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This study addresses the limited use of simulation-based evacuation planning in rural tourism
destinations exposed to volcanic hazards and offers a novel contribution by integrating
evacuation route choice, departure time, and movement speed into an Agent-Based Modeling
(ABM) framework tailored to eruption scenarios. The study aims to develop an evacuation
simulation using ABM in NetLogo and to analyze how route selection, evacuation timing, and
evacuee speed shape evacuation outcomes in disaster-prone rural destinations. Using data from
the 2021 Mt. Semeru eruption in Indonesia, the research combined demographic, geospatial,
and disaster report data to build, verify, and validate a simulation model representing
population movement toward evacuation points under different waiting-time and speed
scenarios. The findings show that evacuation effectiveness is highly sensitive to delay and
mobility: immediate evacuation increases the proportion of residents reaching safety, whereas
longer waiting times, greater variation in departure time, and slower movement significantly
increase the number of people who fail to evacuate, especially vulnerable groups. Practically,
the study provides an evidence-based basis for disaster management through evacuation route
mapping, stronger early warning systems, improved community preparedness, vulnerability
mapping, and enhanced planning for officers, volunteers, and local governments to reduce
future casualties and strengthen destination resilience.

1. INTRODUCTION

eruptions, earthquakes, and other disasters [4, 5].
In Indonesia, disaster management policies are

Indonesia has a large rural tourism potential, luring visitors
to a variety of distinct cultural and natural environments [1].
However, Indonesia is extremely vulnerable to disasters,
particularly because it is located in the Ring of Fire, which is
prone to seismic and volcanic activity. While volcanic events
drive disaster, it is also now becoming a significant tourism
segment [2]. The SDGs, particularly Goal 13, emphasise the
importance of increasing resilience and adaptive capacities to
these risks, including in Indonesia. This entails developing a
strategy for rural tourism destinations to protect locals and
visitors while ensuring the region's long-term viability as an
appealing and safe destination. In this context, disaster risk
management must be integrated into tourism planning [3],
particularly given Indonesia's vulnerability to volcanic
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encompassed in the National Medium-Term Development
Plan, known as the RPJIMN, which aims to mitigate disaster
risk across the country. Disaster risk studies in Indonesia
predominantly concentrate on tsunami and earthquake events
[6], which typically result in loss of life [7]. Research on
preparedness, particularly concerning volcanic eruptions
affecting rural areas, remains limited. Residents' ability to
evacuate is a critical factor in disaster risk reduction,
particularly during volcanic crises affecting rural areas [8].
Evacuation is an essential aspect of disaster management,
entailing the relocation of individuals from a designated area
in response to potential threats [9, 10]. Evacuation planning is
crucial for minimising casualties and property damage [11, 12].
This phenomenon was observed in Aceh and Yogyakarta in
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2004 and 2006 [13, 14], as well as in 2018 on the island of
Lombok, severely impacting the tourism economy [15].

A research gap exists regarding the development of
evacuation preparedness methods in Indonesia, particularly in
rural areas susceptible to volcanic activity. Heightened
volcanic activity in certain regions necessitates implementing
evacuation training as a critical component of disaster
preparedness. Implementing disaster evacuation drills requires
significant time, effort, and cost, posing a considerable
challenge. Furthermore, emergency evacuation remains a
conventional  issue  addressed  through  traditional
methodologies [16]. Traditional methods are inadequate for
capturing individual decision-making behaviour and potential
interactions among refugees [17]. Emergency evacuation
represents a multifaceted issue that encompasses the decisions
of numerous individuals and is shaped by diverse factors, such
as psychology, demographics, and interpersonal relationships
[17-19].

Recent research has increasingly employed computer
models to simulate the evacuation process, addressing the
limitations of traditional methods [20]. Agent-Based
Modeling (ABM) is a proposed approach recognised for its
effectiveness in addressing complex system problems,
including emergency evacuation [21]. Bonabeau [22]
characterized ABM as a simulation method that represents a
system through a set of autonomous decision-making entities,
known as agents. These agents can dynamically respond to
issues according to a predefined set of behavioural or
functional rules [23].

