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Abstract: Mass evacuation should be conducted when a disaster threatens within a regional scale. It is
reported that 400,000 people were evacuated during the last eruption of Merapi Volcano in 2010. Such
a large-scale evacuation can lead to chaos or congestion, unless well managed. Staged evacuation
has been investigated as a solution to reducing the degree of chaos during evacuation processes.
However, there is a limited conception of how the stages should be ordered in terms of which group
should move first and which group should follow. This paper proposes to develop evacuation stage
ordering based on the geographical character of the people at risk and examine the ordering scenarios
through an agent-based model of evacuation. We use several geographical features, such as proximity
to the hazard, road network conditions (accessibility), size of the population, and demographics as
the parameters for ranking the order of each population unit in GIS. From this concept, we produced
several scenarios of ranking based on different weightings of the parameters. We applied the scenarios
in an agent-based model of volcanic evacuation experiment to observe the results. Afterwards,
the results were evaluated based on the ability to reduce the risk and spatio-temporal traffic density
along road networks compared to the result of simultaneous evacuation to establish the relative
effectiveness of the outcome. The result shows that the staged scenario has a better ability to reduce
the potential traffic congestion during the peak time of the evacuation compared to the simultaneous
strategy. However, the simultaneous strategy has better performance regarding the speed of reducing
the risk. An evaluation of the relative performance of the four varying staged scenarios is also
presented and discussed in this paper.

Keywords: Agent-based Model; GIS; Merapi; staged evacuation; simultaneous evacuation; evacuation
management; simulation

1. Introduction

The human population growth and distribution changes on earth increase the occurrence of
natural disasters over time [1]. Natural disasters occur worldwide but have a greater impact on
developing countries, for example Indonesia. These disasters occur when geophysical events, such
as earthquakes, volcanic eruptions, landslides, and floods, threaten human life [2]. The impact of
natural disasters is increasing in present years due to the increasing size of the population in the
hazard-prone areas [3]. Indonesia is one of the countries that are prone to suffering natural hazards,
especially volcanic eruptions [4]. Indonesia is also one of the most volcanically active countries, with
over 130 volcanoes and some of the most densely populated areas in the world [5-7]. This combination
of both physical and social factors has led to Indonesia suffering the greatest number of fatalities due to
eruptions [2,8]. Merapi, in central Java, is one of the most dangerous volcanoes in Indonesia because of
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its frequent activity, location in a densely populated area, and proximity to the city of Yogyakarta [9-11].
More than a million people live in this city, and 400,000 people are at particular risk [9,10].

Mass evacuations should be conducted when a volcanic crisis threatens the surrounding areas
and demands effective management. Over 400,000 people were evacuated in the last eruption of 2010.
Various problems arose following this mass mobility, and it can particularly lead to congestion and
excessive delays unless well managed [12]. These conditions not only decrease the effectiveness of
evacuations in minimising the risk but also lead to secondary fatalities, such as traffic accidents [13].
Providing a well-tested evacuation plan is one of the ways to increase the effectiveness of evacuations
in terms of saving lives [14]. It is necessary to evaluate the evacuation plan based on the population’s
behaviour, in order to test the plan. As the goal of the plan is to save human lives from the volcano’s
impact, the effectiveness of the plan is measured by its ability to achieve this goal.

Two major evacuation plans are commonly applied, namely, staged and simultaneous
evacuation [15]. In the simultaneous strategy, all of the residents in the affected area are evacuated
simultaneously, while a staged strategy divides the affected area into zones and organizes the evacuation
of residents in each zone in a sequence [16]. The simultaneous strategy has been applied widely but
examples of the staged strategy remain limited. A well-documented staged evacuation was that in
New Orleans in response to Hurricane Katrina in 2005 [17]. Staged evacuation has been investigated
as a potential solution for reducing the time required for evacuation processes when the road network
is incapacitated [16].

Studies exist on developing methods for a staged evacuation strategy, including scheduling the
start time for the evacuation of each group using a mathematical approach [18], defining the evacuation
time and delay time using a mathematical approach [15], identifying the priority ranking using a
heuristic approach [19], and defining the evacuation zones using a clustering approach [20]. However,
there exists limited knowledge regarding how the sequential ordering of the evacuation measures
should be managed, i.e., how to prioritise which zone should be evacuated first and which should
follow. Moreover, evaluation of the effect of evacuation staging on reducing disaster risk is absent
from the literature.

