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Abstract: Achieving safe evacuation is the main goal of selecting an evacuation route. General path-finding meth-
ods determine a single shortest route to one end point; however, this is insufficient for selecting evacuation routes.
Central Tokyo has a dense population with many tourists, and there are many areas with high disaster risk, such as
densely populated wooden houses. As a result, it is important to prepare multiple evacuation sites and routes in case
the optimal ones become unavailable. At present, the safety of evacuation routes is determined empirically; however,
it should also be evaluated by quantitatively comparing multiple evacuation route candidates. In this paper, we propose
a method for simultaneously deriving multiple evacuation route candidates using the Physarum solver. This method
also quantitatively considers disaster risk. To evaluate the safety of the evacuation routes derived by this method, we
define an index called the evacuation success rate. By developing a method for obtaining multiple evacuation routes
considering disaster risk and by providing an index for quantitatively evaluating the safety of the obtained evacuation
routes, safe and rapid evacuation can be achieved during disasters.
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1. Introduction

1.1 Purpose
The Tokyo Metropolitan Government has created the Tokyo

Disaster Prevention Plan, which consists of natural disaster pre-
vention efforts [1]. These guidelines aim to achieve safe and rapid
evacuation during earthquakes and achieve smooth evacuation
during wind and flood disasters. To achieve safe and rapid evacu-
ation as well as smooth evacuation, it is necessary to select evac-
uation routes on a quantitative basis among multiple evacuation
route candidates. When an evacuation route is derived by sim-
ulation, a path-finding method is used. However, because path-
finding methods identify the shortest route connecting one start-
ing point and one end point, it is not possible to quantitatively
derive multiple evacuation route candidates simultaneously while
considering disaster risk.

In this paper, we propose a method for deriving evacuation
routes using the Physarum solver. The Physarum solver makes
it possible to set multiple end points, derive multiple evacua-
tion routes simultaneously, and quantitatively determine the pri-
orities of the routes without additional calculations. In this pa-
per, we present the results of deriving evacuation routes with
the proposed method using road network data from Tokyo. We
demonstrate that it is possible to derive multiple evacuation routes
simultaneously without additional calculations and to quantita-
tively compare their priorities. The method of deriving evacu-
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ation routes considering disaster risk is achieved by converting
disaster risk into the parameters of the Physarum solver. By in-
troducing a new index representing evacuation success rate, we
demonstrate that the evacuation routes that consider disaster risk
are superior to the evacuation routes that do not consider disaster
risk.

1.2 Related Work
In this subsection, we present related studies focusing on

the following topics: evacuation routes, optimization using the
Physarum solver, and spatial analysis using geographic informa-
tion systems (GIS). Research on the first topic includes a study
by Liu et al., in which the authors developed an adaptive evacu-
ation route algorithm that responds to condition changes by the
time course of flood disasters using Dijkstra’s algorithm, a short-
est route search method. In addition, the authors developed a
flood disaster simulation using the Disaster Management Spatial
Information System (DiMSIS) [2]. Alcada-Almeida et al. pro-
posed a GIS-based decision support system that uses a multi-
objective approach to locate emergency shelters and identifies
evacuation routes in urban areas [3]. Onorati et al. proposed a
semi-automatic technique for knowledge acquisition and model-
ing of accessible evacuation routes using ontology [5]. Yamashita
et al. simulated a pedestrian evacuation from a tsunami using
a multi-agent system, and clarified the necessity of evacuation
guidance so that evacuees would not be concentrated in a specific
evacuation facility from their analysis [4]. Furthermore, Shimura
et al. proposed an evacuation route search method using a multi-
objective genetic algorithm (GA) [6]. In addition, Yamamoto et
al. developed a method for determining an evacuation route dur-
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ing earthquakes by cluster analysis [7].
Research on the second topic - optimization by the Physarum

solver - includes studies by Tero et al., in which the authors mod-
eled the tubular structure of the true slime mold Physarum poly-

