Co (context): Emergency evacuation scenarios in outdoor environments.

These categories informed precise search terms, including phrases such as “exit
clustering,” “crowd movement,” and “evacuation modeling.” The block search was
structured into three thematic blocks with synonyms and related terms for each
keyword, broadening the scope using phrase searching and the Boolean opera-
tor “OR.” The blocks were then combined using the Boolean operator “AND” to
narrow the focus to studies addressing all relevant aspects.

Inclusion and Exclusion Criteria were applied to ensure relevance and applica-
bility to the study objectives:

• Publication year: 2000–2024.

• Geography: Industrialized countries with comparable event safety protocols
and evacuation guidelines.

• Language: English, Danish.

Titles and abstracts were screened to assess relevance to the themes of outdoor
evacuation dynamics and exit clustering.
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The systematic search uncovered a range of theoretical frameworks and empiri-
cal studies addressing evacuation modeling, exit clustering, and simulation-based
analyses in crowd safety. These included agent-based simulation studies, empiri-
cal evacuation data, and guidance documents from safety organizations. Key data
sources included academic databases such as ScienceDirect, Scopus, IEEE, and of-
ficial reports on crowd safety at outdoor events.

The findings from these sources were systematically cataloged and analyzed,
forming the basis for the theoretical framework and informing the simulation mod-
els built in Pathfinder. This comprehensive literature search ensured that the re-
search questions were grounded in the current state of knowledge and that the
study’s methodology aligned with best practices in evacuation analysis and safety
engineering.

4.3 ASET and RSET

In emergency evacuation scenarios at mass gatherings, two core concepts are often
employed to evaluate safety: Available Safe Egress Time (ASET) and Required Safe
Egress Time (RSET). ASET denotes the maximum allowable time for attendees to
safely evacuate before hazardous conditions render exits ineffective. This depends
on various factors, including environmental conditions, crowd density, and the
temporary nature of structures at festivals.

On the other hand, RSET represents the time actually required for people to
reach safety and comprises several distinct phases, also seen in Figure 4.2:

DetectionTime : The interval needed for occupants to recognize that an emer-
gency has occurred.

AlarmTime : The period in which the alarm is activated and attendees be-
come aware of the need to evacuate.

Pre − movementTime : The time spent by individuals deciding whether to
evacuate, gathering belongings, or communicating with companions.

TravelTime : The actual walking time to reach safety, which involves walking
speeds and flow dynamics in the crowd.

Among these, the pre-movement phase is particularly unpredictable and influ-
enced by individual decision-making, perceived urgency, and social interactions
within the crowd.

The relation between the two is important, because for a safe evacuation, ASET
needs to be bigger than RSET. See Figure4.2 [72]. The margin of safety is as follows
in Equation 4.1:
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TSAFETY = TASET − TRSET (4.1)

Figure 4.2: ASET and RSET Timeline (Evacuation Time) [72]

This structured framework is widely used in evacuation analysis and is recog-
nized for its comprehensiveness in considering both human behavior and physical
egress dynamics [72]. However, to maintain a parametric focus on the influence
of exit clustering and configuration in the context of outdoor festival evacuations,
this thesis will exclusively consider the travel time phase, consisting of walking
time and flow time. This approach ensures that the impact of spatial layout and
exit arrangements can be isolated and systematically analyzed without the added
variability introduced by behavioral responses and detection delays.

4.4 Pathfinder Software

In this study, Pathfinder was selected as the primary simulation tool. Devel-
oped by Thunderhead Engineering, Pathfinder is an agent-based egress and hu-
man movement simulator that was utilized to model and analyze evacuation sce-
narios for the Exit width and exit cluster scenarios. Its use is natural as part of
the educational framework, given its robust features and established track record.
Pathfinder offers a comprehensive platform for designing, simulating, and visual-
izing occupant movement during emergency evacuations, making it well-suited for
detailed assessments of evacuation procedures and the identification of potential
bottlenecks and congestion as areas for improvement [73].

Pathfinder comprises three primary components [73]:
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• Graphical User Interface (GUI): This interface facilitates the creation and
editing of building models, occupant profiles, and evacuation scenarios. Users
can import existing building geometries from various formats, including
DXF, DWG, and IFC, or construct models directly within the software.

• Simulator: The core engine that executes the evacuation simulations based
on the defined parameters and scenarios. It employs agent-based modeling
techniques, allowing each occupant to make individual decisions and interact
dynamically with the environment and other occupants.

• 3D Results Viewer: A visualization tool that provides both 2D and 3D rep-
resentations of simulation outcomes. It enables users to observe occupant
movements, identify congestion points, and assess the overall effectiveness
of evacuation strategies.

While Pathfinder has been widely used in research and practice, these prior
studies typically focus on detailed modeling of human behavior and refined crowd
dynamics within a given layout. They serve as typical examples of Pathfinder’s ap-
plication potential in outdoor mass gathering scenarios. However, these works do
not delve into the broader flexibility of fencing and exit clustering effects, and the
simulation literature in general is already saturated with these behavioral aspects.
This thesis, in contrast, highlights the potential of using Pathfinder to explore alter-
native spatial configurations, namely exit clustering in a parametric way, extending
beyond the fixed layout assumptions seen in earlier works (Section 2.7.

4.5 Pathfinder Verification and Validation

As the scope of this paper doesn´t allow for conducting large-scale human tests
to verify the Pathfinder software, an overview of established literature is reviewed
for validation and verification purposes. The Pathfinder 2024.2 Verification and
Validation (V&V) documentation provides a comprehensive framework for assess-
ing the accuracy and reliability of Pathfinder, Thunderhead Engineering’s agent-
based egress and human movement simulator. This V&V process ensures that
the software’s simulations align with real-world human behavior and established
engineering standards [74].

Overview of the V&V Framework

The V&V methodology encompasses a series of structured tests and scenarios de-
signed to evaluate various aspects of pedestrian movement and behavior within
simulated environments. These tests are categorized into several key areas [74]:
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FundamentalDiagramTests : Assess the relationship between pedestrian speed
and density in different flow scenarios, including unidirectional, bidirec-
tional, and merging flows.

FlowRateTests : Evaluate the rate at which occupants pass through doors,
stairs, and corridors, ensuring consistency with empirical data.

BehaviorTests : Examine complex behaviors such as group dynamics, merg-
ing in corridors and stairways, overtaking slower occupants, elevator usage,
and navigation through corners.

SpecialProgramFeatures : Test advanced functionalities like assisted evacua-
tion, source flow rates, Fractional Effective Dose calculations, walking speed
reductions due to smoke, and social distancing measures.

IMOTests : Based on the International Maritime Organization’s guidelines,
these tests simulate various scenarios to ensure compliance with maritime
safety standards.

NISTEvacuationTests : Derived from the National Institute of Standards and
Technology’s benchmarks, these tests validate aspects like pre-evacuation
time distributions, movement speeds in different environments, and behav-
iors under reduced visibility.

Integration with Automated Testing

Pathfinder incorporates an automated build, verification, validation, and regres-
sion testing process using a continuous integration system. This system performs
nightly tests to detect errors, collect performance statistics, and ensure consistency
across software revisions. The process includes:

• Stage 1: Retrieval of the latest source code from the repository.

• Stage 2: Compilation of the source code, logging any compiler warnings.

• Stage 3: Execution of a comprehensive unit test suite, with results compiled
into reports for review.

This rigorous testing framework ensures that Pathfinder maintains high stan-
dards of reliability and accuracy in its simulations.

Referenced Studies and Standards

The V&V documentation references several authoritative sources to benchmark
and validate Pathfinder’s performance:
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InternationalMaritimeOrganization(IMO)Guidelines : Provide standards for
evacuation analysis on ships, ensuring Pathfinder’s simulations align with
maritime safety requirements.

NationalInstituteo f StandardsandTechnology(NIST)Reports : Offer empirical
data and methodologies for evacuation modeling, serving as a basis for sev-
eral validation tests within Pathfinder.

