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Abstract: In recent years, the frequency of torrential rains has increased due to abnormal weather
conditions. Torrential rains have caused extensive flooding damage in many areas. As delays in
evacuation can pose a threat to life, a quick search for safe evacuation routes has become more
important than ever before. In this study, we constructed a new system for searching evacuation
routes that incorporates a function that varies the weight of each road in the route search depending
on the distance from the flooded area D and the distance that the flood area extends in 10 min D′ (i.e.,
the flood’s inundation speed). We conducted multiple hypothetical flood simulations with different
locations of levee breaches and shelters in the study site (Obihiro City, Japan). Then, we compared
the results with the conventional system that does not include the proposed function. The results
showed that the system proposed in this study increased the number of successful evacuees by up to
2.16 times compared to the conventional system. In our system, the weight function is set to the Cd

power of D/D′; increasing the model parameter Cd selects a route that detours more of the flooded
area. The model parameter Cd that maximizes the number of successful evacuees is roughly constant,
regardless of the locations of the levee breaches or shelters in the study site.

Keywords: flood; evacuation; route search; levee breech; shelter

1. Introduction

Global warming, environmental destruction, and urbanization have exposed many
people to the threat of natural disasters. Of the 432 recorded catastrophic events in 2021,
floods are the most dominant factor, accounting for about 50% of the total disasters. Flood
disasters have been particularly severe in Asia; during its monsoon season, India experi-
enced large floods that claimed 1282 lives, and in July, the Henan floods in China killed
352 people and affected 14.5 million people [1]. The flood damage statistical survey results
of the Ministry of Land, Infrastructure, Transport, and Tourism of Japan show that average
annual flood damage has been increasing in recent years in Japan: 212 billion yen from
2006–2010; 433 billion yen from 2011–2015; and 1111 billion yen from 2016–2020 [2].

Frequent and severe floods have increased the importance of information on evacua-
tion routes, shelters, and warnings. Previous studies on evacuation routes have typically
focused on understanding the behavioral characteristics of evacuees and the dynamics
of traffic flow, e.g., [3–5], to systematically identify optimal routes and shelter locations,
e.g., [6–8], and clarify the effects of flow velocity and depth on stability failures of people,
such as sliding in floodwater, e.g., [9–11]. For example, Robinson and Khattak (2010) pro-
posed a dynamic traffic simulation with a decision model to assess the impact of driver
decisions during evacuation [5]. Chelariu et al. (2022) developed a tool that uses spatial
analysis techniques to analyze the time required to evacuate a certain area to achieve an
organized and safe evacuation of residents [7]. Musolino et al. (2020) showed that walka-
bility criteria based on flood characteristics and the corresponding stability of the human
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body are suitable for identifying optimal evacuation routes [9]. Although these studies
have improved the quality of evacuation planning, a major problem with evacuation is that
many people are not motivated to evacuate by official warnings alone [12,13].

In recent years, tools with real-time flood mapping coupled with route searching
are expected to motivate people to evacuate. The technology of flood mapping using
numerical analysis [14], IoT [15], and satellite imagery [16] is advancing day by day, and in
Tokyo, Japan, the real-time flood mapping system “S-uiPS” has been open to the public
since September 2022 [17,18]. The realization of real-time flood mapping has driven the
development of real-time evacuation routing systems [19–22]. Inoue et al. (2018) developed
a real-time evacuation routing system based on real-time 2D flood analysis at 25m resolution
and route search with a set level of walking difficulty on flooded roads [19]. Lee et al. (2020)
proposed an evacuation routing system considering temporal and spatial evacuation for
walking hazards with an artificial neural network-based flood mapping [20].

Advances in real-time evacuation-route retrieval present us with new challenges. That
is, a suggested evacuation path by retrieval may become unsafe during travel evacuation
owing to an evacuee’s walking speed and the speed at which floodwater spreads, resulting
in evacuees being caught in floodwaters. To avoid this situation, it is proposed to evacuate
while changing the evacuation route by searching at any time while moving. However, it is
difficult for evacuees to keep searching while evacuating, and the continuous change of
evacuation routes may confuse evacuees. Another method is to search for evacuation routes
using future forecasts of the inundated area. While this method appears to be effective, it
is difficult to provide highly accurate evacuation routes, given the uncertainty of current
weather forecasts.