cephalum [8] and applied it to the development of a Physarum-
based network model for the Tokyo rail system [9]. Watanabe et
al. also discussed the optimization of railroad networks using the
Physarum solver [10]. Song et al. presented Physarum optimiza-
tion for determining minimal exposure paths in wireless sensor
networks [11], while Liu et al. applied Physarum optimization
to solve the Steiner tree problem in networks [12]. In addition,
Sun et al. reported Physarum-inspired fast algorithms for NP-hard
Steiner tree problems [13]. The Physarum solver was also ap-
plied in the field of disaster prevention. Khare et al. proposed the
Earthquake Clustering Network (ECN), which effectively identi-
fies mainshocks and aftershocks present in seismic catalogs [14].

Research on the third topic - spatial analysis using GIS - in-
cludes a study by Koarai et al., in which the authors analyzed a
land condition map superimposed with information of past build-
ing damage caused by earthquakes on GIS. In addition, the
authors examined the relationship between foundation disasters
caused by earthquakes and land conditions [15]. Asou et al. de-
termined the optimal location for evacuation sites in the case of a
disaster by means of GA using geographic information [16]. Fur-
thermore, Inoue et al. used GIS to determine optimal locations
for tourism-related facilities in urban tourist areas [17].

This study differs from previous works on evacuation routes in
that it proposes a method for obtaining multiple evacuation routes
to multiple evacuation sites and quantitatively assessing the evac-
uation success rate. The proposed method make it possible to
derive safe evacuation routes from public data by focusing on the
performance of the roads as evacuation routes, not on evacuees.
This research is also novel in that it uses the Physarum solver to
derive the evacuation route itself, and uses GIS as a tool to pro-
cess input data and display the results.

2. Method

2.1 Physarum Solver
The Physarum solver [8] is an algorithm inspired by a trans-

portation network consisting of a tubular structure of the true
slime mold Physarum polycephalum (hereinafter referred to as
slime mold). It is known that slime molds form a transportation
network that excels in transport efficiency by reciprocating proto-
plasm through a tubular structure formed in the cell body. In the
Physarum solver, the time evolution change of the protoplasm
flux in each transportation tube constituting the slime mold trans-
portation network is expressed by tube Eqs. (1), (2), and (3). By
numerically solving these equations, the time evolution change of
the flux in each transportation tube can be expressed. The flux de-
creases as the tube length increases, and increases as the conduc-
tance increases. Furthermore, the conductance increases as the
flux increases, and decreases with a constant attenuation. There-
fore, the flux of tubes with high conductance (i.e., passable tubes)
increases with time, while the flux of tubes that are not passable
attenuates.

By translating the slime mold transportation network into a

Table 1 Road network and transport tube network of slime mold.

Road network Transportation network of slime mold
hline Road Link
Intersection Node
Pedestrian Protoplasm

Table 2 Road parameters and Physarum solver parameters.

Road Physarum solver
Passage possibility Conductance

Length Tube length
Priority Flux

Starting points Inflow points of the protoplasm
End points Outflow points of the protoplasm

road network, as presented in Table 1, the Physarum solver can
be applied to the derivation of evacuation routes. The relationship
between each variable of the Physarum solver and the road can be
interpreted as illustrated in Table 2. “Priority” is an index show-
ing the performance of each road as an element of the evacuation
route. In normal times, length and slope affect road performance,
but in the disaster, disaster risk also affects road performance in
addition to these. The priority of the evacuation routes can then
be compared by calculating the flux of the transportation tubes
connecting the starting points as the inflow points of the proto-
plasm, and by calculating the end points as the outflow points of
the protoplasm. In the evacuation routes, roads with a short length
and high passability have increased priority.