Various methodologies for evacuation simulations have
been suggested [24]. ABM is a frequently employed
methodology. Numerous studies have utilised ABM in the
context of evacuation. Zou et al. [25] performed ABM of
individuals in trains and platforms at subway stations, yielding
insights into the potential causes of evacuation delays.
Furthermore, ABM is widely applied to natural disaster
evacuation scenarios, including floods [19], tsunamis [17, 20,
26], and fires [27]. Various studies have proposed procedures
for the evacuation process during volcanic eruptions. Sopha et
al. [28] conducted a simulation of disaster evacuation and
volunteer coordination during the 2010 eruption of Mount
Merapi. Cova and Johnson [29] conducted an evacuation
simulation for the 2010 Mount Merapi eruption. This study
presents a framework for developing volcanic evacuation
simulations by integrating ABM and GIS. AL Ghazo and
Kumar [30] conducted a study to simulate the actual
evacuation distance approach in the event of a Mount Merapi
eruption. A study by Wang et al. [21] was conducted to
simulate evacuation utilising multimodal transportation in
tsunami scenarios using ABM.

This article addresses a clear research problem: rural
tourism destinations in volcanic hazard zones remain highly
vulnerable during eruptions, yet evacuation planning remains
limited, costly, and often relies on conventional approaches
that cannot adequately capture human decision-making and
movement dynamics. As a result, destination managers and
policymakers lack practical, evidence-based tools to anticipate
how residents evacuate under different conditions of time,
speed, and route choice. The study, therefore, seeks to fill both
a practical and scientific gap by developing an agent-based
simulation that can model evacuation behaviour more
realistically and support more effective disaster risk
management in vulnerable rural destinations.

This study employs ABM to develop realistic disaster-
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evacuation scenarios to enhance community preparedness in
rural tourism destinations. The simulation utilising ABM is
designed to assist tourism managers in comprehending the
dynamics of evacuation, encompassing optimal routes, timing,
and speeds during natural disasters, such as future volcanic
eruptions.

2. LITERATURE REVIEW

2.1 Disaster risk management toward sustainable rural
destinations

Disaster risk management in rural tourism destinations is
critical to ensuring their resilience and sustainability. Rural
areas, which have geographic characteristics that make them
prone to disasters such as earthquakes, floods, volcanic
eruptions, and landslides, require integrated mitigation
measures to reduce the risk of loss for local populations and
tourists. People's emergency evacuation is an important aspect
of catastrophe risk management in tourism destinations [29].
Evacuation is the act of removing individuals from a specific
location owing to the fear of impending danger [9, 10]. During
an eruption, the population's ability to leave plays a significant
role in minimising danger in rural areas [8]. This involves
transporting individuals to safer regions and then returning
them securely. Planned and communicated evacuations are
extremely beneficial in reducing casualties, such as those that
occurred during the 2018 evacuation that shut down national
tourism destinations on the island of Lombok [15].

Furthermore, catastrophe risk management in destinations
necessitates collaboration among multiple stakeholders [3],
including governments, non-governmental organisations, and
the commercial sector. The government can provide policy
support through disaster management guidance and training
for tourism actors, as well as supporting infrastructure such as
evacuation routes and early warning systems. Furthermore,
engaging the private sector to finance mitigation and post-
disaster recovery efforts might help villages respond to
hazards more swiftly and efficiently. The use of data-driven
technology, such as mapping disaster-prone areas and
conducting risk analyses, helps destination managers detect
potential hazards more accurately, allowing them to design
appropriate  mitigation  plans. Comprehensive  risk
management in rural tourism destinations will eventually
boost tourist appeal and security [31], as well as destination
competitiveness in the long run.

