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Abstract: On 22 December 2018, the volcanic eruption of Anak Krakatoa in the Sunda Strait, Indonesia,
triggered a tsunami causing 437 deaths. The highest death toll and the second highest number of
damaged houses were recorded in Panimbang. This study proposes optimum evacuation shelters to
reduce the mortality rate. A digital elevation model (DEM) and information dataset are used. The
suggested horizontal evacuation shelters (HESs) are places of worship, schools, and government
offices. Multimodal agent-based modelling (ABM), to analyse the sensitivity of parameters and the
effect of vertical evacuation shelters (VESs) under multiple scenarios, is presented for the volcanic
tsunami in December 2018. A tsunami hazard map is created by combining relative weights and
parameter scores for topography, slope, and the distance from the shoreline and rivers. In the ABM
results, the transportation mode choice depicts a significant decrease in the number of casualties. The
mortality rate is sensitive to the milling time caused by delay time T and agent decision-making time
0. VESs are proposed at the hot spots based on the location of deaths in the sensitivity tests and the
high and very-high risk zones in the hazard map. As a result, combinations of VESs and HESs show
a decrement in the number of deaths by 1.2-2 times compared to those with HESs only. The proposed
VESs in the study area have a significant positive impact on decreasing the mortality rate.

Keywords: vertical shelters; evacuation; agent-based model; landslide; Anak Krakatoa; volcano eruption

1. Introduction

Indonesia is an archipelagic country that has a high potential for natural hazards due
to its location in the “ring of fire” among three large tectonic plates, the India-Australia,
Pacific, and Eurasian plate. Indonesia often experiences volcanic eruptions and earthquakes
with a high potential for tsunamis. Based on statistical data on historical tsunami events in
Indonesia (Table S1 in Supplementary material), the high incidence, the number of deaths,
and losses due to tsunamis in Indonesia need special attention in the future so that those
figures can be reduced depending on the level of preparedness.

Tsunami preparedness is very important in the effort to prevent future disasters. In tsunami
preparedness, many aspects must be considered. In Indonesia, many efforts have been em-
ployed with regard to tsunami preparedness, yet further improvement is needed [1-5]. One
of the main problems with tsunami preparedness in Indonesia is related to the lack of
socioeconomic resources such as occupations, types of housing, level of education, oppor-
tunity for tsunami evacuation drills, exposure to disaster-related information, and so on,
for local villagers. Most settlements are generally located near the coastline without proper
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spatial planning. Moreover, houses in coastal areas are generally constructed of wood, with
concrete bricks being used only for the walls, and poorly constructed concrete buildings. In
other words, those houses and buildings are vulnerable to tsunamis. Furthermore, tsunami
drills are needed for the local population, especially for those who live in high tsunami-risk
coastal zones.

Tsunami drills are important for increasing the awareness of people and increasing
their knowledge of the evacuation process. Tsunami awareness is also critical for carrying
out a successful evacuation timely so that the number of deaths can be decreased. The
problem with tsunami drills is that some areas in high-risk zones have never taken part
in tsunami drills; additionally, not all of the population has participated in a tsunami
drill. Adiyoso and Kanege (2012) [6] reported a case study in which a curriculum based
on disaster issues for school children could be adopted to reduce disaster risk. Such a
curriculum is important because teachers and students play an important role in raising
public awareness, spreading correct knowledge about disasters, and promoting behavioural
preparedness for disasters in the wider community. In addition, an engineering tool such
as an integrated simulation system for storm surge, inundation, and evacuation can be very
useful to support disaster education and outreach [7].

Early warning systems and evacuation routes and shelters play a major role in a
preventive action against tsunami disasters in Indonesia. The Indonesian government
has provided a tsunami warning system that consists of public broadcasting, tsunami
hazard maps, and tsunami evacuation maps. The Indonesian government has also released
an information guidebook—Tsunami Early Warning for Broadcasting Institutions in In-
donesia [8]. This guidebook discusses guidelines for providing tsunami information to
the public via TV, radio, short message services (SMSs), websites, and social media. It
addresses detection and analysis instruments for early warning as well as the roles and
responsibilities of institutions in the tsunami early warning communication chain.

In the case of the Sunda Strait volcanic tsunami in December 2018, no appropriate
tsunami warning system was provided by the authorities [9]. The tsunami warning system
in Indonesia should be extended to anticipate nonseismic tsunamis, such as underwater
landslides and volcanic process-driven tsunamis. For nonseismic tsunamis, the government
has not released a tsunami evacuation map and route, and appropriate field survey-based
evacuation shelters have not been provided. The authorities released an evacuation map
only after the event in 2018. In the 2018 tsunami events, when the tsunami occurred and
people needed to evacuate to high-elevation areas or hills, public facilities such as mosques,
government offices, and schools could not be used as a temporary evacuation shelter (TES).

The official TES provided by the authorities in the Pandeglang District, Java Island,
Indonesia, is the only TES in the flat coastal area located in the Labuan subdistrict. Conse-
quently, in the case of a tsunami, there is nowhere for people in Panimbang to evacuate. As
noted above, early evacuation is one of the most critical and effective methods for saving
lives. Based on Ashar et al. (2014) [1], vertical evacuation is defined as the act of individuals
saving themselves by heading toward higher ground, either on a hill (natural shelter) or in a
multistory building. Since the Panimbang area is generally flat and does not have a distinct
higher ground, multistory buildings should be considered vertical evacuation shelters
(VESs). VESs are considered temporary, accommodating evacuees for approximately 2-3 h
before they move to a tsunami evacuation centres in a safe zone.

