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Abstract. When large-scale disasters occur, evacuees have to evacuate
to safe places quickly. In this paper, we propose an automatic evacuation
guiding scheme using mobile nodes of evacuees. Each node tries to navi-
gate its evacuee by presenting an evacuation route. It can also trace the
actual evacuation route of the evacuee as the trajectory by measuring
his/her positions periodically. The proposed scheme automatically esti-
mates blocked road segments from the difference between the presented
evacuation route and the actual evacuation route, and then recalculates
the alternative evacuation route. In addition, evacuees also share such
information among them through direct wireless communication with
other mobile nodes and that with a server via remaining communication
infrastructures. Through simulation experiments, we show that 1) the
effectiveness of the proposed scheme becomes high with the increase of
degree of damage and 2) the effect of information sharing through com-
munication infrastructures is higher than that through direct wireless
communication.
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1 Introduction

In the 2011 Great East Japan Earthquake, both fixed and mobile communication
networks had not been available for a long time and/or in wide areas, due to
damage to communication infrastructures. As a result, it has been reported that
disaster victims and rescuers could not smoothly collect and distribute impor-
tant information, e.g., safety information, evacuation information, and govern-
ment information, even though they carried their own mobile nodes, e.g., cellular
phones and smart phones [9].

When disasters occur, disaster victims quickly have to evacuate to near safety
places to keep their own safety. Under such situations, it is necessary to grasp
the following information: safety places and safe routes to those places. Although
they can acquire static information, e.g., map and locations of safety places, in
usual time, they cannot grasp dynamic information, e.g., damage situations in
disaster areas.
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Quickly grasping damage situations will help evacuees to determine actions
for evacuation, but it is not necessarily easy to grasp the damage situations, e.g.,
outbreak of fire, collapse of buildings, flood, and cracks in the ground. It is possi-
ble to detect the damage situations by cameras and/or various types of sensors,
but it has a potential drawback of restriction of coverage area and breakdown of
both such devices and/or communication infrastructures. Therefore, the larger
the disaster scale is, the more difficult it is for public institutions to quickly
investigate damage situations and to distribute such emergency information to
the evacuees.

Under the background, Fujihara and Miwa proposed an evacuation guiding
scheme that relies on cooperation among evacuees [3]. They use a Delay Toler-
ant Networks (DTN) [2], which is constructed by mobile nodes of evacuees, for
communication among evacuees. When evacuees discover blocked road segments
during their evacuations, they record the information on their nodes. After that,
if they encounter other evacuees, they share these information through direct
wireless communication between their nodes, such as Bluetooth and Wi-Fi Di-
rect. Thus, they can find out evacuation routes without blocked road segments
that have been already discovered.

This scheme is useful because it utilizes mobile nodes that evacuees usually
carry and can work without communication infrastructures. It, however, requires
evacuees’ operations to record damage situations. Evacuees cannot afford to
operate their mobile nodes in disaster areas because they may not be safe near
the areas. They have to give top priority to their safety and avoid actions except
evacuation until they finish evacuating.

To solve the issue, we propose an automatic evacuation guiding scheme using
evacuees’ mobile nodes, which can automatically grasp damage situations and
guide evacuees. Evacuees can obtain the surrounding map and locations of safety
places by preinstalling applications for evacuation guiding in their mobile nodes.
When disasters occur, the applications calculate evacuation routes with these
local information and navigate the evacuees using the routes. In addition, the
applications can also grasp the actual evacuation routes of the evacuees, i.e.,
their trajectories, by measuring their positions periodically. With the help of the
interaction between evacuation guiding by mobile nodes and evacuees’ actual
evacuations, the applications can automatically estimate blocked road segments
and recalculate evacuation routes by using the estimated information of the
blocked road segments (See the details in section 3).

