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Abstract: Efficient evacuation planning is important for quickly navigating people to shelters during
and after an earthquake. Geographical information systems are often used to plan routes that
minimize the distance people must walk to reach shelters, but this approach ignores the risk of
exposure to hazards such as collapsing buildings. We demonstrate evacuation route assignment
approaches that consider both hazard exposure and walking distance, by estimating building collapse
hazard zones and incorporating them as travel costs when traversing road networks. We apply our
methods to a scenario simulating the 2016 Gyeongju earthquake in South Korea, using the floating
population distribution as estimated by a mobile phone network provider. Our results show that
balanced routing would allow evacuees to avoid the riskiest districts while walking reasonable
distances to open shelters. We discuss the feasibility of the model for balancing both safety and
expediency in evacuation route planning.

Keywords: evacuation route planning; disaster mitigation planning; GIS-based decision support
systems for risk analysis and emergency management

1. Introduction

Serious earthquakes in 2016 and 2017 brought public attention to the need for emergency response
and proactive disaster planning in South Korea. The 2016 Gyeongju earthquake damaged 5868 facilities
and required 117.94 million USD for the recovery of parts of the city [1]. Efficient evacuation planning
is an essential strategy in earthquake disasters to allow quick escape from hazard zones and navigate
citizens to safe shelters. The South Korean government categorizes emergency shelters into temporary
and permanent shelters [2]. Temporary shelters protect people from immediate harm when disasters
happen and can be any open spaces such as small parks or parking lots distant from hazards.

By contrast, citizens must evacuate to permanent shelters in the moments following
an earthquake. These are seismic-designed buildings that have sufficient space to accommodate
citizens for hours or days, while the city assesses the damage and ensures that it is safe to return
home. Permanent shelters are selected by local governments and are usually large public buildings
such as schools or community centers. Since roads in dense building environments may become
congested or blocked by debris following an earthquake, permanent shelters must be accessible by
foot for the majority of users.

In earthquake disasters, it is important to quickly navigate citizens to the shelters. Any individual
person’s ability to find the best evacuation route will be limited if they lack information, such as
which roads will be dangerous and which shelters will be fully occupied [3,4]. Evacuation route plans
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assign evacuees to fixed shelters and routes before disasters, to avoid chaos and increase evacuation
efficiency [5,6].

Geographical information systems (GIS) are commonly applied to generate evacuation routes
through pedestrian path networks. Most approaches select routes using a shortest path calculation
that chooses the minimum distance from residences to shelters [5-7]. However, shortest path
calculations do not take into account the fatal risks that pedestrians might experience while they walk
in hazard zones. Previous studies have identified potential risks while evacuating, such as building
collapse, flooding, and toxic gas [8,9]. Others have attempted to incorporate safety indicators into
evacuation route analysis in disaster situations [10-15]. These studies estimated hazard zones
and identified roads traversing these hazard areas in disaster situations. [12-15]. However, they
focused on evaluating the existing shortest paths to shelters, rather than calculating new routes that
prioritized pedestrian safety [10-15]. In addition, previous research used simulated populations [14]
or census-based residential population distributions [11-15] that did not reflect the actual locations
of people at different hours of the day. Thanks to the development of locative technologies such
as mobile phone network and GPS tracking, we can retrieve floating population distributions and
create evacuation plans in real-time.

Current research has focused on balancing safety and distance in evacuation planning [16-18].
These studies attempted to improve upon previous approaches that only minimized travel time to
save citizens in disaster situations. They had two common objectives when judging evacuation routes:
(1) risk assessment to estimate road hazards in disasters and use them as travel costs while traversing
the road network, and (2) route analysis to find the best route along with the shortest distance and
minimal risk. The risk of hazard exposure was converted to costs for routes delaying or inhibiting
pedestrian movement [16,17]. The suggested routes were generally longer than the shortest paths
determined by Dijkstra’s algorithm [19], but they diminished the injuries and fatalities of pedestrians
in disaster situations. The optimization rules to find the shortest safe path depended on the priority
and weight of the objectives, and researchers have attempted to balance walking distance and hazard
exposure for the best evacuation route planning.