2.2 Evacuating disaster in rural destinations

Effective evacuation planning in specific locations is
critical [32] and has resulted in significant lives saved [33].
Lim et al. [18] stated that evacuation choices can be taken by
both the government and individuals/households. The
authorities' decision is more complex because it considers
hazard detection, risk identification, evacuation shelters,
transportation modes, routes, and evacuation centres. In rural
areas, the decisions of individuals, households, and company
managers are viewed as critical to comprehending the process.
Limited resources, such as human resources and transport
infrastructure, leave rural areas vulnerable to disasters [34, 35].
The cooperation of the government, tourism industry monitors,
and residents can help ensure a safe evacuation process.
Although humans cannot prevent disasters, they can carry out



prevention measures [36]. As a result, it is vital to develop a
simulation technique that models human behaviour in
evacuation operations [37] in rural areas, as it provides
accurate  forecasts and improves problem-solving.
Policymakers can anticipate evacuation travel requests,
vehicle allocation, and traffic patterns to ensure that selected
shelters are reached as soon as feasible [18].

However, various issues frequently arise during the
evacuation of individuals in remote areas. First, catastrophic
eruptions are unpredictable [24]. Several catastrophic disasters,
including tsunamis, earthquakes, and mountain eruptions in
prospective tourism locations, have resulted in significant
material and human life losses. The 2021 Mt. Semeru eruption
claimed lives due to its abrupt onset, leaving the town
unprepared for evacuation. Second, the residents' diverse
evacuation behaviours hinder the evacuation procedure. Some
residents are hesitant to evacuate due to a low perception of
threat and a strong belief in cultural leaders who refuse to
evacuate [28]. Third, limitations in transit capacity, mileage,
evacuation post capacity, and road capacity must be
considered. This type of impediment is typical of education in
rural tourism sites with inadequate resources. When the
number of evacuees exceeds the road's capacity, congestion
occurs, slowing their ability to reach shelters [28]. To decrease
complications during the emergency evacuation procedure, it
is critical to understand when and how to leave [28].

Residents in impacted rural areas, particularly in the red
zone, have a limited time to escape. As a result, the simulation
relies heavily on the evacuation's starting time. In addition to
the start time of the evacuation, when it occurs, transportation
planning for evacuation has a significant impact on the success
of efforts to reduce the risk of casualties. Inadequate
transportation in rural areas forces some people to walk,
leaving them exposed to delays [24]. Disaster response will be
slow in communities with children and the elderly due to a lack
of capacity and resources [21]. To facilitate mobility,
determining a good evacuation route is critical. Evacuation
routes in rural areas can be utilised to mobilise the population
swiftly and efficiently, ensuring they arrive at the evacuation
post on time.

This study is justified by a clear weakness in prior research.
Although disaster studies in Indonesia have expanded, most
have focused on earthquakes and tsunamis, while evacuation
preparedness for volcanic eruptions in rural destinations
remains underexplored. Existing approaches also tend to rely
on conventional drills and static planning tools, which are
costly, time-intensive, and limited in their ability to represent
individual decision-making, behavioural wvariation, and
interaction during emergencies. This leaves an important gap
in both theory and practice, particularly for rural tourism
destinations that face high volcanic risk yet have limited
resources. Addressing this gap through an agent-based
simulation approach is therefore necessary to produce a more
realistic, flexible, and policy-relevant understanding of
evacuation dynamics.

3. METHODOLOGY
3.1 Study site
This study examines the December 2021 eruption of Mt.

Semeru, Indonesia, which resulted in a lava flood, explosive
material ejection, and ashfall in Lumajang Regency. Mt.
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Semeru, the tallest mountain on the island of Java, has the
highest peak, Mahameru, at 3,676 meters above sea level. Mt.
Semeru is located within the administrative boundaries of
Malang Regency and Lumajang Regency in East Java
Province. The eruption history of Mt. Semeru commenced on
November 8, 1818. Since 1967, Mt. Semeru has exhibited
continuous activity, primarily centred in the Jonggring Seloko
crater, located southeast of the Mahameru summit. The most
significant eruption of Mt. Semeru that generated hot clouds
occurred in 1963, 1968, 1977, and 2021 (East Java Regional
Disaster Management Agency (BPBD), 2022).