As in [3], evacuees share the information about blocked road segments among
them through direct wireless communication with other mobile nodes and that
with a server via remaining communication infrastructures. Note that we deploy
the server on cloud systems to protect the server itself from disasters. Such
shared information about blocked road segments will help evacuees who are late
for evacuations.

Fig. 1 illustrates the overview of the proposed evacuation guiding system.

The system consists of following three functions: 1) Mobile nodes of evacuees
measure evacuees’ trajectories, present evacuation routes, and estimate blocked
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Fig. 1. Overview of evacuation guiding system

road segments; 2) They share these information through direct wireless commu-
nication with other nodes and communication infrastructures; 3) Cloud systems
maintain the obtained information. We evaluate the effectiveness of the proposed
scheme through simulation experiments.

The rest of this paper is organized as follows: Section 2 gives related work.
Section 3 describes the proposed scheme. The simulation results are shown in
Section 4. Finally, Section 5 provides conclusions and future work.

2 Related Work

ICT support for evacuation in disaster areas can be classified into evacuation
planning and evacuation guiding. Evacuation planning is suitable for disasters
which are predictable at a certain level, e.g., flood, hurricane, and typhoon. On
the other hand, for disasters whose extent of damage is not easy to predict, e.g.,
earthquake, evacuation guiding in response to damage situations also becomes
important.

There are several existing studies on evacuation planning [7,10]. Lim et al. for-
mulate planning of evacuation routes in case of hurricane disasters as a network
flow problem and proposes an algorithm that can derive optimal solutions [7].
Takizawa et al. propose a method to partition appropriately a region into small
areas such that a unique evacuation center is located in each area [10]. Con-
sidering the difficulty in predicting damage situations caused by an earthquake,
e.g., the outbreak of fire and collapse of buildings, they propose a method to
enumerate all partitioning patterns.

On the other hand, evacuation guiding has also been studied [3,4]. lizuka
et al. propose an evacuation guiding system using an ad hoc network whose
connectivity is almost always guaranteed [4]. It can present evacuees with both
evacuation routes and timing to avoid crowds of evacuees. As in the proposed
scheme, Fujihara and Miwa propose an evacuation guiding scheme using a DTN,
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which is more inferior to an ad hoc network [3]. Note that the existing scheme
in [3] requires evacuees’ operations to their mobile nodes to record information
about blocked road segments, while the proposed scheme can automatically es-
timate the blocked road segments without any evacuees’ operations.

It has been pointed out that movement of evacuees and rescuers has a great
impact on how information propagates through direct wireless communications
among them [1,8,11]. Aschenbruck et al. propose a movement model which sim-
ulates rescuers’ movement after disasters occur [1]. It shows that characteristics
of end-to-end packet loss rate and delay are different between conventional ran-
dom way point model and the proposed model. In [8] , Martin-Campillo et al.
compare the performance of various DTN routing methods under the movement
model proposed in [1]. Uddin et al. propose a crowd’s movement model after hur-
ricanes occur and evaluates inter-meeting time between mobile nodes and the
number of neighboring nodes [11]. In this paper, we assume that evacuees try to
evacuate according to the evacuation routes presented by the evacuation guid-
ing applications but autonomously avoid blocked road segments on the routes
by their own decisions.

There is a project that aims to construct a distributed regional network,
called NerveNet, for robust communication infrastructures [5]. NerveNet can
supply users with a local and stand-alone communication network, which con-
sists of base stations that function as both wireless access points and servers.
The proposed scheme can effectively navigate evacuees by deploying the cloud
systems into this kind of regional networks.

3 Proposed Scheme

3.1 Preliminaries

G = (V,€) denotes a graph representing the internal structure of the target
region, where V) is a set of vertices, i.e., intersections, and £ is a set of edges, i.e.,
roads in the map. There are K (K > 0) evacuees in the region and each of them
has a mobile node. K = {1,2,..., K} denotes a set of the nodes. Each node
k € K measures its own locations by using Global Positioning System (GPS) at
a certain interval Iy (Iny > 0).