Since the 2004 Indian Ocean tsunami, numerous case studies on tsunami disaster
awareness and preparedness have been discussed and reported [10-15]. However, there are
few studies applying the agent-based models (ABMs) for evacuation process investigation,
evacuation planning, city planning, and risk management [10,11,15].

Based on the background above, this study aims to propose an optimized evacuation
plan with (i) evacuation shelters in the study area, (ii) the time required to reach the shelters,
and (iii) death toll and mortality rate estimation, based on the comprehensive simulation
results of an ABM under various scenarios. In addition, it also demonstrates the effects of
various factors in agent behaviour on death toll estimation.
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2. Materials
2.1. Study Area

On 22 December 2018, a tsunami caused by the volcanic eruption and the partial
collapse of the Anak Krakatoa volcano occurred in the Sunda Strait, Indonesia [16-18].
Figure 1 illustrates the location of Anak Krakatoa in the Sunda Strait. The Sunda Strait
connects the islands of Java and Sumatra (Banten Province, Java, to Lampung Province,
Sumatra) and connects the Java Sea to the Indian Ocean. Anak Krakatoa (Child of Krakatoa)
is a volcanic mountain located in the Sunda Strait. Anak Krakatoa emerged from below
the surface of the sea in 1927 [19] following a large eruption of Mount Krakatoa in 1883,
one of the largest volcanic eruptions in the world. The 1883 tsunami caused by the large
eruption of Anak Krakatoa resulted in 36,000 deaths, and it generated a pyroclastic flow
of more than 5 km3, with an average discharge rate of 107 m?/s [20]. Since 1927, Anak
Krakatoa has erupted frequently, with eruptions typically strombolian to vulcanian in style,
characterized by small explosive eruptions, with columns reaching 1 km in height, and
pyroclastic and lava flows [21]. Volcanic activity began to start again in June 2018 and
lasted until December 2018. The height of Anak Krakatoa has increased by 4-6 m/year due
to of eruptions.

Figure 1. Location of Anak Krakatoa in the Sunda Strait between Java and Sumatra Islands, Indonesia.

The official number of casualties reported was 437 deaths, 31,942 injuries, and 10 still
missing [22,23]. The total numbers of casualties in Banten Province and Lampung Province
were 317 and 120, respectively. The Panimbang subdistrict located in Pandeglang, Banten,
was chosen as the study area in this research. It has a total population of 51,692 in the
Panimbang subdistrict and the highest number of deaths (129 out of 295) in the Pandeglang
District due to the December 2018 Anak Krakatoa tsunami. This subdistrict also had the
third highest number of damaged houses in Pandeglang [24].

The only official TES in Pandeglang is in Labuan, and no TES is provided in Panimbang.
The TES in Labuan is an approximately 20 m tall vertical concrete structure with open space
on top for shelter, with no roof, and is located approximately 300 m from the shoreline
with easy access from the main road. In the 2018 tsunami event, people were evacuated
to their nearest hill or highland area. According to the local authorities, the Regional
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Disaster Management Authority (BPBD) of Pandeglang District, no evacuation route map
was released until after the 2018 tsunami event. They recommended the location of hills
or highland areas as an evacuation area and only provided signs for tsunami evacuation
locations. These actions were an insufficient standard for the evacuation process. Since the
Panimbang subdistrict is in a high tsunami-risk zone, more research is needed to provide
appropriate and optimum evacuation routes and shelters.

2.2. Datasets

There are five main components/datasets used for agent-based modelling: the popula-
tion distribution, road network, tsunami inundation data, locations of evacuation shelters,
and casualty model. Each component is described in detail below.

2.2.1. Population Distribution

The population dataset as a residential location shapefile from the government is
imported into the GIS spatial analysis tool. These residential locations are counted as
agents in the model. As described previously, the total population in the Panimbang
subdistrict is 51,692 [24] and is presented in Figure S1 in the Supplementary Material. The
total population and the Panimbang residential area are used as an agent’s initial location
in the model. The percentages of males and females in this subdistrict are 51.18% and
48.81%, respectively.

The Panimbang population data are divided into 16 age groups in 5-year increments
(0—4 to 75+). In this study, however, these data were divided into only 3 groups: 31.31%
children (age 0-14), 51.43% adults (age 15-49), and 17.26% elderly individuals (age 50-75+).
Sex was not considered in this study. In the simulation, the total number of agents that are
modelled is 5169 for considering computation load, with 1 agent representing 10 residents.
In a realistic situation, people respond to a hazard differently based on their knowledge,
educational background, physical condition, etc. However, it is assumed that all agents are
subjected to the hazard in the same fashion. In other words, they choose their destination,
route, transportation mode, and immediacy of evacuation regardless of their knowledge
and familiarity with the area.

2.2.2. Road Network

The main road network, also retrieved from the government statistics, is imported into
the model as a shapefile. It is assumed that all agents (pedestrians, cars, and motorcycles)
follow the network and go to their nearest shelter. The total percentage of motorcycles in
Indonesia is 81.8% and that of cars (cars, buses, and lorries) is 18.2% [25]. These vehicle
percentages in Indonesia are applied to represent the vehicle percentages in the Panimbang
subdistrict. Pedestrian shortcuts involving the use of small roads are not considered in the
model. In this simulation, the entire network is composed of one-way, one-lane streets with
a maximum speed limit of 40 km/h. This assumption is based on the maximum speed
limit in the study area and field observations.