This paper develops evacuation stage ordering based on the geographical character of the people
at risk and examines the scenarios within the agent-based model of evacuation. We use several
parameters modified from Mitchell and Radwan [19], such as proximity to the hazard, the accessibility
of shelters, and population density, as the parameters for ranking the order of each population unit in
GIS. Based on this concept, we produced several ranking scenarios based on different weightings of
the parameters. We use the scenarios in the agent-based model of volcanic evacuation experiment to
observe the results. Afterwards, the results were evaluated based on the ability to reduce risk and
spatio-temporal traffic density along road networks compared to the result of simultaneous evacuation
in providing the relative effectiveness of the outcome. The background theory on developing the
staging scenarios is provided in the following section, while the details about the method are provided
in the third section. Consequently, the results and discussion are provided in the third section and,
finally, the conclusion is presented in the fourth section.

2. Materials and Method

We used an agent-based experiment to examine the “what if” scenarios of evacuation staging
produced by Spatial Multi-criteria Evaluation (SMCE) in GIS (Figure 1). The results of these scenarios
were compared against simultaneous scenarios to evaluate: (1) whether staged evacuation is more
effective than simultaneous evacuation, and (2) the importance of the ranking of the criteria in planning
the zonal order. Pairwise comparison analysis (AHP) [21] was used to rank the criteria. Afterwards,
a weighted linear combination (WLC) [22,23] was used to analyse the population unit spatially to
produce the evacuation sequence in GIS, where the sequence results are used to set the agent-based
model (ABM) that was previously developed (see [24-26]), whereby a detailed framework is provided
in reference [24], the individual evacuation decision concept in reference [25], and the spatio-temporal
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dynamics of the risk model in reference [26]. For the experimentation, we used Merapi as a case study
of evacuation during a volcanic crisis. This section provides: (1) an overview of the study area, (2) a
technique for developing the zonal ranking to short the evacuation sequence in the staged evacuation
scenario, (3) the agent-based model used to evaluate the scenarios, (4) the implementation of the
scenarios in the ABM experiment to examine them, and (5) an approach to evaluating the effectiveness
of each scenario.
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Figure 1. The general framework.

2.1. Study Area

Merapi Volcano is located in Indonesia, in the central part of Java Island. Geographically, Merapi
is located across four districts of two provinces, namely Sleman (Yogyakarta), Magelang, Boyolali,
and Klaten districts (Central Java). More precisely, it is located at 7°32’30” latitude and 110°26’30”
longitude. In this study, we only use the Sleman area, that is located on the southern flank of Merapi
(Figure 2). It is geographically located between 107°15’03” and 107°29"30” longitude, 7°34’51” and
7°47'30” latitude. Sleman covers 57,482 hectares or 574.82 km? (about 18% of Yogyakarta Province).
Administratively, this region consists of 17 districts, 86 villages, and 1,212 hamlets.

The latest eruption occurred in 2010 and was said by the authorities to have been the largest since
the 1870s. The eruption began in late October 2010 and continued into November 2010. During this
period, the activity of Merapi culminated in numerous pyroclastic flows down to the populated area on
the lower slope. Almost 50,000 people were located in the high-risk area. Moreover, 367 of these people
lost their life, 277 were injured, and 410,388 were displaced [27]. After the eruption, Merapi lahars can
remain a potential threat to the surrounding communities for at least three years. This threat not only
damaged hundreds of settlements but also bridges, tourism sites, irrigation channels, and agricultural
land. Accordingly, the National Agency for Disaster Management (BNPB) published a map of the
vulnerable area of Merapi due to the neighbouring volcano (Figure 2). It can be seen that the vulnerable
area spread down from the summit into the settlement areas.
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Figure 2. The hazard zones of Merapi volcano and the Sleman area.

There are two potential hazards, namely Nue’esardentes and lahars, that usually kill people.
Nue’esardentes are produced by occasional gravitational collapses [28], and deposits can travel up to
3.5 km from only a few individual events [29]. They can be triggered by gravitational dome collapse,
the extent of the impacts of which are commonly controlled by topographical factors [30]. On the other
hand, Lahars events are usually initiated by intense rainfall [31]. Lahars are an overbank pyroclastic
coupled with rainwater flow, which is considered the most dangerous part of the material flow system
in Merapi [32]. The direction of this flow is strongly influenced by the initial flow direction and
the topography that affect the spatial extent of the hazard afterwards [33]. This kind of disaster
is prone to occur in Merapi [34] and potentially posed the major risk after the 2010 eruption [35].
In particular, the abundance of pyroclastic deposits on the slope lead to occurrences of lahars flooding
during rainstorms.