Societyo f FireProtectionEngineers(SFPE)Handbook : Supplies foundational knowl-
edge on fire protection engineering, informing the development of Pathfinder’s
simulation models.

These references ensure that Pathfinder’s simulations are grounded in estab-
lished research and best practices within the field of evacuation modeling.

For a detailed exploration of the Verification and Validation processes, includ-
ing specific test scenarios and results, you can access the full documentation. This
resource is invaluable for engineers, safety professionals, and researchers seeking
to understand or utilize Pathfinder for accurate and reliable evacuation simula-
tions.

4.6 Statistics Tool

In this thesis, R was utilized as the primary statistical analysis tool, executed
within the RStudio integrated development environment (IDE). This decision was
not only encouraged by Aalborg University’s curriculum but also driven by R’s
capabilities for robust data manipulation, non-linear regression modeling, and ad-
vanced visualization.

R’s ecosystem of libraries and its intuitive syntax provided a versatile framework
for analyzing the simulation data generated by Pathfinder. In particular, R was
used for:

Reading simulation data from CSV files using the read.csv() function.

Visualizing raw and processed data with plot(), points(), and lines() to
explore relationships between exit width, exit clustering, and egress time.

Fitting hyperbolic and polynomial regression models with nls() and lm()
to quantify the impact of exit configurations on evacuation times.

Conducting response surface analysis with the rsm package, using the rsm()
function to build second-order polynomial models of the evacuation response
surfaces.
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Generating contour and 3D surface plots with contour(), persp(), and
plotly for interactive and intuitive exploration of complex relationships be-
tween exit clustering variables and evacuation performance.

Additionally, ggplot2 was employed for creating clear and informative plots
that depict trends, outliers, and cluster-specific evacuation patterns. This included
bar charts and scatter plots showing the variation in average egress time with gap
length and number of exits.

By integrating these R functions and visualization tools, the statistical analysis
not only provided key insights into the simulation data but also ensured repro-
ducibility—each analysis step was captured in scripts that can be rerun or adapted
for future research. The adaptability of R and its broad suite of libraries made
it a vital component in quantifying evacuation performance and optimizing exit
design strategies [75].

4.7 Design of Experiments

The Design of Experiments is a systematic framework used to plan and conduct
experiments in a structured and statistically sound manner. In this thesis, DOE was
employed to ensure that the exploration of exit width, exit clustering, and other
evacuation parameters was carried out in a methodical and efficient way.

The DOE approach involves defining a set of input factors (or parameters) and
systematically varying them to observe their effects on one or more response vari-
ables. This structured framework provides insights into:

• The main effects of each parameter (e.g., exit width, number of doors, gap
length).

• The interactions between parameters, which can reveal synergistic or antag-
onistic effects on evacuation performance.

• The presence of non-linearities in the response that may not be captured
through simple linear modeling.

The DOE methodology typically involves creating an experimental matrix that
specifies the different combinations of parameter levels to be tested. These combi-
nations are chosen to maximize information gain while minimizing the number of
simulations required. Key benefits of using DOE include:

• Efficient exploration of a multi-dimensional design space.
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• Reduction of experimental bias through randomized and balanced test de-
signs.

• The ability to detect interactions and higher-order effects.

By integrating DOE principles into the simulation framework, the study ensures
that results are statistically valid and that conclusions drawn are robust and gen-
eralizable.

4.8 Response Surface Methodology

Response Surface Methodology (RSM) is a collection of mathematical and sta-
tistical techniques used for modeling and analyzing problems in which a response
variable is influenced by several input factors. In the context of this thesis, RSM
was utilized to further refine the insights generated by the DOE phase.

RSM involves fitting a polynomial regression model (typically second-order) to
the data obtained from the DOE experiments. This approach allows for the cre-
ation of a smooth surface, or “response surface,” that approximates the relation-
ship between input parameters and the response variable. The general goals of
RSM include:

• Identifying local or global optima in the response variable (e.g., minimizing
egress time).

• Characterizing the curvature of the response surface to detect non-linear ef-
fects.

• Providing a predictive model that can estimate responses at untested param-
eter combinations.

The methodology for RSM typically involves:

1. Conducting a DOE to gather data across the parameter space.

2. Fitting a second-order polynomial model (or higher order if needed) using
regression analysis.

3. Validating the model through residual analysis and goodness-of-fit statistics.

4. Visualizing the response surface using contour and 3D plots to interpret in-
teractions and optimal conditions.
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RSM Overview

• Input factors: Number of doors (treated as a continuous numeric factor for
modeling), length of gaps (continuous).

• Response: Egress time.

A second-order polynomial model was fitted:

Egress Time = β0 + β1N + β2LG + β12(N · LG) + β11N2 + β22L2
G + ε

4.8.1 Outcome Variables and Interpretation of RSM

Key Outcome Variables The primary response variable captured through
RSM in this thesis is the egress time (ET), representing the total evacuation
time for attendees at a mass gathering event. The RSM model provides in-
sights into:

• Linear Effects: Quantify the direct, proportional changes in egress time
as a single factor (e.g., number of exits or gap length) changes.

• Quadratic (Curvature) Effects: Indicate non-linear behaviors, revealing
potential points of diminishing returns or optimal performance ranges.

• Interaction Effects: Show how the combination of two factors (e.g., exit
number and gap length) can produce synergistic or antagonistic impacts
beyond their independent effects.

ModelValidation The robustness of the RSM model is assessed through resid-
ual analysis and goodness-of-fit statistics. This involves examining residual
plots to ensure there is no systematic pattern (indicating model adequacy)
and calculating adjusted R2 to quantify the proportion of variance in egress
time explained by the model. Significant p-values for each term further vali-
date the model’s reliability.

Visualization To aid interpretation and identify optimal configurations, the
response surface is visualized using:

• Contour Plots: Provide a top-down view of the response surface, clearly
highlighting the regions of minimum or maximum egress time and the
interactions between factors.

• 3D Surface Plots: Offer a three-dimensional perspective, illustrating
how egress time varies across different levels of exits and gap lengths,
facilitating intuitive understanding of the response surface shape and
optimal points.
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Practical Interpretation In the evacuation context, these RSM outcomes high-
light that:

• Main Effects: Increasing exit numbers or gap lengths generally reduces
egress time, but only up to a certain limit.

• Quadratic Terms: Both variables show diminishing returns, indicating
the presence of an optimal gap length and exit count.

• Interaction Effects: The influence of one factor depends on the level of
the other—joint optimization is crucial.

StationaryPointandEigenanalysis The local minimum (stationary point) of
the response surface is computed, pinpointing the configuration that mini-
mizes egress time within the tested parameter space. Eigenanalysis of the
second derivative matrix is performed to confirm the existence of a true min-
imum (positive eigenvalues) and to compare the sensitivity of the response
to changes in gap length versus exit number. Findings here typically show
that gap length exerts a greater influence on egress time than the number of
exits.

Note: Although RSM is a comprehensive framework, for this thesis’s parametric
exit clustering analysis, only the travel time components (walking and flow) are
considered as the main factors of interest. Pre-movement times, while relevant in
emergency evacuations, are not included in the modeling scope here to maintain
the study’s focus on exit configuration performance.
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Pathfinder

5.1 SFPE and Steering Mode

In evacuation modeling, particularly within the context of the Pathfinder simu-
lation software, two primary modes are utilized: the Society of Fire Protection
Engineers (SFPE) mode and the Steering mode. These modes serve distinct pur-
poses and employ different methodologies to analyze pedestrian behavior during
emergency evacuations. A comprehensive examination of both modes provides
insight into their respective strengths and weaknesses and the mathematical prin-
ciples that underlie their functionalities.