Based on the assumptions, the road network is imported into the model as a link. At
the beginning of the simulation, all agents head to the nearest link (nearest road network)
where they calculate the value of decision-making probabilities to evacuate on foot, by car,
or by motorcycle.

2.2.3. Tsunami Inundation

The inundation data used in this study are based on the detided waveform records
of the Anak Krakatoa volcanic tsunami that occurred on 22 December 2018 [26]. The tide
gauge observations are available at six locations: Marina Jambu, Ciwandan, Panjang, Kota
Agung, Bengkunat, and Binuangeun (Figure S2). In this study, the records from the nearest
tide gauge at Marina Jambu to the study area are used. Figure S3 and Table S2 show the
detided waveforms of the Marina Jambu tide gauge. The tsunami wave height starts to
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increase 32 min after the time of the eruption. The first wave arrived at the coastline 34 min
after the eruption and reached its maximum height (1.35 m) 39 min after the eruption.

In the simulation, the speed and direction of the flow are neglected, and tsunami
inundation is considered as the flow depth. The bare-earth model is used as a base layer
in this model. The bare-earth model, also known as the digital elevation model (DEM),
is an unmodified or original dataset, which means that the data are supposedly free of
vegetation, buildings, and other nonground objects [27]. Even though this model uses
bare-earth elements, the underlying assumption is conservatively valid.

2.2.4. Shelter Location

Since no TES is provided in Panimbang, public buildings such as schools, government
offices, and worship facilities are proposed as shelters in this study. This shelter informa-
tion is also imported as a shapefile. All shelters are assumed to structurally withstand
earthquake and tsunami forces [28,29] without the maximum capacity.

In addition, vertical evacuation shelters (VESs) are proposed in this study. These
additional shelters are used as a simulation scenario. The effect of VESs is compared to the
result of a simulation in which only horizontal evacuation shelters (HESs) are used [30].

2.2.5. Casualty Model

In this study, the casualty model is simplified. Basically, if a wave with a height of H,
or more touches an agent, it will be considered a cause. This study makes this assumption
because calculating the mortality rate can be highly complicated due to the variations in a
person’s age, gender, physical state, and transportation mode [31]. This assumption might
not reflect the actual mortality rate, however, H. can still be used to reflect the vulnerability
of evacuees to the inundation force. In the simulation, H, is conservatively set to 0.5 m. At
this wave height, it is assumed that it is difficult for agents to evacuate or that they can no
longer move to the nearest shelter and are thus counted as deaths.

3. Methodology
3.1. NetLogo and Model Setups

The tsunami evacuation modelling uses an ABM approach coded in NetLogo. Net-
Logo involves high-level integrated modelling through an agent-based programming
language [32]. It is an open-source software/platform and offers flexibility in modelling
agent interactions and heterogeneous decision-making [32].

In ABM,, for creating evacuation modelling, most of the difficulties are caused by the
interaction between agents that capture the emergent behaviour of the whole system. That
is, integrating agent-agent interactions, agent-environment interactions, and interactions
between an agent and any physical, psychological, or social condition is complex [32].

In this study, the simulation focuses only on the consequences of tsunami hazards. It
does not include the consequences caused by debris flows and traffic accidents in emergen-
cies. According to [33], more than 90% of deaths in the 2011 Tohoku tsunami disaster were
attributed to inundation. It is assumed that all agents are autonomous and heterogeneous
and that their surrounding environment and interactions directly influence their choices.
To simplify agent behaviour, agents are assumed to decide to evacuate, and there is no
option for staying. In this case, agents can choose only one transportation mode (walking,
cars, or motorcycles). They cannot switch their transportation mode during the evacuation
process. A detailed explanation regarding the modelled behaviour is presented in the
next subsections.

Figure 2 illustrates the NetLogo interface used in this study. As shown in Figure 2, the
light blue colour represents the sea-level height, and it becomes darker when the water
level increases. The total number of agents modelled in this simulation is 5169. There
are five different agent types in this model, i.e., those who choose to evacuate by walking
(children, elderly people, and adults) and those who choose to evacuate by vehicle (cars and
motorcycles). A large circle in the interface represents the locations of shelters used in this
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study. The red colour represents deaths caused by the tsunami. In this model, we can set
up several parameters as inputs for tsunami evacuation, such as the shelter type, decision-
making probabilities, critical depth (water level limit for an agent to evacuate), walking
speed and sigma, vehicle speed, acceleration, deceleration, and milling time parameters
(delay time and variations in the departure time). The output produced in this simulation
is the percentage of deaths and evacuated people and the evacuation time.

witze | JGh inmedate_evacuston| Population. det_mode [Total_vehice (%) |
| modet wl | so

Eig"”hmml m""”‘"’-"‘”“l ﬂhmmml ﬁmvmw I 4577

SETUP BrsakLhAs=| Pixevulx-ls5| G0 Bl

Evacusted Casuaky Vertical Cap Total Popuiation J

37 343 5169

Residents' Decision Making Probabalisties : (Percent)

R1_HorEvac_Adult | R2_HotEvac_Elderly R3_HorEvac_Kid

(s | e e

Time (min)

Per Evacuated (%)
40 885

Mortalty (%)
072

4.32 {7.83
Il |

m as ‘ Percentage of Casualties

w0 veEs At | w7 veieae_Ewety | a_verEuae e

12.86 ‘l 4.32 7.83
| |

(| | Beaas

| c— .