In this study, we propose a new evacuation route assignment model that considers potential road
hazards in earthquake disasters. We have three objectives in this study: (1) to estimate the potential
road hazards from building collapse, (2) to calculate evacuation routes through heuristic route analysis
that minimize hazard exposure and walking distances, and (3) to compare the efficiencies of routes with
those determined by other methods such as the shortest path method. We applied our approaches to
geospatial data covering the urban core of Gyeongju, South Korea. The rest of this paper is structured
as follows:

1. Materials and methods: overview of our study site and spatial dataset, and methods of road
hazard estimation and pedestrian evacuation route analysis.

2. Experimental results: visualization of resulting routes.

3. Discussion: discussion of results and limitations.

4. Conclusion: summary of the study and directions for future work.

The main contributions of this paper are as follows: Firstly, we present our computational method
for evacuation route planning, quantitatively incorporating road hazards from building collapse
as pedestrian safety risks in earthquake disasters. Secondly, we demonstrate how these routes can
be generated and optimized for individuals throughout a city based on their real-time locations,
as determined from floating population estimates from mobile phone networks.
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2. Materials and Methods

2.1. Data Sources

In this study, we used data from Gyeongju city, South Korea, the site of a major and destructive
earthquake in 2016. Gyeongju is located in the southeastern region of South Korea, near important
industrial cities such as Pohang, Ulsan, and Daegu. This region has suffered from earthquake disasters
in recent years. An earthquake of M; 5.8 hit Gyeongju on 12 September 2016, and an earthquake of M|
5.4 hit Pohang on 15 November 2017 [20]. In particular, the Gyeongju earthquake was the largest one
recorded in South Korea since measurements were started [21]. Since 2017, 211 earthquakes between
M 2 and M| 4 have occurred in the inland areas of South Korea; 78% (164) hit this southeastern
region of Korea [22]. These disasters threaten the core industries of the region: steel, shipbuilding,
automobiles, and chemicals.

Gyeongju itself has many historical districts, and their historic structures are vulnerable to damage
or collapse in earthquake situations. In addition, although the Korean government has strengthened
the seismic design regulations for new buildings, many buildings in the central districts of Gyeongju
predate these rules and are vulnerable to earthquake disasters. Despite it being a small city, Gyeongju’s
vulnerability to earthquake disasters reflects on the danger to many small and large cities in the region,
with economic and social consequences for the nation.

We used several spatial datasets, along with floating population data from a mobile phone
provider. We used the following spatial datasets: (1) road network (linestring layer), (2) buildings
(polygon layer), and (3) permanent shelter locations (point layer). We used a road layer [23] that
captures the center lines of vehicle roads as potential pathways for evacuation. We transformed the
road layer into a network graph G (N, E) consisting of edges (E) representing paths and nodes (N)
wherever two or more edges meet. Our building layer represented building roof contours as polygon
features, which included the number of floors in their attributes [24]. Permanent shelter locations were
provided by the local government [25], and consisted of 20 public schools; their attributes included
facility areas.

The mobile phone data collected by SKT, the nation’s largest mobile network company, inferred
residents’ activities based on mobile phone usage patterns [26]. They came in the form of anonymized,
estimated population distributions within a 50 m X 50 m grid. The data for the mobile phone activities
for an hour were aggregated, and the population distributions within each grid cell in that hour were
estimated. We converted the data into a polygon layer of 50 m x 50 m square features.

In this study, we observed 127,867 people present in 4808 grid cells of Gyeongju’s urban core,
at 8 p.m. on 12 September 2016 (the hour at which the earthquake occurred) (Figure 1). The residential
population of the study site was estimated at 118,992 in December 2016 [27]; the floating population
was estimated to be 7% larger than the residential population at the exact moment of the earthquake.
Many tourists visit Gyeongju and stay in hotels and guesthouses in the central districts of the city.
The mobile phone data imply that floating populations might significantly diverge from residential
populations in historical and tourist cities and should be factored into evacuation plans based on where
people are. The collection of floating population data coinciding with a major earthquake presents a
unique opportunity to test our ideas for disaster management in South Korea.
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Figure 1. Population distribution at the time of the earthquake, and permanent shelter locations in
Gyeongju. People are mostly concentrated in three main districts in the city.