3.2 Fundamental Scheme in Evacuation Guiding Using Trajectories

Fig. 2 illustrates the flow of guiding one evacuee to a safety place. Note that
the evacuee has to preinstall an application for evacuation guiding into his/her
mobile node before disasters occur. The application obtains the surrounding map
of the target region and the location information of the safety places in usual
time. When disasters occur, the evacuee initiates the applications on his/her
node. The application first finds out the nearest safety place d; from the location
s1 of node k, which was recorded on startup. Next, it calculates an evacuation
route ﬁ’;hdl and presents him/her the route as a recommended route (Step 1 in
Fig. 2).
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Fig. 2. Flow of evacuation guiding

The evacuee tries to move along the recommended route. When the evacuee
discovers a blocked road segment during his/her evacuation along the recom-
mended route f)’;hdl (Step 2 in Fig. 2), he/she will take another route by his/her
own judgment (Step 3 in Fig. 2). The application can trace his/her actual evac-
uation route as the trajectory by measuring his/her positions periodically. Thus,
the application can detect road e, which yields the difference between the recom-
mended route and the actual evacuation route (See the details in Section 3.3).
The application adds road e to the set of blocked road segments (Step 4 in
Fig. 2). After that, the application recalculates the nearest safety place dg from
the current location s5. Next, it also recalculates a new evacuation route, which
does not include blocked road segments (Ve € £&y), and presents him/her the
route (Step 5 in Fig. 2). The succeeding flow is the same as that for the first
recommended route ﬁfldl (Noted that so = s1,dy = dy in Fig. 2). Evacuation
guiding finishes when the evacuee reaches the safety place or the application
cannot find out any evacuation route to any safety place.

In addition, the evacuee may encounter other evacuees and get a chance to
communicate with infrastructures during his/her evacuation. Under these sit-
uations, the application will obtain new information about blocked road seg-
ments (See the details in Section 3.4). Then, it recalculates a new recommended
route and present it to him/her.

3.3 Estimation of Blocked Road Segments

This section describes how the application estimates blocked road segments by

using difference between the recommended route and the evacuee’s actual evac-

uation route, i.e., his/her trajectory. Suppose that the application of node k € K

shows its evacuee recommended route f)jd between source s € V and destina-

tion d € V on map G. Recommended route ﬁ’: 4 is given by a vector of edges

f’ml,efm’mz, e Here, H denotes the

number of edges in p’; 4 For simplicity in description, we assume that s = myg
and d = my. Noted that my, € V, efnhvmhﬁ €e&(h=1,...,H—-1).

Next, we focus on the trajectory of node k. Let lf denote location that node

k measures at i-th (i = 1,2,...) interval. [¥ is a two-dimensional coordinate

k
,€

constructing the route, i.e., (e 1)
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composed of latitude and longitude. We require to map ¥ into graph G, because
recommended routes are calculated over graph G. I¥ is located on one of the
edges, e, in graph G. As a result, the trajectory of node k can be expressed by
the vector (e, ek, ...).

The following phenomena may happen according to the value of measurement
interval Iy. If Iy is extremely small, ef and e¥, | may be identical for some i. In
this case, the application can obtain trajectory p* of node k by eliminating the
duplicate edges. On the other hand, if Iy is extremely large, ef and ef,; may
not be connected on graph G. In this case, the application has to interpolate
the route between them. As a result, the appropriate value of Iy should be
determined according to both the distribution of edges’ lengths and evacuees’
moving speed.