2.2. Zones Ranking for Evacuation Staging

A staged evacuation strategy needs scenarios of leaving sequences among the evacuation zones.
The sequence for which zone should be evacuated first and which later requires careful prioritisation.
There are some aspects to consider when setting these priorities. Mitchell and Radwan [19] used
population density, roadway exit capacity, distance to safety or shelter, distance to major evacuation
routes, and number of other regions or level of population density to transit. Conversely, Lim et al. [36]
used the distance of regions from the hazard, the hazard extent, and the population density, while
Alaeddine et al. [37] used similar factors to Lim et al. [36], with the additional factor of the age of the
population. Based on the previous studies, we developed a method for building a sequence of evacuation
staging using a spatial approach. We used this approach since evacuation is a geographically-related
problem, therefore decisions based on spatial data will provide better results. We used a pairwise
comparison to rank and order the evacuation zones into a sequence in GIS. Several aspects were used
to develop the priority ranking, modified from references [36,37]. Here, we used three slightly different
factors, namely, distance of the region from the hazard (the volcano’s crater), population density,
accessibility to shelter, and the proportion of those of vulnerable age. The various evacuation staging
scenarios, which will be evaluated using an agent-based experiment, are provided in Section 2.3.
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2.2.1. Evacuation Zones and Spatial Characteristics

The administrative boundary of the district level (Figure 2) will be used as the unit of the zones
of the group since the evacuation command will be organized mainly by the local government [38].
There are five districts located in the main hazard zones of Merapi, including Tempel, Turi, Pakem,
Cangkringan, and Ngemplak (see Figure 2), while districts at minor risk were excluded from the plan.
The characteristics of each zone were identified to map the criteria used to design the staging. The data
used to obtain the criteria included administrative boundaries, hazard zones [39], 2010 evacuation
distribution data [40-43], and population data (each age category) [44]. All of the data were analysed
and mapped to each zone (district) to establish the criteria.

The criteria used to analyse the zones’ ranking consisted of four spatial datasets (Figure 3),
including: (1) proximity to the hazard (PH), provided by calculating the distance between the centroid
of each zone and the volcano (summit), (2) population density (PD), provided by dividing the area of
the zone by the population size within the zone, (3) accessibility to shelter (AS), analysed using the
Hansen Index [45,46] provided in Equation (1), where A; is the accessibility index for zone i to shelters
(5), Sj is the capacity of shelter j, and Tj; is the distance from zone i to shelter j, and (4) the proportion of
population of vulnerable age (VA), based on the proportion of children (<15) and elderly people (>75).
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Figure 3. Spatial data for the zone ranking from 1 (most prioritised) to 5 (least prioritised).
PH = proximity to hazard, PD = population density, AS = accessibility to shelter, VA = percentage of
vulnerable age.
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2.2.2. “What if” Scenarios Development Using Pairwise Comparison Analysis

All of the datasets provided above (Section 2.2.1) were then analysed to design the staging
scenarios using pairwise comparison analysis (Tables 1 and 2). Since there has been little research on
which factors are more important than others when designing the ordering, we used “what if” scenarios
to examine all possible scenarios and select the most effective composition. Each scenario varied due to
assigning the weight of each criteria depending on the importance scale (Table 2). The scenarios were
designed to give all of the criteria a chance to be the most, medium, or least prioritized in designing
the scenario. The final score for each district was calculated using WLC (Equation (2)), after which the
results were ordered to obtain the ranking.

n
Score = Z I = W;
i=1

where, Score indicates the degree of priority derived from the characteristics of the zone, I; indicates
the value of i criterion (Table 1), and W; expresses the weight of i criterion (Table 2).

Table 1. Criteria and attributes value for the priority design.