2.2. Building Collapse Estimation and Road Hazard Analysis

In this section, we describe how we accounted for potential road hazards from building collapse
in earthquake disasters.

Building collapse is the most fatal risk for pedestrians while they evacuate to shelters [14].
Falling debris or debris on roads could harm or block pedestrians [28]. South Korea’s Building Act has
revised seismic design regulations to protect buildings from wind pressure, vibrations, excitations, and
collapse in disaster situations from 1990 to 2018. In particular, the Building Act has been frequently
revised since the major earthquakes in 2016 and 2017. Its seismic design regulations define minimum
standards for buildings that exceed a certain size based on their floor counts or floor areas (Table 1).
In addition, the Building Act generally categorizes buildings constructed over 30 years ago as “old
buildings” at greater risk of collapse. We assumed that buildings in Gyeongju exempted from
the seismic design regulations, and buildings over 30 years old, presented risks for collapse in our
hypothetical earthquake disaster. In our study area, 11,819 buildings (61.2%) fell within these categories.
We estimated building heights by multiplying the number of floors by an assumed floor-to-floor height
of 3m.

Table 1. Seismic design regulations by year in South Korea. For example, buildings with two or more
stories or areas larger than 200 m? have had to be constructed with seismic designs since 2018.

Revision Year 1990 2005 2015 2017 2018
Minimum number of floors 6 3 3 2 2
Minimum floor area (m?2) 10,000 1000 500 500 200

The Korea National Disaster Management Institute models the potential hazard area of building
collapse as anywhere within a distance 1.5 times the building’s height [2]. We adopted this approach
and drew buffers based on this distance around each building (Figure 2).
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Figure 2. Building collapse estimation. The inner spaces of the main districts in Gyeongju with many
old buildings become riskier, while the outer roads are relatively safe.

Next, we estimated potential road hazards using the estimated building collapse zones.
We calculated “road hazard” using the length of the intersection of road segments and the proportional
overlap with building collapse hazard zones (Figure 3).
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Figure 3. Road hazard analysis.
2.3. Pedestrian Evacuation Route Analysis

We used four approaches to validate the efficiency of our evacuation route analysis method:
(1) a shortest-path, unassigned-shelter analysis that does not guide pedestrians to any particular shelter;
(2) a shortest-path, assigned-shelter analysis calculating the minimum distance while considering
shelter capacity; (3) a minimum-hazard, assigned-shelter analysis minimizing exposure to road
hazards; and (4) our proposed method, a comprehensive evacuation route analysis seeking to minimize
both distance and hazard. Our proposed evacuation route analysis model was applied and run as
a Python script with GDAL and NetworkX libraries, and the evacuation routes were exported in

shapefiles readable using QGIS, a GIS software tool. The key variables for evacuation route analysis
are summarized in Table 2:

Table 2. Key variables for evacuation route analysis.

Symbol Description Approach
Shortest-path, unassigned-shelter analysis
Distance E;(i) Road distance of edge i Shortest-path, assigned-shelter analysis
Comprehensive evacuation route analysis
Hazard Ex(i) Road hazard of edge i Mmlmum-haz_ard, asmgngd-shelter analy_51s
Comprehensive evacuation route analysis
Population p; Number of population in node i All approaches

Population that can enter shelter j in

i C; . .
Capacity J its remaining space

All approaches
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2.3.1. Shortest-Path, Unassigned-Shelter Analysis

