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Abstract

This master's thesis develops and evaluates an earthquake evacuation navigation tool for the
evacuation on foot of affected people immediately after an earthquake. While existing evacua-
tion tools are predominantly designed for vehicle-based evacuation conducted by rescue work-
ers hours to days after an earthquake, only limited research has addressed emergency tools for
evacuees themselves in the critical phase of seconds to hours after the disaster. This thesis pre-
sents a proof of concept for such a GIS-based evacuation tool for the city of Zurich, Switzerland,
and examines its decision-support potential. The tool is designed as a weighted network,
whereby a multi-criteria evaluation is used to calculate the evacuation time per road section
based on various contextual and environmental factors. Using Dijkstra's shortest path algorithm,
optimal evacuation routes and destinations are determined by minimising evacuation time. The
tool is evaluated by a survey that examines earthquake evacuation decision-making prior to
introduction to the tool and subsequently after introduction. The survey results indicate that
participants often consider factors such as proximity, social dynamics, familiarity or perceived
risk when deciding on an evacuation site. More abstract, intangible factors are often overlooked.
Following the introduction of the tool, participants describe it as helpful in increasing confi-
dence and perceived safety. The findings suggest that earthquake evacuation tools have consid-
erable potential to support decision-making, with the integration of human evacuation behav-

iour into evacuation modelling offering significant opportunities.

Keywords: earthquake evacuation, evacuation navigation tool, geographic information sys-
tems (GIS), multi-criteria evaluation, human evacuation behaviour, network-based evacuation

modelling
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1 Introduction

1.1 Motivation

Large-scale environmental disasters impact thousands of people worldwide every day. Among
these hazards, earthquakes are considered the most dangerous and destructive (Barone &
Mocetti 2014, Morales-Esteban et al. 2010). More than half of all deaths caused by environ-
mental catastrophes are due to earthquakes. In the past 20 years, this has amounted to approxi-
mately 750,000 deaths globally (WHO 2025). Moreover, earthquakes cause immense damage
to infrastructure, resulting in an average annual cost of 20 billion Swiss francs over the past 10
years (Our World in Data 2025). A major reason of this is the unpredictability of earthquakes.
Although research into earthquakes has been ongoing for many decades, where or when earth-
quakes strike, is still largely unknown (Kanamori & Brodsky 2004). Furthermore, earthquakes
can trigger other environmental disasters such as floods, landslides or tsunamis, thereby making

them an even greater threat (SED 2025a).

How people react after an earthquake is thus of immense importance, as the interaction between
human behaviour and the environment in the aftermath of an earthquake is crucial in reducing
unnecessary casualties (Shapira et al. 2018). Human-related aspects such as prioritising what to
do or where to go to after a major disaster, as well as the chosen evacuation destination and its
route may either increase or decrease the outcome of an earthquake (Sun et al. 2021). Since
earthquakes are highly complex, it is challenging to remain rational and calm after experiencing
one. Especially in densely populated urban areas, the public's lack of knowledge about appro-
priate evacuation procedures leads to a significant number of additional injuries and deaths (Sun

etal. 2021).

Currently, evacuations after earthquakes mostly take place hours to days after the disaster, as
organizing large-scale evacuations of thousands of people requires substantial coordination and
the mobilization of extensive emergency personnel (Shimura & Yamamoto 2014). Such evac-
uations are typically carried out by emergency workers heading to the affected areas in vehicles
to find people in need. Moreover, information on how to behave is shared online. However, this
is a race against time, as the chances of survival after an earthquake decrease drastically as time
passes (NAZ 2004). Thus, a rapid evacuation immediately after an earthquake could reduce the
impact of casualties and injuries. To manage such evacuations, evacuation maps and navigation

tools demonstrate great potential (Tsionas et al. 2016, Shimura & Yamamoto 2014).



The use of evacuation maps has become an increasingly prominent topic over the past 30 years
(Southworth 1999, Chen & Cheng 2020). Currently, tools based on geographic information
systems (GIS) are used to guide emergency responders in long-term evacuations following en-
vironmental disasters (Chen & Cheng 2020). These navigation tools are designed exclusively
for rescue workers, who typically arrive hours or days after an earthquake. A convincing aspect
of such GIS-based applications is their possibility of incorporating various spatial factors such
as road network capacity or the spatial distribution of the population (Southworth 1999). These
applications also include dynamic components, as population density and traffic capacities are
constantly changing. This leads to changes in the calculated routes depending on the current
spatial situation (Southworth 1999). Although GIS-based evacuation tools supporting emer-
gency responders are well established, only little research has been made on how such naviga-
tion tools could be modified to be used by the common people that are affected by an earthquake
(Tsionas et al. 2016, Shimura & Yamamoto 2014). Earthquake navigation apps, which the af-
fected population could use on their own mobile devices, have, to date, not been developed.
Such apps would be used for evacuation on foot, as motorized evacuation is strongly discour-
aged right after an earthquake and is often impossible due to debris on the roads, blocked routes
and unsafe infrastructure (Shimura & Yamamoto 2014). These navigation apps hold a great
potential for evacuations to be carried out much more rapidly and in a more organized manner,
thereby preventing unnecessary casualties (Sun et al. 2021). This is due to people being less
likely to panic, which would reduce the chances of them going to areas where there is a high
risk of buildings collapsing. Moreover, such a tool could help in identify the safest evacuation
routes and sites, therefore supporting evacuees to reach designated areas more efficiently and

receive medical assistance more quickly (Sun et al. 2021).

Thus, in the scope of this master thesis a prototype of a navigation tool will be developed, which
guides people affected by an earthquake to an evacuation site using optimised pedestrian evac-
uation routes. This tool will be based on the current state of research and will combine various
approaches into a comprehensive tool. The tool will be limited to the city of Zurich, Switzer-
land, and will only be available as a proof of concept in Python code. The developed tool is
then evaluated in the form of a survey on its perceived helpfulness and functionality. Conse-
quently, the aim of this thesis is to find out if and how a navigation evacuation tool can support
people affected by earthquakes in their decision-making process and what kind of opportunities

such a tool offers.



1.2 Objectives

This thesis has two main objectives: developing an earthquake evacuation navigation tool and
evaluating the tool through a survey. In the following sections, both objectives are explained in

more detail.

1.2.1 Earthquake Evacuation Navigation Tool

An earthquake evacuation navigation tool (EENT for short) is a tool intended to guide people
on foot to an evacuation site in an optimal manner immediately after an earthquake. There are
several approaches in research on how such tools can be programmed, but the research field is
still evolving, with no established state of the art yet (Ye et al. 2011, Tsionas et al. 2016, Shi-
mura & Yamamoto 2014). In the scope of this thesis, different methods for the development of
an EENT will be analysed, which will serve as a basis to program a tool that combines various
aspects of these approaches. The result will be a tool in the form of Python code, where users
enter their location, the strength of the earthquake and whether it is day or night. They can also
choose if they want to be guided to the most optimal evacuation site, a hospital or a custom
destination point. The tool then calculates the best destination (if no custom point has been

selected) and the best route to reach it based on various factors and visualises this on a map.

The tool is spatially limited to the city of Zurich. Since it is intended as a general proof of
concept, the geographical location is not the focus of the tool. Zurich was primarily chosen due
to the data availability and the author's familiarity with the city. Additionally, in the evaluation
of the tool the influence of spatial knowledge will be examined, which is why a location had to
be chosen where enough participants could be found who were familiar with the study location.
Moreover, the spatial extent of the prototype should also cover extensive infrastructure and
bodies of water in order to examine different effects of an earthquake, which Zurich can pro-
vide. It should also be emphasised that although Zurich, and Switzerland in general, are not
severely affected by earthquakes, earthquakes with a magnitude of six or more occur every 50
to 150 years in Switzerland (SED 2025b). The last of these major earthquakes occurred around
80 years ago, highlighting that the likelihood of a significant earthquake happening in Switzer-
land should not be disregarded (SED 2025Db).

1.2.2 Survey

The second objective of this thesis is to evaluate the developed EENT in the form of a survey.

For this, the survey will first test the participants decision-making process in a hypothetical



earthquake evacuation situation before being introduced to the tool. To do this, participants
must perform a task in which they are placed in a situation where an earthquake has struck
Zurich and they must explain how they would react and where they would evacuate to. After
this task, participants are introduced to the EENT and are explained how this tool would choose
an evacuation site. Participants then answer questions about the perceived helpfulness, func-
tionality and shortcomings of the tool. Ultimately, the survey aims to assess if the EENT has
the potential to support users in their decision-making process during an earthquake evacuation

situation.

1.3 Research Questions and Structure

This thesis aims to answer the following three research questions:

RQ1: How can earthquake evacuation navigation tools model the complexity of an

earthquake and its impact?

RQ2: How can earthquake evacuation navigation tools determine optimal evacuation

destinations and routes?

RQ3: How can earthquake evacuation navigation tools support users in evacuation de-

cision-making?

Research questions one and two are explored in the development of the EENT by reviewing
relevant literature and creating a methodological framework for building the tool. Research
question three is explored in the survey and supported by statistical analysis. While no hypoth-
eses can be formulated for research questions one and two, as they are exploratory in nature
and are assessed through the process of developing the EENT, three hypotheses are formulated
for research question three, as it involves the collection of empirical data and the analysis of

possible relationships. Thus, the following hypotheses are presented:
H1: Participants generally select the spatially closest evacuation site.

H2: Participants with higher local knowledge are more likely to select an evacuation site

they are familiar with.

H3: Participants with higher earthquake knowledge are more likely to select the same

evacuation site as the one calculated by the EENT.



The remainder of the thesis is structured as follows: Chapter 2 presents the state of the art on
human behaviour in evacuation situations, the research field of earthquake evacuation maps
and models, and existing gaps in research. Chapter 3 outlines the methods used for both the
development of the EENT and the survey, and Chapter 4 presents the corresponding results.
Chapter 5 discusses the results in relation to current research, and Chapter 6 summarises the
findings of this thesis in a conclusion. The work ends with an appendix containing the entire

survey.



2 State of the Art

The state of the art first provides an overview of the current research on human behaviour in
earthquake evacuation situations. It examines the specific characteristics of earthquake evacu-
ations, as well as the cognitive decision-making process and its key factors in literature. Subse-
quently, the state of research on earthquake evacuation mapping and digital tools is discussed,
with a focus on evacuation tools for affected people. Various methods and influencing factors
underlying these tools are analysed. Finally, research gaps within the fields of study are pre-

sented, and the positioning of this thesis within these gaps is outlined.

2.1 Human Earthquake Evacuation Behaviour

The behaviour of people during earthquake evacuations is a broad and complex topic. Earth-
quakes are extreme events that people do not encounter in their normal lives. They lead to high-
stress situations in which many decisions must be made in a matter of moments (Mohajeri &
Mirbaha 2021). Understanding human behaviour and this decision-making process is of great

importance in developing appropriate evacuation measures (Blake et al. 2022).

2.1.1 Earthquakes as Evacuation Scenarios

Earthquakes are the most destructive environmental disaster to exist, which is why the evacua-
tion process following one is a major challenge (Morales-Esteban et al. 2010). Since earth-
quakes occur without a warning and the peak of destruction is reached within a few minutes,
the affected area quickly descends into chaos (NAZ 2004). This sudden event results in a drastic
disruption of infrastructure, mobility and communication across a large area. Operational re-
sources for deploying emergency personnel are also severely affected, resulting in a highly
uncoordinated response in the initial phase after an earthquake (NAZ 2004). As described in
Switzerland's emergency protocol (NAZ 2004), an earthquake quickly overwhelms the govern-
ment's capabilities, which is why the first few hours after such a disaster are defined as the
chaos phase, where resources and emergency workers must be mobilized from other locations.
During this chaotic phase, affected people are largely left to rely on themselves. However, these
first few hours are also the most important phase for the survival chances of those affected, due
to the risk of infrastructure collapse and sustained injuries during the event (Ahmadi et al.
2025). For this reason, the evacuation and rescue of individuals from the affected area is a time-
critical task. The faster the evacuation, the greater the chances of mitigating the effects of the

disaster (NAZ 2004).



Moreover, urban settings prove to be particularly vulnerable to earthquakes compared to
smaller or rural areas (Shapira et al. 2018). Due to the large amount of infrastructure and high
population density, the space to evacuate is limited. Streets become overcrowded more quickly
and have higher chances of being blocked by debris from collapsed buildings (Shapira et al.
2018). Thus, the chaos phase following an earthquake is even more uncontrollable and danger-

ous in such locations.

After a few hours, it is expected that emergency responders will have been mobilised and that
the evacuation of those affected can begin. Attempts will be made to restore communication
channels to share important behavioural information with the population (NAZ 2004). While a
coordinated response can be organised at this stage, in the first few hours support, leadership

and information are lacking.

2.1.2 Decision-Making Process in Evacuation Situations

The population plays an active role after an earthquake. As there is a lack of systematic leader-
ship in the initial phase, affected people must mainly decide for themselves how to respond
(NAZ 2004). During this chaos phase, people experience great shock and fear (Blake et al.
2022). The event can only be processed cognitively to a limited extent due to the immense
amount of information and changes that occur within a very short time. The initial reaction
when an earthquake is felt is for approximately half of the affected people to seek cover under
a sturdy object such as a table or doorframe and for the other half to attempt to move outdoors
or to an open area if they are already outside (Blake et al. 2022, Shapira et al. 2018). After this
reaction, people experience acute stress and fall into a state of panic due to the sudden loss of
control. This influences their decision-making processes and can lead to temporary irrational
behaviour and compromised judgement (Blake et al. 2022, Sun et al. 2021). While this state of
panic can alter behaviours, it does not mean that people act completely uncontrollably. Tem-
pleton et al. (2023) and Drury et al. (2023) argue that acute high panic is typically a brief reac-
tion, followed by a goal-oriented behaviour. While panic may continue to influence behaviour,
individuals remain capable of making meaningful decisions aiming to restore a sense of secu-
rity. Giddens (1991) argues that humans always strive for a state of security. This describes a
state in which one feels safe and has a sense of order. People consistently try to understand their
environment, which drives their behaviour. This desire for security leads people to consciously
seek a path to safety after a large-scale disaster, which ultimately shapes their decision-making

process in the subsequent evacuation situation (Giddens 1991).



Mohajeri & Mirbaha (2021) describe this decision-making process in the event of a high-stress
evacuation as a four-step procedure consisting of: (1) if a person decides to evacuate, (2) how
they plan to evacuate, (3) where they intend to go, and (4) which route they will take. In the
first step, the decision for or against evacuation is made, with people opting for evacuation in
most cases (Mohajeri & Mirbaha 2021). Few people decide against evacuation for medical rea-
sons or social bonds, by, for example, deciding to stay with family members who are unable to
move (Templeton et al. 2023). In the second step, people decide on the mode of evacuation,
primarily choosing their means of transportation. In earthquake situations, evacuations tend to
be on foot, as roads are unstable or covered with debris making them inaccessible to motorized
vehicles (SED 2025b). In the third step, evacuees decide on their evacuation destination. Most
people either head for open spaces such as fields or parks, hospitals in the event of injury, or
the homes of friends and family (Shapira et al. 2018). In the final step, people choose the route
they will take to get there. This route is often decided on or changed while a person is traveling
to their destination based on various social or environmental factors (Mohajeri & Mirbaha

2021). Figure 1 displays an overview of this decision-making process.

. Destination Route
Evacuation choice Mode choice choice choice

Figure 1: Human evacuation decision-making process in large scale environmental disasters

2.1.3 Factors Influencing Evacuation Behaviour

The choices made in the decision-making process are influenced by various demographic, psy-

chological, social, and environmental or contextual factors (Mohajeri & Mirbaha 2021).
Demographic Factors

Mohajeri & Mirbaha (2021) found that demographic factors such as age, gender, income, reli-
gion or family status influence how people respond in evacuations. They discovered that the
probability of evacuating after an earthquake is higher for married individuals and individuals
with more family members. They also found that women tend to evacuate more quickly as they
perceive risk sooner and may be more inclined to help others. Moreover, Mohajeri & Mirbaha
(2021) identified a trend that younger people are more likely to choose to evacuate rather than
elderly people. Specifically, the groups of 18-24 and 25-32 year-olds tend to decide earlier to

evacuate their building. These results are supported by Bateman & Edwards (2002), who found
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that women are more likely to evacuate than men in disasters as they feel more quickly at risk
or feel responsible for protecting children. Furthermore, Yun & Hamada (2015) learned by
conducting a survey after the 2011 Tohoku-Oki earthquake in Japan that age and occupation
displayed the biggest influence on evacuation behaviour. Blake et al. (2022) found similar re-
sults by conducting a survey after the 2016 Kaikoura earthquake in New Zealand that age, so-
cio-economic status and ethnicity were important driving factors in the decision to evacuate. In
a virtually based experiment by Ahmadi et al. (2025), where participants had to decide how to
respond to an earthquake in a simulated environment, demographic, cultural, and socioeco-
nomic characteristics were also found to be influential factors. Morecover, Whitehead et al.
(2001) as well as Yang et al. (2016) also explored the influence of these demographic factors
on hurricane evacuations and found that especially age, income, education and gender displayed
the most prominent influence. Thus, overall, various sociodemographic factors can influence
the evacuation behaviour with the key factors being age and education, as they are identified

across all reviewed literature.
Psychological Factors

Other aspects which exhibit a relationship with decision-making in evacuation situations are
psychological factors. Former experiences with evacuation situations as well as personal risk
perception can influence if and how individuals decide to evacuate (Eiser et al. 2012). Xie &
Xu (1995) describe that intuitive judgement and subjective feelings are an important part of risk
perception. In high-stress decision-making situations, this personal assessment of risk plays a
major role. Furthermore, Shapira et al. (2018) conducted a survey with people residing in high-
risk earthquake zones in Israel and investigated how these people would react during an earth-
quake. As a result, they proposed the “Protection Motivation Theory”, which states that people
engage in self-protection mainly based on how severely they perceive a risk and how they eval-

uate their resources for dealing with the disaster.
Social Factors

In addition, social factors and group dynamics have a significant influence on evacuation deci-
sion-making (Ahmadi et al. 2025). Templeton et al. (2023) propose three main social behav-
iours: (1) Following Behaviour, (2) Crowd Behaviour, and (3) Social Bonds Behaviour. The
Following Behaviour describes a response of individuals to follow an authority figure. These
can be people they happen to encounter at random or official leadership figures such as the
government or rescue teams (Templeton et al. 2023). The Crowd Behaviour describes the ten-

dency of people to seek out and follow groups of people. Individuals usually gravitate towards
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the centre of crowds and move in herds in high-stress situations (Templeton et al. 2023). Finally,
the Social Bonds Behaviour indicates that affected individuals attempt to contact or find signif-
icant close people, such as family members or loved ones during evacuation situations. Besides
Templeton et al. (2023), Shapira et al. (2018) found that individuals are more likely to seek out
the proximity of a familiar person rather than evacuate to an official safe place after an earth-
quake. In addition, Lin et al. (2020) found a strong relationship between social bonds and evac-
uation behaviour as well. While conducting a virtual reality experiment about major fire evac-
uations, they determined that people tend to follow crowds or people with leader characteristics
rather than acting alone. Moreover, Drury et al. (2023) found that people tend to gather in
groups with the same demographic characteristics, such as ethnicity or age and Zhang & He
(2022) found that in evacuation situations happening at night, this urge to form groups is even
stronger. This can be attributed to the fact that being in a group can reduce the feelings of
disorientation and loss of control, which are even greater at night in the dark. In general, during
nighttime evacuations the drive for social contact is the main factor influencing the decision-

making process (Zhang & He 2022).