Technically, the simulation was developed in NetLogo 6.3
and supported by QGIS for processing geospatial data from
Pronojiwo and Candipuro Districts, including road networks,
population distribution, and 16 evacuation points. The model
represented one agent as 10 residents and tested evacuation
behaviour using waiting time (1), departure-time variation (o),
and speed scenarios from 0.5 to 1.5 m/s. The A* algorithm was
selected because it efficiently identifies the shortest path from
each agent’s location to the nearest shelter in a road network.
However, its limitations stem from simplified assumptions, as
it cannot fully capture traffic dynamics, topography, and
heterogeneous evacuation behaviour.

At 14:47 WIB (Western Indonesian Time) during the 2021
eruption of Mt. Semeru, the Volcano Observation Post (PPGA)
reported a tremor with a maximum amplitude of 20
millimetres, noting the absence of lava flow or hot cloud fall.
At 14:50 WIB, the community and miners active in the
watershed were advised to evacuate and refrain from
conducting activities in the river. At 15:10 WIB, PPGA
reported a clear observation of volcanic ash from the hot cloud
fall, accompanied by a noticeable sulfur odor. At 15:30 WIB,
the Lumajang BPBD evacuation team proceeded to the
sectoral areas of Candipuro and Pronojiwo to perform
monitoring and evacuation activities (Regional Disaster
Management Agency (BPBD) Lumajang, 2021).

A report from BPBD indicated that the death toll from the
2021 eruption reached 51 individuals, along with several
injured residents. BPBD reported that over 9,000 residents
have evacuated to various evacuation points in Lumajang
Regency. The eruption of Mt. Semeru has damaged residential
areas, infrastructure, social dynamics, and economic
conditions, disrupting public activities and services in the
vicinity of the mountain. The study selected Candipuro
District and Pronojiwo District as its focus areas. According to
Figure 1, the two sub-districts are the regions most impacted
by the eruption of Mt. Semeru.

Figure 1. Simulation areas



3.2 Data sources

ABM is a methodological approach that explicitly
represents individuals (e.g., humans, animals, and cells) and
their interactions with one another and their environment [38].
ABM is a simulation technique that represents a system as a
set of autonomous decision-making agents [22]. ABM
employs a bottom-up methodology to analyse how individual
behavioural interactions influence system behaviour through
computer-based simulations.

The report on the 2021 eruption of Mt. Semeru serves as the
foundation for constructing simulations tailored to the actual
circumstances. It commences with damage assessments, the
incident's timing, the quantity of refugees, and other relevant
details. The report was sourced from documents by BNPB and
BPBD Lumajang Regency. Furthermore, demographic

statistics are sourced from the Central Statistics Agency (BPS).

Geospatial data and information are sourced from the
Geospatial Information Agency (BIG). The simulation will be
developed utilising NetLogo software version 6.3 and
Quantum GIS (QGIS). NetLogo is a software program initially
developed by Wilensky in 1999, renowned for its frequent
application in ABM and its user-friendly interface. QGIS is an
open-source GIS program compatible with multiple operating
systems. QGIS facilitates the straightforward visualisation of
GIS data.

3.2.1 Creating simulation areas

The environment is the agent's location. This simulation
utilizes GIS data from the Pronojiwo and Candipuro Districts
in Lumajang Regency. The elements constituting the
environment include the transportation network, population
distribution, and the placement of evacuation sites. Figure 2
depicts the environment designated for the simulation. The
road network is designated as black, serving as an evacuation
route for refugees. It is presumed that all refugee agents adhere
to the established road network and proceed to the nearest
evacuation point. The evacuation point is represented by a
yellow circle. The research study identifies 16 evacuation
points, presuming that each evacuation centre has limitless

capacity.

Figure 2. Simulation process

3.2.2 Agent decision
In practical scenarios, individuals react to threats in varying
ways, influenced by their knowledge, educational background,
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physical condition, and prior disaster experience. In this
investigation, it was presumed that all agents experienced
harm uniformly. The simulation exclusively examines the
repercussions of the eruption, omitting the effects resulting
from debris flows and traffic incidents during an emergency.
They select the location, route, mode of transportation, and
evacuation speed irrespective of their familiarity with the area.