Critical Depth: (Meters) | [Hg

lo.s ‘
|

Adult_Sigma

Onfoot: | it spasd

s Eldery_Speed

ii.l.k ‘

Elderty_Sigma
fo.sos  |l|fo.2
\ J

Kid_Speed | | Kid_sigma

‘J ‘ 0.2

Aduk_Speed (km/h)
3.99%

Kid_speed (km/h)
27792

by car
(mjs)

T N,
otaioyeis maxispeed)| | Motorcycle.max_speed (kmih) | |
. 3
Fer BT

(m/s"2)

(m~2fs) |8

Evacuation Decsion Making Times:

Raul | Rt | Rww2 | Rig2

Rtawd | Rsig3.

[165
|

B ‘ms 10 ‘ [

‘m.w

2 |

Rtaus | Rsigs

=

0 Minutes (after the earthquake) 6

Figure 2. ABM modelling interface using NetLogo used for the tsunami evacuation process in the
Panimbang subdistrict. Brown circles indicate the initial population (agents), schools in yellow,
worship facilities in green, government offices in blue, and VESs in purple.

3.2. Optimization Algorithm

Model optimization is related to the implementation of pathfinding algorithms corre-
lated to agent decisions. Several shortest path algorithms have been studied, such as the
A-star (A¥), Dijkstra, and greedy algorithms.

The Dijkstra algorithm tries to find the shortest path from the starting node to every
node [34]; hence, it can determine the shortest path to the goal. The implementation of
the Dijkstra algorithm considers only the real cost. This algorithm can assist in finding
the shortest path from the starting point to the goal if the edges do not have any negative
cost. However, it tends to take longer for calculations since it calculates every vertex until
it obtains the shortest path to the goal.

The greedy algorithm uses a heuristic for estimation to reach the goal, reducing the
search cost [35]. It performs some estimations of how far it is for any vertex to reach the
goal. The main advantage of this algorithm is that it runs more quickly than the Dijkstra
algorithm because the greedy algorithm uses a heuristic function to guide its path towards
the goal expediently. However, this algorithm cannot guarantee that it will find the shortest
path from the starting node to the goal. The problem with this algorithm is that it tries to
move towards the goal even if a path is not the right path since the algorithm considers
only the cost of arriving at the goal from the starting node and ignores the cost of the path.

The A* algorithm simply combines both the Dijkstra and greedy best-first-search
algorithms [36]. As a result, it can perform as fast as the greedy algorithm because it uses
a heuristic to guide itself and finds the shortest and optimum path, just as the Dijkstra
algorithm does. The main idea of this algorithm is that it combines the information that the
Dijkstra algorithm uses (calculates the vertices that are close to the starting point) and the
heuristic approach that the greedy algorithm uses (calculates the vertices that are close to
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the goal). In general, the terms used when discussing the A* algorithm are indicated by
Equation (1).
f(n) = g(n) + h(n) 1)

where g(n) represents the exact cost of the path from the initial location or starting node
to the goal and h(n) represents the heuristic estimated cost from vertex n to the goal [36].
In another case, when h(n) = 0, the A* algorithm is the same as the Dijkstra algorithm
because the heuristic estimated cost is not considered. In this study, the A* algorithm is
implemented. It is assumed that the agent has already calculated the shortest and optimum
path from the initial location (starting node) to the goal (closest shelter). Traffic congestion
is not considered.

3.3. Model Behaviour

Figure 3 illustrates examples of the model behaviour overview. In this model, the
simulation starting from t = 0 min and finishing at t = 60 min represents the initial collapse
due to the volcanic eruption and the end of the evacuation scenario. The time step was
one minute and the grid size was 83 m. It is assumed that there was no evacuation process
during the volcanic eruption. An agent’s initial location in Figure 3a represents the actual
resident’s location.

t =00 min

(a) | | t=10 min (b)| | t=32min (c)

t =39 min (d) [ |t=53 min (e) | | t=60 min ()

Figure 3. Model behaviour overview at different simulation times, t = 0 (a), 10 (b), 32 (c), 39 (d),
53 (e), and 60 (f) minutes, with the initial population (agents) indicated by brown circles, schools in
yellow, worship facilities in green, government offices in blue, and VESs in purple.

Figure 3b shows at t = 10 min that the evacuee has started his or her evacuation to his
or her nearest shelter. Agents can evacuate via different transportation modes, by foot, car,
or motorcycle. Agents change colour and shape depending on their transportation modes.
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At this stage, the initial colour of agents starts to change to orange, representing adults who
evacuate by foot, grey, representing elderly individuals who evacuate by foot, and pink,
indicating children who evacuate by foot. The sky colour represents cars and motorcycles
(the car shapes and bike shapes in the model). However, many agents are delayed and are
still at their initial location.

Figure 3c shows approximately at t = 32 min that the first tsunami wave arrived at the
coastline. Figure 3d shows the evacuation process at t = 39 min. At this stage, the tsunami
wave height reached the maximum (1.35 m). Fatalities or casualties occurred when the
inundation level exceeded H, (0.5 m), represented by red agents. Figure 3e shows that the
total deaths increased at t = 53 min, while the inundation level increased again to 0.95 m. In
Figure 3f, the simulation is completed at t = 60 min. At the end of the simulation, the total
number of evacuees and deaths are counted and used to consider optimum evacuation
shelters. The tsunami height waveform over time observed at the Marina Jambu tide gauge
is shown in Figures 52 and S3 in the Supplementary Material.