For simplicity in explanation, we assume that e”

= ek and the evacuee

judges at the vertex mjp_; whether road eﬁm_hmh S();Lnl: 1,...,H — 1) on the

recommended route is a blocked road segment. When the evacuee finds out that

the h-throad eff, | ., on the recommended route ﬁ’;d is a blocked road segment,

he/she selects another road ef,  , (ek € &\ Ena, 0 # my) rather than

ek o_1.m, by his/her own decision. Here, the recommended route is given by
ﬁ’;d = (eg,ml’ ) e"]fnh—%mh,—l ) efnh,—l,mh’ ) eanfl,d)

and his/her trajectory is as follows:

k k k

k _
p = (6877711’ T emh—2;mh—1’emh—lyo)'

Thus, when the application compares the recommended route and the trajectory,
it will obtain the list of consensus edges (dotted lines) followed by the different
edge (solid lines). As a result, the application can estimate and record the edge

efnh_ L.m,, on the recommended route as a blocked road segment.

3.4 Information Sharing

As mentioned above, the application of each node k € K automatically obtains
the information about trajectory p* and blocked road segments EI’\“IG on the way
to the safety place. If nodes can share these information among them, the infor-
mation acquired by evacuees at the early stage of evacuation will help evacuees
who delay in evacuating. There are two ways to share the information among
nodes: direct wireless communication among nodes and communication with the
server via remaining communication infrastructures.

Information Sharing Through Direct Wireless Communication Among
Nodes: As in [3], information sharing through direct wireless communication
can be achieved by existing DTN routings, e.g., epidemic routing [12]. When
node k encounters node j (k,j € V, k # j), they exchange the information about
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discovered blocked-road-segments and update their local databases with it. Note
that the encountering applications need not exchange their trajectories, because
they do not directly use the trajectories for evacuation guiding.

Information Sharing Through Communication Infrastructures: After
disasters occur, communication infrastructures may be still available in the part
of region. When the node can communicate with edge nodes of the communi-
cation infrastructures, e.g., access points of wireless LANs and base stations of
cellular networks, it tries to access the cloud systems through the edge nodes.
The cloud systems have databases to maintain information collected by mobile
nodes, i.e., blocked road segments and trajectories. The application and cloud
systems first exchange their own information of blocked road segments with each
other.

In addition, the application can also upload the information about its own
trajectory to the cloud systems because the transmission rate between the node
and the communication infrastructures is sufficiently high. We plan to apply
the trajectories collected in the cloud systems to global evacuation guiding, e.g.,
alleviation of congestion, as future work.

4 Simulation Results

Through simulation experiments, we evaluate the proposed scheme in terms of
the following points: effectiveness of the proposed scheme, impact of degree of
disaster, and effect of information sharing.

4.1 Simulation Model

We used the ONE simulator [6]. We also used the street map of Helsinki, which is
included in the ONE. The size of the map is 4500 [m] x 3400 [m] and its internal
graph structure is composed of 1578 vertices and 1986 edges. We assume that all
of a hundred evacuees have their own mobile nodes and their initial positions are
randomly chosen from the points on the streets of the map. In addition, we set
one safety place near the center of the map, which has access to the Internet via
communication infrastructures. We set the simulation time to be 7200 [s]. When
the simulation starts, a disaster occurs and each of evacuees starts evacuating
from their initial positions to the safety place at moving speed of 4 [km/h].

We set measurement interval Iy; to be 10 [s], which is obtained at the prelim-
inary experiments and small enough to avoid the trajectory disconnection prob-
lem as mentioned in Section 3.3. We assume that direct wireless communications
among nodes are given by either BlueTooth or Wi-Fi Direct whose transmission
ranges Rp are 10 [m] and 100 [m], respectively. We also assume that commu-
nications between nodes and servers are supported by Wireless LANs whose
transmission ranges Rg are 100 [m]. Wireless LAN access points are located at
N x N grids. We define coverage as the ratio of the area of roads included in the
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transmission ranges of the access points to the whole area of all roads. We can
control the coverage by changing N.

We made damaged situations by randomly choosing a certain number of
edges on graph G as blocked road segments. We evaluate the degree of disaster
by evacuation possibility, § (0 < ¢ < 1), which is defined by the probability that
evacuation routes exist from arbitrary points to the safety place.