The shortest-path, unassigned-shelter analysis (SUA) assumes that citizens receive no instructions
on which shelter to go to after the earthquake. The only information they have is the shelter locations
and the road network. In the model, each individual evacuates to the nearest shelter along the shortest
available path through the road network. We modeled the natural evacuation pattern for an earthquake
disaster in Gyeongju in this way, because Korean disaster management planning does not currently
assign or communicate evacuation routes to shelters. The result reflects the best-case scenario if all
pedestrians took the shortest paths to their nearest shelters, and we would expect the evacuation routes
in actual earthquake scenarios to be less efficient. A model of shortest path analysis is derived as
follows:

min Z E4(i) )
i€R
where i is the edge of the route and R is the route between the population node and shelter node. The
model calculates the minimum distance path through the road network.

However, if someone arrives at a shelter that is already fully occupied, they must move to the
next nearest shelter, and their evacuation distance increases. We assume a shelter capacity of 1 square
meter per individual. This process is described below:

e  Step 1: Identify the shortest path from population node i to shelter node j, where P; > 0.

e Step 2: If C; = 0, identify the shelter closest to this shelter j. Traverse the shortest path to that
shelter, which becomes the new shelter j.

e  Step 3: Repeat Step 2 until C; # 0.

e Step4: If C; > P;, assign P; to the path. Next, C; = C; - P; and P; = 0.

e Step5: If Cj < P;, assign P; — C; to the path. Next, C; = 0and P; = P; - C;.

e  Step 6: If the sum of the populations or shelter capacities is zero, end the process. If not, return to
Step 1.

2.3.2. The Shortest-Path, Assigned-Shelter Analysis

The shortest-path, assigned-shelter analysis (SAA) assigns shelters to citizens at the moment of the
disaster. SAA calculates the shortest paths from populations to shelters as potential evacuation routes.
In addition, SAA identifies which shelters will be at full capacity if everyone traveled to their nearest
option and assigns excess populations to shelters that have remaining capacity. This differs from SUA
in that individuals are guaranteed to have a spot available at their assigned shelter, preventing visits to
multiple shelters and reducing the overall distance traveled. The process is described below:

e  Step 1: Identify the shortest path from population node i to shelter node j, where P; > 0 and C; > 0.

e Step 2: If C; > P;, assign P; to the path. Next, C; = C; — P;and P; = 0.

e Step 3: If C; < Pj, assign P; — C; to the path. Next, C; = 0 and P; = P; - C;.

e  Step 4: If the sum of populations or shelter capacities is zero, end the process. If not, return to
Step 1.

2.3.3. Minimum-Hazard, Assigned-Shelter Analysis

The minimum-hazard, assigned-shelter analysis (MAA) calculates evacuation routes that minimize
exposure to building collapse zones between populations and shelters. A model for minimizing road
hazards is derived as follows:

min Z E,(i) @)
i€R

The model calculates paths that minimize the length of roads traveled that overlaps with building
collapse zones, rather than considering the overall evacuation distances. The MAA process is structured
similarly to SAA, but it uses Ej, for the path cost in Step 1. The process is described below:
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e  Step 1: Identify the path that minimizes road hazards from population node i to shelter node j,
where P; > 0 and C; > 0. If the paths to two or more shelters have the same road hazard exposure,
we choose the shortest distance path.

e Step 2: If C; > P;, assign P; to the path. Next, C; = C; — P;and P; = 0.

e Step 3: If C; < Pj, assign P; — C; to the path. Next, C; = 0 and P; = P; - C;.

e  Step 4: If the sum of the populations or shelter capacities is zero, end the process. If not, return to
Step 1.

2.3.4. Comprehensive Evacuation Route Analysis

Comprehensive evacuation route analysis (CEA) is a heuristic path-finding model that attempts
to minimize (1) the evacuation distance and (2) the road hazard exposure. Heuristic path finding
is a practical approach to finding the best decision based on conflicting objectives within limited
time [29-31]. Previous research proposed algorithms that optimize costs to calculate a single best
solution for all objectives, by setting the maximum cost of each objective [29] or rank of objectives [31].
In this study, we propose a simple model to calculate evacuation routes balancing hazard exposure
and walking distance.