In this study, we propose a new evacuation route search system that considers the
speed of expansion of the flooded area to avoid the risk of being caught in flooding
during an evacuation. Specifically, the priority of routes is weighted using the ratio
between the distance from the flooded area to each road and the flood’s inundation speed,
simply estimated from the known current and past flood mapping. Note that since this
study focuses on the development of a routing system, we didn’t perform real-time flood
mapping. Instead, we used the results of pre-computed 2D flood simulation using iRIC
software [23–25] as real-time data.

2. Methods
2.1. Evacuation Route Search System

In the model proposed by Inoue et al. (2018) (hereinafter referred to as the “con-
ventional model”), data on the flood area is read and converted into polygons in real
time [19]. Next, the polygons of the flood area and each road are judged to be in contact. If
there is contact, the road is deemed impassable, and the road data is removed. Then, the
system searches for the shortest route to the shelter and presents a route that avoids the
inundated area at the time of the route search. Although the flood area at the time of route
retrieval is considered in the conventional model, changes in the flood area during travel
are not considered.

The Dijkstra method, an algorithm for finding the shortest path, is used for route
retrieval in the conventional model. The Dijkstra method generally inputs the distance of
each road link (a road connecting two nodes) as a cost and calculates the route with the
lowest cost (i.e., the shortest route). However, this method may select unsafe road links
that are very close to flooded areas. Therefore, we propose a weight function that depends
on D (the distance between the road link and the current flooded area) and D′ (the distance
between the current flooded area and the flooded area 10 min ago), as shown in Figure 1,
and use this function to calculate a virtual road distance (virtual cost). We input the virtual
cost into the Dijkstra method, and thus, the roads closer to the flooded area are less likely to
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be selected as the shortest route. Based on the above idea, we propose Equation (1), which
is a weight function, and Equation (2), which calculates the virtual cost.

fd =

{
(0.01·D/D′)Cd when D/D′ ≤ 100

1 when D/D′ > 100
(1)

L′ =
L
fd

(2)

where fd is a weight function, depending on the distance to the flooded area, D is a distance
between the road and the current flooded area, D′ is a distance between the current flooded
area and the flooded area of the previous time step, L′ is a virtual distance of each road,
and L is an actual distance of each road.
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fd takes values between 0 and 1. If the distance D between the flooded area and the
road is greater than 100 times the distance D′ that the flooded area spreads in 10 min
(output time interval for flood simulation), it is considered safe enough, and the weight is
set to 1. This means that a road link more than 100 times farther than D′ will be inundated
100 × 10 min later. Since the total evacuation time would be 1 to 2 h at most, there is little
need to consider the weight function for road links that are more than 100 times farther
than D′.

Next, as shown in Equation (2), we divide the actual distance L by the fd to obtain the
virtual distance L′. By substituting L′ into the Dijkstra method, a safer evacuation route
that avoids roads in the vicinity of the flooded area is automatically calculated.

2.2. Evaluation Method of the System

To confirm the effectiveness of the proposed function, we evaluate the number of
people who reach the shelter without being caught in the flooding (hereinafter referred
to as “the number of successful evacuees”). The study site is a northern urban district in
the part of Obihiro City, Hokkaido, Japan (Figure 1). Since Obihiro City is located on the
alluvial fan of the Tokachi River, which flows from west to east, the elevation of the study
site basically decreases from west to east. However, a terrace created by the Tokachi River
is located to the south of the study site, so the elevation on the south side is slightly higher.
This area is surrounded by the Tokachi River to the north and by tributaries of the Tokachi
River to the south and west. Therefore, there is a high risk of flooding, and the hazard
map of Obihiro City indicates that the majority of the target area is within the expected
flood area.
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Evacuees are placed on all 420 nodes of the road network, as shown in Figure 2. We
created the road network data from Google Maps by reading the coordinates of the nodes in
the study area. Note that we extracted mainly major roads that are likely to be used during
an evacuation, excluding community roads. Red points represent evacuees, and purple
points represent shelters. Although evacuees depart from all nodes to the shelters, the
number of evacuees depends on the location of the node, such as residential areas or factory
areas. Figure 3 shows the number of evacuees for each node calculated from the population
distribution of Obihiro City (see Table 1). The west side has a smaller population, and the
east side has a larger population. We use data on the population distribution per grid cell.
The population per node is obtained by dividing the population of one cell by the number
of nodes in the cell. In case a cell does not contain any nodes, the population within the cell
is distributed to the four surrounding cells.
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Figure 2. Load map and elevation contour map of the study site in Obihiro City, Hokkaido, Japan.
Red points show the departure points of evacuees. Purple points show the two destination points
(i.e., flood shelters). The x- and y-axes indicate the axis in the Japan Plane Rectangular Coordinate
System Xll.
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Figure 3. The population distribution of the evacuee departure points. Purple points show the
two destination points (i.e., flood shelters). The x- and y-axes indicate the axis in the Japan Plane
Rectangular Coordinate System Xll.
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Table 1. Details of the data and the software used in this study.