3.4. Agent Decisions
3.4.1. Transportation Mode Choice

The transportation mode choice involves five agent types under 11 mode choices.
Each mode is related to the combination of vehicle usage and the population distribution
divided by age groups. It is assumed that all agents are located at ground level and outside.
In other words, they are not in their vehicle or building. The transportation modes are
divided into moving by foot/walking (adults, children, and elderly people), motorcycles,
and cars. Each agent can make only one of the following choices. In other words, agents
who use cars and motorcycles are counted as one agent. Another assumption is that cars
and motorcycles are located nearby. The time that it takes to go to a car and motorcycle
is modelled and accounted for in the milling time section. To simplify the model, it is
assumed that all agents know the shortest and most efficient route to the nearest shelter
from their initial location.

The main principle of the transportation mode choice is that in mode choice 1, the
entire population evacuates by foot with 0% vehicle use, with the modes continuing at 5%
increments of vehicle use and with a simple ratio for each decision until 50% vehicle use is
reached in mode choice 11 (Table 1).

Table 1. Transportation mode choice ratio.

Agent Type Model Mode2 Mode3 Mode4 Mode5 Mode6 Mode7 Mode8 Mode9 Model0 Modell
Adults 51.42 48.85 46.28 43.71 41.14 38.57 35.99 33.42 30.85 28.28 25.71
Elderly people 17.26 16.40 15.53 14.67 13.81 12.95 12.08 11.22 10.36 9.49 8.63
Children 31.32 29.75 28.19 26.62 25.06 23.49 21.92 20.36 18.79 17.23 15.66
Cars 0.00 0.91 1.82 273 3.64 4.55 5.46 6.37 7.28 8.19 9.10
Motorcycles 0.00 4.09 8.18 12.27 16.36 20.45 24.54 28.63 32.72 36.81 40.90

3.4.2. Shelter Choice

In this study area, evacuation shelters are not provided. An official evacuation shelter
provided by the government is located in the Labuan subdistrict, Pandeglang. Therefore,
public buildings, such as schools, government offices, and worship facilities, are proposed
as shelters in the simulation. It is assumed that each shelter has an unlimited capacity.
In the shelter choice, the main principle is to analyse the ratio of a single shelter to the
total number of evacuees and deaths. Regarding each shelter choice, there are 14 schools,
10 worship facilities, and 9 government offices.

3.4.3. Milling Time

Milling time is a critical aspect of evacuation modelling for a near-field tsunami [37].
The preparation time is short in the case of a near-field tsunami. According to [38,39],
the reliability and quality of the messages conveyed regarding the evacuation process,
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the public response to the messages, and the performance of decision-makers affect the
evacuation milling time. Many studies have discussed the preparation time for natural
hazards with long preparation times [40] and rapid onset, such as tsunamis, which still
need to be examined thoroughly [39]. Milling time also greatly impacts the formation and
evolution of bottlenecks and traffic congestion, affecting the mortality or casualty rate [30].
Mas et al. (2012) [41] suggested considering the evacuation preparation time to calculate the
evacuation process and the departure time, P(t), presented in a Rayleigh distribution [30].

To abstractly consider the decision-making process, the values of T and o are reason-
ably calibrated, and the milling time is randomly drawn from the Rayleigh distribution
based on Equation (2) [40].

0 O<t<t
ro= {1 o) f < @)

t represents the departure time after an earthquake or initial disturbance in minutes, T
represents the minimum preparation time to evacuate, and o is the spread of the departure
time. The larger ¢ is, the larger the tail of the later departure time distribution. According to
ref. [30], slight increases in T and ¢ will lead to an increase in the mortality rate. Immediate
evacuation is an important aspect that can reduce the mortality rate. It is assumed that
immediate evacuation is characterized by T = 1 min and o = 0.5, which means that 99% of
all agents start their evacuation from 1 min to 2 min and 30 s. Table 2 shows the percentage
of different departure times for different values of o (variations in departure time), and it is
assumed that 7 = 0.

Table 2. Required time (min) for agents to initiate an action as a function of o (T = 0).

Percentage of Agents Starting Their Evacuation

(o)

50% 95% 99%
1.0 1.2 24 3.0
2.0 24 49 6.1
4.0 4.7 9.8 12.1
8.0 9.4 19.6 24.3

3.5. Vehicular Movement

Vehicular movement is based on the classic car-following model [42] and general
motor model equation [43,44], as in Equation (3).