Another key social factor to consider is the instinct to help other people in earthquake situations.
Ahmadi et al. (2025) as well as Templeton et al. (2018) both describe that altruistic behaviour
1s highly common in evacuation situations. This describes voluntarily searching for and helping
injured people instead of first securing one's own safety. Furthermore, Ntontis et al. (2018)
found that this altruistic behaviour is prevalent in all large-scale disasters and involves both

physical assistance and emotional support.
Environmental and Contextual Factors

Finally, environmental and contextual factors also significantly impact the choice of evacua-
tion. Decisions are influenced by the immediate environmental conditions following an earth-
quake, such as the debris on roads, structural damage and natural factors (Templeton et al.
2023). The perception of risk comes into play here as well, as different people may classify
these environmental impacts as varying degrees of risk (Shapira et al. 2018). For example, nat-
ural elements such as bodies of water or green spaces may help or hinder an evacuation, de-
pending on the perception of the person (Templeton et al. 2023). Familiarity with the area is
also crucial. Various papers such as Sun et al. (2021), Zhang & He (2022) and Tai et al. (2014)
found that in earthquake evacuations affected people tend to choose evacuation routes and des-

tination they are familiar with.
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In addition, the time of the day can impact evacuation behaviour. Zhang & He (2022) discov-
ered that if an earthquake strikes at night, people are more likely to evacuate in groups, opt for
routes and destinations with increased lighting as well as head to locations they are more famil-

iar with than they would have if the earthquake would have happened during daytime.

Lastly, evacuees often also take the distance to their destination into account, as they want to
reach their target location as quickly as possible (Sun et al. 2021). According to Bafigate et al.
(2019) people in evacuation situation try to opt for the shortest route to their destination. In
addition, the size of the evacuation site has an influence as well, with larger destinations often
being preferred as they can accommodate more people and thus do not easily become over-

crowded (Bangate et al. 2019).

2.2 Earthquake Evacuation Mapping

In order to support affected people during evacuations after an earthquake, various approaches
for assistance systems such as maps and digital tools have been introduced in recent years. The
research field of earthquake evacuation mapping has evolved dynamically over the past 30
years, producing many new methods and concepts (Chen & Cheng 2020). The following sub-

chapters describe this development and how it has progressed to its current state.

2.2.1 Dynamic and Network-Based Evacuation Mapping

Until the 1990s, evacuation maps were mainly established as static maps, showing the best route
out of buildings in small-scale emergencies. For large-scale evacuations following environmen-
tal disasters, no such evacuation maps existed (Coppock 1995). Then, the 1990s saw a surge in
research into evacuation maps in the event of major disasters. As one of the pioneers of large-
scale evacuation mapping, Southworth (1991) introduced the topic of evacuation aids in the
form of dynamic maps in 1991. He argues that in major emergency situations, evacuations by
vehicles can be improved with the help of maps. Southworth (1991) describes how people's
behaviour in evacuation situations often leads to traffic jams and poor use of the road network.
As a result, the evacuation process is much slower and less efficient than it could be with an
organised structure. To address this issue, Southworth (1991) proposed the concept of dynamic
street maps, which display the location of all people in a road network and indicate areas of
congestion or open roads. These maps change dynamically depending on the distribution of
people. Based on this information, evacuees can then take the route to their evacuation site with
the shortest distance or time. Furthermore, he argues that these dynamic street maps should
operate according to a network principle. The street system is represented as a network, where
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junctions are nodes and road sections in between nodes are edges (see Figure 2). After a disaster,
the capacity of edges in a network can be calculated based on the vehicle density and stored as
an attribute on the corresponding edge. In this way, the street network is conceptualised as a

weighted graph in which edge weights represent their capacity (Southworth 1991).

500 250 0 500m

Figure 2: Road network represented as a network of edges and nodes for dynamic
calculation of road capacity, Tokyo, Japan (Shimura & Yamamoto 2014)

Moreover, it is essential that a distinction is made between the daytime and nighttime popula-
tion in these dynamic maps. Glickman (1987) notes that a population is divided into three types
of populations: the at-home-population, the at-work-population and the at-school-population,
all of which exhibit different spatial distributions. The size of these populations fluctuates de-
pending on the time of day. For a successful evacuation route, it is necessary to evaluate which
population group the individuals are in at that time, to determine the populations spatial distri-
bution (Southworth 1991). While Southworth (1991) had focused solely on the population dis-
tribution and capacity of roads, Cova (1999) further argued that the effects of the disaster itself
on the road network must also be considered. He argues that large-scale disasters must be iden-
tified as a hazard source which pose a risk to damage infrastructure. Thereby, Cova (1999)
established a key formula for evacuation mapping: The risk of damage to infrastructure is de-
termined by the hazard, consisting of its characteristics and strength, and the vulnerability of
the infrastructure itself, such as its structural integrity and type of construction (see Figure 3).

While the nature and severity of a possible hazard itself are mostly unpredictable, the
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vulnerability of infrastructure to different hazards can be assessed to a certain extent. Thus, an
essential addition to evacuation mapping is the vulnerability of streets or infrastructure, as struc-
tural damage to these may affect the accessibility of the road network by restricting or blocking
routes completely (Cova 1999). By collecting spatial characteristics of infrastructure such as
distributions or densities as well as properties such as type or age, assumptions can be made as
to how the infrastructure might react in the event of a disaster. This vulnerability data can then
be visualised on maps to spatially show how vulnerable areas are to various hazards. This con-
cept is called evacuation vulnerability mapping and is considered central to identifying evacu-
ation routes (Cova 1999). Thereby, in connection with the network model proposed by South-
worth (1991), additional vulnerability factors can be added to edges in a road network, thus
broadening the information and help provided by these evacuation maps. This allows the dis-
tribution of the population in the road network as well as the effects of the disaster itself to be

illustrated on a single map (Cova 1999).
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Figure 3: Disaster collapse risk formula (Cova 1999)

For the development of such evacuation maps, GIS proved to be an essential tool (Chen et al.
2008). GIS are systems used to capture, manipulate, process, store and display spatial data.
They can handle various types of geographical data and perform spatial functions with it (Bo et
al. 2009). This includes both geometric data such as coordinates or geometry types, and de-
scriptive attribute data, for example building type or year of construction (Bo et al. 2009). By
using GIS, various spatial data layers for evacuation vulnerability, such as debris from demol-
ished buildings or destroyed roads like collapsed bridges, can be overlayed, enabling the gen-
eration of a comprehensive map. This visualisation of vulnerability helps to identify and under-

stand patterns for evacuations, thereby supporting spatial decision-making (Chen et al. 2008).
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2.2.2 Evacuation Tools for Rescue Workers

Based on these network and vulnerability evacuation maps, various tool-based approaches to
support rescue workers in long-term evacuations were discussed in the following years. In this
context, long-term evacuation refers to evacuations happening hours to days after a catastrophe,
involving the use of rescue vehicles. Jotshi et al. (2009) proposed one of the first methodologies
for an evacuation navigation model that dynamically supports rescue workers in evacuations
after large-scale disasters such as earthquakes. They created a network model that determines
optimal routes for emergency vehicles based on the location of people, traffic density and the
condition of the roads. These routes change dynamically and display the fastest way to a desti-
nation, which is mostly large crowds of affected people or hospitals (Jotshi et al. 2009). This
works by using Dijkstra's shortest path algorithm. Dijkstra's shortest path algorithm is an es-
sential method in navigation research, as it allows the shortest path between one or more points
in a network to be determined (Dijkstra 1959). The algorithm computes all possible paths be-
tween a starting node and all other nodes and selects the path that has the shortest length of
edges in total (Dijkstra 1959). In the model by Jotshi et al. (2009), Dijkstra's algorithm is used
in that instead of the length of edges, the time it takes to travel through the edges is used. For
this purpose, each edge is assigned a level of damage which indicates how severely an edge is
blocked by damage to roads, debris from buildings or other obstacles, thus displaying the hazard
vulnerability per edge. The higher the damage level, the longer it takes to traverse that edge.
An edge with a damage level of 100% means that the entire edge is blocked and is therefore
marked as impassable. In addition, a high density of emergency vehicles on an edge can also
increase the time to pass through it, as this can cause traffic jams (Jotshi et al. 2009). Based on
the evacuation time per edge by using Dijkstra's shortest path algorithm the fastest evacuation
route is determined. Furthermore, Jotshi et al. (2009) argue that the use of live data could opti-
mize the model even more. To this end, they proposed that evacuation vehicles should be able
to enter data on road conditions into the model, as well as the use of various sensor systems
such as surveillance cameras or smartphone location tracking, to have up-to-date information
on the distribution of the population. However, the usage of such live data also presents limita-
tions, as the data volumes are immense and therefore require large amounts of storage capacity

and computational power (Jotshi et al 2009).

This calculation of the optimal evacuation route, as performed by Jotshi et al. (2009) by using
Dijkstra's algorithm, for example, is called an optimisation-based model. Naghdi et al. (2008)

argue that finding the best optimisation-based path model is a major challenge and that there is
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no such thing as the one best solution. All evacuation models present advantages and disad-
vantages. An optimal path is therefore highly dependent on what is defined as optimal and
which factors are considered to be important (Naghdi et al. 2008). Evacuation optimisation
models have two main objectives: (1) minimising total evacuation time and (2) maximising
evacuation safety (Xiongfei et al. 2010). These two objectives can often conflict with each
other, as, for example, short, time-efficient routes may not be safe. Thus, the challenge with

evacuation tools is to find a balance between evacuation-time and safety (Xiongfei et al. 2010).

Another approach to generating evacuation maps for rescue workers has been developed by
Ling et al. (2009), which uses the same optimisation model of Dijkstra’s shortest path as Jotshi
et al. (2008). They developed a tool which provides rescue workers and affected people with
the optimal route to the next evacuation shelter for evacuation by vehicle. In addition to the
factors proposed by Jotshi et al. (2008), they also take shelter capacity into account (Ling et al.
2009). They do this by assigning all people in the affected area to a specific shelter to ensure
that no shelters become overcrowded. However, they point out that assigning people to shelters
in order to maximise their capacity requires a great deal of computational power, which is why
the tool only works in very small neighbourhoods (Ling et al. 2009). They also emphasise that
when such evacuation tools are used in real evacuation situations, it is possible that mobile
networks or the internet could collapse, meaning that these tools must be prepared for such
eventualities. Moreover, the high number of users could also cause the tools to crash (Ling et

al. 2009).

Overall, dynamic evacuation mapping indicates two main research limitations at this stage:
computational constraints and the lack of models for immediate evacuation on foot. This high-
lights the need for a shift in evacuation modelling from rescue-worker-centred approaches to-

wards tools supporting affected individuals, which is addressed in the following section.

2.3 Earthquake Evacuation Navigation Tools for Affected Individuals

As demonstrated in the research on evacuation behaviour, a leadership gap arises in the first
few hours after an earthquake (NAZ 2004). During this time, a tool that assists evacuees them-
selves rather than rescuers in the evacuation would be of great assistance. Thus, in this thesis,
these navigation tools are understood as Earthquake Evacuation Navigation Tools (EENTs).
EENTsS differ from evacuation tools for rescue workers in two major ways. Firstly, direct evac-
uation after an earthquake takes place on foot and not by vehicle, as motorised traffic would be

extremely dangerous in such a disorganised environment for both drivers and pedestrians (SED
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2025b). EENTs are therefore designed for pedestrian evacuations. Secondly, immediately after
an earthquake, people exhibit various social or psychological behaviour patterns that play a
significant role in how and where they choose to evacuate (Ahmadi et al. 2025, Eiser et al.
2012). These elements should also be considered when designing an evacuation tool. However,
many elements from previous evacuation mapping research may also be adopted. For evacua-
tion on foot, the network model introduced by Southworth (1991) is applicable, and Cova's
(1999) evacuation vulnerability model may likewise be applied to this road network. Moreover,
as Jotshi et al. (2009) describe, evacuation routes may be defined through optimisation models
that incorporate various factors such as debris from destroyed infrastructure or population den-

sity.

Ye et al. (2011) proposed one of the first models for evacuation on foot immediately after an
earthquake. They created an optimisation model which calculates both the shortest as well as
the fastest route to an evacuation site. Like Ling et al. (2009), they took the capacity of the
evacuation sites into account, choosing green areas such as parks or fields. In addition, they
considered the distribution of evacuees in the streets by adding more or less evacuation time in
streets based on the people density. They did not, however, account for environmental factors
of the earthquake, such as collapsing buildings (Ye et al. 2011). When comparing their model
to real evacuation data they found that, following an earthquake, evacuees mostly do not go to
the evacuation site they calculated, but to the one that evacuees are most familiar with (Ye et
al. 2011). Shimura & Yamamoto (2014) published one of the key models for evacuation on foot
after an earthquake. They created a navigation model for the case area of Tokyo, Japan, that
determines the optimal evacuation routes based on Pareto ranking. In doing so, they included

the following factors:

o Debris of Collapsed Buildings: Buildings may collapse based on the year of construction,

the building type and the building material. When buildings collapse, the debris radius is
calculated based on the height and ground area of the building. Based on this, the blockage
of roads can be calculated.

o Road Width: The wider a road is, the more people can pass through it, allowing for a faster
evacuation.

o Fire Hazard: Wooden buildings are likely to catch fire. Thus, evacuation routes near such
buildings will be avoided.

o Population Density: Roads located in densely populated areas have longer evacuation

times as it takes longer to get through large crowds of people.
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o Distance: Longer evacuation routes result in higher evacuation time.

Using these factors, Shimura & Yamamoto (2014) calculated the best evacuation route using a
Pareto ranking method as an optimisation model. The aim of the algorithm is to achieve a bal-
ance between evacuation time and the safety of the evacuation routes. This works by comparing
numerous evacuation routes and selecting the route that is most balanced across all factors, with
the goal of avoiding favouring any specific factor. Shimura & Yamamoto (2014) acknowledge
several limitations of their model. First, the model is based solely on the nighttime population
density distribution, not including other population distribution patterns. Second, the model as-
sumes an earthquake scenario of undefined strength, limiting the usage in real scenarios. Third,
due to the usage of the Pareto-based optimisation approach, the model lacks transparency to
indicate why certain routes are selected. And finally, the model was neither evaluated by con-
ducting an experiment or survey with participants nor does it incorporate human evacuation

behaviour.

Another important paper in EENT research was published by Tsionas et al. (2016). They de-
veloped an evacuation vulnerability map which not only visualises the evacuation time per edge
in a road network using similar factors to Shimura & Yamamoto (2014) but also includes an-
ticipated traffic on roads and slope. They argue that the anticipated traffic indicates how many
vehicles will be on the roads at the time of the earthquake, which limits the area of the roads
and therefore leads to longer evacuation times as there is less space. Regarding the slope, they
suggest that roads with steep slopes, regardless of their orientation, lead to longer evacuation
times (Tsionas et al. 2016). However, some factors were not considered, for example fire hazard
and population density. In addition, they only created a vulnerability map but did not include a
model to determine the best evacuation route (Tsionas et al. 2016). Other prominent authors in
the research field of EENT are Chen & Cheng (2020) and Ghafoori et al. (2022). Following an
earthquake in Xi'an, China, Cheng & Cheng (2020) created a model that calculated the best
evacuation routes and sites based on the effects of the earthquake. In this process, they noted
that secondary environmental effects such as floodings or geological hazards, as well as infra-
structural failures, such as blackouts or explosions at petrol stations, must also be taken into
account. They also observed that evacuations pose an even greater challenge for people with
limited mobility, such as elderly people, parents with strollers, or people with impairments, as
earthquakes severely restrict the accessibility of roads. They therefore argue that secondary
impacts and accessibility data should also be included in an evacuation model (Chen & Cheng

2020). Additionally, they evaluated their model by comparing it with how people actually
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reacted after the earthquake. Chen & Cheng (2020) found that 61% of the population went to
the evacuation sites they had calculated for them, while the rest either stayed at home, went to
friends' or relatives' houses or went to other evacuation sites. They also found that the evacua-
tion route taken was approximately 2.22 times longer on average than the one they had calcu-
lated. Finally, they found that younger and more educated people were more likely to choose
the evacuation site that they had calculated for them. Chen & Cheng (2020) thus emphasise that
evacuation tools represent a great potential for affected people and that further research into
this area is needed. They also argue that the motivation behind people's choice of evacuation
routes and destinations in connection with evacuation tools needs to be investigated further
(Chen & Cheng 2020). Ghafoori et al. (2022) additionally state that EENTs would significantly
facilitate the evacuation process for affected individuals and that the inclusion of real-time data
from sensors or GPS on smartphones should also be incorporated into future research to obtain
improved results. Furthermore, they proposed that EENTSs should be tailored for individuals
with special needs, such as those with impairments or other medical requirements (Ghafoori et
al. 2022). All in all, although research on EENTs has made significant advances and progress

in recent years, it still offers considerable potential for further investigation and development.

2.4 Positioning of the Thesis

The state of the art demonstrates that although extensive research has been conducted into earth-
quake evacuation behaviour and evacuation modelling, a clear gap between theoretical, tech-
nical implementation of evacuation models and practical, useable tools for affected people ex-
ists. Current approaches predominantly focus on optimisation-based evacuation models devel-
oped for rescue workers operating hours to days after an earthquake with the usage of vehicles.
Although some research has been conducted into foot-based models for evacuations immedi-

ately after an earthquake, no approaches for adequate tools have yet been developed.

This thesis positions itself in this gap, proposing a proof of concept for such a navigation tool
that aims to guide affected people to an evacuation site after an earthquake. In contrast to ex-
isting models, the proposed tool is user-oriented, allowing users to adjust parameters themselves
and thus modify routes dynamically. Key parameters including earthquake magnitude, time of
day, starting point and various possible destinations can be defined by the user, thereby bridging
the gap between theoretical models and practical tools. Moreover, the tool integrates extended
environmental and contextual factors that have not yet been addressed in EENTSs, such as the
spatial amplification of earthquake waves due to soil properties, secondary environmental dis-
asters such as floodings and time-dependent shifts in population and traffic densities.
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Finally, beyond the technical implementation, this thesis contributes empirical research into
how such EENTs are perceived by the population and whether they can support individuals in
their decision-making process. While various research has highlighted that human evacuation
behaviour depends on a range of demographic, psychological, social and environmental factors,
existing evacuation models rarely include these aspects. By evaluating the proposed tool in a
user survey, this thesis examines the perceived helpfulness and functionality of the tool, hence
providing insights into these cognitive aspects of the human decision-making process. In doing
so, it examines the largely neglected intersection of human evacuation behaviour research and
current evacuation modelling approaches. Overall, this thesis provides methodological, tech-

nical as well as empirical findings to the research of human-based earthquake evacuation tools.
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3 Methods

The methods of this thesis consist of two parts, the development of the EENT and a survey to

evaluate the created tool.

3.1 Development of the Navigation Tool

This chapter presents the methodology used to develop the EENT. First, the computational
model and influencing factors are defined, followed by the description and reprocessing of the
required data. Then the implementation of the EENT is presented by first explaining the com-
putation of the environmental and contextual factors in the street network and secondly describ-
ing the application of a shortest path algorithm. Finally, it is demonstrated how the finished
EENT can be used.

3.1.1 Computational Model and Influencing Factors

The EENT is based upon established concepts of evacuation modelling, including the network
model of Southworth (1991), the vulnerability mapping framework introduced by Cova (1991)
and various optimisation-based evacuation model approaches (Ye et al. 2011, Shimura &

Yamamoto 2014, Tsionas et al. 2016).

The EENT is fundamentally structured around the spatial road network of the city of Zurich,
which is represented as a weighted graph. Intersections are modelled as nodes and road sections
between nodes are modelled as edges. Each edge is defined as a walkable road section that can
be used in a potential evacuation route. By using a network-based model, attributes can be
stored on these edges. As a baseline, the walking time is stored as an attribute which indicates
how long it takes to walk through this edge in a non-earthquake scenario without the disruption
of any environmental factors. Based on the vulnerability mapping approach of Cova (1991),
this baseline walking time is influenced by contextual and hazard dependent factors in the event
of an earthquake. These factors may modify the walking time in two ways, by either increasing
the time required to traverse the edge, or rendering edges blocked and completely impassable.
This framework thus allows the spatial effects of an earthquake to be stored in the form of

varying walking time changes in a road network.