3.2.3 Short route

The road network model indicates that, to assess the impact
of agents during the evacuation process, local resident agents
are assumed to know the direction and shortest route to the
nearest evacuation site from their initial locations at the start
of the simulation. The closest evacuation site for each agent
and the most efficient route were identified utilising the A*
algorithm [17]. The A* algorithm is a search method
employed to determine the shortest path between a starting
point and a destination. This assertion is similarly relevant in
the context of a study concerning tsunami evacuation in Aceh,
Indonesia. Furthermore, each agent departed from his
residence and proceeded to the adjacent lane. Upon reaching
the nearest road, the agent evacuates.

3.2.4 Evacuation waiting time

The timing of residents' evacuation initiation is a critical
factor in the disaster evacuation process. The duration of
evacuation significantly influences traffic congestion during
such events. The decision-making process regarding
evacuation is complex and significantly influenced by
psychological preparedness [9]. An accurate description of
emergency response time is essential for the realistic
simulation of an evacuation event. Furthermore, early
evacuation is anticipated to mitigate human damage. To
account for the complexity and variability of human behaviour
and preferences regarding departure times during evacuations,
departure time distributions can be used to capture all potential
behaviours within the population. This approach requires
specifying suitable distributional parameters. Wang et al. [17]
utilised the Rayleigh distribution to model departure times in
evacuation scenarios. The Rayleigh distribution, introduced by
Rayleigh in 1880, is a specific instance of the Weibull
distribution. These distributions are essential for modelling
and analysing lifetime data, including project effort loading,
survival and reliability analysis, communication theory,
physical sciences, technology, diagnostic imaging, applied
statistics, and clinical research. The Rayleigh distribution
employed has scale parameters ¢ defined as follows:

F)={0,0<t>tl-e—(t—-1)2/(202),t>1

where:

t: the time after the evacuation order is given.

7: the minimum preparation time for evacuation. T (waiting
time) is the time it takes for residents to start evacuating.

o: standard deviation of departure times, reflecting the
variability in evacuation start times.

3.2.5 Evacuation speed

Evacuation speed is influenced by the population's age
demographics. During an eruption, residents proceed to the
evacuation post. Researchers posited that the eruption caused
no damage or incidents. The evacuation speed exhibits a
normal distribution with variations, and this speed is
determined accordingly. For the pedestrian agent, we



established multiple speed scenarios, specifically for average
speeds of 0.5 m/s, 1 m/s, and 1.5 m/s, with variations of 0.1
m/s, 0.2 m/s, and 0.4 m/s. Agents maintain a constant running
speed, unaffected by terrain or other agents' speed.

3.2.6 Population

The population of Pronojiwo and Candipuro Districts serves
as the initial location of agents in a model derived from BPS
data pertaining to Lumajang Regency. To account for the
computing load, one agent corresponds to 10 residents,
resulting in a total of 10,899 agents. The demographic
distribution is as follows: 7.49% aged 5-9 years, 7.89% aged
10-14 years, 52.02% aged 15-49 years, 18.12% aged 50-64
years, and 8.24% aged 65 years and older (Central Bureau of
Statistics (BPS), 2022).

4. RESULTS AND DISCUSSION
4.1 Model implementation of NetLogo

This simulation aims to provide an overview of the
evacuation process during the 2021 Mt. Semeru eruption. The
simulation provides an overview of the evacuation process,
focusing on the evacuation route, evacuation time, and
walking speed. This model provides several insights. This
model primarily outputs the distribution of evacuation times
and the percentage of the population that has evacuated,
contingent on the availability of hazard information. This
simulation serves as a tool for evaluation and prediction in
disaster risk management. Policymakers can implement
various measures to enhance preparedness before disasters
occur. Figure 3 illustrates the results of the implementation.
The interface section presents the simulated environment in
which the agent operates. Additionally, users can input several
parameters, including the percentage of agents to be utilised,
the speed of the refugees, T (minimum preparation time for
evacuation), and o (distribution of departure time). A graph
illustrates the percentage of the population that has been
evacuated, as shown in the simulation results. In this
simulation, each second corresponds to one second in reality.