SFPE Mode

The SFPE mode is grounded in a flow-based methodology, which simplifies the
representation of pedestrian movement in evacuations. This approach focuses on
aggregated behaviors and typically assumes that individuals do not attempt to
avoid each other, which makes it easier to calculate optimal evacuation routes
based on crowd density and flow rates. In SFPE Mode, occupant movement is
modeled using flow-based calculations from the SFPE Handbook of Fire Protec-
tion Engineering [76]. The base occupant speed vbase is computed as:

vbase = vmax · fmin + (1 − fmin) · f (ρ) · k

where:

• vmax is the occupant’s maximum speed.

• fmin is the minimum speed fraction (default: 0.15).

• f (ρ) is the speed-density curve based on the SFPE fundamental diagram.

• k is a terrain modifier (1 for level terrain; modified for stairs, etc.).
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• ρ is the occupant density in the current room.

Movement through doors in SFPE Mode is constrained by flow rates defined
by the SFPE guidelines, with the delay for each occupant to pass through a door
calculated as:

tpass =
1

(specific flow · door width)

The specific flow depends on the densities of adjacent rooms and is bounded to
ensure realistic flow rates [77].

The SFPE model often utilizes the concepts of RSET and ASET to ensure safety
by predicting how long it takes for individuals to evacuate compared to the time
available before conditions become untenable.

Steering Mode

In contrast, the Steering mode employs an agent-based approach, wherein each
individual (agent) makes decisions based on their surroundings and interactions
with others. This mode allows for the representation of complex behavioral dy-
namics, such as panic, flocking behavior, and individual route preferences. In
Steering Mode, occupant motion is based on inverse steering behaviors, originally
described by Reinolds [78] and refined by Amor et al. [79]. The base occupant
velocity v depends on the modified maximum velocity v′max and local density ρ′ as:

v = v′max · f (ρ′)

Here, ρ′ is estimated from the local spacing of surrounding occupants using
Fruin’s spacing-density relationship [80]. This allows for smooth, natural motion
in complex scenarios.

Acceleration in steering mode is split into tangential, radial, and separation
components, computed as:

atangential =
v − vcurrent

Acceleration Time

Movement direction is chosen by evaluating a cost function across multiple
sample directions (e.g., avoiding walls, occupants, maintaining separation), with
the final velocity and position computed via explicit Euler integration.

The inclusion of individual decision-making and interaction allows for a more
realistic simulation of crowd dynamics, especially in cases of high stress or panic,
leading to unpredictable outcomes such as bottlenecks or sudden directional changes.

36



CHAPTER 5. PATHFINDER

Comparison of the Two Modes

Behavioral Dynamics:

• SFPE Mode: Utilizes averaged, aggregate behaviors which may overlook crit-
ical individual actions during emergencies. It is effective for estimating over-
all flow but may lack fidelity in portraying individual behaviors, potentially
leading to underestimations of evacuation times in chaotic situations [81].

• Steering Mode: Captures the nuances of individual behavior, allowing for
an analysis of how interactions within a crowd can influence flow and con-
gestion. Research illustrates that the Steering mode can produce significantly
different routing patterns and evacuation times compared to SFPE, particu-
larly in complex environments where panic behaviors may arise [81].

Application Context:

• SFPE Mode: Best suited for scenarios where it is essential to maintain an
overarching view of crowd dynamics, such as in building codes and fire
safety regulations where general flow must be calculated rapidly based on
fixed parameters.

• Steering Mode: More applicable in real-life situations where individual reac-
tions can dramatically alter evacuation outcomes. This is particularly useful
in large gatherings or high-density environments where the unpredictability
of crowd behavior presents significant challenges [81].

SFPE mode offers a broader, simplified representation of crowd dynamics suit-
able for regulatory frameworks, the Steering mode incorporates the complexities
of individual behavior, making it particularly valuable in scenarios where human
factors significantly impact evacuation effectiveness. For this paper Steering mode
was selected, as for the exit-cluster exercise it is essential to consider individual
egress evaluations, to capture exit choice and rerouting.

5.2 Physical Layout

Pathfinder is a powerful tool capable of creating complex simulation environments,
including multi-story structures, staircases, and elevators. However, to ensure sim-
plicity and focus for the objectives of this study, only the fundamental components,
rooms and doors, were utilized. This approach allows for a clear investigation of
exit width and clustering effects without the additional complexities introduced by
vertical movement or advanced architectural features.

A square-shaped layout was chosen to maintain a straightforward and consis-
tent environment across all simulations. In the initial exit width experiment, a
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single door was positioned at the center of one of the square’s sides to examine the
influence of exit width on egress performance.

For the exit width experiment, three different square side lengths were consid-
ered: 100 m, 200 m, and 300 m. In each case, a constant occupant density was
maintained, leading to occupancy levels of 1000, 4000, and 9000, respectively. This
setup ensures that variations in egress performance could be attributed primarily
to exit width rather than changes in crowd density.

For the exit clustering experiment, the clustered exits were treated as a single
entity extending from the starting point of the first door to the endpoint of the last
door. This entity was placed centrally on one side of the square layout, maintaining
symmetry and simplifying analysis. The experiments for exit clustering were con-
ducted in a 200 m sidelength square environment. For configurations with an odd
number of exits, the middle exit aligned with the center of the square’s side. For
configurations with an even number of exits, the central gap between the two mid-
dle exits coincided with the square side’s center. This ensures consistency in the
placement of exit clusters, facilitating a fair comparison of their effects on egress
performance.

5.3 Occupancy Settings

Despite this paper not intending to model a specific scenario or directly examine
the effects of body dimensions, age, and walking speed in egress, it establishes an
overview of the foundational settings in Pathfinder to reflect occupancy character-
istics, so it can be set to be similar to a typical Danish festival environment. This
ensures that the simulation results can be later fine-tuned to remain applicable and
relevant to such festival settings. The chosen parameters, what mainly remains
Pathfinder base settings,remain consistent throughout all simulations, providing a
reliable baseline for future scenario-specific refinements.

Pre-Movement Time

Pre-movement time, defined as the delay between alarm activation and initial oc-
cupant movement, can significantly affect overall evacuation times. Studies show
that occupants often hesitate or complete ongoing tasks before responding to evac-
uation signals. However, for this exercise, our focus is solely on movement time, as
discussed in Methodology Section 4.3. Pre-movement time was therefore not set in
Pathfinder, although it is fully supported by the software for concrete application
modeling.
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Gender Considerations

Gender differences in walking speeds have been documented in the literature.
Males generally display slightly higher walking speeds compared to females. How-
ever, recent studies indicate that these differences are minimal in festival or crowd
scenarios, where dense populations and shared space usage tend to equalize speeds
between genders. Gender-specific movement profiles were not distinguished in
this exercise. In addition for the body dimensions were left as the base setting in
Pathfinder. This is based on validated world average data, which is in accordance
with the high internationality of the festival scenarios as discussed in Section 2.5.
In case of available statistics, different profiles can be set for genders, with varying
body dimensions.

Age-Related Walking Speeds

Age plays an important role in determining walking speeds. Younger adults gen-
erally achieve the fastest walking paces, typically around 1.34 to 1.36 m/s. In con-
trast, older adults tend to move at slower speeds, with average values between 1.13
and 1.26 m/s due to age-related declines in mobility and agility [82]. Incorporating
these variations is crucial when simulating evacuation scenarios with mixed-age
populations to ensure that models mirror real-world behavior [83]. These data fac-
tors are sensitive and need validation before application, to reflect the geographical
location and age distribution of the event. Since no exact statistics were available
for this thesis scenario, and to keep focus on optimization, the occupant profiles
were left as a base setting, which reflects a world average.

Exit Choice

The only behavior the behavior profiles must contain is the "Exit" behavior, there-
fore serving base of differentiation in behaviors. As this paper aims to capture
rerouting and handle clusters, it does not wish to differentiate based on the pref-
erences of occupants in choosing a specific door within a cluster. This was set in
Pathfinder as leaving the base setting in place: Exit <any>.