Criteria Class Description Priority I

Very high Very high priority to evacuate 1 0.503

High High priority to evacuate 2 0.260

PH Medium Moderate priority to evacuate 3 0.134
Low Slightly less priority to evacuate 4 0.068

Very low Less priority to evacuate 5 0.035

Very high Very high priority to evacuate 1 0.503

High High priority to evacuate 2 0.260

PD Medium Moderate priority to evacuate 3 0.134
Low Slightly less priority to evacuate 4 0.068

Very low Less priority to evacuate 5 0.035

Very low Very high priority to evacuate 1 0.503

Low High priority to evacuate 2 0.260

AS Medium Moderate priority to evacuate 3 0.134
High Slightly less priority to evacuate 4 0.068

Very high Less priority to evacuate 5 0.035

Very low Very high priority to evacuate 1 0.503

Low High priority to evacuate 2 0.260

VA Medium Moderate priority to evacuate 3 0.134
High Slightly less priority to evacuate 4 0.068

Very high Less priority to evacuate 5 0.035

Remark: I = priority index. The detailed calculation is included in the Supplementary Material S1. PH = proximity
to hazard, PD = population density, AS = accessibility to shelter, VA = percentage of vulnerable age.

Table 2. “What if” weighting scenarios’ criteria.

PH Prioritised PD Prioritised AS Prioritised VA Prioritised
Criteria
R W R W R W R W
PH 1 0.558 4 0.057 3 0.122 2 0.263
PD 2 0.263 1 0.558 4 0.057 3 0.122
AS 3 0.122 2 0.263 1 0.558 4 0.057
VA 4 0.057 3 0.122 2 0.263 1 0.558

Remarks: R = importance rank, W = weight. The detailed calculation is included in the Supplementary Material S2.
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2.2.3. Staging Scenarios

A staging strategy is needed during a mass evacuation when the transportation network is unable
to accommodate the whole population at the same time [37]. Therefore, a priority list is required to
establish an affective evacuation staging scheme when scheduling the evacuation [19]. We provide
the staging scenarios based on the scoring approach of the zone characteristics (Section 2.2.2). Based
on an analysis of the datasets using WLC, a distinct sequential order for each scenario was created,
based on the degree of priority (Table 3 and Figure 4). The prioritisation result shows that each zone is
assigned a different priority rating for each scenario. Only one of the scenarios has the full five stages,
while three have four stages, since two zones have the same score.

Table 3. Staging scenarios calculation and ranking.

PH Prioritised PD Prioritised AS Prioritised VA Prioritised
District

1t Score Priority Rank Score Priority Rank Score Priority Rank Score Priority Rank

Ngemplak 0.30 1 0.07 5 0.11 3 0.16 2

Tempel 0.30 1 0.08 4 0.09 4 0.16 2

Pakem 0.22 2 0.42 1 0.33 2 0.14 3

Turi 0.12 4 0.23 3 0.33 2 0.13 4

Cangkringan 0.18 3 0.34 2 0.43 1 0.35 1

The detailed calculation is included in the Supplementary Material S3.
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2.2.4. Time Interval between the Stages

The time interval is required to be set at the optimum value. This should be as low as possible
but sufficient for the population within a zone to reach a major road network. It is assumed that after
reaching the major road, the traffic can run smoothly. To provide the values for the time intervals,
we analysed the average time that people required to reach the major exit points using Google Maps
Distance Matrix Application Programming Interface (API). To provide the averages, we used the
centroid of the population areas (districts) and found the minimum travel times from the grids to the
exit points (Figure 5). The average of all of the travel times from the districts to reach the surrounding
major exit points was used as the time interval between the stages (Table 4).
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Figure 5. Population at risk’s origin and the major exits for calculating the average travel time to reach
the major evacuation routes.

Table 4. Time intervals between the stages.

No District Average Travel Time to Reach a Major Road (in Minutes)
1. Cangkringan 23.5
2. Ngemplak 24.5
3. Pakem 21.9
4. Tempel 28.2
5. Turi 20.9
Average (time interval) 23.8

The detailed calculation is included in the Supplementary Material S4.