Figure 3. Societal moves within evacuation

The agent remaining brown indicates that evacuation has
not occurred. In Figure 2(b), the agent's evacuation is indicated

by a change in colour to orange. Figure 2(c) illustrates the
presence of a traffic jam or a congregation of agents engaged
in evacuation. The four-dimensional image indicates that most
agents have conducted simulations. All agents depicted in
Figure 2(e) have successfully completed the evacuation, as
indicated by the lack of any agent in the process of evacuating.

4.1.1 Evacuation route

An evacuation route is a designated path utilised for the
swift and direct relocation of individuals away from potential
threats or hazardous events. In this simulation, local
evacuation agents are assumed to know the shortest direction
and path to the nearest evacuation point from their initial
locations at the start. The evacuation route is determined solely
by the shortest path identified during the simulation,
disregarding the area's topographic conditions and the
population's state. Figure 4 illustrates the evacuation routes
selected by the residents. This simulation process illustrates
population movement. Certain lanes experience congestion
because residents choose the same shortest route. Evacuation
routes were developed to provide an overview and alternatives
for establishing them.

One strategy to enhance community preparedness involves
Town Watching activities. Town watching is an activity
established in Japan in the 1970s, serving as a participatory
tool for community development, with the objective of
creating a community that is responsive to natural disasters
[39]. This activity involves observing the environment, taking
notes, and documenting findings with a camera. This activity
is driven by residents or communities that possess a
comprehensive understanding of their environment and
engage all strata of local society. Monitoring activities have
been effectively implemented in several disaster-prone regions
of Indonesia, including the Mount Kelud area, Aceh [40], and
the Mt. Semeru area [39]. Connecting the simulation with
actual preparedness in the field allows policymakers to gain a
clearer understanding of the community's evacuation process.
The government can implement policies to prepare for
eruption-related disaster mitigation.

This study demonstrates the applicability of ABM in the
disaster evacuation process. The previously generated
simulation offers an overview of the evacuation process. This
is valuable for assessing disaster risk management. Policy
interventions typically target the behaviour of individuals,
businesses, or households, rather than addressing systemic
issues; ABM facilitates a comprehensive representation of
these mechanisms [41, 42]. ABM effectively captures real-
world Dbehaviour, rendering it appropriate for policy
applications.

An alternative evacuation route can be established to assess
the shortest path and population movement during an eruption,
serving as a policy foundation based on simulations utilising
ABM (Figure 5). The designated evacuation route is the dark
black lane. The routes are organised in an interwoven manner
among the evacuation posts, ensuring their integration. This
serves as a foundational element in establishing the logistics
route assigned to refugees. Furthermore, the map enables
policymakers and evacuation officers to delineate the primary
routes utilised during an eruption. Transportation engineering
and road repairs serve as a method of preparedness. While the
map below is not yet ideal, it demonstrates that ABM
simulation is feasible.
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Figure 5. Timing of delay scenario of evacuation
4.1.2 Evacuation waiting time critical factor. In this simulation, if all residents adopt the
As discussed, T (waiting time) is one of the parameters that adults' speed and a departure-time variance of 1.65 minutes,
affects the agent's decision-making time. No agent evacuates the required time is only 9 minutes. However, if the duration
when t <. Figure 6 shows the timeline of the eruption of Mt. before evacuation begins is extended, it will necessitate
Semeru and the scenario-based delay time in this study. Based community-wide emergency evacuations during the eruption.
on the eruption of Mt. Semeru, residents are expected to Figure 7 illustrates the percentage of refugees across six
evacuate at 14:47 WIB. Then the peak erupted 23 minutes later, simulated scenarios, maintaining constant scale parameters (¢
at 15:10 WIB. Seven scenarios were tested, starting with = 1.65) and utilising the adult speed for the entire population.
scenario 1 of T = 0 minutes, i.e., immediate evacuation. In The number of refugees decreases as the delay or preparation
scenario 2, the agent starts their evacuation process at T = 5. time increases. In scenarios 1-3, agents evacuate immediately,
Scenarios 3 through 6 assume a delay time t= 10, 15, 20, and resulting in a 100% evacuation rate. This percentage decreases
25. by approximately 1.39% in scenario 4. In scenario 5,
The simulation results indicate that evacuation time is a approximately 58.3% of residents chose not to evacuate. In the
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final scenario, the agent initiates the evacuation at the moment
the eruption takes place.
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Figure 7. Percentage of people who do not evacuate
themselves during the eruption