Parameter Variability

Pathfinder offers multiple options for defining movement or physical parameters,
including assigning constant values or utilizing statistical distributions such as nor-
mal or lognormal. For this exercise, constant walking speeds and body dimensions
were applied to minimize variation in results, supporting better processing and
data fitting later in the study. Future scenario refinements may incorporate proba-
bilistic distributions better to represent individual differences within the same age
group or to account for behavioral variability during large-scale evacuations.
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Experiment I. Door size

In evacuation scenarios for outdoor mass gatherings, the size of the exit plays a
critical role in determining egress efficiency. This experiment aims to quantify the
relationship between door (exit) width and the corresponding egress time in square
venues of different sizes and occupancies. This foundational analysis informs later
studies on exit clustering by establishing baseline relationships that serve as refer-
ences for more complex exit arrangements.

Three primary scenarios are considered, representing small, medium, and large-
scale outdoor event contexts:

• 1000 occupants in a 100×100 m (10,000 m2) area

• 4000 occupants in a 200×200 m (40,000 m2) area

• 9000 occupants in a 300×300 m (90,000 m2) area

6.1 Dataset Overview

The datasets capture the variation of egress time, average egress time, and stan-
dard deviation as a function of door (exit) width, ranging from narrow door
widths (0.77 m) to wider exits (25 m). Table 6.1 provides a view into the structure
of the raw data:

Occupants Area (m2) Door Width (m) Egress Time (s) Avg. Egress Time (s) Stdev (s)

1000 10,000 0.77 1108.7 553.1 316.9
...

...
...

...
...

...
9000 90,000 25 420.9 264 82.7

Table 6.1: Example of raw data [Own creation]
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6.2 Data Visualization and Initial Observations

For all three scenarios, egress time decreases sharply as door width increases, par-
ticularly at smaller widths. This behavior aligns with crowd dynamics where nar-
row exits create bottlenecks, leading to the “faster-is-slower” phenomenon at high
densities. See plotted egress data in Figure6.1

Figure 6.1: Egress Time plotted against Exit Width for the three scenarios, [Own creation]

Key trends:

1000 occupants (small scenario): egress time drops rapidly up to ∼4 m door
width, beyond which diminishing returns appear.

4000 occupants (medium scenario): similar trend but higher absolute times
and a more gradual decrease beyond ∼10 m door width.

9000 occupants (large scenario): significant initial improvements, with flat-
tening beyond ∼15 m door width.

6.3 Model Fitting and Mathematical Interpretation

To model this relationship, a nonlinear regression approach was employed using
the functional form:
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Egress Time =
a

(Door Width + b)
+ c

This function captures the hyperbolic decrease in egress time as door width
increases, leveling off at a baseline time c.

Model Fits:

Small Scenario (10,000 m2, 1000 occupants):

ET =
636.2

(W100 − 0.19)
+ 25.8

High R2 fit; parameters suggest rapid improvements up to ∼3–4 m door
width.

Medium Scenario (40,000 m2, 4000 occupants):

ET =
3026.1

(W200 + 0.46)
+ 62.8

Higher intercept; improvements in egress time extend up to ∼10 m.

Large Scenario (90,000 m2, 9000 occupants):

ET =
7847.8

(W300 + 1.2)
+ 57.5

The largest absolute values indicate the significant impact of congestion in
high-density settings.

6.4 Parameter Significance and Uncertainty

The parameter estimates from the fits (with their standard errors) highlight:

The scaling parameter a increases with occupancy and area size, reflecting
larger crowd pressure in bigger venues.

The offset b, while small, adjusts the door width at which improvements
become significant, accounting for behavioral and environmental variability.

The asymptotic baseline c captures the minimum achievable egress time
given other physical and behavioral constraints.

Significance levels (p-values well below 0.01 for most parameters) indicate that
these relationships are robust and not due to chance. The residual standard error
is low, confirming the model’s appropriateness.

42



CHAPTER 6. EXPERIMENT I. DOOR SIZE

Figure 6.2: Fitted Models on Data for the 3 scenarios, [Own creation]

6.5 Practical Interpretation and Baseline Selection

The diminishing returns observed in the models show that simply increasing exit
width has a point of diminishing safety benefits:

For smaller events (e.g., 1000 people), 3–4 m door widths already provide
close to optimal egress times.

For larger events (e.g., 4000–9000 people), 10–15 m door widths are needed
before the gains level off.

In line with these insights, the 12 m exit width in the 40,000 m2 scenario (4000
occupants) was selected as the baseline exit configuration for subsequent cluster-
ing experiments. This width balances egress efficiency and practical feasibility
(considering real-world spatial constraints and regulations).

6.6 Implications for Evacuation Planning

This chapter confirms that:

Door width is a critical factor for evacuation times, especially at narrow
widths.
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However, beyond a certain width, further widening provides limited benefit.

Occupancy density and crowd behavior amplify these effects, demanding
careful, scenario-specific planning.

The relation between Egress Time and Exit Width is non-linear.

The findings provide a quantitative baseline for subsequent experiments on exit
clustering (Chapter 7). They also offer practical guidance for event organizers and
emergency planners: investing in optimal door widths tailored to expected crowd
sizes can significantly reduce evacuation times and improve safety.
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Experiment II. Cluster

The evacuation efficiency of buildings is a critical aspect of safety design, and
understanding how various architectural configurations influence egress time is
essential for optimizing evacuation strategies. In this study, the influence of door
clustering on egress time was investigated, focusing on two key factors:

• Number of doors in the cluster

• Length of gaps between doors

A systematic approach combining Design of Experiments (DOE) and the Re-
sponse Surface Method (RSM) was used to model, analyze, and optimize these
factors.

7.1 Experimental Design

Two factors were identified as primary variables:

• Number of doors: Ranging from 2 to 12, chosen to cover practical scenarios
while maintaining a fixed cluster width of 12 m. This ensures that the total
opening length does not itself bias egress performance, isolating the effect of
door count.

• Length of gaps: Initially explored broadly from 0.1 m to 10 m to identify
general trends and local optima.

The response variable was egress time, measured through simulation runs in
Pathfinder.

The split of the cluster can be represented by:

Number of doors: direct count of door segments.
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Length of doors: since total length = 12 m, this is simply:

Length of doors =
12 m

Number of doors
Both variables describe the same geometry, when the number of doors in-

creases, the length of each door decreases, and vice versa, for the initial phase
the number of doors were chosen as primary variable for the ease ofdata handling.
All other factors, such as number of occupants, geometry of area, behavioral and
profile settings of occupants were kept the same, to exclude them prom influenc-
ing factors. The Area was a 200 m side length square, with 4000 occupants, with
behavior and profile identical as previously discussed in Section 5.3.

Exploratory Testing and Gap Refinement

An initial screening phase was conducted with sampling of gap lengths:

{0.1 m, 0.5 m, 1 m, 2 m, 3 m, 4 m, 5 m, 10 m}

Examining the underlying dynamics for door counts 5 and 12. The plot of these
results and the underlying data can be seen in Figure 7.1 and Table below.

(a) Explaratory testing on 5 doors (b) Explaratory testing on 12 doors

Figure 7.1: Egress time in relation to gaps between doors for 5 and 12 door clusters [Own creation]

Early observations revealed a notable local minimum in egress time near a gap
length of 1 m for the 5 door cluster and around 0.5 m for the 12 doors cluster. To
refine this finding, additional data points were collected in the range 0.2 m–1.9 m,
including all 0.1 m increments such as {0.2 m, 0.3 m, . . . , 1.8, 1.9 m.} This adaptive
exploration ensured that the critical region around the observed local minimum
was densely sampled. In addition on the 12 door cluster a potential maximum can
be seen, to get a better understanding about this, but taking the already longer
lengths into consideration, further data points were colected regarding {6 m, 7 m,
8 m, 9 m,} gaps.
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Doors Door
length (m)

Gap
length
(m)

Egress
Time (s)

Average
Egress (s)

Stdev
Egress (s)

5 2.4 0.1 316.9 185.8 74.4
5 2.4 0.5 301.1 178.6 69.6
5 2.4 1 297.3 176.4 67.9
5 2.4 2 311.2 180 70.7
5 2.4 3 327.9 182.2 73
5 2.4 4 340.1 183.2 74.7
5 2.4 5 358.3 184 77.4
5 2.4 10 373.2 182.5 80.9
12 1 0.1 344.4 195.9 80.8
12 1 0.5 329.3 183.1 71.6
12 1 1 351.7 186.1 75.2
12 1 2 414 197.1 86.1
12 1 3 476.8 206.3 96.2
12 1 4 493.7 209.8 100.6
12 1 5 472.9 206 95.2
12 1 10 374.2 198 89.8

Table 7.1: Summary of Egress Data for exploratory testing of gap length sampling [Own creation]
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Final DOE Structure

The final dataset combined:

A broad exploration phase to capture global trends.