The influence of these factors is computed individually and then spatially layered over the street
network, modifying the walking time. This iterative process is done until all factors are layered
on top of each other and a final walking time is obtained. The computed value represents the

time it takes to traverse the edge under the earthquake and is stored as the evacuation time
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attribute per edge. This calculation is performed using a multi-criteria evaluation (MCE). An
MCE is a method used in GIS to support decision-making based on multiple criteria (Eastmann
1999). It is used to combine influencing factors of an object into a map and then determine the
spatial distribution of said object. This is done by adding up or multiplying all factors into one
aggregated measure (Eastmann 1999). In this context, the evaluated object is the evacuation
time in an earthquake scenario, and the criteria are the hazard and contextual factors. An MCE
is a particularly suitable method in this case as it allows the influence of various factors to be
examined and the computation process to be defined flexibly. In addition, it offers a high degree
of transparency as the contribution of each factor can be traced. A visual representation of the

evacuation time calculation in the form of an MCE can be seen in Figure 4.

Input: GeographicalData ————p Output: Evaluated Object

Hazard and Contextual MC E
Street Network with
‘Walking Time per Edge >

Figure 4. Multi-criteria evaluation approach to calculate the evacuation time per edge in a street network (Alkema et al.
2014)

Although MCE frameworks often include the assigning of weights to the individual criteria
whereby factors can have a greater or lesser influence on the result, this was not done in this
EENT calculation. Instead, based on existing approaches, it is assumed that all criteria have

equal significance (Shimura & Yamamoto 2014).

The influencing factors used to determine the evacuation time were selected based on the rele-
vant literature as well as their data availability. The following factors are incorporated into the

model:

o Road Width: The width of a road indicates its capacity for pedestrian traffic and is also
used to calculate the potential impact of debris, leading to partially or completely blocked
streets (Shimura & Yamamoto 2014).

o Road Type: Some types of roads react in distinct ways to earthquakes. Bridges tend to
collapse while tunnels are considered safe in Switzerland (NAZ 2004).

o Debris: Debris from collapsed buildings can partially or completely block roads. The year

of construction of a building and the number of floors can be used to make an assumption
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about how vulnerable the building is to earthquakes. The height of the building and floor
plan area is used to calculate the debris area in the event of collapse (SED 2025¢c, Shimura

& Yamamoto 2014).

o Population Density: The population density indicates the spatial distribution of evacuees.
Higher densities result in slower evacuations as there is less space available (Glickman
1987, Southworth 1991).

o Traffic Density: The traffic density indicates the spatial distribution of vehicles on the

roads. Since vehicles should be vacated after an earthquake, high traffic density results in
a large number of abandoned vehicles obstructing a road and consequently less space,
which leads to a slower evacuation (Tsionas et al. 2016).

o Slope: Steep roads increase evacuation time (Tsionas et al. 2016).

o Water Bodies: Water bodies can cause floods as a secondary effect of an earthquake,
thereby blocking or restricting possible evacuation routes (Chen & Cheng 2020).

o Soil Amplification: Seismic waves can be spatially amplified or attenuated by soil prop-

erties. Soil amplification is analysed for three earthquake scenarios with magnitudes of

5.5,5.75 and 6 (Bergamo et al. 2023).

The population and traffic density factors are available in two temporal forms: daytime and
nighttime density. As argued by Glickman (1987), it is essential to include the spatial distribu-
tion of people depending on the time of day when modelling evacuation routes. Accordingly,
population density is represented by residential density (nighttime) and workplace density (day-

time), while traffic density is differentiated by time of day using corresponding datasets.

All contributing factors influence evacuation time, mainly by restricting or completely blocking
the area of road sections, amplifying or attenuating other effects of the earthquake, or facilitat-
ing or hindering the movement on routes. Furthermore, data on green areas, which are consid-
ered earthquake evacuation sites in Switzerland, as well as hospitals as alternative locations,
are used (NAZ 2004). The spatial outline of the city of Zurich is used to spatially scale the
factors if they are geographically too large. Some factors discussed in the literature are not
considered in this tool due to limited or unavailable data. These include road accessibility (such
as stairs or road surface type), fire hazard probability of infrastructure, and landslide vulnera-

bility. The absence of these factors is further discussed in the limitations section.

Finally, the optimal evacuation route is calculated based on the optimisation model of Dijkstra's
shortest path algorithm (Dijkstra 1959). Users can enter their starting point and destination,
choosing from evacuation sites, hospitals or custom points. The algorithm then calculates and
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visualizes both the best route and the best destination (if no custom point has been selected).
The optimal route is defined as the route that reaches the fastest accessible destination in the
shortest time possible, based on the evacuation times calculated in the MCE. Since the impacts
of an earthquake are incorporated in the MCE, the model is a combination of prioritising safe
routes and fast routes. As an example, routes that would be the fastest in a non-earthquake
scenario may be assigned a high evacuation time due to the effects of an earthquake and would
therefore be avoided. The tool would then choose the evacuation route with the lowest evacua-
tion time. Thus, instead of minimising distance, the algorithm minimises the total evacuation

time, defined as the sum of the evacuation times of all edges along a route.

In the final EENT users can adjust the parameters of earthquake magnitude and time of the day,
thereby modifying the factors used in the MCE and potentially generating different evacuation
routes based on the scenario. An overview of the methodology to develop the EENT can be

seen in the workflow diagram in Figure 5.

Methodological Workflow of the EENT

Defining Factors and P Lngu;fdpata ot (! F)ata Pre»pr?cessllng;j ]
. road network, buildings, population, cleaning, reprojection, selection o
Computatlonal Mode! traffic, soil amplification, water bodies) relevant attributes)
Computing Factors Transformation of Road Network Multi Criteria Evaluation
(calculating influencing factors and adding into Edges and Nodes Network > (reclassifying the factors and multiplying
them as attributes to the road network) (calculating walking time per edge) them with the walking time)
Shortest Path Algorithm Qutput and Visualisation
Evacuation Time per Edge (calculating the best evacuation route using » (visualisation of the evacuation route on
Dijkstra's algorithm) a map)

Earthquake Evacuation
Navigation Tool

Figure 5: Methodological workflow for the development of the EENT
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3.1.2 Data and Reprocessing

All datasets, except the soil amplification data, used for developing the EENT are publicly
available and licenced under a Creative Commons CC Zero License. The soil amplification
dataset is available under a CCBY-Licence. All datasets were reprocessed using the open-

source GIS program QGIS.

The entire road network, including information on the length, width and type of road (bridge,
tunnel) and the bodies of water were obtained from Swisstopo's TLM model (Swisstopo 2022).
The TLM model (Topographic Landscape Model) contains all landscape-defining elements
throughout Switzerland in a vector format. It has a high spatial resolution ranging from one
decimetre for streets to three metres for water bodies (Swisstopo 2022). The age, number of
floors and floor plan area of buildings are provided by the Swiss Federal Statistical Office
(2025) in the building and residential area register. This is a point dataset where each point
represents a building. The hospital dataset was provided from GeoZ (Department of Geomatics

and Surveying) (2024) of the city of Zurich, where hospitals are stored as points.

The residential population as well as the workplace density data was obtained from the Swiss
Federal Statistical Office. The datasets on population and households (Swiss Federal Statistical
Office 2024) and statistics on business structure (Swiss Federal Statistical Office 2022) were
used for this purpose. Both are available in a raster format with a spatial resolution of 100 x

100 metres, with the number of people living or working in each grid point stored.

The height of the buildings was calculated from two datasets: the DHM25 (swisstopo 2024a)
and the swissSURFACE3D (swisstopo 2024b) model. The DHM2S5 is a digital terrain model
(DTM) that contains the height of the Swiss-wide topography without man-made objects. It is
a raster record with a spatial resolution of 25 x 25 metres. The swissSurface3D model is a digital
surface model (DSM) that depicts the shape of the earth's surface throughout Switzerland with
man-made objects. It is a raster dataset with a spatial resolution of 0.5 x 0.5 metres. The spatial
resolution of the DSM was reduced to 25 x 25 metres in QGIS as the high resolution of 0.5 x
0.5 metres required too long to be loaded and it had to be at the same resolution as the DTM,
to calculate the height of the buildings. The height of the buildings was then calculated by
subtracting the DTM from the DSM in the raster calculator in QGIS. This resulted in a raster
dataset representing the mean height of infrastructure per 25 x 25 m pixel. Moreover, the slope
was calculated from the swisstopo DHM25 (2024a) dataset by using the function r.slope.aspect

in QGIS.
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The traffic density was defined by the proxy of the traffic noise level. The assumption was
made that high road noise corresponds to high road volume. This proxy was chosen as direct
data on traffic volume was not available. The data was obtained from the traffic noise dataset
of the UGZ (Department of Health and Environment) (2024) of the city of Zurich. This is a
vector dataset in which roads are represented as lines with their road noise emissions during the

day or night.

Green spaces as evacuation sites were identified by the City of Zurich's biotope type mapping
(2021). Only parks, cemeteries, botanical gardens, fields and artificial meadows were selected
from the dataset. In addition, only areas of more than 0.5 hectares were selected as evacuation

sites must have sufficient open space to be suitable for evacuation (NAZ 2004).

The soil amplification was provided by the dataset of Bergamo et al. (2023). It spatially indi-
cates the extent to which seismic waves are amplified or attenuated by the soil based on topo-
graphic and geological information. The value 1 indicates no amplification or attenuation of the
waves. Values below 1 indicate an attenuation and values above 1 indicate an amplification of
the waves. The data consists of three datasets representing different earthquake intensities. In
each scenarios a theoretical earthquake hits the city of Zurich with intensities of 8, 8.5 and 9,
respectively. Intensity is a unit to describe the force of an earthquake, with intensity 8 approx-
imately corresponding to an earthquake of magnitude 5.5, intensity 8.5 to an earthquake of

magnitude 5.75, and intensity 9 to an earthquake of magnitude 6 (SED 2025d).

Finally, all used datasets had to be geographically cut to the city of Zurich, if they weren’t
already in that spatial extend. The geographical outline of the city of Zurich was created by
selecting the city of Zurich from the municipal boundaries (OGD dataset) (Open Data Zurich
2023).

3.1.3 Factor Computation

The calculation of the factors, as well as the entire EENT, was performed in Python 3. These
computations were based on Zurich's road network. All factors were derived in a way so they
could be added as attributes to the individual roads in the network, which are represented as

geographical lines. The spatial road network can be seen in Figure 6.
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Figure 6. Map of Zurich’s road network used as a basis in the EENT

First, all datasets were converted to the EPSG 2056 coordinate system, which is used for pro-
jection in Switzerland. Subsequently, all criteria were appended as attributes to the lines in the
road network. For raster-based criteria, namely slope, residential density and workplace density,
this was performed by calculating the mean value of all raster cells intersecting a street and then
assigning this value as the corresponding street attribute. The width of the roads was stored in
the road network dataset as a road type string attribute and had to be converted to numerical
values. To do this, the strings were assigned their corresponding numerical width value in a
dictionary, whereby assumptions had to be made about the width of certain object types. Most
road objects had their exact width included in their road type attribute, for example, “10 Meter
Strasse” (10 meter street). However, some road objects did not have defined widths, such as the
road types “Platz” (square), “Zufahrt” (driveway), “Autobahn” (motorway) and others. For
these road objects, widths were defined based on the road standards of the TAZ (civil engineer-
ing office) of the city of Zurich (2025). The road traffic data was added as an attribute in the
road network by taking the traffic value with the highest spatial overlap for each road. Not all
roads had road traffic data, in which case NA values were added for this attribute. Road types

such as tunnels or bridges were already included as attributes in the street network dataset.
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To calculate the collapse vulnerability of buildings, each building in Zurich was first assigned
its calculated height. This height was derived from a raster dataset and had to be mapped to a
point dataset, where each point represents a building. However, as the calculated building height
represents the average height per 25 x 25 metre pixel, the resulting values are not entirely ac-
curate. The heights of the buildings are systematically underestimated, as areas without infra-
structure, such as surrounding ground areas, were included in the mean calculated pixel value
as well. To compensate for this, all building heights were adjusted upwards by using the mini-
mum and maximum offsets derived from comparison with ground truth data. In the next step,
the soil amplification data was added as an attribute to the corresponding building in the point
dataset. In addition, the floor plan area of the building was added as a geometry attribute,
whereby the geometric footprint was simplified as a circle. Based on a classification scheme
from the Swiss Seismological Service (SED 2025¢), all buildings in the dataset were then as-
signed to a building type based on the year of construction and the number of floors. Based on
the same classification (SED 2025c), these building types were then assigned a probability of
how severely they would be damaged in earthquakes of different strengths. All buildings were
thus assigned a damage grade for earthquakes with an intensity of 8 (magnitude 5.5), 8.5 (mag-
nitude 5.75) and 9 (magnitude 6), which displayed the highest probability. The earthquake sce-
narios are based on the soil amplification data, which indicates how strongly the ground would
shake in the corresponding scenario. The assigned damage grades range from 1 to 5 and are

defined as follows (Conseil de I’Europe 1998):

o Damage Grade 1: There is negligible to slight damage inside buildings.

o Damage Grade 2: There is damage inside buildings. No buildings collapse.

o Damage Grade 3: There is severe damage inside buildings. Most buildings do not collapse.
o Damage Grade 4: Buildings collapse partially to completely.

o Damage Grade 5: Buildings collapse completely.

The computed damage grades of the buildings in the three earthquake scenarios are visualised

in Figures 7 to 9.
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Figure 7: Map of all simplified building footprints in Zurich coloured accord-
ing to their damage grade for an earthquake of intensity 8 (magnitude 5.5)
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Figure 8: Map of all simplified building footprints in Zurich coloured accord-
ing to their damage grade for an earthquake of intensity 8.5 (magnitude 5.75)
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Figure 9: Map of all simplified building footprints in Zurich coloured accord-
ing to their damage grade for an earthquake of intensity 9 (magnitude 6)

Given the collapse damage grades of buildings, the debris area in case of collapse could be
estimated for the three earthquake scenarios. Based on Santarelli et al. (2018), the debris of
fully collapsed buildings is approximately 30% of the structure’s original height, meaning that
70% of height is lost. It is assumed that buildings with a damage grade of 5 are completely
destroyed and thus reduced by 70% of their height. Buildings with a damage grade of 4 are
assumed to be half as severely damaged as those with a damage grade of 5 and are therefore
reduced in size by 35% of their original height. Buildings with a damage grade of 3 or lower
are assumed not to collapse and therefore do not form a debris area. Based on the original and
post-collapse building heights and the floor plan area, the debris radius was calculated by using
the building volume. This debris area was added as a new geometry attribute as a footprint to
the building points. If a building does not collapse, it retained its original footprint. The debris

areas for the three earthquakes are illustrated in Figures 10 to 12.
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Figure 10: Map of all debris footprints in Zurich for an earthquake of
intensity 8 (magnitude 5.5). Buildings with damage grade 4 collapse
partially and damage grade 5 completely.
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Figure 11: Map of all debris footprints in Zurich for an earthquake of
intensity 8.5 (magnitude 5.75). Buildings with damage grade 4 collapse
partially and damage grade 5 completely.
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Figure 12: Map of all debris footprints in Zurich for an earthquake of

intensity 9 (magnitude 6). Buildings with damage grade 4 collapse par-
tially and damage grade 5 completely.

Finally, the debris area of collapsed buildings was used to calculate partially and fully blocked
streets. Road segments, which were originally represented as line geometries, were buffered
using their width attribute and thus converted into area geometries. The debris layer was then
subtracted spatially from the buffered street layer to calculate the percentage of each street that
had been subtracted and thereby covered by debris. This value was added to each street as an
attribute for its blocked street percentage. In addition, for each road, it was assessed whether it
was completely separated in one or more places by this subtraction. This was done by deter-
mining whether a road now consisted of several separated lines or still consisted as a whole.
All streets were given an attribute named “fully blocked”, which was set to “yes” for streets
that had been separated at least in one place and to “no” for all other streets. These two attributes
thus indicated the percentage of a street that was covered by debris and whether streets were
completely blocked across their width, making them impassable. Furthermore, for roads that
were bridges, it was assumed in all earthquake scenarios that they would collapse, and therefore
their value was set to “yes” for “fully blocked”. On the other hand, roads that were tunnels
were assumed not to collapse or be affected by debris, which is why these roads were set to

“no” for “fully blocked” and the blocked street percentage was set to 0. This is a generalisation
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and is derived from Switzerland's earthquake concept (NAZ 2004). The results of the street

blockage can be seen for the three earthquake scenarios in Figures 13 to 15.
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Figure 13: Map of the road blockage in Zurich for an earthquake of
intensity 8 (magnitude 5.5)
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Figure 14: Map of the road blockage in Zurich for an earthquake of
intensity 8.5 (magnitude 5.75)
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Figure 15: Map of the road blockage in Zurich for an earthquake of
intensity 9 (magnitude 6)

Regarding the last criterion of flooding of bodies of water, based on Strupler et al. (2018), no
considerable flooding of lakes or rivers is expected for earthquakes with a magnitude of 5.5 to
6 in Zurich. Therefore, the secondary effects of flooding were disregarded in this case. How-
ever, although no flooding is expected in the example of Zurich, floodings should be included

when applying the tool to other locations.

3.1.4 Multi-Criteria Evaluation

In the next step, the processed criteria were aggregated to obtain the evacuation time using an
MCE. To do this, the road network was converted into a weighted graph with edges and nodes.
The walking time per edge was added as a base attribute. This was calculated based on the
distance and walking speed, which depends on crowd density. The higher the crowd density,
the lower the walking speed (Beermann & Sieben 2023). The mean walking speed without the
influence of crowds is 1.24 metres per second (Seyfried et al. 2005). Using the criteria of day-
time and nighttime crowd densities, which are represented by residential and workplace density,

the walking speeds were assigned based on Seyfried et al. (2005) as defined in Table 1.
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Table 1: Walking speed in different crowd densities
(Seyfried et al. 2005)

Crowd density Walking Speed
[people / m?] [m/s]

0-0.7 1.24

>0.7-1.1 0.9

>1.1-1.5 0.45

>1.5-2 0.23

>2 0.17

For each edge, the walking speeds were then multiplied by the length of the edge, resulting in
the baseline walking times. Due to the temporal division into daytime and nighttime distribution

of the population, this also resulted in two datasets for day and night.

For the two missing criteria of traffic density and road blockage due to debris, their impact was
then calculated on top of the walking time. This was done by multiplying each criteria layer
with the walking time layer. For this, the criteria values were reclassified as follows: Value 1
indicates no influence on walking time, and all values above 1 increase walking time. If edges
are impassable due to completely blocked streets, meaning the attribute “fully blocked” was
set to “yes”, walking time was increased to infinity, causing these edges never to be selected
when calculating an evacuation route. The criteria were divided into 5 equal intervals, with the
interval with the smallest impact, e.g. the least traffic or debris on roads, being assigned a value
of 1.1. The other intervals were then assigned values of 1.2, 1.3, 1.4 and 1.5 in ascending order.
This linear reclassification was based on Shimura & Yamamoto (2014) and Tsionas et al.
(2016). Edges that are not affected by a criterion were assigned a value of 1 for the respective
criterion. Since there were three earthquake scenarios for road blockages and the walking time
had been calculated for the day and night scenarios, the result was a dataset that indicates the
evacuation time in the road network per edge for six scenarios; daytime magnitude 5.5, daytime
magnitude 5.75, daytime magnitude 6, nighttime magnitude 5.5, nighttime magnitude 5.75 and
nighttime magnitude 6. Figures 16 and 17 display the calculated evacuation time for a magni-

tude 6 earthquake during the day and at night.
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Figure 16: Map of evacuation time per edge in Zurich’s street network for
an earthquake of magnitude 6 during the day
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Figure 17: Map of evacuation time per edge in Zurich’s street network for
an earthquake of magnitude 6 during the night

35



3.1.5 Shortest Path Algorithm

Using the calculated evacuation times, the best evacuation routes could then be computed and
visualised by using a shortest path algorithm. For this, Dijkstra's shortest path algorithm was
applied (Dijkstra 1959). The algorithm works based on the starting location and the destination
point (evacuation site, hospital or custom point), which must be entered into the code as varia-
bles from the user. For evacuation sites and hospitals, Dijkstra's algorithm computes the total
evacuation time for all accessible destination nodes of all possible routes. The route with the
shortest time to the corresponding destination is selected. For a custom point, the algorithm
computes the evacuation times of all possible routes to the one destination point and selects the

route with the shortest total evacuation time.