∑

i

Di j

Li j
(pi − p j) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

−1 ( j = 1)
1 ( j = 2)
0 (otherwise)

(1)

d
dt

Di j = f (|Qi j|) − Di j (2)

Qi j =
Di j

Li j
(pi − p j) (3)

D: conductance,

L: tube length,

p: pressure of each node,

Q: flux

2.2 Proposed Method
Evacuation routes are derived using the procedure presented in

Fig. 1. The steps of this method are described below.
1) Extracting a road network

In our experiment, the road network is extracted using data
from the Digital Map (Basic Land Information) Central Tokyo
published by the Geospatial Information Authority of Japan
(Fig. 2). Digital maps (basic land information) comprise geospa-
tial information that integrates basic map information, digital
map series, digital elevation data, and information on various at-
tributes [18]. The digital map contains road centerline data, and
the attribute information of the road centerline includes the lati-
tude and longitude of both ends as well as the road widths (five
levels). A road network is extracted from a digital map using
QGIS 2.18.15. First, the length of each road is obtained using the
field computer function and is exported in csv format along with
the coordinates of both ends and the road widths. Next, the coor-
dinates of both ends are listed without fogging, and serial num-
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bers are assigned as node numbers to create a node list. Finally,
the coordinates of both ends from the previous road information
are rewritten with the node number of the node data to create a
link list.

Fig. 1 Outline of proposed method.

Fig. 2 Extracting a road network.

Fig. 3 Embedding disaster risk.

2) Embedding disaster risk
Disaster risk information extracted from the Regional Risk

Measurement Survey on Earthquakes (8th) (Tokyo Metropolitan
Bureau of Urban Development) [19] is embedded in the road net-
work data, as described above (Fig. 3). It is calculated from the
building collapse risk, fire risk, and activity difficulty level during
disaster for each area, and takes a value from 0 to 10.
3) Calculating priority

The priority of each road is obtained from the road network
data using the Physarum solver. Any number of starting points
and end points are selected from the node list, and the flux at
these nodes is always constant. The appropriate conductance and
road length are provided as initial values, and tube Eqs. (1), (2),
and (3) are solved by repeated calculation. At each calculation
step, pressure p, flux Q, and conductance D are updated. When
considering disaster risk, the process to correct D is added at each
step as shown in Eq.(4).
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Table 3 Conditions of results.

Start End Route Disaster risk Figure
(1) 1 1 1 Not considering Fig. 4
(2) 1 1 2 Not considering Fig. 5
(3) 1 2 1 for each end Not considering Fig. 6
(4) 1 1 1 Considering Fig. 7
(5) 1 1 2 Considering Fig. 8
(6) 1 2 1 for each end Considering Fig. 9

Di jt+1 = min(1 − Dr/10,D′i jt+1) (4)

Di jt+1: conductance of t + 1 step,

D′i jt+1: temporary conductance calculated by Eq. (2),

Dr: disaster risk

4) Derivation of evacuation routes
Evacuation routes are derived using the priority described

above. The average priorities of all roads’ along evacuation routes
is defined as the priorities of the evacuation routes. The priority
value is asymptotically stable and is not reliable in the middle of
the calculation; however, the magnitude relationship converges
earlier and is reliable even in the middle of the calculation.

2.3 Evacuation Success Rate
To evaluate the derived evacuation routes, we define the pass-

ability of each road and the evacuation success rate of the evacu-
ation route, as illustrated in Eqs. (5) and (6). The road passability
and evacuation success rate values are not meaningful in them-
selves; however, the magnitude relation of these values is mean-
ingful.

PE =

roads on a route∏
Pp (5)

Pp = 1 − Dr
100

(6)

PE : evacuation success rate,

Pp: passability of a road,

Dr: disaster risk

3. Results

The advantages of this proposed method are (1) multiple evac-
uation routes to multiple goals can be derived at the same time,
(2) safe routes can be obtained by consideration of the disaster
risk, and (3) safety can be evaluated quantitatively. We present 6
examples to evaluate (1) qualitatively, and 4 examples to verify
(2) and (3) quantitatively.