A dense, focused sampling around the identified local minimum.

For the number of doors, the following configurations were tested:

{2, 3, 4, 5, 6, 8, 10, 12}

This range balances practical relevance with model fidelity, covering typical
and extreme door counts. Total cluster width: 12 m – constant throughout the

Factor Type Levels

Number of doors Discrete 2, 3, 4, 5, 6, 8, 10, 12

Length of gaps Continuous 0.1 m to 10 m, with targeted sampling
strategies:

- Initial exploration: {0.1 m, 0.5 m, 1 m,
2 m, 3 m, 4 m, 5 m, 10 m}

- Refined sampling:

• 0.1–2 m region (dense sampling ev-
ery 0.1 m: 0.1, 0.2, . . . , 1.9 m)

• 2–10 m region (scattered sampling
at 6 m, 7 m, 8 m, 9 m to capture global
effects)

Table 7.2: Final Design of Experiments [Own creation]

experiments to isolate the effects of door count and gap length. Observations:
Initial exploration revealed an S-shaped egress time trend, with local minima in the
0.5–1 m range and a potential maximum near 10 m. Adaptive refinement: Focused
data collection in regions of greatest change to maximize modeling efficiency and
precision.

Full factorial design for the discrete factor (number of doors). Dense and adap-
tive sampling for the continuous factor (gap length), balancing local detail with
global trend coverage. Efficiecy: Prioritizing data where egress time variation is
highest. Robustness: Sufficient coverage to enable reliable response surface mod-
eling and optimization.
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7.2 Application of RSM

7.2.1 Data Model Results

The results of the model can be seem below, as raw output from R.

Call:
rsm(formula = Egress_Time ~ SO(Number_of_doors, Length_of_gaps),

data = data.cluster.200)

Estimate Std. Error t value Pr(>|t|)
(Intercept) 276.68671 4.77047 57.9999 < 2.2e-16 ***
Number_of_doors 1.07972 1.49356 0.7229 0.470418
Length_of_gaps 14.91099 1.87003 7.9737 5.799e-14 ***
Number_of_doors:Length_of_gaps 1.11856 0.12356 9.0527 < 2.2e-16 ***
Number_of_doors^2 0.31939 0.10977 2.9097 0.003949 **
Length_of_gaps^2 -1.57536 0.18387 -8.5680 1.174e-15 ***
---
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Multiple R-squared: 0.7976, Adjusted R-squared: 0.7935
F-statistic: 193.9 on 5 and 246 DF, p-value: < 2.2e-16

Analysis of Variance Table

Response: Egress_Time
Df Sum Sq Mean Sq F value Pr(>F)

FO(Number_of_doors, Length_of_gaps) 2 295545 147773 402.926 < 2.2e-16
TWI(Number_of_doors, Length_of_gaps) 1 30055 30055 81.951 < 2.2e-16
PQ(Number_of_doors, Length_of_gaps) 2 30029 15014 40.939 4.492e-16
Residuals 246 90220 367
Lack of fit 246 90220 367 NaN NaN
Pure error 0 0 NaN

Stationary point of response surface:
Number_of_doors Length_of_gaps

-6.152527 2.548307

Eigenanalysis:
eigen() decomposition
$values
[1] 0.4721598 -1.7281314
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$vectors
[,1] [,2]

Number_of_doors -0.9646605 -0.2634961
Length_of_gaps -0.2634961 0.9646605

Interpretation

The fitted model including all sampled points (0.1–10 m) was:

Egress Time = 276.69 + 1.08 · N + 14.91 · LG + 1.12 · (N · LG) + 0.32 · N2 − 1.58 · L2
G

where:

• N: Number of doors

• LG: Length of gaps (m)

Figure 7.2: Fitted model to all data points observed, [Own creation]

Significant Effects:
Gap length has a strong positive linear effect (14.91, p < 0.001).
The quadratic term for gap length (-1.58) is negative, indicating an initial
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(a) Simulation data plotted as surface (b) Fitted surface

Figure 7.3: Visualisation of data and fitted surface [Own creation]

increase followed by a decrease after a turning point (evidence of a local
maximum in the gap length effect).
The interaction term (1.12, p < 0.001) confirms that gap length and door
count jointly influence egress time.

Weaker Door Count Effect:
The linear effect of the number of doors (1.08) is not significant (p = 0.47).
The quadratic effect (0.32, p = 0.004) suggests a mild non-linear influence.

Overall Model Fit:
Adjusted R2 = 0.7935, explaining approximately 79% of variability.
The model provides a reliable framework for interpreting trends, especially
in the critical region around the local minimum in gap length.

Stationary Point and Local Behavior

The stationary point of the response surface was identified at:

N ≈ −6.15 (unrealistic, extrapolated)

LG ≈ 2.55 m

The negative door count value is not physically possible, indicating that the
true minimum in the practical domain lies at the tested lower end (e.g., 2–3 doors).
The eigenanalysis of the second derivative matrix yielded eigenvalues of 0.47 and
-1.73, confirming that the stationary point is a saddle point (not a local minimum
or maximum overall). This suggests that while locally there may be a minimum
along gap length, globally the surface is more complex—consistent with the S-
shaped behavior observed in earlier plots. This duality can still be seen in the
detailed dataset in Figure 7.4.
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(a) 2 Door Cluster (b) 3 Door Cluster (c) 4 Door Cluster (d) 5 Door Cluster

(e) 6 Door Cluster (f) 8 Door Cluster (g) 10 Door Cluster (h) 12 Door Cluster

Figure 7.4: Between Egress Time (ET) and Gap Lenght (LG)for all Door Numbers (N) [Own creation]

7.2.2 Filtered Data Model Results

As the initially fitted model has a moderate fit and little real-life implications, and
the detailed plots for each door number imply that two different mechanisms are
in place regarding the egress time, data filtering was carried out. Only the gaps
less than 2 m were considered.

The final fitted model was:

Egress Time = 328.13− 6.49 · NF − 46.94 · LGF + 4.18 · (NF · LGF)+ 0.59 · N2
F + 15.81 · L2

GF

where:

• NF: Number of doors in filtered data

• LGF): Length of gaps in filtered data (m)
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Figure 7.5: Fitted model to the filtered data points, [Own creation]

(a) Caption for Image 1 (b) Caption for Image 2

Figure 7.6: Relation between Egress Time (ET) and Gap Lenght (LG) for all Door Numbers (N) [Own
creation]

All terms were highly significant (p < 0.001), and the model achieved an ad-
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justed R2 of 0.942, indicating that it explains 94% of the variability in egress time.

Key Insights

Main effects:

• Number of doors: Increasing the number of doors generally reduces egress
time.

• Gap length: Egress time initially decreased as gap length increased, but only
up to a point.

• Quadratic terms: Both factors exhibited diminishing returns. The quadratic
terms confirmed that beyond certain gap lengths and door counts, the im-
provements in egress time level off or reverse.

• Interaction: The significant positive interaction term indicates that the effec-
tiveness of adding more doors depends on gap length (and vice versa). This
underscores the importance of jointly optimizing both factors rather than
treating them independently.