At this stage, the street’s slope was intended to be incorporated into the calculation, which
would increase the evacuation time when routes go upwards and decrease it when they go
downwards. However, due to the directionality of the slope, meaning that an edge can have a
longer or shorter evacuation time depending on the direction of travel, the algorithm would
have to evaluate substantially more routes. This led to an excessively long calculation time for
which there was insufficient computational power available. Consequently, the slope was not
included in the final EENT. The same applied to the inclusion of evacuation site capacity. To
ensure that the system would select an evacuation site that had sufficient capacity for the user,
the algorithm would have to assign every individual in Zurich to an evacuation site so that the
sites would be filled evenly. This would likewise require excessive computational power, which

is why evacuation site capacity was not included in the final EENT.

3.1.6 Tool Implementation

The finalized tool was designed in such a way that users first selected their starting point on a
map. They then had to specify the time of day, choosing between “day” and “night”, the strength
of the earthquake, choosing between magnitudes 5.5, 5.75 and 6, and finally the destination
type, choosing between “park” (which are emergency evacuation sites in Switzerland), “hospi-
tal” or “custom”. If “custom” was selected, they were also required to specify the coordinates
of this point. Based on the user input, the evacuation route was then calculated and visualised

on a map.

Since the focus of this model lay on the underlying computational process rather than the visual

design of the final map, a simple design was used. As the base map, a colour map displaying
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roads, buildings, green spaces and bodies of water was chosen. The names of important roads,
parks and neighbourhoods were also displayed to help with orientation. The starting point was
visualised as a white dot with a black border and the evacuation route as a black dotted line.
Destinations were displayed as green polygons for evacuation sites, light blue pins for hospitals,
and red pins for custom locations. These visual design choices were intended to support intui-
tive map interpretation, by selecting symbology which represented the type of destination.
Evacuation sites were chosen as green polygons, reflecting the common cartographic represen-
tation of parks and green areas. Hospitals were chosen as light blue pins, as this colour is mostly
associated with medical services in map design. Finally, custom points were chosen as red pins,
consistent with conventions used in popular navigation apps, such as Google Maps. Examples

of calculated evacuation routes can be found in the results section.

3.2 Survey

To assess whether the developed tool can support users in making better evacuation decisions
after an earthquake, a survey was conducted, which acts as an online experiment. This section
thus explains the survey design by first discussing the experimental design, then the survey
structure and finally the execution of the survey. In addition, some analytical methods for eval-

uating the survey are introduced. The whole survey can be found in the appendix.

3.2.1 Experimental Design

Surveys are an essential scientific tool for obtaining a wide range of quantitative and qualitative
information from individuals. This is often done using questionnaires, which serve as a method
for obtaining standardised results, as all participants answer the same questions (Roopa & Rani
2012). The great benefit of surveys is that they allow complex factors such as perception,
knowledge or confidence to be measured (Stantcheva 2022). There are various methods to con-
duct surveys. In the scope of this thesis an online survey was conducted. The advantage of
online surveys is that they are easy to distribute, which allows more people to be reached. In
addition, participants can respond more neutrally than they would in an in-person survey, as
there is less chance of bias or distortion from the interviewer (Martin 2008). The online tool

Limesurvey (https://www.limesurvey.org) was used to create the online survey. Limesurvey is

open source and allows various question types to be integrated.

The aim of this survey is to address research question 3: “How can earthquake evacuation
navigation tools support users in evacuation decision-making?”. In this context, the decision-

making process refers to the process whereby a person must decide, after a strong earthquake,
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which evacuation site to go to and which route to take. To this end, a survey was created that
examined both the participants’ decision-making before being introduced to the evacuation-
tool as well as the perception of the tool after being introduced to it. This approach allows to
capture how the decision-making-process in an earthquake evacuation situation works and by
which factors it is influenced. In addition, the survey aims to assess the participants perceived
helpfulness and functionality of the tool and whether they believe that such a tool could support
them in an evacuation situation. Moreover, the survey aims to examine whether different pop-
ulation groups display different patterns in decision-making or the perception of the tool. Such
identified relationships can be useful in the design and implementation for evacuation apps. As
the survey focuses on personal judgement and behaviour, many questions are subjective and
open-ended. This question design was chosen to gain a better understanding of participants’

opinions and feelings.

Throughout the survey, the EENT was referred to as a navigation evacuation app to simplify
the language. This was done as the terms “tool” or “code” are difficult to grasp if one is not
familiar in this field. Apps, on the other hand, are used every day and are generally understood.
Simplifying technical jargon is important when conducting surveys that should be accessible to
the broad public (Arundel 2023). Moreover, the survey also aims to examine if such an evacu-
ation app could potentially support users in taking decisions in earthquake evacuation situa-
tions, thereby indicating whether the concept shows potential to be developed into an app in

future research.

There is no specific target group for the survey, as all people can be exposed to an earthquake
and thus should be able to use the app. Although a part of the survey includes map elements
that are located in the city of Zurich, it is not a requirement that participants reside in Zurich.

Local knowledge may be used when answering the questions but is not required.
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3.2.2 Survey Structure

The survey was designed to take approximately 10-15 minutes to complete and was structured

into three main parts:

o Part 1: sociodemographic questions and questions about prior knowledge of earthquakes,
the city of Zurich and the usage of (warning) apps

o Part 2: decision-making task, where participants had to choose an evacuation site in an
earthquake scenario and argue why they chose it

o Part 3: introduction of the evacuation tool and questions about the participants’ perception

of the tool

The survey started with an introductory text, explaining its broad content and structure. In part
one of the survey, participants had to first fill out various sociodemographic questions and rate
their knowledge on earthquakes as well as their local knowledge of the city of Zurich. The
knowledge questions were measured using S5-point Likert scales ranging from 1 (low
knowledge) to 5 (high knowledge). As described by McLeod (2025), Likert scales are ideal for
asking questions about knowledge, opinions or feelings and were thus used multiple times in
this survey. In addition, two open questions were asked on how participants react during and
after an earthquake. The last questions in part one of the survey concerned the smartphone usage
of the participants. Three 5-point Likert scale questions were asked about how often participants
use their smartphones, how often they download apps and how much they use apps with loca-
tion tracking. These questions were asked to determine knowledge and trust in smartphones, as
this can influence the participants‘ willingness of using such an evacuation app. Participants
were also asked if they were using any evacuation apps and, if so, which ones. They could either

choose from existing apps or list other apps.

In the second part of the survey participants had to complete a decision-making task. They were
presented with three map sections of Zurich, each marked with a starting location and three safe
evacuation sites in the vicinity of that location (see Figures 18 — 20). Participants were asked to
imagine themselves in a situation where a strong earthquake of magnitude 6 had struck the city
at 3 p.m. in the afternoon and they had to choose which evacuation site to evacuate to. For each

map section scenario, participants had to:

o explain the reason behind their decision,

o state how confident they were in their choice
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o and argue whether they would change their decision if it were 3 a.m. at night.

This task design was chosen to obtain responses that display authenticity and personal perspec-
tive. According to Arundel (2023), questions intended to inspire reflection and encourage per-
sonal behaviours are best posed by placing individuals in situations designed to be captivating

and thought-provoking.

For this, the following three spatial scenarios were chosen: District 1, District 5 (Indus-
triequartier) and Oerlikon. For all three scenario the EENT also calculated the evacuation site
that could be reached the fastest based on the computed evacuation time. In each of the three
maps, one of the three evacuation sites was thus the one calculated by the EENT and the other
two were the evacuation sites closest to the starting point apart from the one computed by the
EENT. On each map, the starting point was marked in red, and the three possible evacuation
destinations were marked in green, labelled A, B, and C so that participants could indicate their
chosen destination by its letter. In addition, points of interest were added to the maps for orien-
tation purposes, such as the names of neighbourhoods and important landmarks (like train sta-
tions or universities). Furthermore, the maps were in colour and showed the names of major
roads, enabling users to orientate themselves as efficiently as possible and gain an understand-

ing of the displayed environment.

Each of the three map scenarios was selected to highlight a key factor relevant for calculating
evacuation routes. This was done by selecting locations that are strongly influenced by one
specific key factor. Inevitably, all factors influence the final selection of the evacuation tool,
but in the selected scenarios, one factor is always the most crucial decisive element. In addition,
it was ensured that the spatially closest evacuation site did not correspond to the one calculated
by the EENT. This was done so that participants who make their decision primarily based on
distance do not automatically select the evacuation site identified by the tool. The assumption
was made that participants would mostly only select the evacuation site chosen by the tool if

they were aware of the most influential key factor for that scenario.

For scenario 1 (District 1), a starting point was chosen that is located near rivers (see Figure
18). The decisive factor for this scenario is the type of roads, specifically bridges, which should
not be crossed after an earthquake due to their instability. To reach the nearest evacuation site
A, participants would have to cross a bridge, while the evacuation site selected by the tool (B)
can be reached without crossing a bridge. Out of the evacuation sites B and C, B displayed a

shorter evacuation time and was thereby chosen.
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Figure 18: Map for decision-making task for scenario 1 (District 1), the
red dot marks the starting point, the possible evacuation destinations are
marked in green. The evacuation site chosen by the tool is destination B.

For scenario 2 (Industriequartier), the starting point was chosen in an area which is strongly
influenced by soil amplification of seismic waves (see Figure 19), which is the decisive factor
for this scenario. The closest evacuation site B lies in an area with high amplification of seismic

waves, whereas the evacuation site chosen by the tool (C) lies in an area with lower amplifica-

location.

tion of seismic waves. The third evacuation destination (A) can only be reached via a bridge
and was thus eliminated as an option. This led to evacuation site C being the fastest accessible
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Figure 19: Map for decision-making task for scenario 2 (Industriequartier),

the red dot marks the starting point, the possible evacuation destinations are
marked in green. The evacuation site chosen by the tool is destination C.
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For scenario 3 (Oerlikon), the starting point was chosen in an area that exhibits a large spatial
difference in population densities during daytime versus nighttime (see Figure 20). The decisive
factor for this scenario is thus the spatial population density. The reason for this difference in
densities is that the location is close to the Irchel campus of the University of Zurich, which,
with approximately 10°000 students and employees, is one of the largest university campuses
in the city (Van Wezemael & Nyfeler 2018). Evacuation points A and B are directly adjacent
to the campus, which would likely lead to not only these evacuation sites becoming over-
crowded but also the roads leading to them becoming heavily congested with university mem-
bers in the event of an evacuation. For this reason, the tool computed evacuation site C as the
fastest evacuation location. This spatial scenario near the university is further a suitable loca-
tion, as it was assumed that many university members of this campus would complete the sur-
vey, thereby enabling an investigation into the extent to which familiarity may influence deci-

sion-making.
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Figure 20: Map for decision-making task for scenario 3 (Oerlikon), the red
dot marks the starting point, the possible evacuation destinations are
marked in green. The evacuation site chosen by the tool is destination C.
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As mentioned before, the participants were not informed about these key factors; instead, they
had to make their decision based solely on the map excerpt and the information they could
extract from it. To understand their choice of evacuation destination, they had to explain in an
open-ended question their reasoning for selecting that evacuation site. Moreover, participants
had to rate their confidence in their choice on a 5-point Likert scale. This was done as confi-
dence works as a variable to assess the level of uncertainty regarding one’s own decision for an

evacuation location. It helps to prevent participants from simply choosing a random location,
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but rather to choose the evacuation site they are most confident about (Wood et al. 2021). Fi-

nally, participants had to argue if and how they would change their decision, if the scenario
were to happen at night.

In the last part of the survey, participants were shown the evacuation sites and routes calculated

by the evacuation tool (see Figures 21 — 23). The participants were explained the key factors
that led to this result as well as the underlying logic of the tool’s functionality.
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Figure 21: Selection of evacuation site and route calculated by the tool for
the decision-making task for scenario 1 (District 1)
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Figure 23: Selection of evacuation site and route calculated by the tool for
the decision-making task for scenario 3 (Oerlikon)

Based on their knowledge of how the tool calculated evacuation maps, the participants then
answered questions about their perception of the tool as well as if they believed the tool could
support them in a real emergency. Participants first had to rank all factors used to calculate
evacuation routes and destinations according to their personal perceived importance on a 5-
point Likert scale. They also had to answer whether they had taken these factors into account
when choosing the evacuation site in the main part of the survey. They could answer with
“Yes,” “Partially,” or “No” for each factor. This was followed by three questions about the
perception of the tool, which addressed the participants’ perceived helpfulness, trustworthiness,
and the feeling of security of the tool. All questions were answered using a 5-point Likert scale,
ranging from low to high levels of these aspects. In addition, participants had to answer if they
would rather use the tool, their instinct or both in a real earthquake evacuation situation. Partic-
ipants were further asked whether factors for calculating evacuation routes were missing and,
if so, which ones. They were subsequently asked where they perceived potential shortcomings
or weaknesses in the tool. Both questions were open-ended. Finally, participants could leave an

optional comment or question.

3.2.3 Execution of Survey

The finished survey was composed in both German and English in order to accommodate as
many participants as possible. Participants could change the language in Limesurvey itself as

they wished. The survey could be completed on any device. Before distributing the survey, a
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pilot run was conducted with two participants to identify any potential comprehension or struc-
tural issues. Apart from a few minor spelling mistakes, the survey was not modified further and

was ready for use.

The survey was then distributed via the communication channels of Instagram, WhatsApp, and
email. In a first step, the author's friends and family were invited to participate. In a second step,
a broadcast email was sent to all employees and students of the Department of Geography of
the University of Zurich, briefly explaining what the survey was about and inviting them to
participate. The survey ran for two weeks, after which the results were saved in CSV and PDF

formats.

3.2.4 Analytical Methods

The survey yielded both quantitative and qualitative data, which can be examined using various
analytical methods. Quantitative data analysis is performed by using descriptive or inferential
statistics. Descriptive statistics describe data characteristics such as means, distributions or ex-
treme points, whereas inferential statistics reveal relationships or patterns within the data by
testing hypotheses (Field 2018). Qualitative data can be analysed deductively or inductively
(Mayring & Fenzl 2019). In a deductive analysis, the survey answers are categorised into groups
based on a theoretically grounded category system. First, prominent categories are identified in
the literature, then, in a second step, the responses collected in the survey are assigned to these
categories. This allows determining whether the survey responses display a similar pattern to
those from the existing research (Mayring & Fenzl 2019). Inductive analyses define categories
only based on the qualitative data collected. Thus, answers are categorised into groups that

occur frequently in the data material (Mayring & Fenzl 2019).
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4 Results

4.1 Navigation Tool

The developed navigation tool as well as all used datafiles and Python scripts can be found on
GIT here. The exact layout is explained in the README file.

Figures 24 to 26 display three sample maps resulting of the EENT to an evacuation site, a

hospital and a custom point respectively. They were all calculated for the daytime scenario of

a magnitude 6 earthquake and have the same start point in Zurich’s District 1.
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Figure 24: Resulting evacuation map from the EENT based on user input of a

datetime earthquake with magnitude 6, with starting point in District 1 and
destination type of an evacuation site
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Figure 25: Resulting evacuation map from the EENT based on user input of a

datetime earthquake with magnitude 6, with starting point in District 1 and
destination type of a hospital
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Figure 26: Resulting evacuation map from the EENT based on user input of a

datetime earthquake with magnitude 6, with starting point in District 1 and
destination type of a custom point
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4.2 Survey

4.2.1 Sociodemographics

136 people participated in the survey. Out of those, 135 yielded viable answers, as one person
wrote a comment that they misunderstood the questions. Gender-wise slightly more women
completed the survey with 59% female, 39% male and 2% other participation. In the age range
most people were between 18 — 29 years old (64%), followed by 30 — 44 years old (19%), 45 —
59 years old (10%) and 60+ years old (7%). About two thirds of the participants had either a
bachelor’s, master’s or PhD degree, and one third of the participants had either done an appren-
ticeship or held a high school degree or other degree. Finally, 33% of the participants were
living in the city of Zurich, whereas the bulk of the participants with 67% lived in other cities.
Almost all participants lived in Switzerland except for three participants. The sociodemo-

graphic details can be seen in Table 2.

Table 1: Sociodemographics of the conducted survey (n = 135)

Sociodemographics N

n %
1 Gender Female 79 59
Male 53 39

Other 3 2
2 Age 18 -29 86 64
30 —-44 26 19
45 - 59 14 10

60+ 9 7
3 Education Apprenticeship 14 10
High School (Matura) 28 21
Bachelor 41 30
Master 28 21
PhD 22 16

Other 2 2
4 Place of Residence Zurich City 45 33
Other 90 67
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4.2.2 Knowledge about Earthquakes and Warning App Usage Levels

The distributions of the earthquake as well as local knowledge of Zurich display a central con-

centration, with most participants indicating their knowledge of the two variables being mod-

erately good (3), followed by either good (4) or little (2) knowledge. The least number of re-

sponses are present in the extremes of very little (1) and very good knowledge (5). This can be

seen in Figures 27 and 28. Earthquake and local knowledge exhibit mean values of 3.01 and

3.07, respectively.

Distribution of Earthquake Knowledge

1 2 3 4 5
Knowledge Level (1 = very low, 5 = very high)

Figure 27: Distribution of earthquake knowledge
(n=135)

Number of Participants

Distribution of Local Knowledge
of the City of Zurich

1 2 3 4 5
Knowledge Level (1 = very low, 5 = very high)

Figure 28: Distribution of local knowledge of the city
of Zurich (n = 135)

Smartphone knowledge and trust were overall rated very high. For each participant, the median

value across the three smartphone questions was calculated, which resulted in the majority hav-

ing high knowledge and trust (4) in smartphones. The second most frequent response was very

high knowledge and trust in smartphones (5). Only few participants indicate a moderate

knowledge and trust in smartphones. No participants stated low (2) or very low (1) knowledge

and trust in smartphones. The mean value of smartphone knowledge and trust is 4.36. This

distribution can be seen in Figure 29.
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Figure 29: Distribution of smartphone trust and knowledge
(n=135)

84% of participants use warning apps, with the most prominent ones being MeteoSwiss, fol-
lowed by Alertswiss and then Wetter-Alarm as well as other apps. 16% of participants do not

use any warning apps (see Table 3).

Table 3: Warning apps usage distribution (n = 135)

Warning Apps Usage N

n %
Uses at least one app 114 84
MeteoSwiss 103 76
Alertswiss 44 33
Wetter-Alarm 12
Other 7
Uses no apps 21 16

4.2.3 Earthquake Reaction

To review the qualitative questions focusing on how participants react during or after an earth-
quake, a deductive analysis was conducted. For the question “How would you react if you were
at home and a strong earthquake suddenly occurred?”, two prominent behaviours are described

in literature. These are the following:
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Protective Shelter Seeking: to take cover under a sturdy object such as a table or a door-
frame (Shapira et al. 2018, Blake et al. 2022)
Immediate Self-Evacuation: to go outside and/or go to an open area (Shapira et al. 2018,

Blake et al. 2022)

Based on these categories, the answers from the survey were classified accordingly. The distri-

bution of responses can be seen in Table 4.