2.3. The Agent-based Volcanic Evacuation Model

The simulation used an agent-based volcanic evacuation model that was provided elsewhere
(see [24-26]). We used this model because the model has been tested and validated [25]. Overall,
the framework of this model consists of three main agents, namely, the volcano, stakeholders, and
people (population) who interact within the geographical environment [24]. The volcano acts as an
agent which initiates the hazardous situation and influences the environment by posing a potential
threat to the surrounding population. The other agents in the interactions are the stakeholders and the
population (people). The stakeholders, in this case, the authorities (government), play a significant
role in observing and analysing the activities of the volcano and issuing warnings to the population,
where the human agent (population) is assigned an evacuation decision rule. This evacuation decision
is based on the Normal-Investigating-Evacuating state model, that is provided elsewhere [25]. In the
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ABM simulation, each agent displays a specific behaviour and mechanisms when interacting with
others as well as with the environment. The environment is represented through spatial data with
dynamic hazard properties. Meanwhile, the risk to individuals, that is used as the main evaluation of
evacuation effectiveness in this paper, is evaluated based on the hazard and vulnerability variables [26].
The hazard level is measured by the environment properties at the agent’s location, whereas the
vulnerability of individuals is based on SoVI, that is calculated according to socio-demographic factors.
The following sub-section describes this risk model in detail. The risk of the individual might change
after the decision and movement are made, as his/her location changes. When people make a movement
due to the evacuation process, the level of hazard of their environment changes, as does their degree of
risk. Therefore, the value of their risk is dynamic over time as an individual moves.

2.4. Applying the Staging Strategy in the Agent-Based Experiment

The previously developed agent-based evacuation model (see [26]) was used to design the
experiments. The Unified Modeling Language (UML) of the agents are presented in Figure 6.
The difference between simultaneous and staged simulation is on the alerting rule of the Stakeholder
agent, where there is no significant change with regard to the simultaneous scenario (Figure 6a). While
the alerting rule of the stakeholder agent was modified for the staged scenario (Figure 6b), iterative
alerting was used to alert the population agents in the districts on the list sequentially based on the
provided order (Section 2.2.4). The interval between the alerts is based on the optimal value provided
by the sensitivity analysis (Section 2.5). The full source code of both simultaneous and staged scenarios
is provided in the Supplementary Material S5 and S6, respectively. The program was written in
AnyLogic that is Java-based programming language. Further description about the model and the
parameterisation is provided in the Supplementary Material S7. The description was written based on
Overview, Design Concept, and Detail (ODD) [47,48].

We use the parameter generated from the 2010 event in the simulation. The scenario parameter
is provided in Table 5. The results were analysed from 50 time runs of the simulation using the
scenarios. The main parameter consists of Volcanic Explosivity Index (VEI), crisis length, temporal
length of volcanic activities, and the probability distributions of evacuees’ destination choice. The VEI
together with the level of volcanic activity intensity (Low, Medium, High) affect the distribution of the
dangerous zone [25]. Temporally, the activity level of the volcano changed over time. In this model,
we divided the level of activity into four classes: normal (excluded from the volcanic crisis period),
low, medium, and high. Learning from 2 crises period records, the relative length of each level vary
randomly (see [38,49] for the chronological detail). However, we use the periodical increase/decrease
activity based on the event in 2010. This provides the activities profile from rest condition to the climax
of activities and the turn down to the rest condition. The total duration of the crisis is defined in the
crisis length, the probability of crisis length defined by the eruption in 2010 was 104 days [9]. For the
destination choice mode, agents are randomly classified into three types that are: preference to the
nearest shelter, close to public service, or they have relatives in a destination area/far away from the
risk area (danger zone). The compositions are: 80.3% prefer to select the shortest distance, 12.4% prefer
to select a destination which is close to public services zones, and the rest (7.2%) either use relatives or
risk indicator as a preference that is generated from the shelter zoning [25].

Table 5. Main Parameters of Simulation Scenario.

Parameter Value Source
VEI 4 [9,27]
Crisis length 104 [9]
Temporal length of volcanic activities (Low, Medium, High, Medium, Low) = (0.26, 0.03, 0.32, 0.23, 0.13) Constructed from [9]

(shortest distance, close to public service zones, risk

Evacuees’ destination choices distribution indicator/relatives) = (0.803, 0.124, 0.72)

[25]
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Figure 6. Alerting rule, (a) simultaneous scenarios, (b) staged scenarios.

2.5. Effectiveness Measures, Analysis, Comparison, and Evaluation

Three measurements were used to make relative comparisons among the scenarios, including
the temporal and spatial distribution of evacuees on the road and the effectiveness in reducing the
risk. The temporal distribution was expressed as a percentage of the evacuees on the road (evacuating)
over time. The peak time of the evacuation, where the percentage was at a maximum, was used to
compare all of the scenarios. Meanwhile, the spatial distribution was based on the relative density of
the evacuees on the road. Figure 7 provides a flowchart of the spatial analysis to illustrate the relative
density. The relative density at the peak time of evacuation, as identified by the percentage, is used to
compare the outcome of all scenarios. To promote the effectiveness of the risk reduction, the graph
showing the temporal distribution of the people at risk is used for the comparison. We focus on the
high- and medium-risk group for this comparison. The risk reduction ability is measured based on the
time needed to clear people at risk (see [26] on the risk concept). The comparison is not only between a
simultaneous and a staged strategy but also among staged-scenarios’ output to select the most effective
staging scenarios.
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3. Results and Discussion