Stationary Point and Local Minimum

The stationary point (local minimum) of the response surface was identified at:

Number of doors ≈ 0.46

Length of gaps ≈ 1.42 m

While the gap length minimum of 1.42 m is physically plausible, the calculated
minimum door count below 1 is not. This highlights that while the quadratic model
accurately captures the trends within the observed data range, it extrapolates math-
ematically beyond physically meaningful values. In practice, this suggests that 2-3
doors are sufficient for optimal performance at the best gap length.

Eigenanalysis and Confirmation
The eigenanalysis of the second derivative matrix confirmed that:

• Both eigenvalues were positive (16.08 and 0.31), indicating a true local mini-
mum.

• The response surface is more sensitive to changes in gap length (larger eigen-
value) than to the number of doors, suggesting that precise control of gap
length has a greater influence on egress time reduction.
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The response surface analysis identified significant linear, quadratic, and inter-
action effects for the number of doors and gap length. The quadratic terms confirm
the existence of an optimal gap length ( 1.4m), while the interaction indicates that
the benefit of increasing the number of doors depends on the gap length. Despite
the mathematical minimum suggesting a door count below one, this is physically
implausible and highlights that the model extrapolates beyond the feasible domain.
Instead, the analysis should be interpreted as evidence that the optimal number of
doors lies at the lower tested end (e.g., 2 or 3 doors) for minimal egress time at
optimal gap lengths.

7.2.3 Comparation of Wide and Filtered data

Aspect Full Data Model Filtered Data Model

Intercept 276.69 328.13
Linear Effect of Doors 1.08 (not significant) -6.49 (significant)
Linear Effect of Gap Length 14.91 (significant) -46.94 (significant)
Interaction 1.12 (significant) 4.18 (significant)
Quadratic Doors 0.32 (significant) 0.59 (significant)
Quadratic Gap Length -1.58 (significant) 15.81 (significant)
Adjusted R2 0.7935 0.942
Stationary Point (Doors) -6.15 0.46
Stationary Point (Gap) 2.55 m 1.42 m
Eigenvalues 0.47, -1.73 (saddle point) 16.08, 0.31 (local minimum)

Table 7.3: Comparison of Full Data vs. Filtered Data Surface Fit [Own Creation]

Interpretation of Table 7.3 The filtered data model provides a much better fit (R2 =

0.942 vs. 0.7935) and identifies a physically realistic local minimum, suggesting
more robust and interpretable results. This improved performance indicates that
focusing on the smaller gap lengths (<2m) better captures the main evacuation
dynamics and interactions relevant to practical exit clustering in mass gathering
scenarios.

7.2.4 Possible Door Length Considerations

Door Length instead of Gap Length

Initially, it was considered to represent the number of doors in terms of total door
length for the response surface modeling. However, this alternative fit did not yield
results as robust as the original door count representation. The model using door
length as a factor showed a slightly lower adjusted R2 of 0.8947 compared to 0.942
for the filtered data model using door count.

55



CHAPTER 7. EXPERIMENT II. CLUSTER

Door Length incorporation in addition

An additional modeling attempt included both the number of doors and the total
length of doors as predictors alongside the gap length. However, this approach
faced severe issues with multicollinearity, leading to singularities in many model
terms. The results showed that only the gap length and its quadratic term could
be estimated, while the coefficients for door number and door length (and their
interactions) were not defined:

Call:
rsm(formula = Egress_Time ~ SO(Number_of_doors, Length_of_doors,

Length_of_gaps), data = filtered_data)

Residual standard error: 16.75 on 25 degrees of freedom
Multiple R-squared: 0.9025, Adjusted R-squared: 0.8947
F-statistic: 115.7 on 2 and 25 DF, p-value: 2.316e-13

Given that the majority of model terms could not be estimated and the adjusted
R2 was similar to the simpler door length model (0.8947) and worse than the Door
Number model (0.942), this three-factor approach was not considered further. .

In the course of regression modeling for the evacuation simulation analysis,
a phenomenon known as singularities was encountered. In regression analysis,
singularities arise when the model’s design matrix becomes singular, meaning it
cannot be inverted due to perfect multicollinearity among predictors. In practice,
this occurs when one or more predictor variables (or their combinations) are exact
linear combinations of others, making it mathematically impossible for the model
to uniquely estimate their effects.

In this study, the inclusion of both the number of doors and the length of doors
as separate predictors led to this issue. Since the length of doors is inherently
linked to the number of doors (by design, as explained in Section 7.1), the pre-
dictors exhibit perfect or near-perfect collinearity. Consequently, the regression
model was unable to differentiate the individual contributions of these predictors
to the egress time. As a result, these coefficients were reported as “NA” in the
output tables, indicating that the regression algorithm could not compute unique,
meaningful estimates for these terms.

This occurrence underscores the importance of ensuring that predictors are
not redundant or perfectly correlated in regression models, particularly in RSM
applications. In this specific case, the inability to distinguish the individual effects
of the number and length of doors justified the decision to focus the parametric
analysis on the number of doors and the gap length only. These variables were
sufficiently independent, allowing for reliable estimation of their effects on egress
time without introducing singularities in the model. Because of these issues and
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to maintain a clear and interpretable model, focusing only on the number of doors
(rather than also including door length) provided a more stable and interpretable
fit, aligning with the study’s goal of evaluating exit clustering configurations in
mass gathering scenarios

7.3 Practical Implications and Recommendations

The RSM analysis provides a robust framework for design optimization:

• Gap length optimization: The optimal gap length for minimal egress time
was identified as approximately 1.4 m.

• Number of doors optimization: Adding more doors helps up to a point, but
the benefit tapers off due to quadratic effects and practical constraints.

• Joint consideration: The significant interaction effect means that optimal
configurations must be determined by jointly considering gap length and
door count.

These findings can guide the design of clustered door arrangements in build-
ings, ensuring that egress time is minimized while maintaining practical and ar-
chitectural constraints.

By combining DOE with RSM, this study successfully identified and quanti-
fied the key factors and their interactions that govern egress performance in door
clustering scenarios. The methodology, broad exploration followed by local refine-
ment, ensured that both global trends and local optima were accurately captured.
This approach and its findings can serve as a foundation for further work in evac-
uation safety design and contribute to developing data-driven, optimized building
configurations.

7.4 Crowdflow Behind the Data

7.4.1 Congestion Maps

This figure below (Fig. 7.7) presents the maximum congestion maps, which illus-
trate the highest density of crowding (i.e., the peak “clogging factor” or congestion
level) occurring throughout the evacuation in the 12-exit scenario. This means that
the congestion that occurred is layered onto each other, regardless of the time at
which they occurred. The congestion is defined here as the maximum movement-
hindering effect of occupants due to density within a given area during the entire
evacuation period, providing a clear visualization of crowd bottlenecks and flow
patterns.
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The 12-exit scenario was selected for this visualization as it demonstrated the
most extreme congestion values, making it an effective example to illustrate the
dynamic effects of gap lengths on evacuation performance. In this figure, we can
observe a progression of congestion patterns:

Minimal gap lengths (0.1 m and 0.5 m): The exits effectively function as a
single large opening. The congestion maps in these cases exhibit a fan-shaped
pattern radiating from the exits, resembling the congestion fields typical of a
single wide exit.

Gap lengths of 2 m and 4 m: The exits begin to operate more independently,
though they still share a contiguous congestion field. The outer exits show
larger congestion zones, while the inner exits develop smaller, localized bot-
tlenecks that overlap with the outer zones, maintaining a single congestion
field overall.

Gap length of 10 m: The congestion fields fully separate, with each exit
developing its own distinct congestion zone. This indicates that at these
larger gap lengths, the exits no longer act collectively as a single cluster but
function as independent egress paths.