Table 2: Reaction during earthquake distribution (n = 135)

Reaction During N
Earthquake n %

Protective Shelter Seeking 79 59
Immediate Self-Evacuation 45 33
Other 10 8

For the question “How would you react immediately after an earthquake if many houses around

you had collapsed?*, six prominent behaviours are described in the literature. These are the

following:

o

©)

Altruistic Helping Behaviour: to help or find injured people (Ahmadi et al. 2024, Temple-
ton et al. 2023)

Environmental Assessment Behaviour: to react based on an assessment of the immediate

environmental conditions, including factors such as debris, structural damage, human
crowding and natural factors (Templeton et al. 2023)

Following Behaviour: to either follow a crowd of people or follow instructions of an au-

thority figure such as the government or rescue teams (Templeton et al. 2023, Sun et al.
2021, Ahmadi et al. 2024)
Social Bond Behaviour: to contact or find significant close people like family members or

loved ones (Templeton et al. 2023, Shapira et al. 2018, Blake et al. 2022)

Defined Safe-Zone Behaviour: to move to a designated safe zone, such as an emergency

meeting point or a shelter (Templeton et al. 2023)

Panic-Driven Behaviour: to react panic-driven and/or irrationally (Sun et al. 2021)

Based on these categories, the answers from the survey were classified accordingly. Note that

participants often described multiple reactions, which were then all counted. The distribution

of responses can be seen in Table 5.
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Table 3: Reaction after earthquake distribution (n = 135),
participants could answer with multiple behaviours

Reaction After Earthquake N

n %
Altruistic Helping Behaviour 61 45
Environmental Assessment Behaviour 39 29
Following Behaviour 27 20
Social Bond Behaviour 18 13
Defined Safe-Zone Behaviour 10 7
Panic-Driven Behaviour 7
Other 10 7

4.2.4 Decision-Making Prior to the Introduction of the Tool

In the main section of the survey participants had to complete a task, in which they had to
choose and argue for an evacuation site to evacuate to after a hypothetical earthquake. They

had to do this for three spatial scenarios.

In all three scenarios, most of the participants did not choose the evacuation site that the tool
identified as the optimal one to reach (see Table 6). In scenario 1, 53% chose site A, 31% site
B, which was identified by the tool as the best option, and 16% site C. In scenario 2, the distri-
bution is the most pronounced with site B being chosen by 84% of all participants. The second
most chosen site is C, which was identified by the tool as the best option, with 12% and site A
was chosen by 10% of all participants. In scenario 3, 74% chose site A, 16% site B and only
10% chose site C, which was identified by the tool as the best option.

The confidence level of choice for all scenarios is concentrated in between medium to medium-
high confidence. Notably, the confidence level is highest for scenario 3, where the fewest par-
ticipants selected the evacuation site calculated by the tool, and lowest for scenario 1, where
the most participants selected the evacuation site calculated by the tool. Furthermore, only few
people would change their decision if the scenario were to happen at three a.m. at night. Only
7% for scenario 1, 5% for scenario 2 and 3% for scenario 3 of participants would change their

decision.
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Table 6: Evacuation site choice distribution over the three scenarios in the survey task (n = 135). The site identified by the
tool is coloured in blue. The confidence level displays the mean confidence of the participants’ choice (1 = not confident at
all, 5 = very confident)

Scenario Site A Site B Site C Confidence  Change if
n % n % n % Level Night
n Y%
Scenario 1 72 53 41 31 22 16 3.43 10 7
Scenario2 10 7 113 84 12 9 3.54 7 5
Scenario3 100 74 21 16 14 10 3.65 4 3

For all three scenarios, participants had to explain the reason why they selected the respective

evacuation site. A deductive analysis was conducted for these qualitative answers. If given pos-

sible options to evacuate in a disaster situation, four prominent decision factors are described

in literature. These are the following:

o

o

Environment: to react based on an assessment of the immediate environmental conditions,
including factors such as debris, structural damage, human crowding and natural factors
(Templeton et al. 2023)

Distance: to choose the evacuation point with the shortest distance (Bafigate et al. 2019)

Evacuation Site Size: to choose the evacuation site with the biggest size (Bafigate et al.
2019)

Familiarity: to choose the evacuation point / evacuation route one is the most familiar with

(Sun et al. 2021)

Additionally, to these literature-based categories, an inductive qualitative analysis was carried

out, where further categories emerged from the participants’ responses. Firstly, population den-

sity was mentioned multiple times as a positive factor. Participants argued that they were more

likely to evacuate to an evacuation point if a higher number of people were there. Secondly, in

the category of environment multiple scenario-specific subcategories could be determined in-

ductively. The created inductive categories can be seen in the following list:

o

o

Population Density: to choose the evacuation point with the highest number of people

Bridge: to avoid routes that cross over or under bridges to reach an evacuation point (sub-
category of environment)

Street: to avoid routes that follow narrow or busy streets to reach an evacuation point
(subcategory of environment)

Water: to avoid routes that pass near bodies of water to reach an evacuation point (subcat-

egory of environment)
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o Buildings: to avoid routes along areas with high-density or tall buildings to reach an evac-
uation point (subcategory of environment)
o Height: to choose the evacuation point located at the highest elevation (subcategory of

environment)

Based on the deductive and inductive categories, the answers from the survey were classified
accordingly. Note that participants often described multiple reasons, which were then all
counted. The distribution of responses for scenarios 1, 2 and 3 are represented in Tables 7, 8

and 9, respectively.

Table 7: Reason of evacuation site choice distribution for scenario 1 (n = 135)

Scenario 1: Reason of choice N
n %
Environmental factor 94 70
- Bridge 45 33
- Street 22 16
- Water 13 10
- Buildings 8 6
- Height 6 4
Distance 82 61
Site Size 21 16
Familiarity 8 6
Population Density 0 0
Other 4 3

Table 8: Reason of evacuation site choice distribution for scenario 2 (n = 135)

Scenario 2: Reason of Choice N
n %
Environmental factor 64 47
- Bridge 21 16
- Street 15 11
- Water 0 0
- Buildings 15 11
- Height 13 10
Distance 108 80
Site Size 11 8
Familiarity 8 6
Population Density 1 1
Other 8 6
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Table 9: Reason of evacuation site choice distribution for scenario 3 (n = 135)

Scenario 3: Reason of Choice N
n %
Environmental factor 53 39
- Bridge 0 0
- Street 31 23
- Water 0 0
- Buildings 19 14
- Height 3 2
Distance 46 34
Site Size 64 47
Familiarity 39 29
Population Density 4 3
Other 4 3

Furthermore, a Mann-Whitney-U test was conducted to assess whether there is a relationship
between the choice of an evacuation site and the participant’s confidence in their decision. As
confidence was measured on a Likert-scale, the non-parametric Mann-Whitney-U test was cho-
sen. The null hypothesis (Ho) states that there is no relationship between these two variables,
whereas the alternative hypothesis (Hi) states that a relationship exists. All subsequent statisti-
cal tests are based on these hypotheses of no recognisable relationship (Ho) and recognisable
relationship (Hi). To examine the relationship between these two variables, the evacuation site
choices were merged into two groups: participants who selected the same site, which the tool

calculated and participants who selected another site.

The Mann-Whitney-U test indicated that for scenarios 1 and 2 no statistically significant rela-
tionship can be found between the choice of the site and the participant’s confidence. However,
for scenario 3, with a p-value of 0.008 the test indicated a significant relationship between the
choice of the site and the participant’s confidence. As displayed in Figure 30, participants that
did not choose the calculated evacuation site exhibited a higher confidence than those that chose

the calculated site.
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Evacuation Site Choice vs. Confidence
in Choice for Scenario 3

very confident)
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Calculated Site Other Site
Group

Figure 30: Evacuation site choice vs. participants’ confidence in
choice for scenario 3

Moreover, if participants stated that they would select another evacuation site if the scenario
were at night, they had to explain their respective decision. Based on Glickman (1987), evacu-
ees should consider the different distribution of the population density at night versus during
the day and should thus avoid evacuation sites that are located in residential areas, which are
likely to be overcrowded. Behavioural studies highlighted three additional key factors which
can influence evacuation decision-making compared to daytime scenarios. These are the fol-

lowing:

o Light Source: At night, people have a tendency to move towards a light source to improve
visibility (Zhang & He 2022).

o Herding Behaviour: At night, people rely more on others for orientation and are therefore

more likely to follow groups or individuals (Zhang & He 2022).
o Familiarity: Reduced visibility increases uncertainty, leading people to prefer routes or

destinations they are more familiar with (Sun et al. 2021, Zhang & He 2022).

Out of the 15 participants who indicated that they would choose a different site if the scenario
were at night across all three scenarios, they most commonly only stated which other site they
would select, but did not justify why. Only six participants also provided a reason as to why
they would change their answer. Most notably, none of the participants provided population
density nor familiarity as a reason; instead, light source and herding behaviour were the factors

mentioned. This is summarized in Table 10.
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Table 10: Factors to change the evacuation destination
at night distribution (n = 15)

Factor to Change Evacuation N

Destination at Night n %
Light Source 4 27
Herding Behaviour 2 13
No Given Factor 9 60

In addition, a Mann-Whitney-U test was used to examine whether there was a relationship be-
tween the variables of earthquake knowledge, local knowledge or smartphone trust and
knowledge, and the choice of the evacuation site. As the variables were measured on a Likert-

scale, the non-parametric Mann-Whitney-U test was chosen.

For the test between local knowledge and choice of evacuation site, as well as smartphone trust
and knowledge and choice of evacuation site, no statistically significant relationships were
found in any of the scenarios. However, for the variable of earthquake knowledge and choice
of evacuation site, a significant relationship was found with a p-value of 0.01 for scenario 1.
The other scenarios, on the other hand, indicate no relationships. As can be seen in Figure 31,
participants that chose the same site calculated by the tool, displayed a higher earthquake

knowledge in scenario 1.

Evacuation Site Choice vs. Earthquake Knowledge
for Scenario 1

Earthquake Knowledge (1 = low, 5 = high)

Calculated Site Other Site
Group

Figure 31: Evacuation site choice vs. earthquake knowledge
for scenario 1
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Finally, it was assessed whether there is a relationship between the participants’ age or educa-
tion and their choice of evacuation site by using a chi-square test of independence, as both
variables are categorical. No significant relationship was found between the participants’ age
group and their choice of evacuation site, nor between the participants’ highest education and

choice of evacuation site.

4.2.5 Perception of the Tool

After introducing the tool, participants had to indicate how important they rated the main factors
which were used to calculate the evacuation routes and destinations. Importance was measured
on a Likert scale ranging from 1 (“not important at all”’) to 5 (“very important™). The factor
type of road received the highest importance rating with a mean value of 4.67, followed by
collapse risk of buildings with a mean value of 4.56. Both variables mainly received “very
important” ratings. Soil amplification and population density received mean importance values
of 3.87 and 3.77, respectively, with the bulk of the ratings being “important”. The lowest im-
portance ratings were given to the factors traffic density and time of the day with mean values
of 3.45 and 3.33, respectively, where the ratings “important” and “moderately important” were

the most prominent. This distribution pattern is displayed in Figure 32.
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Figure 32: Distribution of perceived importance of different factors used to calculate the evacuation routes and destinations

(n=135)
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Moreover, participants were asked whether they considered these factors while deciding for an
evacuation site in the task. The largest share of participants considered the type of road and
collapse risk of buildings with 50% and 40% of all participants, respectively. Additionally, 24%
of the participants considered the type of road and 32% the collapse risk of buildings partially.
The rest of the participants did not consider these factors when deciding for an evacuation des-
tination. In contrast, for the factors of population density, traffic density and soil amplification,
the majority of participants did not take these into account when making their decision. 62%
did not consider the population density, 73% did not consider the traffic density and 89%, the
highest percentage, did not consider soil amplification when deciding on an evacuation site.

Figure 33 shows the distribution pattern of the consideration of different factors.
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Figure 33: Distribution of the consideration of different factors used to calculate the evacuation routes and destinations
(n=135)

Using a Kruskal-Wallis test it was assessed whether there is a relationship between the per-
ceived importance of the factors and the age group of the participants. This was done to see
whether different age groups perceive certain factors in calculating evacuation routes as more
important. Out of all surveyed factors only the factor of time of the day has a statistically sig-
nificant relationship with the participants age group, displaying a p-value of 0.02. However,
when applying a Post-Hoc Mann-Whitney-U test (Bonferroni correction) to analyse which age
group(s) display a relationship with the perceived importance of the time of the day factor, no

groups indicated a statistically significant relationship.
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In addition, it was also assessed whether there is a relationship between the consideration of
factors and the age group of participants. This was also done using a Kruskal-Wallis test. Out
of all the surveyed factors only the factor of traffic density indicated a statistically significant
relationship with the age group of the participants, displaying a p-value of 0.04. Here as well,
a Post-Hoc Mann-Whitney-U test (Bonferroni correction) was conducted to test which age
groups present significant relationships with the considered factor of traffic density. However,

no statistically significant relationship with traffic density was found for any age group.

Moreover, participants had to rate the helpfulness of the tool as well as the trust in the tool on
a Likert scale from 1 (“not helpful” / “no trust at all”’) to 5 (“very helpful” / “complete trust”).
This resulted in a mean helpfulness of 4.23 and a mean trust of 3.80. For both variables, values
spread from 1 to 5, with a distinct peak at 4 (“helpful tool” / “strong trust in tool”). Using a
Kruskal-Wallis test it was also tested for both variables whether there is a relationship to the
age groups, however no statistically significant relationships were found. Thus, this indicates
that participants’ perceptions of the tool’s helpfulness or trustworthiness do not differ across

age groups.

Participants also rated how safe they would feel when using the tool in an evacuation situation
on a Likert scale from 1 (“not safe at all”) to 5 (“completely safe”). Here, too, the mean value
lies in a similar range as before at 3.62, with the participants’ answers displaying a spread across
all values and a peak at 4 (“very safe”). In addition, no relationship between the age group and
the feeling of safety when using the app was found here either when using a Kruskal-Wallis

test.

Finally, when asking participants whether they would rather use the tool, their instinct or both
in a real earthquake evacuation situation, over half of all participants argued that they would
use both, followed by participants that would only use the app and finally participants that

would only use their own intuition. This distribution can be seen in Table 11.

Table 11: Use of intuition versus tool during an
earthquake evacuation (n = 135)

Intuition vs. Tool N

n %
Tool 31 23
Intuition 27 20
Both equally 77 57
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4.2.6 Possible Shortcomings of the Tool

In the final part of the survey, participants had to argue what possible problems or shortcomings
they perceived in the tool. Specifically, they were asked whether important factors when calcu-
lating the evacuation routes and destinations were not considered. To analyse this qualitative
data a deductive analysis was conducted based on key aspects identified in literature, which

were not included in the tool. These are the following:

o Mobile Network: The stability of the mobile network might be compromised due to the

high user traffic or physical damage caused by the earthquake, which could make the app
unusable (Ling et al. 2009).

o Data Currency: To provide the best possible evacuation routes the tool should use up-to-
date data. Outdated data may lead to suboptimal or unsafe route recommendations (Jotshi
et al. 2009).

o Panic Effect: After an earthquake, people may panic and forget to consult or properly use
the tool (Sun et al. 2021).

o Accessibility Data: The tool should incorporate accessibility data, such as slope, stairs or

surface conditions to support people with mobility restrictions, such as people with im-
pairments or older adults (Chen & Cheng 2020).

o Shelter Capacity Management: Evacuees should be distributed evenly across parks to en-

sure that the capacity of the parks is not exceeded, and no overcrowding occurs (Ling et

al. 2009).

Moreover, while assigning the responses to the before-mentioned groups, another inductive
category was identified which has not yet been widely discussed in the literature. This is the

following:

o Additional Emergency Information: The tool should provide further emergency infor-

mation, such as where to find assistance, how to stay calm and current news about the

earthquake.

Based on the deductive and inductive categories, the answers from the survey were classified
accordingly. Note that participants could describe multiple shortcomings or no shortcomings at

all. In total 121 shortcomings were described, which are displayed in Table 12.

61



Table 12: Shortcomings and problems in the tool
perceived by participants (n = 121)

Shortcomings and Problems N

of the Evacuation Tool n %
Mobile Network 40 33
Data Currency 20 17
Panic Effect 13 11
Accessibility Data

Shelter Capacity Management 9
Additional Emergency Information 10 8
Other 20 17

Other shortcomings and problems that had been described include the potential for individuals
not to have their smartphones with them during an earthquake, thereby preventing them from
using the tool, the availability of the necessary data not being guaranteed in all countries, and

the requirement for events with large crowds, such as concerts, to also be taken into account.
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5 Discussion

This chapter addresses the three research questions outlined in the introduction and presents an
extensive discussion of the corresponding findings. Subsequently, the limitations of the thesis
are identified and their implication on the results is discussed. Finally, possible areas for further
research are examined, emphasising how EENTSs represent a promising tool for reducing earth-

quake casualties in the future.

5.1 RQ1: Modelling Earthquake Complexity

To answer research question 1, “How can earthquake evacuation navigation tools model the
complexity of an earthquake and its impact?”, both literature-based approaches to modelling
earthquake impacts and the methodology applied to develop the EENT in this thesis are dis-

cussed.

Earthquakes cause a widespread area of destruction, the effects of which can vary significantly
across space (Barone & Mocetti 2014). As these impacts are not distributed homogeneously but
heterogeneously, it is difficult to assess to what extent infrastructure, mobility and evacuation
conditions are spatially affected (Kanamori & Brodsky 2004, NAZ 2004). To address this chal-
lenge, existing research has focused on modelling the impact of earthquakes indirectly through
the vulnerability of infrastructure. Central to this approach is the vulnerability model developed
by Cova (1999), which conceptualizes the damage risk of earthquakes as a function of hazard
type and vulnerability of exposed infrastructure. Based on the infrastructure's structural integ-
rity the probability of infrastructure collapse for different earthquake strengths can be calcu-
lated. The model thus abstracts the impact of an earthquake with the destruction vulnerability
of infrastructure. In addition, the inclusion of the spatial road network as well as population
distribution is a key factor in modelling the impact of earthquakes, thereby demonstrating how
severely mobility and individuals are affected by the disaster (Southworth 1999). These ap-
proaches, which simplify the complexity of an earthquake down to the spatial extent of damage
and its impact on mobility and human patterns, are widely used in developing earthquake evac-
uation models (Shimura & Yamamoto 2014, Tsionas et al. 2016). Building on these approaches,
the EENT developed as part of this thesis combines these hazard-dependent vulnerability and
contextual factors into a coherent tool that models the spatial impacts of earthquakes. In addi-
tion, the model incorporates the soil amplification of seismic waves, representing a novel ap-
proach that enables an improved modelling of the heterogeneity of earthquake impacts. While

existing models assume a homogeneous impact of an earthquake, the proposed model thus
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allows the capturing of spatially differentiated impacts based on local amplification or attenua-

tion of seismic waves.

When it comes to modelling characteristics and impacts of earthquakes, GIS offers great po-
tential. It allows various spatial factors to be calculated and combined using an MCE, thereby
visualising the influence of different effects of an earthquake. Moreover, it allows the compu-
tation of interactions between factors, such as how roads can be blocked by debris from col-

lapsed infrastructure or how soil amplification can spatially influence the strength of effects.

Nevertheless, earthquakes often present additional layers of complexity that have not yet been
accounted for by earthquake models and tools. Secondary effects such as floods, landslides or
fires can significantly exacerbate the destruction caused by earthquakes, however, they are
highly unpredictable and location-specific. In addition, infrastructure failures such as blackouts
or explosions at petrol stations represent extreme risks (Chen & Cheng 2020). Moreover, the
spatial data used in earthquake models is often outdated or incomplete. This leads to major
uncertainties in calculating the impact of earthquakes. Real-time information immediately after
an earthquake that indicates the actual extent of damage is only rarely available, yet it holds

great potential for further improving earthquake models (Ghafoori et al. 2022).

For these reasons, earthquake evacuation models and tools, including the EENT developed in
this thesis, are only abstractions of reality. Due to the unpredictability surrounding all potential
impacts of an earthquake and their uncertain spatial patterns, capturing the full complexity of
an earthquake is not yet possible. Instead, the effects of earthquakes are highly generalised and
simplified assumptions are required to ensure the implementability for such models. EENTs
therefore represent a balance between complexity and feasibility. In addition, the empirical va-
lidity of EENTs is limited as major earthquakes rarely occur in locations where detailed models
have been developed in advance. Thus, only little research has been conducted into comparing

existing earthquake models with the actual impacts of real earthquakes.