£+t Xm (v;turl)m t t
Ay = 7| (0 = Vi) 3)
(xh — xztwrl)

where:

x!, = The location of the leading vehicle at time ¢

!, = The speed of the leading vehicle

x! 1 = The location of the following vehicle at time ¢
0! .1 = The speed of the following vehicle at time ¢

I = The distance exponent (—1 to +4)

m = The speed exponent (—2 to +2)

&1, = The sensitivity coefficient

0t = The perception-reaction time

The parameters are adjustable and can be calibrated using empirical data. In an
emergency, drivers tend to be more alert and responsive; thus, the perception-reaction time
should be lower than usual. Therefore, the perception-reaction time for evacuation by car
and motorcycle, in this case, is assumed to be reasonably close to zero.
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Greenshield’s model is used due to its relative simplicity and accuracy in developing a
model of uninterrupted traffic that predicts and explains the trends observed in real traffic
flows. The model assumes that under uninterrupted flows, speed and density are linearly
related. However, due to the lack of empirical data from a real situation in the study area to
set the parameters, the following parameters are set in this simulation: [ is set to +2, m and
St are set to 0, and a is set to 369.44 m? /s for cars and 69.44 m? /s for motorcycles. Below is
the derivation of parameter «, shown in Equations (4)—(13).

t m
X m\0
gt = el o) @
(xh = x5,11)
.t 14 -t -t
Xpi1 = lt2(22‘| (xn - xn+1) 5)
(xh — Xyi1)
Leth = (xj, — x! . ); then, Equation (5) will have:
.t 0620 d]’l
B = 0 ©)
do x2,0 dh
At { ] dt )
/ / 220 4 ®)
Y
V= — ;2’0 c 9)

Plugging in the boundary conditions for the jammed state and free-flow state, we have:
aK;=c (10)

14
_ '/
a= K; (11)

where « is estimated based on (K;) as the jam density and (V) as the free-flow speed. The
jam density for cars is set to 33 veh/km, 32 veh/km, and 28 veh/km in Padang city [45].
This jam density is used as a reference for the Panimbang case, and 30 veh/km is chosen as
the jam density. The jam density for motorcycles is set to 120 veh/km, with a simple ratio
(1:4) of the motorcycle dimension to the car dimension. The free-flow speed in Panimbang
is also assumed to be 40 km /h for cars and 30 km/h for motorcycles. The « (sensitivity
coefficient) values for cars and motorcycles are estimated as follows.

x = 1.33km?/h = 369.44 m?/s — Cars (12)

a = 0.25 km?/h = 69.44 m?/s — Motorcycles (13)

The sensitivity coefficient in the model correlates to the acceleration and deceleration of
vehicle movement calculated from the car-following model. It is shown that a = 369.44 m?%/s
for cars leads to accelerations in the range of 5.155-10.31 m?/s and decelerations in the
range of 10.31-25.44 m?2/s. In the case of motorcycles, & = 69.44 m?2 /s leads to accelerations
in the range of 0.969-1.938 m?/s and decelerations in the range of 1.938-4.782 m2/s.

3.6. Pedestrian Movement

Walking speed is generally classified into various groups depending on inhabitants’
age as a pedestrian speed variable. Based on Lee et al. (2015) [46], pedestrians are divided
into three different types: children, adults, and elderly individuals, with walking speeds of
0.808 m/s, 1.111 m/s, and 0.772 m/s, respectively (Table 3). The physical conditions in the
evacuation process, such as tiredness or stamina, and topography are not considered in this
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study. In the simulation, all agents begin to evacuate by foot to their nearest road. Under
this condition, agents who make different decisions are separated. The time required to
access their cars for agents who choose not to evacuate by foot is assumed to be modelled
by their milling time.

Table 3. Agent walking speeds considered in the simulation.

Reference [46] This Study
Age Walking Speed Walking Speed
(km/h) (m/s) (km/h) (m/s)
0-4 ~ ~
5-9 2.17 0.603 291 0.808
10-14 3.39 0.942
1549 4.00 1.111 4.00 1.111
50-64 3.40 0.944
65-74 2.82 0.783 2.78 0.772
75+ 2.51 0.697
4. Results

4.1. Transportation Mode Choice

Five types of transportation modes, walking, travelling by car, and travelling by
motorcycle, with walking being divided into children, adults, and elderly individuals, are
considered. The transportation mode choice test was divided into 11 mode choices as
described (Table 1).

Figure 4 represents the correlation between the transportation mode choice and the
mortality rate. It shows that the mortality rate decreases by approximately half as vehicle
use increases. Motorcycles and cars contribute the least to the percentage of total deaths.

u . =
—&— Total Casualties —=— Elderlies
—e— Cars Adults
¥ —e—  Motorcycle Kids
e
p— m =g
)]
[=]1]
=
|
18]
9~
D
~
S
c |

1 2 3 4 5 6 7 8 9 10 11
Mode choice
Figure 4. Total deaths (%) depending on the transportation mode choice as in Table 1.
In Figure 5, the casualties varied based on transportation mode. The locations of

agents who decide to evacuate by car, by motorcycle, or by foot are not always the same,
such that agent decision-making will change with the repetition of simulation runs.
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Figure 5. Total deaths (%) depending on the shelter choice.
4.2. Shelter Choice

There are 14 schools, 10 worship facilities, and 9 government offices (GOs) in the study
area considered as shelters. In the shelter choice analysis, the effects of a single shelter
choice and a combination shelter choice (i.e., evacuate to the closer shelter) on the casualty
percentage are analysed. In the shelter choice test, several parameters are set as constants,
such as mode choice 11 (50% vehicle use) for transportation, a delay time of 10 min, a
scale parameter of 1.65, an average speed of cars of 40 km/h, and an average speed of
motorcycles of 30 km/h. As described, all shelters were assumed to have an unlimited
capacity, implying that agents consider only the shortest and most optimum path to a
shelter from their initial location.