The proposed model consists of two phases: the routing and assigning phase. In the routing phase,
we calculate the path that minimizes the road hazards from each population node to every shelter.
The pedestrians at that node can travel to any shelter but have only one route choice for each shelter.
In the assigning phase, the model assigns populations to shelters based on which shelter is the closest
along the pre-calculated route, while skipping shelters already at capacity. The process of the assigning
phase is constructed in the same manner as SAA.

By separating process phases, the model mitigates the worse scenarios of the first two approaches.
The routing phase guides pedestrians to safe paths by filtering out evacuation routes along which
many road hazards would be encountered. The assigning phase sends people to the closest available
shelter, while preventing unnecessary trips to fully occupied shelters. The processes are described
below and in Figures 4 and 5:

Routing Phase

e  Step 1: Calculate the paths that minimize the road hazards between the population nodes and
shelter nodes.

Assigning Phase

e  Step 2: Identify the shortest path from population node i to shelter node j, where P; > 0 and C; > 0.

e Step 3: If C; > P;, assign P; to the path. Next, C; = C; - P; and P; = 0.

e Step 4: If C; < P;, assign P; — C; to the path. Next, C; = 0 and P; = P; - C;.

e  Step 5: If the sum of the populations or shelter capacities is zero, end the process. If not, iterate at
Step 2.
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Routing phase

Calculate the paths that minimize road hazards
between the population nodes and shelter nodes

No
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Assigning phase
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[ Assign the amount of population P; to the path ]

]
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[ End (Every population is assigned) ]

Figure 4. Process of comprehensive evacuation route analysis.

Population node | Shelter node | Evacuation distance | Distance rank | Road hazard | Hazard rank

120 1 2,299.4 14 187.1 7

120 2 4395 20 1705 8 —— CEA result

120 3 8,400.4 6 84.3 15

120 4 1,247.1 19 84.3 15

120 5 3,811.2 10 124.4 11

120 6 12,296.7 1 147.2 9

120 7 8,456.9 5 84.3 15

120 8 3,264.4 13 439.2 2

120 9 2,155.7 15 1039 12

120 10 1,817.4 18 2214 6

120 11 10,378.9 4 91.5 14

120 12 1,953.6 16 84.3 15

120 13 12,183.5 2 92.7 13

120 14 4,694.0 8 457.4 1

120 15 3,951.9 9 358.1 3

120 16 7,609.7 7 1311 10

120 17 3,281.6 12 288.9 4

120 18 10,903.3 3 84.3 15

120 19 1,949.0 17 280.6 5

120 20 3,795.3 11 84.3 15 — MAA result
Population node | Shelter node | Evacuation distance | Distance rank | Road hazard | Hazard rank

120 2 414.3 408.7 —— SUA&SAA result

Figure 5. Example of evacuation route results. The first table shows routes filtered by the routing

phase of comprehensive evacuation route analysis (CEA). Minimum-hazard, assigned-shelter analysis

(MAA) selects a route minimizing road hazards (the first two shortest paths are not selected due to

fully occupied shelters). CEA selects a route with a lower evacuation distance than the MAA route.

Although this route is longer than the shortest-path, unassigned-shelter analysis (SUA)/SAA routes,

it results in significantly less hazard exposure.
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3. Experimental Results

3.1. Summary of Results

In this section, we summarize four evacuation route analysis methods for Gyeongju.
The summarized results are presented in Tables 3 and 4, and Figure 6. A two-sample ¢-test was applied
in order to examine the coincidence between each method.

Table 3. Summary of results of evacuation route analysis.

Analysis Evacuation Distance (m) Hazard Exposure (m)
Type Mean Std. Max Mean Std. Max
SUA 612.5 464.5 2625.4 306.1 224.7 2147.0
SAA 608.3 460.8 2485.8 303.0 220.3 1792.5
MAA 4991.5 47450 16,270.0 1684 123.8 628.4
CEA 861.2 964.9 5759.5 199.5 141.2 703.4

Table 4. Two-sample t-test results for evacuation route analysis.