3.1. Overview of the Simulations Run

11 0f 19

The simulations were run over 102 days of a volcanic crisis length of VEI (Volcanic Explosivity
Index) 4 and the activities phases following the 2010 eruption. These parameters affected the
spatio-temporal configuration of the simulation (see [24,25]). A brief overview of the simulations run
for all scenarios is provided in Figure 8. This figure shows that the evacuation peak times occurred
between 30% and 35% of the crisis length, where the volcanic activity reaches a peak. A small percentage
of evacuees were evacuated during the early and medium level of volcanic activity (before the peak
evacuation time) and also at the explosion time (after the peak of the evacuation time). The maximum
percentage of the evacuees on the road (Figure 8b) exceeded 27% at the peak evacuation time under
the simultaneous evacuation strategy. The result of each scenario presented in this paper is averaged

from several results of simulation runs.
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Figure 8. Overview of the simulations run for all scenarios. (a) The temporal accumulation of the

evacuees (% of population), (b) the temporal distribution of the evacuees on the road (% of evacuees),

(c) volcanic crisis phases setup.
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3.2. Spatial and Temporal Distribution of Evacuees on the Road

The agent-based model is possible to be used in simulating the spatial distribution of traffic as a
result of human behaviour [50]. This ability is employed in this research to evaluate the effectiveness
of implementation of the staged evacuation strategy. The evaluation is not only based on the spatial
distribution but also based on the percentage of evacuees distributed on the road at the peak time of
evacuation. Based on the simulation results, as presented in Figure 8, we highlighted the peak time of
the evacuation (Figure 9). Figure 9 shows the variance of all simulations run as well as the comparison
among scenarios at the peak time of evacuation. It is clear that there are different percentages of
evacuees on the road at the peak time of the evacuation in the simultaneous scenario and staged
scenario, respectively. The staged scenario has about 23% fewer evacuees at the peak time of evacuation
compared to the simultaneous scenario. This relative effectiveness of the staged scenario in reducing
evacuee traffic compared to the simultaneous scenario is also proven by the spatial density distribution
of evacuees at the peak time (Figure 10). Figure 10 shows that the simultaneous scenario produces
relatively higher traffic density at two major roads, namely, Kaliurang Road and Palagan Tentara
Pelajar Road (Figure 10a). On the other hand, the staged scenario highlighted that mainly Kaliurang
Road is congested, but has a smaller density compared to the simultaneous scenario (Figure 10b—e).
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Figure 9. Comparison of the percentage of evacuees on the road during the peak evacuation time.

3.3. Efficiency in Reducing the Risk

Figure 11 presents graphs showing how the evacuation reduces the number of people at risk (%)
temporally. The variation in the percentages of the at-risk group (high-risk and medium-risk group) in
these graphs is caused by the random nature of the ABM. These graphs show that there is no significant
difference between the speed of reducing the risk among the staged scenarios (Figure 11b—e), but the
simultaneous strategy (Figure 11a) has the best performance of all. The percentage of risk of both the
high- and medium-risk groups never reach the same number with the staged strategy, because the
population within the hazard zone is evacuating directly at the same time.
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Figure 10. Relative densities of evacuee traffic on the road at the peak evacuation time. (a) Simultaneous,
(b) staged 1, (c) staged 2, (d) staged 3, (e) staged 4 scenario, and (f) inset map. Road name: (1) Kaliurang
road, (2) Palagan tentara pelajar road (the data is provided in Supplementary Material S8).
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Figure 11. Risk reduction comparison. (a) Simultaneous, (b) proximity to the hazard (PH) prioritized,
(c) population density (PD) prioritized, (d) accessibility to shelter (AS) prioritized, (e) vulnerable age
(VA) prioritised scenarios (the data is provided in Supplementary Material S9).