Figure 5 shows that as a single shelter choice, worship facilities have the highest
mortality rate, 1.915%, followed by the combination choice of government offices and
worship facilities, 1.76%. The use of all shelters has a casualty of 1.37%, and it reduces the
mortality rate by approximately 0.5-0.6% compared to worship facilities as a single shelter
choice. Agents who choose to evacuate by car contributed the lowest percentage to the
mortality rate since the agents can evacuate faster to shelters by car.

4.3. Scale Parameter

The scale parameter or variations in departure time is one of the main attributes of the
agent decision-making time discussed in the milling time. The larger o is, the larger the
tail of the later departure time distribution. It is difficult to make any specific value of the
scale parameter to represent the actual situation because, in a real situation, many factors
can affect the value, such as people’s activities, whether it is day or night, and people’s
educational background.

In this study, a test was conducted to assess the correlation between the variations
in the departure time of evacuees and the casualty percentages. The results of this test
are based on the average values of five simulation runs. The delay time is constant with
T =10 min and transportation mode choice 11. Then, the scale parameter varies with 0, 1,
2,4, 8, and 16. Figure 6 shows that casualties significantly increase as the scale parameter
increases. The casualty percentages increase by approximately 0.6% from o =0to 0 =2, and
the effect of variations in departure time becomes more significant at o = 16. The increase
in the scale parameter becomes a crucial factor in the mortality rate because when o = 16,
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it increases more than two times to 2.77%, compared to 1.28% when o = 0, meaning that
variations in departure time have a significant impact on the mortality rate.

Y : <
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- —e— Motorcycle Kids
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1.28 1.37
=
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o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sigma

Figure 6. Mortality rate according to the varying scale parameters.

4.4. Scenario Analysis

As discussed, T (delay time) is one of the parameters that affect agent decision-making
time. No agents evacuate when t < 7. In a real situation, T can vary based on many aspects,
such as educational level, knowledge, and evacuation choice.

Figure 7 shows the tsunami timeline and scenario-based delay time in this study. The
tsunami timeline is based on the Marina Jambu tide gauge data [26]. The tsunami arrived at
the shoreline 32 min after the volcanic eruption. The first peak of the tsunami is 0.7 m 34 min
after the eruption and reaches the maximum wave height of 1.35 m 39 min after the eruption.
Seven scenarios were tested, starting with scenario 1 of T = 0 min, i.e., immediate evacuation.
In scenario 2, it was assumed that the tsunami warning signalled 10 min after the eruption,
and agents started their evacuation process at T = 10. Scenarios 3 to 5 assumed delay
times of T = 15, 20, and 25 min, respectively. In scenario 6, agents were assumed to start
their evacuation while the tsunami arrived at the coastline. At the delay time T = 39 min,
in which the tsunami reached the maximum wave height, scenario 7 was conducted.

Figure 8 presents the percentage of evacuees from the seven scenario simulations with
a constant scale parameter (o = 1.65) and transportation mode choice 11. The total number
of evacuees decreases as the delay time or preparation time increases. In the first scenario,
where agents perform an immediate evacuation, the total percentage of evacuees is the
highest, 95.9%, and decreases by approximately 14-15% in the last scenario where agents
start their evacuation when the tsunami reaches its maximum wave height. The motorcycle
mode choice and adults depict a larger gradient decrease in scenario 6 with T = 32 min.

Figure 9 presents the effect of the delay time on the mortality rate. The mortality rate
increases significantly as the delay time increases, except in scenario 7. The mortality rate in
scenario 7, 2.96%, is lower than that in scenarios 5 and 6. The mortality rate varies in each
scenario, mainly because of the locations of agents who are randomly distributed in each
run. In this test, cars contributed the lowest percentage of the mortality rate, indicating that
it is a very effective evacuation mode choice. The main reason for the lower mortality rate
in scenario 7 than in scenarios 5 and 6 is that the initial locations of agents in scenario 7 are
higher than those in scenarios 5 and 6. Moreover, in scenario 7, agents are evacuating when
the tsunami is retreating seaward, while in scenarios 5 and 6, agents are evacuating when
the tsunami propagates inland with increasing height.
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Figure 7. Tsunami event timeline and seven simulation scenarios with different delay times.
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Figure 8. Resulting evacuees (%) depending on the delay time, T (min).
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Figure 9. Resulting casualties (%) depending on the delay time, T (min).

4.5. Tsunami Risk Hot Spots

To propose and evaluate the effects of tsunami shelters in the Panimbnag area, tsunami
risk hot spots were estimated based on the results of scenario analysis. The result of the
worst case, scenario 6, is presented in Figure 10 with the locations of casualties. Most of the
casualties and hot spots are found in the eastern Panimbang region, where the population
density is high. Furthermore, the tsunami hazard map in the Panimbang area is assessed
using GIS-based multicriteria analysis. The physical criteria considered are elevation, slope,
distance from the shoreline, and distance from riverbanks. Next, weights for each criterion
and class scores to produce tsunami hazard levels in the study area are implemented
from [47,48], as shown in Table 4. The distance from the shoreline is based on the MSL.
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Figure 10. Casualty locations are highlighted in red circles based on the result of scenario 6, the
worst-case scenario in terms of the number of casualties.

Table 4. Scores and weights for tsunami disaster hazard criteria.