Overall, RQ1 can be answered by concluding that EENTs exhibit significant potential for mod-
elling the complexity and impact of earthquakes, particularly through the use of GIS. However,
due to the high degree of uncertainty associated with earthquakes, data quality, as well as the
difficulty of modelling secondary effects, EENTs should only be interpreted as a decision-sup-

port system, rather than exact representation of reality.

64



5.2 RQ2: Evacuation Routes and Destinations

To address research question 2, “How can earthquake evacuation navigation tools determine
optimal evacuation destinations and routes?”, this section discusses how evacuation routing
can be conceptualised using optimisation models and how the EENT computes evacuation

routes based on the minimization of evacuation time.

The findings of this thesis demonstrate that determining optimal evacuation routes and destina-
tions is inherently subjective and depends on the objectives and assumptions underlying the
chosen model. There is no overall best solution as different models emphasise different goals,
leading to specific advantages and disadvantages (Naghdi et al. 2008). Nevertheless, the most
crucial objectives that evacuation optimisation models typically aim to achieve are either the
calculation of the fastest or the safest route possible. These two objectives frequently conflict
each other, as fast routes under normal conditions may not be safe under post-earthquake con-
ditions and vice versa. In the development of such optimisation models, Southworth's (1991)
network approach has established itself as a key principle. Within this framework, road net-
works are represented as networks consisting of edges and nodes, with each edge being influ-
enced by a combination of hazard, vulnerability and contextual factors (Jotshi et al. 2009, Ling
et al. 2009). This approach provides a robust structure for developing EENTSs, whereby the
selection of factors and choice of computational method have a major influence on the resulting

evacuation routes.

In this thesis, optimal evacuation routes are defined as routes with the shortest evacuation time.
Evacuation time depends on distance as well as environmental and contextual factors, including
road attributes, debris from collapsing infrastructure, population density, traffic density and soil
amplification. Aggregating these factors into a single value results in the evacuation time per
edge in a post-earthquake scenario. Using Dijkstra's shortest path algorithm, the optimal evac-
uation routes and destinations are then calculated (Dijkstra 1959). By combining spatial dis-
tance and the impacts of an earthquake, the EENT thus aims to balance evacuation speed and
safety. Compared to other optimisation models, the evacuation time-based model demonstrates
many advantages. While Pareto-based models often involve trade-offs between multiple crite-
ria, lack of adaptability in adjusting calculations, and exhibit low transparency (Shimura &
Yamamoto 2014, Tsionas et al. 2016), the evacuation time approach enables flexible adjust-
ments to calculations and offers high transparency, as the influence of individual factors can be
tracked. In addition, the proposed EENT allows a user-based selection of parameters, including
earthquake magnitude, time of day, starting point and destination type. Unlike existing models,
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which rely on static scenarios with predefined parameters, the tool allows evacuation routes and
destinations to be personalised and adapted to the extent of the disaster. This novel approach
thus demonstrates potential for generating evacuation routes that better reflect real-world con-

ditions.

Despite the advances in evacuation routing research, several challenges remain. Factors such
as road accessibility for individuals with mobility restrictions are rarely incorporated into evac-
uation modelling, despite their importance in inclusive evacuation planning (Chen & Cheng
2020). Personalised routes, where the presence of accessibility features (such as stairs or steep
roads) can be specified, thus represent a promising potential. Additionally, the capacity of evac-
uation sites, although frequently mentioned in existing research, cannot yet be implemented at
large scale due to the high computational power required (Ling et al. 2009). Moreover, most
evacuation models do not account for human evacuation behaviour tendencies, such as route
familiarity, group dynamics, altruistic behaviour or the effect of panic (Ahmadi et al. 2025,
Templeton et al. 2023). Limited empirical research has been conducted linking human evacua-

tion behaviour with the development and design of EENTs.

Overall, RQ2 can be answered by concluding that evacuation routes and destinations are deter-
mined through subjectively defined optimisation models reflecting individual objectives. By
minimizing evacuation time in the proposed EENT, an approach is presented which aims to

balance safe and fast routes while remaining a transparent and adaptable computation process.

5.3 RQ3: Potential for Human Decision-Making Support

To address research question 3: “How can earthquake evacuation navigation tools support us-
ers in evacuation decision-making?”, the results of the survey are compared and discussed in
relation with established concepts and findings from existing literature on evacuation behaviour
research. In this process, the proposed hypotheses are critically evaluated. Firstly, typical hu-
man earthquake evacuation behaviour without digital navigation aids is analysed. Subse-

quently, the evacuation decision-making support potential of the proposed EENT is explored.

5.3.1 Human-Based Earthquake Evacuation Reaction

Behaviour During and Post-Earthquake

The reported behaviours during an earthquake align largely with those found in literature (Blake
et al. 2022, Shapira et al. 2018), with participants stating that they would mainly seek shelter
under sturdy furniture or leave buildings to go to open spaces. Beyond the reaction during an

earthquake, the participants’ post-earthquake behaviour also reflects behaviour patterns
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described in the literature. Most notably, social behaviours emerge as primary reactions, includ-
ing altruistic helping behaviour, following behaviour and social bond behaviour. This reflects
the importance of social factors and group dynamics, which are considered key drivers of evac-
uation behaviour (Ahmadi et al 2025, Zhang & He 2022). Moreover, panic-driven behaviour is
mentioned by a subset of participants, reflecting the stress-induced influence on the cognitive
decision-making process. This underscores the literature-based finding that panic is a common
experience following an earthquake (Templeton et al. 2023, Drury et al. 2023). In contrast,
logic-based evacuation approaches to ensure personal safety, such as the environmental assess-
ment method and defined safe-zone behaviour, are mentioned less frequently. This supports
previous findings stating that people in disaster situations are often overwhelmed and lack the
cognitive capacity to take rational decisions. Rather, they tend to make decisions based on emo-

tions and social impulses (Blake et al. 2022, Sun et al. 2021).

Evacuation Site Selection in Simulated Earthquake

When asked to select an evacuation site in a simulated earthquake scenario participants rarely
selected the same evacuation site that was calculated by the EENT. Instead, evacuation deci-
sions were primarily influenced by environmental factors, distance, the capacity of the evacua-
tion site and familiarity with the location. This highlights the discrepancy between human evac-
uation behaviour and the optimisation-based modelling of evacuation routes and destinations

(Chen & Cheng 2020).

In scenario 1, most participants chose the same evacuation site as the EENT, compared to the
other scenarios. Many participants stated that their decision was driven by their perceived risk
of bridges collapsing, thus identifying infrastructural vulnerability as the most influential factor
in calculating the evacuation route for this scenario. This indicates that human-based decision-
making processes recognise infrastructural collapse as a distinct risk and therefore actively in-
tegrate it into evacuation considerations. In addition, both the distance to the evacuation site
and the size of the site emerge as significant factors, suggesting that evacuation behaviour is
dependent on both risk awareness and rational consideration regarding evacuation speed and

site capacity.

In contrast, in scenario 2, participants focused primarily on distance, while other factors were
given less importance. This implies that in the absence of an apparent environmental risk, dis-
tance emerges as the most important variable when choosing an evacuation destination. This
supports the widely reported assumption that distance is a key heuristic in the evacuation deci-
sion-making process (Bafigate et al. 2019, Sun et al. 2021).
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Scenario 3 offers additional insights into evacuation behaviour. Participants primarily selected
evacuation sites in close proximity to the university campus and placed great importance on
evacuation site size and familiarity. It is noteworthy that although site size was cited multiple
times as an essential factor, many failed to consider that the proximity of these evacuation sites
to the university would attract a disproportionate high number of evacuees, making overcrowd-
ing highly probable. This suggests that the capacity of evacuation sites may be factored in,
though only in relation to spatial dimensions and not population distribution. In addition, fa-
miliarity emerged as a key decision factor, as most participants study or work at the university.
These findings support the notion that with high levels of local knowledge, familiarity forms
an essential key choice-factor. In this context, familiarity also appears to be closely related to
social behaviour, as many participants stated that they hoped to meet people they knew at the
evacuation sites near the university. This further underscores the immense importance of social
relationships in evacuation situations. Additionally, a correlation between the evacuation site
choice and confidence in choice was observed, with participants who selected the evacuation
sites in proximity to the university reporting higher confidence. This suggests that familiarity
not only influences the choice of evacuation site, but also confidence in the choice. This further
emphasises the importance of this criterion. This may have also led to an overconfidence in
choosing familiar locations, and thus a failure to critically assess their suitability as evacuation

sites.

Moreover, across all scenarios, population density rarely emerged as a negative decision factor.
Despite its central role in calculating evacuation routes and destinations to avoid congestion
and overcrowding, participants seldom considered it when deciding on evacuation sites. This
indicates that large crowds are not perceived as major risks in evacuations. Such perceptions
are consistent with behavioural literature which state that people perceive crowds as a positive
factor due to the herding instinct that occurs in high-stress situations (Templeton et al. 2023).
This observed discrepancy between technical modelling and behavioural patterns highlights the

importance of including human evacuation behaviour in the development of evacuation tools.

In addition, the findings indicate that the temporal influences of day and night only display a
minimal influence on the evacuation site selection as solely few participants argued that they
would change their decision if the scenario were to occur at night. The primary reasons why
their decisions would change relate to finding evacuation routes with better lighting and evac-
uating to places with a higher presence of people. These findings are consistent with those of

Zhang & He (2022), who argue that people feel less safe in the dark and thus are more likely to
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seek light or contact with other people. This reveals a further mismatch between the modelling
of evacuation routes and sites and human behaviour. In the EENT the time of the day influences
how population densities are distributed, leading to evacuation routes avoiding areas with large
numbers of people in order to prevent congestion. In the human decision-making process how-
ever, importance is placed on finding contact with other evacuees. This shows how cognitive-
driven evacuation often places greater emphasis on social factors rather than logic-driven fac-

tors.
Demographic and Knowledge-Related Influences

Beyond behavioural patterns, the survey results also reveal differentiated insights into the rela-
tionships between demographic characteristics, knowledge variables and their choice of evac-
uation site. Contrary to findings reported in existing literature, no significant relationships were
found between education level and choice of evacuation site or age and choice of evacuation
site. A plausible explanation for this lies in the uneven distribution of both the age and education
of the participants, with the majority of participants being young and highly educated. In addi-
tion, participants had to make their decisions based solely on a thought simulation of an earth-
quake rather than in a real-world scenario. This may have compromised the influence of demo-
graphic effects. Similarly, no significant correlation was found between the parameter of local
knowledge and the choice of evacuation site. This implies that high local familiarity alone does
not influence the choice of evacuation site. The influence of smartphone knowledge and trust
is not discussed, as all participants indicated medium to high levels of knowledge, meaning that

no statistically significant conclusions can be drawn.

In contrast, the choice of evacuation site and earthquake knowledge revealed a more diverse
pattern. A significant relationship was found between the two variables in scenario 1, suggest-
ing that people with greater earthquake knowledge are more likely to choose the same evacua-
tion site as calculated by the EENT. This may be due to the significant impact of collapsing
bridges in this scenario, which appears to be a well-understood risk of earthquakes. However,
as this relationship is not apparent in scenarios 2 and 3, earthquake knowledge may be primarily
related to the risk of collapse. Other risks related to population densities or soil amplification

may be lesser known and therefore have little influence on the evacuation decision.
Discussion of Hypotheses

These findings allow the addressing of the proposed hypotheses. Hypothesis 1, “Participants

generally select the spatially closest evacuation site.”, 1s largely supported by the survey results.
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Across all scenarios, distance is shown to be an essential factor in deciding on an evacuation
site, particularly in scenario 2. However, distance was rarely the sole determining factor; envi-
ronmental hazards, evacuation site capacities, familiarity and social dynamics also play a cru-
cial role, thus indicating that evacuation decisions are based on a combination of multiple fac-

tors.

Hypothesis 2, “Participants with higher local knowledge are more likely to select an evacuation
site they are familiar with”, is addressed with differentiated results. Scenario 3 demonstrated
that familiarity due to local knowledge can play a crucial role in evacuation site choice, even
when other factors such as overcrowding are apparent. However, when local knowledge and
evacuation site choice were directly compared, no relationship was identified. This suggests
that the impact of local knowledge is situation-dependent and cannot be generalised into always

leading to familiar places being chosen.

Hypothesis 3, “Participants with higher earthquake knowledge are more likely to select the
same evacuation site as the one calculated by the EENT”, is partially supported. While high
earthquake knowledge in scenario 1 can be significantly linked to the choice of evacuation site,
this relationship is not apparent in the other scenarios. This indicates that earthquake knowledge
regarding the structural integrity of bridges is generally more widely known while other factors

are less widely known and therefore exert little influence in evacuation behaviour.

5.3.2 EENT Support Potential

Overall, the EENT was perceived helpful and trustworthy by participants. In addition, many
participants felt that the tool provided a good sense of safety, highlighting the tool's potential
for support. No significant differences in perceptions about the EENT were found across age
groups, suggesting that the tool is assessed similarly regardless of age. This indicates that the
tool is usable for the general population, rather than being tailored to specific demographic
groups. However, it should be noted that the relatively homogeneous group of mostly young,
well-educated participants does not fully represent the general population and may thus not
necessarily reflect the public opinion. In general, most people stated that in a real-life situation
they would follow both the EENT and their own intuition. These findings correspond with the
literature-based importance of human evacuation behaviour, which emphasises personal risk
perception and individual experience as crucial components (Eiser et al. 2012, Shapira et al.
2018). Completely giving up control is rare; rather, intuitive judgement remains an important

component in high-stress situations, even when digital aids are available (Xie & Xu 1995).
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In the perception of the individual factors underlying the EENT, the type of road (bridge/tunnel)
and the risk of building collapse were rated as very important and further displayed the greatest
influence on the participants' choice of evacuation sites. This reinforces earlier findings that
seismic knowledge is most commonly associated with the risk of collapse of various infrastruc-
ture, which are therefore more likely to be taken into account in the decision-making process.
Moreover, despite being perceived as important, factors such as traffic and population density,
as well as soil amplification, were rarely considered in the selection of evacuation sites. This is
an indication that there is a knowledge gap regarding these more complex and less intuitive
factors. Due to the difficulty of visualising such abstract factors spatially and consequently in-
tegrating them in the decision-making process, digital tools show great potential to assist in this
regard. By transforming intangible risks into concrete spatial factors in the EENT, often over-
looked variables can be rendered accessible to evacuees. Furthermore, no significant relation-
ships were found between the perception or consideration of individual factors and age group.
Although some factors point to possible relationships, these are not apparent in more detailed
analyses. Once again, the uneven distribution of age groups in the survey sample may explain

these differentiated results.

Despite the overall positive perception of the EENT, participants also identified several short-
comings in the tool. The main concern relates to the potential failure of the mobile network in
the event of an earthquake which could render the tool unusable. This limitation has been widely
discussed in existing literature (Ling et al. 2009, Chen & Cheng 2020) and represents a funda-
mental challenge in EENTs. A possible solution would be for the tool to function completely
offline, running on predefined datasets. However, this directly conflicts with another frequently
mentioned limitation: the lack of up-to-date data. While highly current data, such as real time
data, would improve the accuracy of evacuation routes, it would simultaneously render the tool
vulnerable against mobile network failure. This displays an inherent trade-off between data
currency and tool robustness, thus demonstrating the complexity of designing an EENT. Fur-
thermore, participants frequently mentioned the lack of accessibility and evacuation site capac-
ity data, which indicates that users are aware of the relevance of these variables. Beyond the
technical aspects of the tool, many participants also expressed a desire for additional infor-
mation to be integrated in the EENT. Rather than blindly trusting the tool, including explicit
information regarding the nature of the earthquake, the reasoning behind the route and evacua-
tion site selection as well as behavioural advice increases the transparency and credibility of
the generated evacuation routes. Thus, the EENT should not only be a navigation aid but also

a comprehensive source of information. Finally, the tool's lack of inclusion of the effect of panic
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was also recognised as a limitation. Many participants argued that panic and emotional stress
would prevent them from trusting the tool rationally. This indicates that evacuation tools should
not only provide evacuation guidance but also psychological support by offering reassurance
and reducing anxiety. This reinforces the notion that EENTs insufficiently account for human
behaviour and that purely technical solutions lack appeal. It therefore underlines the need for
EENTs to be designed with real evacuation situations in mind, serving not only as navigation

aids but as comprehensive decision-making tools.

Considering these findings, RQ3 can be answered by concluding that EENTs demonstrate great
potential in supporting the evacuation decision-making process. Due to the lack of institutional
support for evacuees in the initial phase after an earthquake (NAZ 2004), EENTs show promise
in assisting evacuees significantly throughout this phase. By visualising optimal evacuation
routes and sites, the tool alleviates cognitive load. In doing so, it effectively removes two key
stages in the high-stress decision-making process (Mohajeri & Mirbaha 2021): evacuation route
and destination choice. Moreover, the simulated earthquake task clearly demonstrated that par-
ticipants mostly failed to select optimal evacuation sites in a hypothetical scenario by frequently
overlooking complex, spatial factors. This highlights the value of such digital decision-support
tools. However, the findings also indicate that human-based behaviours are currently un-
derrepresented in EENT-design. Social dynamics, familiarity, transparency, and the effect of
panic are all critical decision-making factors, which are not yet incorporated in EENTs. For
EENTs to have real-world value in actual disaster situations, they need to combine purely tech-
nical, logical factors with human characteristics. Not only should speed and safety be prioritised
during evacuation, but human desires such as social connections and familiar evacuation site

preferences should also be integrated.

5.4 Limitations

This thesis is subject to several limitations related both to the methodology of developing the
EENT as well as the design and implementation of the survey. These limitations mainly relate
to data quality, computational simplifications, modelling constraints and the demographics of

the survey participants.

5.4.1 Data Quality

A major limitation of the EENT lies in the quality of the used data. Several datasets such as the
height models or population density distributions were only available in low spatial resolutions.
This leads to a reduced quality of the resulting evacuation routes as road sections are not
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assigned their local values but instead the average of all values in the pixel in which they are
located in. Consequently, evacuation routes are calculated based on generalised representations

of aggregated areas rather than precise location-specific information.

Additionally, the building heights show significant inaccuracies, as they were derived based of
the DTM and DSM, both of which have low spatial resolutions. Since the DSM not only in-
cludes the height of man-made objects but also areas that are not influenced by humans, for
example the area surrounding a building, the calculated building heights are underestimated.
As these heights are essential for calculating the debris area in the event of collapse, they com-

promise the accuracy of blocked roads.

Furthermore, with the data ranging from 2021 to 2025 not all used data are fully up to date.
This may result in discrepancies between the representation of the circumstances in the EENT
and reality. For example, it is possible that new roads or infrastructure have been built that have

not been included yet in the data and thus are missing from the EENT.

Finally, the availability of datasets also represents a limitation. Several datasets were not pub-
licly available, including accessibility data and data concerning secondary geological hazards,
such as landslides. Due to the absence of accessibility data, that is stairs, slopes, kerb ramps or
road conditions, routes cannot be adapted to accommodate people with mobility restrictions.
Such information would be particularly important for people with walking impairments, elderly
people or parents with strollers, to ensure safe evacuation. Moreover, the exclusion of second-
ary disasters such as landslides, despite their frequent occurrence in combination with earth-
quakes, are not considered. As these geological hazards can block roads and thereby render

evacuation routes impassable, their omission can limit the reliability of the generated routes.

5.4.2 Computational Simplifications

Several simplifications were made in the computational process. The building collapse risk was
calculated based solely on the year of construction and the number of floors, with factors such
as building material, construction quality or type of building not taken into account due to lack
of data. Although this approach is based on literature, it is only a highly simplified method of

calculating infrastructural collapse risk and thus exhibits uncertainty.

In addition, the temporal distinction in population density was greatly simplified to a daytime
and nighttime scenario. Peak travel times during mornings and evenings, as well as special

periods such as weekends or public holidays, are not included. Moreover, the daytime
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population density only includes the distribution of dayshift employed individuals and not stu-
dents, retirees, unemployed people, or others who may be at home. The nighttime distribution
assumes that all people are at home at night, neglecting night-shift workers or leisure-related

activities.