The figure below (Figure 7.7 )illustrates the gradual transition from a dual, uni-
fied congestion field to separated, individual congestion zones as the gap length
increases. Such insights are critical for understanding the interplay between exit
clustering and crowd dynamics, offering evidence-based recommendations for op-
timizing exit placement and gap design in outdoor mass gathering scenarios.

(a) Single open exit (b) 0.1m Gap Length (c) 0.5m Gap Length

(d) 2m Gap Length (e) 4m Gap Length (f) 10m Gap Length

Figure 7.7: Max Congestion Maps for 12 Door Clusters for multiple scenarios [Own creation]
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7.4.2 Occupant Flow Mid-Evacuation

In this next figure (Figure 7.8), the occupants and their movement directions are
visualized. The examined scenario is still the 12-door configuration, and these
images are snippets from the video result of the simulation, each captured at 230
seconds into the evacuation.

This visualization provides valuable insights into how different gap lengths
affect crowd behavior and spatial patterns:

One exit scenario: A uniformly outlined field of occupants is formed, with
lower density in the middle of the crowd. This uniform shape reflects a highly
utilized single exit with consistent crowd pressure across the exit width.

0.1 m and 0.5 m gap lengths: These scenarios are similar to the one-exit
scenario; however, with the central density reduction more pronounced. The
lower density in the middle indicates that while these gaps still act as a single
opening, there is some tendency for occupants to avoid the absolute center.

2 m and 4 m gap lengths: The shape becomes narrower and transitions into
a half hourglass-like configuration. Although the overall density remains
similar to the smaller gaps, the crowd shape suggests reduced utilization of
the middle doors, redused LoS, hinting at partial separation of the flows at
the clustered exit.

10 m gap length: This scenario clearly shows that the exits act as separate,
independent doors rather than as a cluster. Instead of one continuous crowd,
there are distinct groups of occupants moving through each exit indepen-
dently. Interestingly, at this stage, all exits are almost equally utilized, similar
LoS, but the scenario also shows the formation of multiple small bottlenecks
at each individual exit, rather than a single large congestion zone.

These visual snapshots offer an intuitive understanding of how exit clustering
and gap lengths influence crowd behavior, complementing the quantitative analy-
ses and congestion maps presented earlier. They highlight the gradual transition
from a unified cluster to separate exit usage as the gap length increases, revealing
the complex trade-off between exit separation and local congestion.
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(a) Single open exit (b) 0.1m Gap Length (c) 0.5m Gap Length

(d) 2m Gap Length (e) 4m Gap Length (f) 10m Gap Length

Figure 7.8: Crowd pattern for for 12 Door Clusters for multiple scenarios at 230s timestamp [Own
creation]

7.4.3 Occupant Flow towards the End of Evacuation

To evaluate how these crowds shape and evolve throughout the evacuation,
screenshots were taken towards the end of the evacuation process. Comparing
the one open exit scenario with the 0.5 m gap length cluster, we observe that they
exhibit very similar flow patterns. In both cases, occupants initially gather at the
sides of the exit or clustered exit, but as they are blocked by the density, they later
redirect towards the emptier middle area. This adaptive behavior ensures that all
available doors are utilized consistently up until the end of the evacuation (Figure
7.9), thus equalizing the LoS.

In the other figure (Figure 7.10), which visualizes the end stages of the 2 m and
4 m gap length scenarios, the impact of clustering on egress times becomes clearer.
As the distance between exits increases, the redirection towards other exits becomes
less common. While some occupants still redirect towards the closer side doors,
the middle doors remain largely unutilized. This phenomenon leads to longer
egress times, with the 4 m gap length scenario resulting in the longest evacuation
duration, as only 4 doors are utilized in the final stages. In contrast, the 2 m gap
length scenario sees 6 doors being used to various degrees by the end of evacuation.

These end-stage visualizations provide important insights into how exit spacing
and clustering influence occupant behavior. They highlight the trade-off between
exit separation and the adaptive flexibility of occupants to redirect towards less
crowded doors, ultimately shaping overall evacuation performance.
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(a) One exit

(b) 0.5 Gap Length

Figure 7.9: Crowd flow pattern late stage of evacuation [Own creation]

7.4.4 Optimal Situation

One of the optimal configurations identified through the RSM involves placing
three doors 1.4 m apart. This arrangement still behaves as a single exit flow in
practice, but instead of the standard 12 m net exit area, it effectively functions as a
14.8 m open exit. This slight increase in effective exit width directly contributes to
reducing the overall egress time.

There is no need to visualize the 10-m gap length scenario towards the end of the
evacuation, as the crowd configuration at that point closely mirrors the snapshot
taken at 230 seconds and is consistent with the patterns shown in the congestion
maps. In this scenario, the crowd is clearly separated into distinct groups, with the
exits functioning independently rather than as a cluster. Occupant door selection
appears to be primarily driven by their initial physical location relative to the exits,
resulting in relatively balanced usage of all available doors despite forming several
smaller congestion zones.

Interestingly, while the 4 m gap length scenario produced the longest egress
time due to limited door utilization, increasing the gap length beyond this point
led to a reduction in total egress time. This phenomenon underscores a critical
insight: although clustering might initially seem beneficial, many safety guidelines
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(a) 2m Gap Length

(b) 4m Gap Length

Figure 7.10: Crowd flow pattern late stage of evacuation [Own creation]

do not recommend clustered exit configurations, particularly in the 2 m to 10 m gap
length range—precisely because it tends to hinder evacuation performance rather
than improve it.

This improvement is also evident in the maximum congestion visualizations.
The flow of occupants in this scenario is not significantly hindered, with the con-
gestion map showing a continuous, well-utilized exit field. These observations
highlight how carefully configured small gap lengths can enhance evacuation effi-
ciency without introducing significant bottlenecks or congestion zones.

(a) Max Congestion (b) Crowdflow at late stage of evacuation

Figure 7.11: Congestion and crowd flow of optimized configuration [Own creation]
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Discussion

One of the key findings of this work is that while exit clustering can reduce
egress distances for some occupants, it can also create congestion bottlenecks if
not optimally configured. The analysis of different gap lengths and exit counts has
highlighted that there exists an optimal gap length of approximately 1.4 m, beyond
which the marginal benefits of additional exits decrease or even become counter-
productive. This insight aligns with broader observations in evacuation modeling
literature, where excessive exit clustering can lead to uneven crowd pressures and
delays rather than facilitating smoother egress.

The Danish regulations and EU directives offer a solid framework for ensuring
the safe and effective placement of exits. However, there is no explicit mention
of exit clustering in the Danish regulations, suggesting a potential gap in national
guidance. EU directives and guidelines generally discourage clustering of doors,
which is related to the adverse effect of 2 m-10 m clustering. This study showcased
that indeed these scenarios lead to unutilized exits; still, closer clustering can be
proven beneficial, as with the optimal distance, the separate doors, despite sepa-
ration, exhibit the characteristics of one big opening. The findings from this study
provide practical recommendations for event organizers and venue designers to
consider clustering effects in their emergency planning, moving beyond simple
regulatory compliance towards evidence-based optimization.

The use of Pathfinder simulation software proved instrumental in exploring
these complex dynamics. Pathfinder’s agent-based framework enabled detailed
simulations of crowd movement, accounting for both individual and group be-
haviors. Despite its strengths—intuitive usability, flexibility, and robust validation
(as highlighted in Thunderhead Engineering’s documentation)—it became appar-
ent that simulations with higher occupancy and more complex configurations de-
manded significant computational power. This computational challenge suggests
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the need for powerful hardware or cloud-based solutions when planning evacua-
tions for large-scale events.

While the initial data fitting was not perfect and contained some outliers, the
application of Pathfinder has a built-in Monte Carlo feature that can help account
for these stochastic variations, providing more robust estimates of evacuation times
and flow rates. In an extended scope study, the utilization of this data stabilizing
feature is recommended.

While the simulations were validated against peer-reviewed literature and Pathfinder
verification documentation, the absence of large-scale real-world evacuation exer-
cises or field experiments represents a limitation. Future studies could address this
gap by collaborating with event organizers or emergency services to conduct con-
trolled evacuation drills, thereby enhancing the external validity of these findings.