Evacuation Distance Hazard Exposure
Analysis Type

Two Sample t-Test (£) Two Sample t-Test (t)
SUA vs. SAA 0.308 0.878
SUA vs. MAA —348.089 *** 183.961 ***
SUA vs. CEA —107.479 *** 137.785 ***
SAA vs. MAA —348.129 *** 182.947 ***
SAA vs. CEA —107.704 *** 136.777 ***
MAA vs. CEA 324.555 *** —60.000 ***

% p < 0.001.

Evacuation distance (m)

iiTT -

SUA SAA MAA CEA SUA SAA MAA CEA

(Evacuation distance) (Road hazard)

Figure 6. Evacuation distance and road hazard for each route analysis.
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3.2. Model Comparison

Figures 7 and 8 illustrate the evacuation routes and hazard exposure for each route analysis.
As shown in Tables 3 and 4, SAA reduced the average evacuation distance and hazard exposure
compared with SUA, since it directly assigned pedestrians to empty shelters, but the differences were
not statistically significant (p > 0.05). Although both SUA and SAA provided shorter evacuation
routes than the other two approaches, these paths included more road hazards. In particular, these
road hazards were concentrated in the three main districts that contained most of the population
(Figures 1 and 8). As the box plots in Figure 5 show, some outliers of hazard exposure were significantly
high. In the worst case, pedestrians would have to walk 2.2 km through building collapse zones
while evacuating.

Legend
@® Permanent shelter

Evacuation distance (m)
B 0-600
600 - 1200
1200 - 1800
I 1300 -
Il Non-population

0 1 2 3 4km

(SUA) (SAA) (MAA) (CEA)

Figure 7. Evacuation distance for each route analysis.

Legend

® Permanent shelter

Hazard exposure (m)
I 0-200
I 200- 400
400 - 600
600 - 800
Il 800 - 30000
Il Non-population

1] 1 2 3 4 km
)

(SUA) (SAA) (MAA) (CEA)

Figure 8. Road hazard for each route analysis.

MAA greatly reduced road hazards more than the other three approaches; there were statistically
significant differences in hazard exposure between the routes from MAA and the others (p < 0.001).
However, it also greatly increased the evacuation distance (by ~720% more on average than SAA,
p < 0.001) since it did not attempt to minimize the overall route distances. The average evacuation
distance was ~5 km, implying an 83-min trip at a 1 m/s walking speed.

Although there was significantly greater road hazard exposure for CEA than MAA (p < 0.001), there
was also significantly less exposure with CEA than with SUA and SAA (p < 0.001). Furthermore, CEA
reduced the average overall evacuation distance by ~83% compared to MAA (p < 0.001). Although this
was still longer than that with SUA, CEA eliminated the high-risk outliers for hazard exposure seen
with SAA (Figure 6). This approach helped pedestrians to avoid long and dangerous roads.
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4. Discussion

Our suggested method, CEA, significantly reduced the hazard exposure compared to the shortest
path calculations. While there are some trade-offs in forcing longer trips in order to avoid high-risk
areas, the comprehensive approach mitigates this problem by selecting shorter routes from a subset of
risk-minimizing options.

Figure 9 illustrates examples of evacuation routes for each approach. In the SUA and SAA
examples, most evacuees travel through the central districts of the city, saving time but with high
exposure to risks from the dense built environment. Many older, historic buildings are in the main
districts of Gyeongju, where roads are more likely to be blocked or dangerous after an earthquake.
As shown in Figure 7, long hazard exposures were concentrated in three main districts, where much of
the floating population was located. In general, pedestrians walked further in scenarios of SUA than
in those of SAA, because they had to continue walking from shelter to shelter until they found one that
was not fully occupied. However, the evacuation distance gap between SUA and SAA was not high
because the shelters were not very far from each other in the study area.