Data and Software Data Sources and Links

iRIC Nays2D Flood https://i-ric.org/en/solvers/nays2dflood/ (accessed on
17 March 2023)

Population density https://www.e-stat.go.jp/gis (in Japanease) (accessed on
17 March 2023)

Digital Elevation Model (DEM)

https://fgd.gsi.go.jp/download/menu.php (in Japanese)
(accessed on 17 March 2023)

EPSG:2454: JGD2000/Japan Plane Rectangular CS Xll
Resolution: About 3.5 (m)

To determine if a road is impassable, data on the flooded area is needed. In the future,
we plan to use the results of real-time flood analysis, but since the main focus of this study
is to develop a route search system, we use our pre-calculated results instead of real-time
results. We calculated the flooded area every 10 min using iRIC Nays2D flood (Nelson
et al., 2016), which is free and available to all (see Table 1). The conditions used for the
flood analysis are as follows. The topographic data is the Digital Elevation Model (DEM)
published by the Geospatial Information Authority of Japan (GSI) (see Table 1). The grid
resolution is 24 m× 30 m. Manning’s roughness coefficient, which represents the resistance
of the bed surface, varies with land use, but is assumed here to be a constant 0.03 for
simplicity. In this study, we set up two flood patterns with different levee breach locations.
The first is a fast-spreading flood, in which the river breaks its banks in the upper reaches
and discharges toward areas with low elevation; the second is a slow-spreading flood,
in which the river breaks its banks in the lower reaches and inundates areas with low
elevation (Figure 4). In both patterns, the flow discharge from the levee breach point is a
constant 500 m3/s.

Evacuees depart from all nodes to the shelter every 10 min, e.g., 0 min, 10 min, and
20 min after the breach of the levee. Hereafter, we refer to the above departure time as “the
evacuation start time”. The number of evacuees at each evacuation start time is the same.
The system automatically determines for each evacuee whether they are caught in the flood
while walking or not. The criteria for determining whether an evacuee has been caught by
the flooded area are as follows: (a) If all routes to the shelter cannot be searched because
they are flooded (including the case where the starting node is flooded), the evacuee is
determined to have been caught in the flooded area, i.e., an evacuation failure; (b) Contact
judgment is made every 10 min between the road on which an evacuee is walking and
the flooded area at that time. An evacuation is considered successful if the evacuee does
not come in contact with the flooded area even once before arriving at the shelter, and an
evacuation is considered unsuccessful if the evacuee comes in contact with the flooded area
even once. Figure 5 shows an example of contact judgment. The dark blue area represents
the flooded area at the evacuation start time, and the light blue area represents the flooded
area that expands during evacuation. Our system determines whether the light blue area is
contacting the road an evacuee moves on. In Figure 5b, the evacuation fails because the
light blue area is in contact with the evacuation route, and in Figure 5a, the evacuation
succeeds because the light blue area is not in contact with the evacuation route.

Finally, a population distribution weight for each node is applied, and the number of
successful evacuees is counted. The number of successful evacuees is compared between
Model I, which does not consider a weight function (i.e., the conventional model), and
Model II, proposed in this study, which considers a weight function. The two models are
evaluated under three conditions: Case (1) flood pattern 1 and shelter location 1; Case (2)
flood pattern 2 and shelter location 2; Case (3) flood pattern 1 and shelter location 2.

https://i-ric.org/en/solvers/nays2dflood/
https://www.e-stat.go.jp/gis
https://fgd.gsi.go.jp/download/menu.php
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Figure 5. Criteria for disaster assessment: (a) evacuation success; (b) evacuation failure. Blue shows
the inundation area at the start of the evacuation; light blue shows the inundation area at the time the
evacuees walked to the point of the black dot. The red line marks the evacuation route. The x- and
y-axes indicate the axis in the Japan Plane Rectangular Coordinate System Xll.
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3. Results and Discussion

An example of the evacuation route using Model I and Model II is shown in Figure 6.
The yellow line shows the evacuation route for Model I, and the red line for Model II. The
dark blue area indicates the flooded area at the time of the route search (at the start of
evacuation). It shows that Model II selects a route with more distance between the flooded
area and the route than Model I.
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Figure 6. Example of evacuation route by Model I (convention model, yellow line) and Model II
(proposed model, red line). Blue shows the inundation area at the start of the evacuation. The x- and
y-axes indicate the axis in the Japan Plane Rectangular Coordinate System Xll.