3.1 Qualitative Evaluation
We derived evacuation routes under the conditions displayed

in Table 3 using the proposed method. In this experiment, road
network data around the Tokyo Skytree was used. Although the
Tokyo Skytree is a popular tourist attraction, the surrounding area
is densely populated with wooden houses and has a high disaster
risk. The darkness of the background in the figures represents
disaster risk.

As demonstrated in Fig. 4, when deriving one evacuation route
for one starting point and one end point, the route with the high-
est priority agrees with the shortest route derived by the Dijk-

Fig. 4 Derived evacuation routes (1).

Fig. 5 Derived evacuation routes (2).

Fig. 6 Derived evacuation routes (3).

stra method [20], which is a common method for identifying the
shortest path in graph theory. As illustrated in Fig. 5, two evacu-
ation routes can be derived at the same time in order of priority
for one starting point and one end point. Because the proposed
method calculates the priority of each road, any number of evac-
uation routes can be derived without additional calculations. As
demonstrated in Fig. 6, when there are one starting point and two
end points, two evacuation routes for each end point can be de-
rived simultaneously. Deriving evacuation routes using the pro-
posed method is equivalent to correlating the starting point to the
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Fig. 7 Derived evacuation routes (4).

Fig. 8 Derived evacuation routes (5).

inflow point of the protoplasm and the two end points to the over-
flow points of the protoplasm. By arbitrarily setting the overflow
rate ratio, it is possible to calculate in consideration of the capac-
ity and safety of the evacuation sites.

As displayed in Fig. 7, when there is one starting point and one
end point, the evacuation route considering disaster risk does not
include roads in areas with high disaster risk. As illustrated in
Fig. 8, two evacuation routes considering the disaster risk can be
derived at the same time for one starting point and one end point.
By obtaining multiple evacuation routes considering disaster risk
before a disaster occurs, smooth evacuation can be achieved using
the second safest route even if the safest route becomes unavail-
able. As demonstrated in Fig. 9, when there are one starting point
and two end points, two evacuation routes considering disaster
risk for each end point can be derived simultaneously.

3.2 Quantitative Evaluation
In order to evaluate the calculation time, that under each con-

dition in Table 3 was compared with that for deriving one short-
est path by the Dijkstra method [20] (Table 4). In the proposed
method, the computational complexity cannot be obtained analyt-
ically. We implemented each method in Python 3.7.0 and used a
computer which has two 2.4 GHz processors, and 64 GB memory.
Calculated roads are the same under all conditions.

To verify quantitative advantages, we derived routes from a sin-

Fig. 9 Derived evacuation routes (6).

Table 4 Calculation time.

Caluculation time
Dijkstra method 2,492 [s]

(1) 784 [s]
(2) 788 [s]
(3) 823 [s]
(4) 1,000 [s]
(5) 1,035 [s]
(6) 1,090 [s]

Fig. 10 Shortest route and safe route (1).

Fig. 11 Shortest route and safe route (2).

gle starting point to 4 end points, which correspond with the ac-
tual evacuation sites in Koto-ku, considering the disaseter risk.
Then, we compared route length and evacuation success rate of
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Table 5 Disaster risk and evacuation success rate.

Evacuation success rate Route length
Disaster risk: Considering Not considering Considering Not considering
Fig. 7 0.91 0.21 1,043 [m] 956 [m]
Fig. 10 0.58 0.20 1,146 [m] 887 [m]
Fig. 11 0.76 0.18 1,698 [m] 1,689 [m]
Fig. 12 0.79 0.56 2,016 [m] 1,708 [m]
Fig. 13 0.55 0.43 2,103 [m] 1,698 [m]

Fig. 12 Shortest route and safe route (3).

Fig. 13 Shortest route and safe route (4).

these safe routes with those of the shortest routes (Fig. 10, Fig. 11,
Fig. 12, and Fig. 13). Table 5 presents the evacuation success
rate and route length of the routes that consider disaster risk and
those that do not. The evacuation routes that consider disaster risk
have a higher evacuation success rate than the shortest evacua-
tion routes that do not consider disaster risk; however, the former
routes are longer than the latter routes.