This aligns with the study by Liu et al. [34], which simulated
a tsunami scenario. The number of refugees decreased as the
delay or preparation time increased. In the scenario where the
agent executes an immediate evacuation, the total percentage
of evacuees is 95.9%. This figure decreases by approximately
14-15% when the agent initiates the evacuation at the point
the tsunami reaches its maximum wave height. Tan et al. [27]
indicated that early evacuation can reduce human losses. The
evacuation time, particularly for the red zone, is limited. The
fatalities, injuries, and additional losses during the 2021
eruption of Mt. Semeru resulted from the failure to implement
an immediate emergency evacuation. Residents evacuate
immediately upon an eruption, leaving minimal preparation
time. The interval between the onset of eruption indicators and
the actual eruptions is notably brief, particularly during sudden
eruptions. The Lumajang Regency BPBD confirmed that the
2021 eruption occurred unexpectedly, resulting in delayed
evacuations by the community.

4.1.3 Departure time (o)

Scale parameters or departure time variations (o) is one of
the main attributes of agent decision-making time. The larger
the o, the larger the tail of the next departure time distribution.
It is difficult to assign a specific value to the scale parameter
to represent the actual state because, in real circumstances,
many factors can affect it, such as community activities, both
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day and night, and the community's educational background.
In this study, simulations were conducted to assess how
refugees' departure times varied with the percentage of the
population that evacuated. All residents were evacuated at the
speed of adults. Then the scale parameters were varied by 0, 1,
2,4, 8, and 16.

If the evacuation time refers to the actual situation, namely,
from the appearance of hot cloud avalanches until an eruption
occurs, the percentage of residents who have not evacuated to
the evacuation post will be obtained. Residents evacuate
immediately upon a hot cloud fall (t = 0). The population that
did not evacuate occurred at ¢ = 8, accounting for 20.63%.
Even when o = 16, the percentage increases to 40.54%. If
residents do not evacuate or evacuate late, it will cause injuries,
economic losses, and even casualties.

This indicates that all residents must evacuate immediately,
without delay. This variation may arise from individual
differences in experience and in the perceived limits of danger
and threat. Certain residents are reluctant to evacuate despite
their neighbours having already evacuated. The eruption of Mt.
Semeru in 2021 exemplifies this phenomenon. During signs of
an eruption and subsequent evacuations, numerous residents
remain unevacuated or fail to evacuate. Some residents
continue to record the eruption and engage in sand mining
activities during the event. This may indeed result in additional
casualties. Research by Lee et al. [26] indicates a significant
increase in the number of victims, corresponding to the rise in
the distribution of departure times. Failure of residents to
evacuate or delays in evacuation may result in injuries,
economic losses, and potential fatalities.

4.1.4 Speed of people

Based on the previous explanation, in emergency situations,
some people walk, making them vulnerable to danger and
delays. In this simulation, we tested various speed scenarios
and speed variations. Agents are given a constant running
speed, and there is no effect of topography or influence of the
speed of other agents. For the speed distribution using a
normal distribution, the speed is set at 0.5 m/s, 1 m/s, and 1.5
m/s. As for the variation, it is 0.1 m/s, 0.2 m/s, and 0.4 m/s.
The simulation was carried out on constant scale parameters
(o = 10) and waiting time (t = 1 minute).

Based on Table 1, the longest scenario is when the variation
is 0.4 m/s with a speed of 0.5 m/s. As many as 12.23% of the
population have not evacuated within the specified time frame.
Then, this was followed by a variation scenario of 0.2 m/s with
a speed of 0.5 m/s, as many as 1.2% of the population have not
evacuated within the simulation time range. Residents who
have not evacuated were also found when the scenario varied
to 0.4 m/s, with a speed of 1 m/s, at 0.56%. Residents with an
average running speed of 0.5 m/s — 1 m/s have the potential to
have delays in evacuation.