3.4. Evaluating the Performance of the Staged Scenarios

Among the four scenarios for staged evacuation (see Section 2.2.4), the second scenario (Staged 2)
performs best in reducing the percentage of evacuees (potential traffic congestion) on the road during
the peak time of the evacuation (Figure 12). This scenario sets the population density (PD) as the
most important criterion in developing the prioritisation, followed by accessibility to shelter (AS),
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proportion of people of vulnerable age (VA), and proximity to the hazard (PH), respectively. However,
in terms of the evacuees distribution on the road at that time, the third staged scenario, which places
accessibility to shelter (AS) as the most important criteria, followed by the proportion of people of
vulnerable age (VA), population density (PD), and proximity to the hazard (PH), performs best in
terms of reducing traffic density, as identified from the spatial distribution of the traffic density (see
Figure 10d). Meanwhile, the first staged scenario (Staged 1) performs worst in terms of reducing the
potential for traffic congestion.

25
i PH prioritized
PD prioritized
8 20 + AS prioritized
o ] VA prioritised
@ _
£ 154
C
o .
w
8
= 10 1
Q
@® 2
=
()
R 5
\}\“\‘-\qx\k
0 = e —
T | T | T | T | L} I L} I L} I L} I L} I L} I
33.0 33.2 334 33.6 33.8 34.0 34.2 34.4 34.6 34.8 35.0

% TimeSteps
Figure 12. Performance comparison among the four staged scenarios.

4. Discussion

There are four important contributions and findings that can be highlighted from this research:
(1) anovel approach of zones prioritising a staged evacuation strategy, based on the demographic and
geographical characteristics of the zones using SMCE, was developed and examined, (2) the experiments
and analysis confirm that staged evacuation is more effective in reducing the potential traffic congestion
at the peak time of the evacuation, (3) the problem regarding potential traffic congestion under the
simultaneous evacuation strategy was identified and proven using actual evacuation data (2010
evacuation), and (4) the optimum formulation of the prioritising criteria was found.

The staging technique used in this research offers a more geographical approach than the existing
methods, such as [18,19]. Both Mitchell and Radwan [19] and Li et al. [18] implement numerical
modelling to provide a staging technique which pays less consideration to the geographical aspect
of the evacuation zones. Meanwhile, the ABM experiment and the evaluation, that demonstrate
the ability of a staged evacuation scenario to reduce the potential traffic congestion during the peak
time of the evacuation, complemented the research by [15,16]. Both Chen and Zhan [16] and Chien
and Korikanthimath [15] focus on the effect of adding a staging strategy to the evacuation duration.
They commonly agree that a staged evacuation strategy, under certain conditions, is effective in
reducing the overall evacuation duration. Meanwhile, the simulation presented in this paper focuses
on the effect of implementing a staged evacuation in reducing traffic congestion.

The simulation identified that two major roads were mainly likely to become crowded during
the simultaneous evacuation process, namely, Kaliurang Road and Palagan Tentara Pelajar Road.
This result is proved by a report of the evacuation in 2010 by national mass media “The movement of
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citizens simultaneously made Kaliurang Road full and jammed. A number of accidents occurred in the evacuation
process” (translated from Indonesian) [51]. Kaliurang Road remains the most densely crowded road
during the implementation of the staged evacuation strategy but to a lesser extent than during a
simultaneous evacuation strategy (see Section 3.2). Therefore, the application of a staged strategy will
potentially reduce the chaos and congestion that occurred during the 2010 evacuation process [51].

Among the staged scenarios examined by the ABM, the PD-prioritised performed the best in
terms of reducing traffic density, as identified from the spatial aspect. This scenario ranks proximity
to hazard (PD) as the most important criterion when developing the prioritisation, followed by
accessibility to shelter (AS), proportion of people of vulnerable age (VA), and proximity to the hazard
(PH), respectively.

Limitations and Future Works

The result of traffic evaluation based on various scenarios of evacuation may be improved as
there is an absence of involvement of congestion effect, road capacity variability, and variability in
the decision of destination choices. The current model used in the experiment disregards the possible
effects of congestion to the movement of agents, therefore, it is unable to simulate the dynamics of
evacuees following the interaction on the road. The congestions commonly occur when the volume of
traffic is too close to the maximum capacity of the road [52]. Therefore, the result of the model might
be different when this factor is applied, but that depends on the value of road capacity and the number
of evacuees conducting the evacuation. The distribution of evacuees is also defined by the variability
of destination choice of evacuees since this affects their route selection.