Furthermore, as no direct data was available for traffic density, the proxy of traffic noise was
used. Although traffic noise generally correlates with traffic density, variables such as speed
limits, vehicle types or road surface conditions can also affect traffic noise, independent of

traffic density.

Overall, the EENT requires high computational power due to the large number of spatial da-
tasets and the complexity of the shortest path algorithm. This causes increased processing times,
in particular for long evacuation routes. If the tool was further developed into an app which
runs on smartphones, some computational processes may need to be simplified or optimised to
ensure a consistent performance even on less powerful devices. Moreover, the factors of slope
and capacity of the evacuation sites could not be incorporated into the EENT due to computa-
tional constraints. To integrate these factors, higher processing power as well as storage capac-
ity would be needed. The lack of slope limits the accuracy of the evacuation time calculation
as differences in walking time based on steepness are not considered. As a result, optimal evac-
uation routes may have steep sections that would take longer to traverse in reality compared to
the computed time. Similarly, the lack of evacuation site capacity also limits the results of the
EENT. The model selects evacuation sites regardless of how many other evacuees would also
be directed to that site. This can lead to congestion and overcrowding at evacuation locations,

leaving no capacity for the user.

5.4.3 Modelling Constraints

The modelling of evacuation routes is based on the parameters of starting point, time of day,
earthquake magnitude and destination type, which must be defined by users themselves. How-
ever, if the EENT were to be used in a real-world scenario, manual entry of these criteria would
be impractical. In particular, affected individuals are unlikely to know the magnitude of the
earthquake immediately after it has occurred. Therefore, the user-based setting of these param-
eters in this thesis is only a conceptual approach to evaluate the feasibility and performance of
the tool. In practical applications, it would be ideal if the starting point and time of the day
could be set austomatically using GPS and time settings of the smartphone, and the earthquake

magnitude could be determined by integrating data from a local seismological station.
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In addition, the modelling of evacuation time is based on the average walking time derived from
non-disaster scenario. While this walking time is empirically grounded, it assumes a homoge-
neous population in which all individuals move at the same speed. Slower moving people, such
as elderly adults or people with impairments, are therefore not explicitly accounted for. Fur-
thermore, behavioural effects such as panic or shock, which can alter the basic walking speed,
are also not factored in. Further research into movement speeds in evacuation situations would

be required to allow these factors to be incorporated into the model.

5.4.4 Survey Demographics

Finally, the results of the survey are limited by the demographic composition of the participants.
As the survey was primarily distributed within the author's field and at the University of Zurich's
Department of Geography, the majority of respondents were educated, young individuals with
strong technical affinity. In addition, as many geography students completed the survey, a high
level of knowledge of cartography and geological processes such as earthquakes was present.
This may have influenced the perceived helpfulness, trust and acceptance of the EENT. Conse-
quently, the findings cannot be directly generalised to the broader population, especially older,

less educated individuals, who were underrepresented in the survey.

5.5 Future Research

The findings in this thesis highlight several promising directions which can be explored in fu-
ture research. A central area concerns the integration of human behaviour patterns in EENT
research. Evacuation behaviour factors such as social dynamics, stress or familiarity could be
incorporated into EENTSs, allowing them to provide navigation that is more aligned with human
reactions. Similarly, the personalisation of EENTs also demonstrates potential for combining
human-dependent aspects with the technical modelling. Evacuation behaviour strongly depends
on individual characteristics such as physical ability or situational constraints. People with lim-
ited mobility, for example, require evacuation routes that are well accessible. By including per-
sonal information about age, mobility impairments or the need to evacuate with other people,

EENTS could be designed to be inclusive for different population groups.

Another possible future research field is to explore how real-time data can be integrated into
EENTS to increase the accuracy of the routes generated. Dynamic changes in population or the
ability to update blocked roads or obstacles in the tool in real time could greatly improve the
relevance of the suggested routes. At the same time, however, EENTs should also be robust

against mobile blackouts. A hybrid tool capable of combining these factors opens up exciting
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possibilities for further research. Moreover, empirical validation of the generated evacuation
routes and destinations in the form of field experiments points to further research opportunities.
Real-world testing with, for example, weak simulated earthquakes can show whether the cal-

culated impacts of the earthquake occur as predicted.

Finally, future research may focus on how EENTs can be developed into apps compatible with
smartphones, thereby addressing challenges of computational power, app design and communi-
cating transparency. To this end, studies must be conducted on the usability of the apps, specif-
ically in high-stress situations. In addition, app developers need to identify ways to communi-
cate relevant information transparently whilst clearly conveying uncertainties. Human-com-
puter interactions are particularly critical in the context of emergency applications as such tools
can directly affect people's safety and thus potentially influence the consequences of earth-

quakes.
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6 Conclusion

This thesis set out to evaluate if and how EENTSs can support affected individuals in the imme-
diate aftermath following an earthquake. Building on existing literature, a proof of concept for
a pedestrian EENT was developed which calculates and visualises the most optimal evacuation
route to different destinations, including evacuation sites, hospitals or custom points. Unlike
most existing approaches, the proposed EENT is user-oriented as it allows key parameters to
be defined dynamically. The tool was subsequently evaluated in the form of a survey on its
perceived helpfulness and functionality. The overarching aim of this thesis is to bridge the gap

between technical evacuation modelling and real-world post-earthquake human behaviour.

With regard to RQ1, this thesis demonstrated that EENTs can model the complexity and im-
pacts of an earthquake to a certain extend by combining various environmental and contextual
elements of an earthquake through network-based modelling. Crucial factors for identifying the
spatially heterogeneous impacts of earthquakes include vulnerability of infrastructure collapse,
soil amplification of seismic waves, secondary disasters, and population and traffic densities.
At the same time, the results also show that EENTs only remain abstractions of reality. Conse-
quently, such tools should be understood as a decision support system rather than exact repre-

sentations of earthquake dynamics.

RQ2 can be approached by concluding that evacuation routes and destinations may be deter-
mined through optimization models, combining vulnerability modelling with shortest path al-
gorithms. However, optimal evacuation routes and destinations are inherently subjective and
reflect individual goals. As a result, they are context-dependent and vary based on different
scenarios. Nevertheless, optimisation models mostly seek to strike a balance between fast and
safe routes, as was done in the developed EENT in this thesis by combining distance- and haz-

ard-factors to derive a single evacuation time metric.

Addressing RQ3, the findings of this thesis showed that EENTs hold substantial potential to
support affected individuals during earthquake evacuations. By visualising the optimal evacu-
ation routes and destinations, evacuees are provided with assistance during the most critical
phase following an earthquake, thereby reducing cognitive load. The results of the survey
demonstrate that people often rely on intuition, social dynamics, familiarity or perceived risks
in the evacuation decision-making process. In doing so, the influence of more abstract spatial
effects such as population and traffic density or soil amplification is overlooked. Following the

introduction of the EENT, many participants reported high confidence and perceived
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helpfulness in the tool, underscoring its relevance as a supportive aid. Although participants
would not necessarily abandon their intuition, they view the EENT as a valuable guidance tool
in combination with personal assessment. At the same time, the survey results also indicate a
demand for the integration of socio-personal dynamics, suggesting that EENTs should place

greater emphasis on human-centred design.

Overall, this thesis contributes both methodologically and empirically to earthquake evacuation
research by presenting a transparent and adaptable framework for pedestrian evacuation mod-
elling and by evaluating user perceptions through a survey. Despite these contributions, limita-
tions in the methodology were also identified, primarily relating to data quality, computational
simplifications, modelling constraints and the low demographic diversity among survey partic-

ipants.

Future research could build on this thesis by further integrating human behavioural patterns
such as social dynamics, stress, or familiarity, or by exploring the possibility of demographic
personalisation of the generated routes. In addition, research could be conducted into how real-
time data can be included and how the calculated impacts of the earthquake can be evaluated
with help of field trials. Finally, the continued development of the tool into a usable app presents

a great opportunity with usability design being a key point.

In conclusion, this highlights the relevance of user-oriented EENTS at the intersection of evac-
uation modelling and human behavioural research. While EENTs cannot completely replace
human judgement, they can contribute to better-informed and calmer evacuations, thereby help-

ing to mitigate the consequences of disasters.

78



7 Bibliography

Ahmadi, M., Ahmadi, A., Yousefi, S. (2024): Human behaviour and decision-making in earth-
quake emergencies: insights from virtual reality and serious games. International Jour-
nal of Construction Management, Vol. 25, No. 11, pp. 1254-1272. https://doi.org/-
10.1080/15623599.2024.2411071.

Alkema, D., Boerboom, L.G.J., Ferlisi, S., Cascini, L. (2014): Spatial Multi-Criteria Evalua-
tion. <https://www.cdema.org/virtuallibrary/index.php/charim-hbook/methodology/6-

risk-reduction-planning/6-2-spatial-multi-criteria-evaluation> (State: 12.12.2014; Ac-

cess 07.01.2026).

Arundel, A. (2023). How to Design, Implement, and Analyse a Survey. Edward Elgar Publish-
ing. https://doi.org/10.4337/9781800376175.

Bangate, J., Dugdale, J., Beck, E., Adam, C. (2019): A multi-agent system approach in evalu-
ating human spatio-temporal vulnerability to seismic risk using social attachment. WIT
Transactions on Engineering Sciences, Vol. 121, pp. 47-58. https://doi.org/-
10.2495/RISK180041.

Barone, G., Mocetti, S. (2014): Natural disasters, growth and institutions: A tale of two earth-
quakes. Journal of Urban Economics, Vol. 84, pp. 52-66. https://doi.org/-
10.1016/j.jue.2014.09.002.

Bateman, J. M., Edwards, B. (2002): Gender and evacuation: a closer look at why women are
more likely to evacuate for hurricanes. Natural Hazards Review, Vol. 3, No. 3, pp. 107-

117. https://doi.org/10.1061/(ASCE)1527-6988(2002)3:3(107).

Beermann, M., Sieben, A. (2023): The connection between stress, density, and speed in crowds.
Scientific reports, Vol. 13, No. 13626, pp. 1-14. https://doi.org/10.1038/s41598-023-
39006-8.

Blake, D., Becker, J., Hodgetts, D., Hope, A. (2022): The 2016 Kaikoura Earthquake: Experi-
ences of Safety, Evacuation, and Return for Apartment Dwellers in Te Whanganui-a-

Tara, Aotearoa New Zealand. International Journal of Mass Emergencies and Disasters,

Vol. 40, No. 1, pp. 58-85.

Bo, Y., Yong-gang, W., Cheng, W. (2009): A Multi-Agent and GIS Based Simulation for Emer-

gency Evacuation in Park and Public Square. Conference Paper. International

79



Conference on Computational Intelligence and Security, Wuhan, China.

Chen, C., Cheng, L. (2020): Evaluation of seismic evacuation behaviour in complex urban en-
vironments based on GIS: A case study of Xi’an, China. International Journal of Disas-

ter Risk Reduction Vol. 43, pp. 1-11. https://doi.org/10.1016/j.1jdrr.2019.101366.

Chen, T., Yuan, H., Yang, R., Chen, J. (2008): Integration of GIS and Computational Models
for Emergency Management. Conference Paper. International Conference on Intelligent

Computation Technology and Automation, Beijing, China.

Conseil de I’Europe. (1998): European Macroseismic Scale 1998 (EMS-98). Cahiers du Centre
Européen de Géodynamique et de Séismologie, Vol. 15. Luxembourg: Centre Européen

de Géodynamique et de Séismologie.

Coppock, J.T. (1995): Gis and Natural Hazards: An overview from a Gis Perspective, in: Car-
rara, A., Guzzetti, F. (Eds.): Geographical Information Systems in Assessing Natural
Hazards. Springer Netherlands, Dordrecht, pp. 21-34. https://doi.org/10.1007/978-94-
015-8404-3 2.

Cova, T.J. (1999): GIS in emergency management. In: Longley, P.A., Goodchild, M.F., Ma-
guire, D.J., Rhind, D.W. (Eds.): Geographical Information Systems. Longley, John
Wiley and Sons, New York, pp. 845-858.

Dijkstra, E. W. (1959): A note on two problems in connexion with graphs. Numerische Math-
ematik, Vol. 1, No. 1, pp. 269-271.

Drury, J., Arias, S., Au-Yeung, T., Barr, D., Bell, L., Butler, T., Carter, H., Choudhury, S.,
Eriksson, J., Neville, F., Philpot, R., Radburn, M., Reicher, S., Ronchi, E., Scott, C.,
Telga, M., Templeton, A. (2023): Public behaviour in response to perceived hostile
threats: An evidence base and guide for practitioners and policymakers (version 1). Uni-

versity of Sussex. Report. https://doi.org/10.20919/VIVT7448.

Eastmann, J.R. (1999.): Multi-criteria evaluation and GIS. In: Longley, P.A., Goodchild, M.F.,
Maguire, D.J., Rhind, D.W. (Eds.): Geographical Information Systems. Longley, John
Wiley and Sons, New York, pp. 493-502.

Eiser, J.R., Bostrom, A., Burton, I., Johnston, D.M., McClure, J., Paton, D., Van der Pligt, J.,
White, M.P. (2012): Risk interpretation and action: A conceptual framework for re-
sponses to natural hazards. International Journal of Disaster Risk Reduction, Vol. 1, pp.

5-16. https://doi.org/10.1016/5.1jdrr.2012.05.002.
80



Field, A.P. (2018): Discovering Statistics Using IBM SPSS Statistics. 5th Edition, Sage, New-
bury Park.

Ghafoori, H.R., Sadeghi-Niaraki, A., Alesheikh, A.A., Choi, S.-M. (2022): Ubiquitous GIS
based outdoor evacuation assistance: An effective response to earthquake disasters. In-
ternational Journal of Disaster Risk Reduction, Vol. 81, pp. 1-19.
https://doi.org/10.1016/].ijdrr.2022.103232.

Giddens, A. (1991): Modernity and Self-Identity: Self and Society in the Late Modern Age.
Standford, CA: Stanford University Press.

Jotshi, A., Gong, Q., Batta, R. (2009): Dispatching and routing of emergency vehicles in disas-
ter mitigation using data fusion. Socio-Economic Planning Sciences. Vol. 43, No. 1, pp.

1-24. https://doi.org/10.1016/j.seps.2008.02.005.

Kanamori, H., Brodsky, E.E. (2004): The physics of earthquakes. Reports on Progress in Phys-
ics, Vol. 67, No. 8, pp 1429-1496. https://doi.org/10.1088/0034-4885/67/8/R03.

Lin, J., Zhu, R., Li, N., Becerik-Gerber, B. (2020): Do people follow the crowd in building
emergency evacuation? A cross-cultural immersive virtual reality-based study. Ad-
vanced Engineering Informatics, Vol. 43, No. 7, pp. 1-13. https://doi.org/10.1016-
/3.2e1.2020.101040.

Ling, A., L1, X, Fan, W., An, N., Zhan, J., Li, L., Sha, Y. (2009): Blue Arrow: A Web-Based
Spatially-Enabled Decision Support System for Emergency Evacuation Planning. In:
International Conference on Business Intelligence and Financial Engineering. Presented

at the 2009 International Conference on Business Intelligence and Financial Engineer-

ing, pp. 575-578. https://doi.org/10.1109/BIFE.2009-.135.
Martin, D. W. (2008): Doing Psychology Experiments (7th Edition). Wadworth Cengage Lear-
ning.

Mayring, P., Fenzl, T. (2019): Qualitative Inhaltsanalyse. In: Baur, N., Blasius, J. (eds): Hand-
buch Methoden der empirischen Sozialforschung. Springer VS, Wiesbaden.
https://doi.org/10.1007/978-3-658-21308-4 42.

McLeod, S. (2025): Likert Scale Questionnaire: Examples & Analysis. <https://www.simp-
lypsychology.org/likert-scale.html#:~:text=Definitely%20Not-,Analyzing%?20Data,-
The%?20response%?20categories> (State: 10.11.2025; Access 14.11.2025).

81



Mohajeri, F, Mirbaha, B. (2021): Studying the Role of Personality Traits on the Evacuation
Choice Behaviour Pattern in Urban Road Network in Different Severity Scales of Nat-
ural Disaster. Advances in Civil Engineering, Vol. 2021, pp. 1-16.
https://doi.org/10.1155/2021/9174484.

Morales-Esteban, A., Martinez-Alvarez, F., Troncoso, A., Justo, J.L., Rubio-Escudero, C.
(2010): Pattern recognition to forecast seismic time series. Expert Systems with Appli-

cations, Vol. 37, No. 12, pp. 8333-8342. https://doi.org/10.1016/j.eswa.2010.05.050.

Naghdi, K., Mansourian, A., Valadanzoej, M.J., Saadatseresht, M. (2008): Evacuation Planning
in Earthquake Disasters, Using RS & GIS. The International Archives of the Photo-

grammetry, Remote Sensing and Spatial Information Sciences. Vol. 37, No. 4, pp. 1671-
1676.

NAZ (Nationale Alarmzentrale im Bundesamt fiir Bevolkerungsschutz) (2004): Einsatzkonzept

fiir den Fall eines Erdbebens in der Schweiz. Institutional report, Switzerland, pp. 1-82.

Ntontis, E., Drury, J., Amlot, R., Rubin, G.J., Williams, R. (2018): Emergent social identities
in a flood: Implications for community psychosocial resilience. Journal of Community
& Applied Social Psychology, Vol. 28, No. 1, pp. 3-14. https://doi.org/10.1002-
/casp.2329.

Our World in Data (2025): Economic damage by natural disaster type. <https://our-
worldindata.org/grapher/economic-damage-from-natural-disasters?time=2015.latest>

(State: 2025; Access: 06.12.2025).

Roopa, S., Rani, MS. (2012): Questionnaire Designing for a Survey. The Journal of Indian
Orthodontic Society, Vol. 46, No. 4, pp. 273-277.

Santarelli, S., Bernardini, G., Quagliarini, E. (2018): Earthquake building debris estimation in
historic city centres: From real world data to experimental-based criteria. International
Journal of  Disaster  Risk  Reduction, Vol. 31, pp.  281-291.
https://doi.org/10.1016/;.1jdrr.2018.05.017.

SED (2025a): Wissen. Auswirkungen von FErdbeben. <http://www.seismo.ethz.ch/-
de/knowledge-/Effects/> (State: 2025; Access: 18.03.2025).

SED (2025b): Erdbebenland Schweiz: Ubersicht. <http://www.seismo.ethz.ch/de/earthquake-
country-switzerland/overview/> (State: 2025; Access: 11.12.2025).

82



SED (2025c): Erdbebenrisikomodell. <http://www.seismo.ethz.ch/de/earthquake-country-
switzerland/risk/earthquake-risk-model/> (State: 2025; Access 14.04.2025).

SED (2025d): Was bedeutet die Intensitit geméss Europdischer Makroseismische Skala 1998
(EMS-98)? < http://www.seismo.ethz.ch/de/knowledge/faq/what-does-ems-98-mean/>
(State: 2025; Access 14.04.2025).

Seyfried, A., Steffen, B., Klingsch, W., Boltes, M. (2005): The Fundamental Diagram of Pe-
destrian Movement Revisited. Journal of Statistical Mechanics: Theory and Experiment,

Vol. 2005, pp. 1-13. https://doi.org/10.1088/1742-5468/2005/10/P10002.

Shapira, S., Aharonson-Daniel, L., Bar-Dayan, Y. (2018): Anticipated behavioural response
patterns to an earthquake: The role of personal and household characteristics, risk per-
ception, previous experience and preparedness. International Journal of Disaster Risk

Reduction, Vol. 31, pp. 1-8. https://doi.org/10.1016/].1jdrr.2018.04.001.

Shimura, Y., Yamamoto, K. (2014): Method of Searching for Earthquake Disaster Evacuation
Routes Using Multi-Objective GA and GIS. Journal of Geographic Information System,
Vol. 6, pp. 492-525. https://doi.org/10.4236/jgis.2014.65042.