‘ -
N s ?
L o
#*
£ "
Iy
L A
A
1 # . L
# 2 y
Tn *
a > A 7
" A ot
A A L} [
0 250 500 750 1000 m ﬁ 0 250 500 750 1000 m
] ]
(SUA) (SAA)

0 250 500 750 1000m 0 250 500 750 1000 m
e — = o

(MAA) (CEA)

Figure 9. Examples of route change for each analysis. SAA provides more direct paths to shelters
than SUA, by eliminating trips to multiple shelters. Pedestrians mostly use outer roads through MAA.
CEA navigates pedestrians to shelters via safe routes that have reasonable walking distances.



ISPRS Int. ]. Geo-Inf. 2020, 9, 432 12 of 14

In the MAA results, the evacuees stuck to outer roads; even when they walked through
central districts, they used roads adjoining large open spaces such as parks and public stadia.
In addition, the boundary of our study site borders rivers, farms, and hilly areas, which—while
sparsely populated—have well-developed pedestrian pathways that connect many of Gyeongju’s
historic attractions. MAA guided pedestrians to walk along these safe routes. However, this forced
some evacuees to walk long distances to shelters. Some users may not be physically capable of walking
for two hours to reach the nearest shelter.

CEA prevents pedestrians from walking extreme distances to shelters, by striking a balance
between safety and proximity. In particular, it significantly reduced the hazard exposures in the
main districts of Gyeongju (Figure 7), and many evacuees were guided away from building collapse
zones. They prevented the crossing of the riskiest districts while selecting routes with reasonable
evacuation distances and low-to-moderate risk exposure. Although CEA significantly reduced the
hazard exposures of the evacuation routes, some pedestrians would walk farther than the shortest paths.
In Figure 6, the evacuation routes in three regions significantly increased (Northern, Southern, and
Eastern parts of the study site). We can suggest the designation of additional shelters in order to reduce
the evacuation distances in these regions. Our proposed approach is able to find vulnerable areas and
improve the efficiency of evacuation routes in disaster management planning for earthquakes.

The future research directions are to apply various pedestrian safety indicators to our evacuation
route analysis and to study how proactive evacuation plans would change as floating population
distributions change hour-to-hour and day-to-day. We can also improve on our routing optimization
methods; all the methods we applied here were greedy heuristics, minimizing the costs for each node
individually in some order, without attempting to optimize globally for all the nodes in aggregate.
In addition, because we handled hourly updated floating population data and the proposed method was
designed to calculate evacuation routes within one hour, our method could afford to run more slowly
than real-time. However, we can improve this performance so that it operates faster than real-time.

Looking beyond building collapse as the main risk to evacuees, we can incorporate other risk
factors such as gas explosions or ground displacement, allowing for more realistic plans during
earthquake disasters. By capturing floating population distributions frequently from mobile phone
networks, we can better measure and inform evacuation plans. Our available floating population data
did not include population characteristics such as age and gender or ways in which to distinguish
between local residents and visitors, or those with mobility challenges. Other studies have modeled
evacuation routes considering the physical characteristics of populations [32] or simulated evacuation
behaviors for different population groups [33].

5. Conclusions

In this study, we demonstrated how we can take pedestrian safety risks into account in
evacuation planning. We proposed an approach for routing people to permanent shelters, considering
exposure to the risk of earthquake building collapse. We modeled these risks by estimating building
collapse hazard zones and incorporating them as travel costs of traversing the path network in
Gyeongju. We used a heuristic path-finding approach to calculate the evacuation routes minimizing
evacuation distance and hazard exposure. Our results showed that it is feasible to balance both safety
and expediency using this comprehensive approach.

We believe that our study shows the potential value and limitations of evacuation planning
when incorporating safety indicators into route analysis. Earthquake risk assessment is complex
and can include many options to consider, such as building collapse or gas explosions. We can
improve our plans by quantifying these risks in collaboration with disaster-related experts and can
help citizens to increase their survival rate in disaster situations. Our results are not a final statement
on evacuation planning but a first step toward safer, responsive, and efficient evacuation routes during
earthquake disasters.
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