4. Discussion

4.1 Difference from Existing Methods
The proposed method differs from existing path-finding meth-

ods in three respects. First, multiple end points and multiple
routes can be handled without additional calculation. In general,
existing path-finding methods only produce one shortest route for
one starting point and one end point. However, using the pro-
posed method, if one evacuation site becomes unavailable due
to a disaster, evacuation can be performed to another evacuation
site. Similarly, if one evacuation route cannot be taken, another

evacuation route can be used for evacuation.
The second difference between the proposed method and exist-

ing methods is that the former considers disaster risk. While it is
possible to avoid high-risk areas when a disaster occurs in areas
near the home or workplace, it is difficult to determine an evacu-
ation route avoiding high-risk areas in unfamiliar locations. The
proposed method thus makes it possible to achieve safe evacua-
tion even when individuals are not familiar with a given area.

The third difference is that deriving multiple routes and consid-
ering disaster risk do not require more calculation than doing one
shortest route in this proposed method. This is a large advantage
over existing methods, as it enables the quantitative comparison
of multiple route candidates. As a result, it becomes possible to
consider the efficiency of evacuation route candidates for safe,
rapid evacuation, and smooth evacuation.

4.2 Convergence of Priority
The priority value of each road is asymptotically stable and

has no significance in the middle of the calculation. However,
because the magnitude relationship converges early in the calcu-
lation, the priority order is meaningful even during the calcula-
tion. Therefore, in the comparison of evacuation routes, it is not
necessary to wait for all priority values to converge (unless abso-
lute values are required), and iterative calculation may be termi-
nated before the priority order converges. Because it is possible
to determine whether accuracy or calculation time should be pri-
oritized, we can prioritize accuracy before a disaster occurs and
perform calculations until convergence. However, after a disaster
occurs, we can prioritize calculation time and use only priority
rankings to determine the evacuation routes.

5. Conclusion and Future Research

In this study, we developed a method for deriving multiple
evacuation route candidates. This method quantitatively con-
siders disaster risk for multiple routes simultaneously using the
Physarum solver. To evaluate the safety of the evacuation routes,
we defined an index called the evacuation success rate. By pro-
viding a method for obtaining multiple evacuation routes consid-
ering disaster risk and an index for quantitatively evaluating the
safety of the obtained evacuation routes, safe and rapid evacua-
tion is possible during disasters.

However, there are currently three problems. The first is that
the road data used is not consistent with the pedestrian space net-
work. On a wide road, sidewalks on both sides are separate paths
for pedestrians. Furthermore, underpasses and footbridges are not
included in the road data. Because this study addresses pedestrian
evacuation in densely populated areas, more accurate evacuation
route derivation and evacuation success rate calculations will be
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possible if these data are obtained. Currently, pedestrian space
network data can be obtained in limited areas, such as near sta-
tions; however, comprehensive data are lacking. When the nec-
essary data become available, we would like to improve our pro-
posed method using the data.

The second problem is that the granularity of the used disaster
risk is coarser than the road network data. The disaster risk re-
ported by the Tokyo Metropolitan Bureau of Urban Development
is a value for each town; however, the disaster risk of each road
will differ even in the same area. In deriving evacuation routes
while avoiding areas with high disaster risk, the evacuation routes
are derived so as to avoid entire areas with a high disaster risk.
Therefore, the obtained evacuation routes may have more detours
than necessary. In addition, there is a possibility that a road with a
particularly high disaster risk may exist in an area with a low dis-
aster risk. In future work, we would like to improve our proposed
method using more detailed disaster risk data.

The third problem is that we do not consider the time factor. In
actual evacuation, it is unlikely that everyone starts evacuation at
the same time, and it is assumed that evacuation will be started
at different times. In the proposed method, the evacuation start
time can be considered by setting the right side of the Eq. (1) as a
function of time. As the next step, we will work on this task.
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