It is also important to highlight the future stages to integrate the model into disaster management
policy. Gilbert et al. [53] suggest that there are seven aspects which should be taken into account when
bringing the model into public policy. (1) The appropriateness of the process means that the plausibility
of the model is not merely measured from the output, but also the correctness of the process. It is
needed to convince that the model is designed as a representation of the process in the real world.
(2) The appropriateness of the level of model abstraction means the model should represent the real
world in appropriate detail. All models require a generalisation of the real system to simplify and make
it easy to understand and validate. Therefore, the level of generalisation should consider the purpose
of modelling [54]. (3) By recognising the data and validation challenge, the future data collection
and validation requirements can be identified for improvement, because modelling for policy is a
continuous processes [53]. (4) Collaborative processes of model development and use are needed to
ensure the model is focused on the purpose and to provide more effective peer review and scrutiny
of the modelling processes [53]. (5) Consideration of ethical issues is also important because policy
will affect human life. At least, it will involve human participants in developing the model. Likewise,
the questionnaire survey that was conducted to develop the model in this thesis has undergone ethical
review. (6) Communicating the modelling processes with stakeholders as well as the users who are
involved in the policy development is also important and should be taken into account. (7) Lastly,
the model also needs to be maintained regarding the evaluation of the policy implementation as well
as the progress of technology.

It is thus, considering the above successful keys of developing a model to support policymaker,
important to plan a roadmap to make sure that this volcanic evacuation model is implementable.
The roadmap of the integration of the model to policy is presented in Figure 13. The roadmap
consists of several steps that include improvement of the model as well as stakeholder engagement.
The improvement is in order to consider, as well as to address, the limitations that were previously
presented in Section 3.4. Therefore, because it should involve some additional rules, e.g., the destination
choice model, it should undergo some further validations and data improvements whereby the
stakeholder engagement is started by communicating the model with the stakeholder who responded
to the evacuation management.
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The integration of the model is then presented in Figure 14. The evacuation management procedure
involves various parties of stakeholders including scientists (volcanologists), local government,
and emergency response teams, in which some of the members are volunteers (Figure 14a) [38],
whereas the model is attached to the procedure as a tool to support the local government in generating
policy regarding the evacuation command issuance (Figure 14b). For example, the scenarios of the
hazard following the result of the observation is then used to parameterise the simulation. The result
of the simulation such as the evacuees’ density distribution along road networks is used to distribute
police officers to anticipate bottlenecks or congestions.

Stakeholder collaboration
and policy integration

Communication to the )‘

stakeholder

Data improvement and )‘

validation
Evaluation to the model J
abstraction including face
validation
Improvement of the model _j
processes to address the

limitation

Current model

Figure 13. Road map of model implementation—leading to policy integration.
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Figure 14. Attachment of the model to evacuation decision process (modified from [38]). (a) Current
procedure of evacuation management process, (b) the evacuation procedure supported by the model.
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5. Conclusions

A novel approach to a staged scenario design using spatial multi-criteria analysis to create the
prioritisation is presented and examined in this paper. The prioritisation was applied in ABM to
evaluate the relative comparison between simultaneous and staged evacuation, and among various
staged scenarios based on different criteria weightings. The evaluation is based on the ability to reduce
the potential road congestion during evacuation processes, which includes the percentage of evacuees
on the road and the spatial distribution of relative traffic density, as well as the ability (fastness) to
reduce the number of the population at risk. The result shows that the staged scenario was more
effective in reducing the potential traffic congestion during the peak time of the evacuation compared
to the simultaneous strategy. However, the simultaneous evacuation strategy has better performance in
reducing the risk compared to the staged strategy. Among the four staged evacuation scenarios, there
is no significant difference between them with regard to the speed at which the risk is reduced. Among
the staged scenarios, the second one performed best in terms of reducing traffic density, as identified
from the percentage of evacuees on the road during the peak time of evacuation.

Supplementary Materials: The following are available online at https://zenodo.org/record/3341105#
XTBYwWEcRWpo, S1: Criteria weight calculation for Table 1 (https://osf.io/hfxas/), S2: Criteria weight calculation
for Table 2 (https://osf.io/fzhua/), S3: Data for Table 3 (https://osf.io/bjfcv/), S4: Data time interval calculation
for Table 4 (https://osf.io/ef4n3/), S5: Source code for simultaneous experiment (https://osf.io/ef4n3/), S6: Source
code for staged experiment (https://osf.io/v3gfd/), S7: Model description (ODD) (https://osf.io/s936h/), S8: Spatial
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