The number of successful evacuees at each evacuation start time is shown in Figure 7.
The black line indicates the number of evacuees starting from nodes (i.e., the total number
of people minus the number of people assigned to nodes already in the flooded area),
the gray line indicates the number of successful evacuees for Model I, and the blue line
indicates those for Model II. The number of successful evacuees in Model II is larger than
that in Model I for all conditions. In particular, at time 60 min in Case (1), the number of
successful evacuations for Model II is 2.16 times higher than that for Model I. Figure 8
shows the successful evacuation of the two models at the evacuation start time of 60 min
for Case (1), in which Model II’s improvement rate was the largest. Yellow points indicate
successful evacuation, and purple points indicate failed evacuation. In Model I, the people
in the direction of the extended flooded area cannot evacuate successfully. In Model II,
however, most of the people can evacuate, except for those very close to the flooded area.
This suggests that the proposed model has a higher success rate in case many evacuees
cross areas of the extended floodplain to reach the shelter. Note that the number of evacuees
starting decreases as the evacuation start time increases (black line in Figure 7). This is
because the number of evacuees whose starting point is already caught in the flood area
increases as the start of evacuation is delayed.

Figure 9 shows how the evacuation route changes when the function parameter Cd is
changed in Model II (see Equation (1)). Figure 9a shows the result of Model I, and b–d are
the results of different values of Cd. The red line indicates the searched evacuation route,
and the yellow point indicates the location of the evacuation shelter. As Cd increases, a more
diverted route is selected. By changing Cd, the degree of bypassing the flooded area can be
determined. Figure 10a,b show the relationship between Cd and the cumulative number
of successful evacuees for Case (1) and Case (3), respectively. In Case (1), the cumulative
number of evacuees peaks when Cd = 1.0. This is because when Cd is smaller than 1, more
evacuees choose routes closer to the flooded area and get caught in the flooded area. On
the other hand, when Cd is larger than 1, more evacuees choose routes that essentially
avoid the flooded area and thus, can be lengthier, consequently taking longer to evacuate.
As a result, the flooded area becomes widespread during the evacuation, the number of
available routes decreases, and the evacuation is more likely to fail. In Case (3), as Cd
increases, the cumulative number of successful evacuees increases. This is because the pace
of expansion of the flooded area is insignificant due to the storage-type flooding (i.e., a
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flood type where levee breaches occur downstream of areas surrounded by levees), so even
if evacuees choose routes that essentially avoid the flooded area, they will not get caught in
the flooded area during the evacuation.
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Figure 7. The number of successful evacuees at each evacuation start time. The black line indicates
the number of evacuees starting from nodes (i.e., the total number of people minus the number of
people assigned to nodes already in the flooded area); the gray line indicates the number of successful
evacuees for Model I, and the blue line indicates those for Model II.

Although not included in this paper, we conducted similar simulations under multiple
conditions by changing the location of the levee break and the shelter location. We found
that the cumulative number of evacuees peaked at a Cd of approximately 1.0, regardless of
the location of the levee breach or the shelter location. The results and analysis presented in
this study show that the proposed model can be implemented to assess the safest evacuation
routes in times of flooding. However, the analysis is still limited to the walking speed used
in this study. That is, even if the inundation speed is slow, if the walking speed is slow, the
number of successful evacuees may decrease as the Cd increases, as shown in Figure 10a.
Conversely, even if the inundation speed is fast, if the evacuation speed is increased by
using a car or other means, the number of successful evacuees may remain constant above a
certain Cd, as shown in Figure 10b. In this study, the walking speed is set to be 4 km/h (i.e.,
the walking speed of a typical adult male), but this speed may vary depending on the age of
the evacuee, the visibility conditions, the condition of the road e.g., [9–11], etc. Additionally,
since evacuation by car during a flood has risks such as engine failure and inability to move
due to rising water levels, this study assumes evacuation on foot. However, in reality, some
people evacuate by car. That is, Cd should be modified according to gender, age, disability,
way and time of evacuation, etc. Furthermore, a great deal of successful evacuation in times
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of disaster depends upon the way the inhabitants at risk react to the situation. Hence, it is
necessary to prepare and train the locals at risk to efficiently use the available evacuation
systems/software and also establish a new attitude toward early disaster warnings and
practicing early and timely evacuation.