This highlights the need to consider the population's
walking speed. During an emergency, many residents evacuate
on foot. Walking poses challenges for vulnerable communities
because of their compromised physical conditions, which
result in delays and increased risk of injuries. The vulnerable
groups identified are the elderly, children, individuals with
disabilities, and pregnant women. Research indicates that the
walking speed for children aged 5 to 9 years is 0.603 m/s [26].
The velocity for the elderly population, defined as individuals
aged 65 years and above, is 0.783 m/s. According to the
simulation results, both children and the elderly may
experience delays when speeds remain below 1 m/s. The study



area population is categorised by age groups: 7.49% are aged
5-9 years, and 8.24% are aged 65 years and older (BPS, 2022).
This indicates that approximately 15.73% of the population is
at risk of tardiness. Additionally, residents with disabilities
and pregnant women are required to utilise vehicles for
evacuation.

Wang et al. [17] demonstrated that the mortality rate was
reduced by approximately 50% due to the enhanced utilisation

of wvehicles in tsunami evacuation scenarios. Moreover,
walking speed significantly influences mortality rates. The
mortality rate approaches 0% at walking speeds exceeding 2.5
m/s (indicative of running), but rises sharply to over 25% as
speed decreases to 1 m/s (characteristic of slow walking). This
underscores the necessity of addressing mobility issues in
effective tsunami evacuation planning.

Table 1. Simulation results of evacuation speed

Evacuation Time Based on Percentage of Evacuated Population (minutes)

Percentage of

Speed .
Variation Sp e/ed When 50% of the population is When 90% of the population is When 99% of the population is Re;ldegts Wh(; \l’:fere
(m/s) (m/s) evacuated evacuated evacuated OE uccessiufly
vacuated
1) 2 3) C)) (5) (6)
0.5 13.35 15.90 18.32 -
0.1 1 13.37 15.92 18.37 -
1.5 13.35 15.87 18.28 -
0.5 13.33 16.02 - 1.2
0.2 1 13.35 15.93 18.22 -
1.5 13.35 15.92 18.37 -
0.5 13.62 - - 12.23
0.4 1 13.35 15.95 19.02 0.56
1.5 13.32 15.88 18.35 -
5. CONCLUSION REFERENCES

This paper describes an evacuation study of the eruption of
Mt. Semeru using an ABM approach. The project aims to
determine how to develop a Semeru evacuation strategy using
ABM, as well as the evacuation path, time variation, and speed
under various conditions. This study concludes on various
aspects based on the outcomes of the ABM simulation. First,
the NetLogo application was used to successfully create an
ABM simulation approach for the evacuation process
following Mt. Semeru's eruption. Simulations are based on
genuine circumstances. Second, the simulation results reveal
the quickest path taken by refugees to the evacuation point,
which may be utilised to create an evacuation route map. Third,
the evacuation time and pace are dependent on the evacuation
process. The evacuation time was nine minutes. The longer the
waiting period and the bigger the variation, the later the
emergency evacuation will occur. Fourth, speed and speed
changes are important, with slower populations resulting in
longer evacuations. In this regard, strategies that can be
implemented include creating evacuation routes based on the
quickest route, utilising proper EWS, enhancing community
readiness, increasing officer capacity, and mapping area
vulnerabilities.

It is recommended that time and speed be critical
considerations in the evacuation process. An early warning
system and community-based hazard management are
required to allow early evacuation and self-evacuation
behaviour, resulting in an effective and efficient evacuation
process. The government is supposed to be able to spot
emerging threats early, allowing citizens to escape. Some
limitations to this study should be considered. This simulation
does not account for the capacity of roadways and evacuation
points. Furthermore, in practical scenarios, people respond to
threats differently depending on their knowledge, educational
level, physical condition, and disaster experience. As a result,
these variables can be included in future research simulations.
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