Southworth, F. (1991): Regional Evacuation Modelling: A State-of-the-Art Review. Report,
Oak Ridge national laboratory, USA.

Stantcheva, S. (2023): How to Run Surveys: A guide to creating your own identifying variation

and revealing the invisible. Annual Review of Economics, Vol. 15, pp. 205-234.

Strupler, M., Hilbe, M., Kremer, K., Danciu, L., Anselmetti, F.S., Strasser, M., Wiemer, S.
(2018): Subaqueous landslide-triggered tsunami hazard for Lake Zurich, Switzerland.
Swiss Journal of Geosciences, Vol. 111, pp. 353-371. https://doi.org/10.1007/s00015-
018-0308-5(0123456789().,-volV)(0123456789().,-volV).

Sun, H., Hu, L., Shou, W., Wang, J. (2021): Self-Organized Crowd Dynamics: Research on
Earthquake Emergency Response Patterns of Drill-Trained Individuals Based on GIS
and Multi-Agent Systems Methodology. Sensors (Basel), Vol. 21, No. 4, pp. 1-23.
https://doi.org/10.3390/s21041353.

TAZ (2025): Strassen und Wege. <https://www.stadt-zuerich.ch/misc/de/standards-stadtrae-
ume/raumtypen/strassen_wege.html> (State: 2025; Access 15.04.2025).

Templeton, A., Xie, H., Gwynne, S., Hunt, A., Thompson, P., Koster, G. (2023): Agent-based

&3



models of social behaviour and communication in evacuations: A systematic review.

UK Research and Innovation. https://doi.org/10.48550/arXiv.2310.15761.

Tsionas, 1., Baltzopoulou, A., Tsioukas, V., Karabinis, A. (2016): Evacuation vulnerability after

an urban earthquake: mapping it using a GIS. Applied GIS, Vol. 12, No. 1, pp. 1-16.

Van Wezemael, J., Nyfeler, M. (2018): Vision Campus Irchel 2050.
<https://www.news.uzh.ch/de/articles/2018/vision-campus-irchel.htmI> (State:

14.05.2018; Access: 04.12.2025).

Whitehead, J.C., Edwards, B., Van Willigen, M., Maiolo, J.R., Wilson, K., Smith., K.T. (2001):
Heading for Higher Ground: Factors Affecting Real and Hypothetical Hurricane Evac-

uation Behaviour. Environmental Hazards, Vol. 2, No. 4, pp. 133-142. https://doi.org/-
10.1016/S1464-2867(01)00013-4.

WHO (2025): Earthquakes. <https://www.who.int/health-topics/earthquakes#tab=tab 1>
(State: 2025; Access: 09.07.2025).

Wood, E., Klausz, N., Macneil, S. (2021): Examining the Influence of Multiple-Choice Test
Formats on Student Performance. Innovative Higher Education. https://doi.org/-

10.1007/s10755-021-09581-7.

Xie, X.F., Xu, L.C. (1995): Overview and Theoretical Framework of Risk Perception Research.
Advanced Psychological Science, Vol. 2, pp. 17-22.

Xiongfei, Z., Qixin, S., Rachel, H., Bin, R. (2010): Network Emergency Evacuation Modelling:
A Literature Review. In: International Conference on Optoelectronics and Image Pro-
cessing. Presented at the 2010 International Conference on Optoelectronics and Image

Processing, pp. 30—34. https://doi.org/10.1109/ICOIP.2010.185.

Yang, H., Morgul, E., Ozbay, K., Xie, K. (2016): Modelling Evacuation Behaviour under Hur-
ricane Conditions. Transportation Research Record: Journal of Transportation Research

Board, Vol. 2599, No. 1, pp. 63-69. https://doi.org/10.3141/2599-08.

Ye, M., Wang, J., Huang, J., Xu, S., Chen, Z. (2012): Methodology and its application for
community-scale evacuation planning against earthquake disaster. Nat Hazards, Vol.

61, No. 3, pp. 881-892. https://doi.org/10.1007/s11069-011-9803-y.

Yun, N.Y., Hamada, M. (2015): Evacuation Behaviour and Fatality Rate during the 2011
Tohoku-Oki Earthquake and Tsunami. Earthquake Spectra, Vol. 31, No. 3, pp. 1237-

&4



1265. https://doi.org/10.1193/082013EQS234M.

Zhang, Y., He, L. (2022): Research on the Characteristics and Influencing Factors of Commu-
nity Residents’ Night Evacuation Behaviour Based on Structural Equation Model. Sus-

tainability, Vol. 14, No. 19, pp. 1-21. https://doi.org/10.3390/.

8 Data

Bergamo, P., Fih, D., Panzera, F., Cauzzi, C., Glueer, F., Perron, V., Wiemer, S. (2023): A site
amplification model for Switzerland based on site-condition indicators and incorporat-
ing local response as measured at seismic stations. Bulletin of Earthquake Engineering,

Vol. 21, pp. 5831-5865. https://doi.org/10.1007/s10518-023-01766-z.

City of Zurich (2021): Biotypenkartierung 1987. <https://www.geocat.ch/geonet-
work/srv/api/records/5b644a78-5f9c-4814-8790-a88162d0488b> (State: 09.02.2021;
Access: 18.06.2025).

GeoZ (2024): Spital. <https://www.stadt-zuerich.ch/geodaten/download/Spital> (State: 2024;
Access: 05.06.2025).

Open Data Zurich (2023): municipal boundaries (OGD dataset). <https://data.stadt-zue-
rich.ch/dataset/ktzh gemeindegrenzen ogd > (State: 2023; Access: 18.06.2025).

Swisstopo (2022): swissTLM3D. <https://www.swisstopo.admin.ch/de/landschaftsmodell-
swisstim3d#Weiterf%C3%BChrende-Informationen>  (State: 2022; Access:
09.06.2025).

Swisstopo (2024a): DHM?25. <https://www.swisstopo.admin.ch/de/hoehenmodell-dhm25>
(State: 2024; Access: 18.06.2025).

Swisstopo (2024b): swissSURFACE3D Raster. <https://www.swisstopo.ad-
min.ch/de/hoehenmodell-swisssurface3d-raster> (State: 2024; Access: 18.06.2025).

Swiss Federal Statistical Office (2022): Statistik der Unternehmensstruktur ab 2011.
<https://www.bfs.admin.ch/bfs/de/home/dienstleistungen/geostat/geodaten-bun-

desstatistik/arbeitsstaetten-beschaeftigung/statistik-unternehmensstruktur-statent-ab-

2011.htmlI> (State: 2022; Access: 09.06.2025).

Swiss Federal Statistical Office (2024): Bevolkerung und Haushalte ab 2010.
<https://www.bfs.admin.ch/bfs/de/home/dienstleistungen/geostat/geodaten-

85



bundesstatistik/gebaeude-wohnungen-haushalte-personen/bevoelkerung-haushalte-ab-

2010.htmlI> (State: 22.08.2024; Access: 09.06.2025).

Swiss Federal Statistical Office (2025): Gebdude- und Wohnungsregister der Stadt Ziirich
(GWZ) gemiss GWR-Datenmodell. <https://www.stadt-zuerich.ch/geodaten/down-
load/Gebaeude und Wohnungsregister der Stadt Zuerich GWZ_  ge-
maess GWR_Datenmodell?format=10005> (State: 18.03.2025; Access: 09.06.2025).

UGZ (2024): Ubersicht Strassenlirmemissionsabschnitte fiir Lirmgutachten (3D).
<https://www.stadt-zuerich.ch/geodaten/download/Uebersicht Strassenlaermemis-

sionsabschnitte fuer Laermgutachten> (State: 20.09.2024; Access: 18.06.2025).

86



Appendix

The appendix contains the entire survey, divided into three parts. It was conducted in both Ger-
man and English, with the English version being provided in the appendix. Please note the

following symbolism:

o () indicates that only one answer can be selected.
o [ ]indicates that multiple answers can be selected.

o indicates free-text answers.

Part 1

Thank you very much for participating in this survey! The survey takes approximately 10
minutes and is part of the master's thesis "Generation of Dynamic Earthquake Evacuation
Maps" at the Department of Geography at the University of Zurich. This master's thesis involves
the development of a prototype for an earthquake evacuation app. The app uses a routing func-
tion, similar to Google Maps, to show the fastest route to an evacuation site. The aim of this
survey is to evaluate the functionality and results of this prototype and to find out whether the
app can help people make better decisions in an evacuation situation. Your answers will be

evaluated anonymously and used only for scientific purposes.
The survey consists of three parts:

The first part consists of general question about you and introductory questions about earth-
quakes and smartphone behaviour. The second part focuses on three earthquake scenarios. The

last part consists of questions about the developed app.

1. What is your gender?
( ) Female

( ) Male

() Other

2. Please enter your date of birth.

(restriction to answer in date format)

3. Please enter the country you are living in.

( ) Switzerland
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( ) Germany
() Austria

() Other:

If “Switzerland” was chosen, question 3.1. appeared, otherwise it did not.
3.1. Please enter the ZIP code of your current place of residence

(restriction to only allow numbers as answer)

4. Which type of area best describes your current place of residence?
() City
( ) Agglomeration/Suburban area

( ) Rural

5. What is your highest level of education?
() Primary School

() Secondary School

() Vocational training/apprenticeship

( ) Matura

( ) Bachelor

( ) Master

( ) Doctor/PHD

( )Other:

6. On a scale from 1 to 5, how would you rate your local knowledge of the city of Zurich?
1 =Notatall |2 = Little | 3 = Fair | 4 = Good | 5 = Very good

()1
()2
()3
()4
()3

7. On a scale from 1 to 5, how would you rate your knowledge about earthquakes?

1 = Notatall |2 = Little | 3 = Fair |4 = Good | 5 = Very good
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()1
()2
()3
()4
()5

8. How would you react if you were at home and a strong earthquake suddenly occurred?

9. How would you react immediately after an earthquake if many houses around you had

collapsed?

10. Please indicate how much you agree with the following statements based on your

smartphone usage.

10.1. “I use my smartphone daily for a variety of apps.”
() Strongly disagree

( ) Disagree

( ) Neutral

() Agree

( ) Strongly agree

10.2. “I find it easy to install and set up new apps.”
( ) Strongly disagree

( ) Disagree

( ) Neutral

() Agree

( ) Strongly agree

10.3. “I allow apps to access my location or send push notifications when needed.”
( ) Strongly disagree

( ) Disagree

( ) Neutral
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() Agree

() Strongly agree

11. Which of the following warning apps do you use?

MeteoSwiss

Alertswiss

[]

[]

[ ] Wetter-Alarm
[ ]None

[]

Other:

Part 2

As part of this master's thesis, a prototype app was developed that calculates evacuation routes
in the city of Zurich. Similar to a navigation system (e.g. Google Maps), the app visualises the
fastest route from the current location to a safe place after an earthquake. In Switzerland, green
spaces and parks are considered evacuation sites. After a very strong earthquake, rapid evacu-
ation is crucial, as aftershocks and collapsing buildings can pose a serious threat for hours af-
terwards. In addition, evacuation sites not only offer protection, but also make it easier for
emergency services to find and assist those affected. The prototype can model evacuation routes
for scenarios involving strong earthquakes with magnitudes of 5.5, 5.75 and 6. The routes are
designed for evacuation on foot, as roads are often blocked by debris after such an earthquake
and cars or public transport can no longer be used. Evacuation on foot is therefore considered

the safest method.

The aim of the app is to guide affected people to a safe place as quickly and reliably as possible,

thereby reducing the impact of such disasters on the population.
Below are four map sections from different areas of Zurich.

e The red dot marks your current location.

e The three highlighted parks represent possible evacuation locations.

Imagine you are in a scenario where a strong earthquake with a magnitude of 6 has just shaken
the city and numerous buildings in your area have collapsed. It is 3 p.m. Now you must decide
which of the three safe parks you would walk to as an evacuation site. Please indicate the letter

of the park you have chosen and briefly explain your decision.
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Note: You do not need to be very familiar with Zurich to complete this task. Make your decision
based on the information shown on the map and your own judgment. Personal knowledge about
Zurich is not required, however, if you are familiar with the city or the areas shown, you are

welcome to include that knowledge.

Scenario 1: District 1

AUSSERSIHL g Central Station

Aussersihl

Bahnhofstrasse
ALTSTADT

A@ Niederdorf

Wiedikon / . : &

oA

12. Please select from the three displayed options the park you would walk to as an evacua-

tion site after a major earthquake.

()A
()B
()C

13. Please briefly explain why you chose this park.

14. On a scale from 1 to 5, how confident are you in your decision?

1 = Not confident at all | 2 = Slightly confident | 3 = Somewhat confident | 4 = Confident |
5 = Very confident

()1

()2

()3
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()4
()5

15. Would your decision change if it were 3:00 a.m. at night?
()Yes
( )No

( ) I am not sure.

If “Yes” was chosen, question 15.1. appeared, otherwise it did not.

15.1. Please briefly explain how your decision would change.

Scenario 2: Industriequartier

@ Kéaferberg
A

Bucheggplatz

Wipkingen

WIPKINGEN

B & &
N UNTERSTRASS
> . Hardbriicke p

INDUSTRIEQUARTIER

C

Central Station

AUSSERSIHL
A [ — 3

16. Please select from the three displayed options the park you would walk to as an evacua-

tion site after a major earthquake.

()A

()B
()C
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17. Please briefly explain why you chose this park.

18. On a scale from 1 to 5, how confident are you in your decision?

1 = Not confident at all | 2 = Slightly confident | 3 = Somewhat confident | 4 = Confident |
5 = Very confident

()1

()2

()3

()4

()5

19. Would your decision change if it were 3:00 a.m. at night?
()Yes
( )No

( ) I am not sure.

If “Yes” was chosen, question 19.1. appeared, otherwise it did not.

19.1. Please briefly explain how your decision would change.

Scenario 3: Oerlikon

. Train Station Oerlikon

OERLIKON 3

Oerlikon ™

Bucheggplatz

f University Zurich
£ Campus Irchel
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20. Please select from the three displayed options the park you would walk to as an evacua-
tion site after a major earthquake.
(DA

()B
()C

21. Please briefly explain why you chose this park.

22. On a scale from 1 to 5, how confident are you in your decision?

1 = Not confident at all | 2 = Slightly confident | 3 = Somewhat confident | 4 = Confident |
5 = Very confident

()1
()2
()3
()4
()5

23. Would your decision change if it were 3:00 a.m. at night?
() Yes
( )No

( ) I am not sure.

If “Yes” was chosen, question 23.1. appeared, otherwise it did not.

23.1. Please briefly explain how your decision would change.

Part 3

For the four map sections where you previously had to decide on an evacuation site, the app
developed as part of this master’s thesis calculated the fastest possible evacuation routes. Be-
low, you can see the identified routes together with the key factors that most influenced their

course.
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Scenario 1: District 1

The app identified Park B as the fastest accessible evacuation park and visualized the corre-
sponding route on the map.
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After a strong earthquake, bridges should be avoided if possible, as they are at high risk of
collapse. Therefore, Park A, which would only be accessible via a bridge, was not selected as
an evacuation site. Instead, Park B was selected, as the route there is faster than the one to Park
C. The reason for this is that fewer buildings would have been destroyed along the route to park
B rather than the route to Park C, meaning that the roads are less obstructed. The probability of

a building collapsing can be estimated based on its type of construction and year of construction.
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Scenario 2: Industriequartier

The app identified Park C as the fastest accessible evacuation park and visualized the corre-

sponding route on the map.
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Park B was not selected as this region experiences strong soil amplification of seismic waves.
This means that the earthquake is amplified due to soil properties such as soil material or ma-
terial hardness. This causes several buildings to collapse and block the roads. Park A was ex-
cluded as well, as the route would pass over a bridge and the distance is too great. The app

therefore selects Park C as the fastest evacuation location.
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Scenario 3: Oerlikon

The app identified Park C as the fastest accessible evacuation park and visualized the corre-

sponding route on the map.
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Parks A and B are not selected as they are located in an area with a very high population density.
The University of Zurich is in the immediate vicinity, which means that both the parks and the
surrounding streets will be very crowded with students and staff. The app therefore decides on

Park C.

The core principle of the evacuation app is not to calculate the shortest route, but the fastest
one. Various factors are taken into account, such as the expected damage to buildings (calcu-
lated based on the age, construction type and volume of the building), population and traffic
density, soil amplification of seismic waves (local amplification or attenuation of an earth-
quake), and the type of roads (e.g., bridges or tunnels). The app therefore seeks the quickest
path to the nearest evacuation site by avoiding streets that are likely to be overcrowded or
blocked by debris. These calculations are based on the personal location, the strength of the

earthquake, the time of day, and several datasets from the city of Zurich.

A key factor is the difference between day and night: during the day, many people are at work-
places, schools, or universities, making certain areas densely populated. At night, however,
most people are at home in residential areas. These variations in population density can result

in different evacuation routes, as highly congested paths are avoided whenever possible.
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With this knowledge about how the app determines evacuation routes, please answer the fol-

lowing questions regarding your assessment of the app and its functionality.

24. How important do you consider the following factors for the calculation of a safe evacu-
ation route?

24.1. Collapse risk of buildings (e.g. collapsed buildings blocking roads)
( ) Not important at all

() Slightly important

( ) Moderately important

( ) Important

( ) Very important

24.2. Population density (e.g. densely populated regions can lead to overcrowded evacuation

routes)

( ) Not important at all
() Slightly important

( ) Moderately important
( ) Important

( ) Very important

24.3. Traffic density (e.g. stationary cars as obstacles during an evacuation)
( ) Not important at all

() Slightly important

( ) Moderately important

( ) Important

( ) Very important

24.4. Soil amplification of seismic waves (local amplification or attenuation of an earth-

quake based on soil properties)

( ) Not important at all
() Slightly important
( ) Moderately important

( ) Important
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( ) Very important

24.5. Type of road (e.g. tunnels, bridges)
( ) Not important at all

() Slightly important

( ) Moderately important

( ) Important

( ) Very important

24.6. Time of day (e.g., differences between day and night)
( ) Not important at all

( ) Slightly important

( ) Moderately important

( ) Important

( ) Very important

25. When deciding on an evacuation site on the previous page, did you consider these factors?

25.1. Collapse risk of buildings (e.g. collapsed buildings blocking roads)
() Yes

( ) Partially

()No

25.2. Population density (e.g. densely populated regions can lead to overcrowded evacuation

routes)

() Yes
( ) Partially
( )No

25.3. Traffic density (e.g. stationary cars as obstacles during an evacuation)
() Yes

( ) Partially

( )No
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25.4. Soil amplification of seismic waves (local amplification or attenuation of an earth-

quake based on soil properties)

() Yes
( ) Partially
( )No

25.5. Type of road (e.g. tunnels, bridges)
() Yes

( ) Partially

()No

26. On a scale of 1 to 5, how helpful would this app be to you personally in a real evacuation

situation?

1 = Not helpful at all | 2 = Slightly helpful | 3 = Moderately helpful | 4 = Helpful |
5 = Very helpful

()1

()2

()3

()4

()5

27. On a scale from 1 to 5, how much do you trust the routes calculated by the app?
1 = Not at all | 2 = Slightly | 3 = Moderately | 4 = Strongly | 5 = Completely

()1
()2
()3
()4
()5

28. On a scale of 1 to 5, how safe do you feel when you imagine using the app in an emergency
situation?

1 = Notatall | 2 = Slightly | 3 = Moderately | 4 = Strongly | 5 = Completely

()1

()2
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()3
()4
()5

29. In an emergency, would you be more likely to follow the app or your own intuition?

( ) I would follow the app
( ) I would follow my own intuition

( ) Both equally

30. Do you think that important factors are missing for the route calculation?

()Yes
()No

If “Yes” was chosen, question 30.1. appeared, otherwise it did not.

30.1. Which factors are missing?

31. Where do you see potential problems or weaknesses in the app?

32. Do you have any additional comments?

Please write down anything else that comes to your mind.
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