Water 2023, 15, x FOR PEER REVIEW 9 of 13 
 

 

 

Figure 8. The evacuation conditions of the two models at the start time of evacuation t = 60 (min) in 

Case (1), (a) Model I, (b)Model II. Yellow points indicate successful evacuation, and purple points 

indicate failed evacuation. The x- and y-axes indicate the axis in the Japan Plane Rectangular Coor-

dinate System Xll. 

Figure 9 shows how the evacuation route changes when the function parameter 𝐶𝑑 

is changed in Model II (see Equation (1)). Figure 9a shows the result of Model I, and b–d 

are the results of different values of 𝐶𝑑. The red line indicates the searched evacuation 

route, and the yellow point indicates the location of the evacuation shelter. As 𝐶𝑑  in-

creases, a more diverted route is selected. By changing 𝐶𝑑, the degree of bypassing the 

flooded area can be determined. Figure 10a,b show the relationship between 𝐶𝑑 and the 

cumulative number of successful evacuees for Case (1) and Case (3), respectively. In Case 

(1), the cumulative number of evacuees peaks when 𝐶𝑑 = 1.0. This is because when 𝐶𝑑 is 

smaller than 1, more evacuees choose routes closer to the flooded area and get caught in 

the flooded area. On the other hand, when 𝐶𝑑  is larger than 1, more evacuees choose 

routes that essentially avoid the flooded area and thus, can be lengthier, consequently 

taking longer to evacuate. As a result, the flooded area becomes widespread during the 

evacuation, the number of available routes decreases, and the evacuation is more likely to 

fail. In Case (3), as 𝐶𝑑 increases, the cumulative number of successful evacuees increases. 

This is because the pace of expansion of the flooded area is insignificant due to the storage-

type flooding (i.e., a flood type where levee breaches occur downstream of areas sur-

rounded by levees), so even if evacuees choose routes that essentially avoid the flooded 

area, they will not get caught in the flooded area during the evacuation. 

Figure 8. The evacuation conditions of the two models at the start time of evacuation t = 60 (min)
in Case (1), (a) Model I, (b) Model II. Yellow points indicate successful evacuation, and purple
points indicate failed evacuation. The x- and y-axes indicate the axis in the Japan Plane Rectangular
Coordinate System Xll.

While we consider only impassable roads due to inundation, bridges may become
impassable during flooding owing to a variety of factors, such as damage to bridge piers
caused by bed degradation, e.g., [25,26], the collapse of bridge abutments due to bank
erosion, e.g., [24,27], lifting of bridge decks by water surface waves, e.g., [28–30]. The road
data in this study does not include bridges over large rivers; however, it includes bridges
over smaller rivers. It would be better if the model incorporated an indicator of bridge
safety when a route across such bridges is chosen. Furthermore, if evacuation is difficult
due to the damaged bridges, it may be crucial to evacuate to a higher floor of a building
instead of evacuating to a shelter.

Since we mainly focus on developing a routing system in this study, we used flood
simulations that we had run under simplified conditions. However, the technology for
real-time flood mapping is growing every day [14–18]. The coupling of our model with
real-time flood mapping could lead to the development of a real-time evacuation model
that responds to the progression of flooding and provides safer evacuation routes that
effectively avoid flooded areas. However, the role of Internet of Things (IoT) technology is
important because real-time evacuation searches must provide evacuation routes based
on the location of evacuees. Research on evacuation information related to IoT technology



Water 2023, 15, 1417 10 of 12

has also progressed in recent years [15], and the integration with our system is an exciting
future challenge.
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4. Conclusions

In this study, we proposed a new evacuation route search system that takes into
account the expansion speed of the flooded area. The analysis shows that our system can
present safer evacuation routes using a simple function that uses the ratio of the distance
that the flooded area has expanded over the previous 10-min period to the distance between
the flooded area and the road. We performed three hypothetical flood simulations for
Obihiro City, Japan, and compared our model with a conventional model that does not
include the function. The number of successful evacuees in our model shows a maximum of
2.16 times increase against the conventional model. The model parameter that determines
the degree of the detour of the evacuation route was generally constant at 1, regardless of
the location of the breach or shelter in our study site.
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