Criteria Class Score Weight

0-500 m
501-1000 m
1001-1500 m
1501-3000 m

>3000 m

<10 m
11-25m
Elevation (m) 26-50 m
51-100 m

>100 m

0-2%

3-5%

Slope (%) 6-15%
16-40%

>40%

0-100 m
101-200 m
201-300 m
301-500 m

>500 m

a1

Distance from the

shoreline (m) 30

30

25

Distance from

rivers (m) 15

PN WERE OO RPN OQERO|PL,DNOERG|~R,DNWRS

In the GIS-based spatial overlaying analysis, the hazard score N is calculated using
Equations (14) and (15) by using those weights and scores for each criterion and class [49].

N=) (B x5 (14)
where B; is the weight of each criterion and S; is the score of each class.
N = [(0.3 X Saporetine) + (03 X o) + (025 X Sitope) + (0.15 X Spioer) | (15)

Figure 11 illustrates the tsunami hazard map resulting from the GIS-based spatial
overlaying analysis. The tsunami hazard levels are divided into five levels, namely, very
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low, low, moderate, high, and very high, based on the hazard scores [50,51]. To identify the
locations of the VESs in the study area, the hazard map is combined with the locations of
casualties, as shown in Figure 10. As a result, the vertical shelters in Figure 11 are proposed
at the tsunami risk hot spots in high and very high tsunami risk zones.
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Figure 11. Panimbang tsunami hazard map and proposed locations of evacuation shelters.

5. Discussion
Effects of VESs

To investigate the effects of the proposed VESs in terms of evacuees and casualties,
additional simulations were performed. Notably, it is assumed that the VES structures
follow the design features from [28] with unlimited capacity.

In addition, in the simulations, the scale parameter is set to a constant (o = 1.65)
with transportation mode choice 11. The evacuation shelters used are a combination of
10 proposed VESs and HESs, including schools (14), worship facilities (10), and government
offices (9). The additional simulation scenarios are based on the delay time in the agent
decision-making time. It starts with the immediate evacuation, i.e., T = 0 min, and then
continues to T = 10, 15, 20, and 25 min. At T = 34 min, the tsunami arrives at the land area,
and at T = 39 min, the tsunami reaches its maximum wave height.

Figure 12a,b exhibit the total evacuee (%) resulting from the simulations with the
VESs and HES combination and HESs only, respectively. The evacuees do not significantly
increase compared to those of the HES-only simulation, except in the 6th scenario. At the
immediate evacuation T = 0 min, the increment in the evacuee percentage is approximately
1% and slightly increases by 0.2% in the 7th scenario. The 6th scenario result shows an
impact on the evacuee percentage of approximately 3.5-4%. Figure 13a,b presents the
casualty percentages of both simulations. Both simulation trends are analogous, except
in the casualty percentage of the 3rd scenario in the VESs and HES simulations. As
noted above, the casualty percentage is slightly increased compared to the 2nd scenario.
In general, the effect of the proposed VESs on the simulation can decrease the casualty
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Percentage (%)

Percentage (%)

percentage by 1.25-2 times, implying that adding VESs in high and very high tsunami risk
areas has a significant effect on decreasing the mortality rate.
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Figure 12. Comparison of the evacuee (%) from (a) the VESs and HES simulation and (b) the
HES simulation.
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Figure 13. Comparison of the mortality rate from (a) the VESs and HES simulations and (b) the
HES simulations.

6. Conclusions

This research presents a multimodal tsunami evacuation study using the ABM ap-
proach. The research objectives are related to the proposed shelters and how the variations
in agent decision-making time, shelter choice, and transportation mode choice in an evac-
uation scenario impact the evacuee and mortality rates in the Panimbang subdistrict in
Pandeglang, Banten, Indonesia. ABM using the NetLogo programming environment was
applied to simulate and conduct sensitivity tests of the effect of various factors on the
evacuee and casualty percentages. The effect of the proposed VESs in high tsunami risk
areas on the mortality rates under various scenarios was also investigated. Based on the
results of agent-based modelling, this study draws the following conclusions:

The transportation mode choice of vehicles significantly reduces the mortality rate,
and cars are the effective mode choice for transportation in the study region.

Schools show the highest contribution to total evacuees among all existing single
shelter choices, and multiple or all shelter choices can increase the number of evacuees.

The mortality rate is sensitive to the milling time represented by delay time T and the
variations in decision-making time o.

Additionally, the tsunami hot spots based on the locations of casualties from the worst-
case simulation and the tsunami hazard map are estimated based on GIS-based multicriteria
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analysis. Based on the additional simulation results, the combination of VESs and HESs can
decrease the casualty percentage by 1.25-2 times compared to that of HES-only results. The
proposed VESs in the study area have a significant impact on decreasing the mortality rate.

In terms of the capacity limit of shelters, a certain capacity shelter will cause a longer
evacuation time for agents because they have to travel for a longer period of time to find
another shelter with spare capacity when the first shelter is full. Thus, it is likely to increase
the mortality rate when considering the capacity limit of a shelter.

In the case of an underwater earthquake-driven tsunamis, earthquake and tsunami
forces are also critical factors to consider in the evacuation process. For example, houses
collapsed and damaged by the earthquake and tsunami forces would be negative obstacles
in the evacuation process, causing an increase in the mortality rate.

Finally, this study has some limitations, such as the capacity of shelters as mentioned,
the number of physical criteria in tsunami hazard mapping, and detailed interactions
among agents. This should be considered in future works. However, it provides useful
insights into the effects of tsunami shelters and choices during the evacuation process and
will be the basic platform for an integrated disaster simulation system for an inundation,
congestion, and evacuation process, such as that in Florida, FL, USA [52].
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