The limitations of this work—such as focusing only on exit clustering, using
a single crowd profile, and considering only the Danish context—should be ac-
knowledged. Nevertheless, these constraints also present opportunities for future
research. For instance, future studies could explore how clustering interacts with
other exit characteristics (e.g., signage, lighting, or accessibility features), demo-
graphic variations (e.g., age or mobility impairments), and environmental factors
(e.g., weather conditions at outdoor events).

Additionally, the methodology employed in this study—integrating systematic
parameter variation with simulation-based analysis—can be extended to other as-
pects of crowd safety. There is substantial scope for developing a comprehensive
framework that incorporates multiple factors influencing evacuation performance,
such as exit width, crowd density, and social behaviors. Moreover, the dynamic
interplay between psychological responses and environmental triggers (e.g., how
people perceive exit availability during emergencies) could be modeled to better
understand real-world crowd behavior during critical incidents.

8.1 Further Research Directions

As with any focused research study, the scope of this thesis was necessarily lim-
ited by practical constraints, including time and available resources. Consequently,
several areas of potential extension and refinement remain open for future investi-
gation.

1. Expand the Exit Clustering Model: The current study focused on a sin-
gle scenario of exit clustering using a uniform square-shaped area and fixed
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occupant density. Future work could enrich the model by incorporating a
broader set of variables, such as variations in area size, area side lengths, and
total occupancy levels. This would allow for a more nuanced understand-
ing of how clustering interacts with other spatial and crowd-density factors,
and how these interactions affect egress performance in a wider range of
real-world scenarios.

2. Integrate with Exit Positioning Studies: Building on previous work, such as
the mentioned studies on exit positioning [64], future research could compare
the effects of exit clustering directly with exit positioning strategies. This
would help to evaluate whether exit clusters can be treated as one continuous
egress point across different spatial positioning scenarios, or whether the
clustered exits’ effects vary based on their placement within the event area.

3. Investigate Behavioral Differences in Exit Clustering: Future studies could
examine how behavioral factors—such as substance abuse, panic reactions,
or varying levels of situational awareness—might influence the utilization of
exit clusters. Understanding these human factors is crucial for refining sim-
ulation models and improving the real-world applicability of exit clustering
strategies in dynamic and unpredictable festival environments.

4. Application in Real-world Events: Finally, a logical next step would be to
validate the simulation-based findings by applying the recommended exit
clustering configurations in a real-world event scenario. This would involve
collaborating with event organizers to implement the recommended configu-
rations at an actual festival and using video-based crowd monitoring systems
to collect empirical data on flow rates, congestion, and overall evacuation ef-
ficiency. Such an empirical validation would bridge the gap between theo-
retical modeling and practical application, contributing valuable insights to
both the research community and the event management industry.

These future research directions are good ways to build upon the insights de-
veloped in this thesis, and to develop practical, evidence-based strategies for im-
proving crowd safety and evacuation efficiency in mass gatherings.
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Conclusion

This thesis has provided a thorough investigation into how exit clustering affects
evacuation efficiency and crowd dynamics in outdoor mass gatherings in Denmark.
The analysis demonstrated that there is an optimal gap length for clustering that
minimizes evacuation times and avoids detrimental bottleneck effects. By using
Pathfinder simulations, this study generated quantitative insights that can support
safer venue designs and emergency plans for large-scale events.

Despite some data inconsistencies and the inherent challenges of simulation-
based approaches, this work underscores the potential of advanced modeling tools
like Pathfinder to inform real-world decisions. Importantly, the conclusions drawn
here highlight the necessity of considering both spatial configurations and human
behaviors in crowd safety planning.

In the future, this research can serve as a foundational framework for more
comprehensive studies that incorporate additional parameters and real-world data.
By bridging the gap between simulation modeling and practical event manage-
ment, this work aims to contribute to the ongoing improvement of crowd safety in
outdoor events, aligning with broader goals in emergency management and public
safety.
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[81] Adéla Snohová and Kučera Petr. “Comparative Study of SFPE and Steering
Modes in Pathfinder to Optimise Evacuation Routes”. In: Buildings (2024).
doi: 10.3390/buildings14082361.

[82] Average Walking Speed: Pace, and Comparisons by Age and Sex. Healthline. Mar. 14,
2019. url: https : / / www . healthline . com / health / exercise - fitness /
average-walking-speed (visited on 05/09/2025).

[83] Elaine M. Murtagh et al. “Outdoor Walking Speeds of Apparently Healthy
Adults: A Systematic Review and Meta-analysis”. In: Sports Medicine 51.1
(Jan. 1, 2021), pp. 125–141. issn: 1179-2035. doi: 10 . 1007 / s40279 - 020 -
01351-3. url: https://doi.org/10.1007/s40279-020-01351-3 (visited
on 12/09/2024).

Vancouver-based hybrid style was applied for referencing. 1

1All ideas, arguments, and interpretations in this paper are entirely my own. Upon conducting
research I only used ChatGPT purely to help with sentence flow and refining structure, LaTeX coding,
ensuring my original content was clear and well-organized.

VIII

https://www.springer.com/us/book/9781493925643
https://www.thunderheadeng.com/pathfinder/
https://books.google.com/books?id=vrckAQAAMAAJ
https://doi.org/10.3390/buildings14082361
https://www.healthline.com/health/exercise-fitness/average-walking-speed
https://www.healthline.com/health/exercise-fitness/average-walking-speed
https://doi.org/10.1007/s40279-020-01351-3
https://doi.org/10.1007/s40279-020-01351-3
https://doi.org/10.1007/s40279-020-01351-3

	Front page
	English title page
	Contents
	Abbreviations
	Terminology

	1 Introduction
	2 State of the Art
	2.1 Evacuation of Mass Gatherings
	2.2 Evacuation Triggers
	2.3 Laws and Regulations
	2.4 Evacuation Factors
	2.5 Festival Attendees
	2.6 Mobile Fencing Solutions
	2.7 Egress Simulation Literature for Festival Scenarios 
	2.8 Literature on Exit Configuration 
	2.8.1 Effect of exit width 
	2.8.2 Effect of exit positioning 
	2.8.3 Effect of exit clustering 

	2.9 State of the Art Conclusion

	3 Problem Formulation
	3.1 Research Question
	3.2 Objectives
	3.3 Delimitations
	3.4 Limitations

	4 Methodology
	4.1 Methodology Overview
	4.2 Literature Search
	4.3 ASET and RSET
	4.4 Pathfinder Software
	4.5 Pathfinder Verification and Validation
	4.6 Statistics Tool
	4.7 Design of Experiments
	4.8 Response Surface Methodology
	4.8.1 Outcome Variables and Interpretation of RSM


	5 Pathfinder
	5.1 SFPE and Steering Mode
	5.2 Physical Layout
	5.3 Occupancy Settings

	6 Experiment I. Door size
	6.1 Dataset Overview
	6.2 Data Visualization and Initial Observations
	6.3 Model Fitting and Mathematical Interpretation
	6.4 Parameter Significance and Uncertainty
	6.5 Practical Interpretation and Baseline Selection
	6.6 Implications for Evacuation Planning

	7 Experiment II. Cluster 
	7.1 Experimental Design
	7.2 Application of RSM
	7.2.1 Data Model Results
	7.2.2 Filtered Data Model Results
	7.2.3 Comparation of Wide and Filtered data
	7.2.4 Possible Door Length Considerations

	7.3 Practical Implications and Recommendations
	7.4 Crowdflow Behind the Data
	7.4.1 Congestion Maps
	7.4.2 Occupant Flow Mid-Evacuation
	7.4.3 Occupant Flow towards the End of Evacuation
	7.4.4 Optimal Situation


	8 Discussion
	8.1 Further Research Directions

	9 Conclusion
	List of Figures
	List of Tables
	Bibliography