We use evacuation time and evacuation ratio as evaluation criteria. The evac-
uation time of an evacuee is the time interval from the evacuation start to the
evacuation completion. We define the evacuation ratio as the ratio of evacuees
have finished evacuating to all evacuees. The succeeding results are the average
of 500 independent simulation experiments.

4.2 Evacuation Schemes for Comparison

We also evaluate the following two evacuation schemes, in addition to the pro-
posed scheme.

— Evacuation guiding using successful routes
In this scheme, nodes share the information about their trajectories instead
of the information about blocked road segments with other nodes. On re-
ceiving new trajectories, they try to find out successful routes to the safety
place under the constraint where only roads included in the trajectories are
available for evacuation.

— Normal evacuation
As normal evacuation where evacuees try to evacuate without the proposed
scheme, we use the proposed scheme without information sharing. In this
scheme, evacuees only use the map and the information about blocked road
segments that are discovered during their own evacuation. Note that only
1000 (0 < o < 1) percent of the evacuees know the location of the safety
place at the start of evacuation. If evacuees know the location of the safety
place, they try to move to that place. Otherwise, they try to move to a
place randomly chosen in the map. When evacuees meet other evacuees,
they share their information about the location of the safety place, through
conversation.

4.3 Effectiveness of The Proposed Scheme

Fig. 3 illustrates the transition of evacuation ratio for the three evacuation
schemes: proposed scheme, evacuation guiding using successful routes, and nor-
mal evacuation. Note that we set o to be 0.8 and 1.0 in case of normal evacuation.
The values of the parameters for this scenario are given as follows. The evacua-
tion possibility ¢§ is 0.6. The transmission range of direct wireless communication
Rp is 100. The coverage of communication infrastructures is about 7 % where
N is 5.
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scheme

First, we observe that some evacuees without initial knowledge of the lo-
cation of the safety place cannot complete their evacuations in case of normal
evacuation with ¢ = 0.8. This is because they cannot meet other evacuees who
know the location of the safety place during their evacuations. Next, we compare
the results of proposed scheme, evacuation guiding using successful routes, and
normal evacuation with ¢ = 1.0. The evacuation ratio of the proposed scheme
increases faster than those of other two schemes. As a result, the average (resp.
maximum) evacuation time of the proposed scheme is 1940 [s] (resp. 2288 [s]),
which is about 15 % (resp. 21 %) shorter than that of the normal evacuation.

We also find that there is almost no difference between the result of evac-
uation guiding using successful routes and that of normal evacuation. The in-
formation about successful routes can be obtained only from the trajectories
of evacuees who have finished their evacuations. On the other hand, nodes can
share the information about blocked road segments with other nodes even if they
are in evacuating.

4.4 Impact of Degree of Damage

Fig. 4 illustrates the transition of evacuation ratio for the three schemes when
4 is set to be 0.6 and 0.8. The values of the parameters for this scenario are
given as follows. We set o to be 1.0. The transmission range of direct wireless
communication Rp is 100. The coverage of communication infrastructures is
about 7 % where N is 5. As in Section 4.3 where § = 0.6, the evacuation guiding
using successful routes shows almost the same result as the normal evacuation, in
case of 6 = 0.8. We also observe that the evacuation ratio of the proposed scheme
increases faster than those of other schemes, regardless of the degree of damage.
Both average and maximum evacuation times of the proposed scheme are about
7 % shorter than those of the normal evacuation when § is 0.8. Comparing the
results of § = 0.6 and those of § = 0.8, we find that the larger the degree of
damage is, the higher the effectiveness of the proposed scheme becomes.
Because we randomly choose the blocked road segments in this scenario,
evacuees can easily find alternative evacuation routes by themselves when they
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encounter blocked road segments. We expect that the proposed scheme will be
more effective when the blocked road segments are not randomly scattered but
spreads over a certain region in the form of lines, e.g., cracks in the ground, or
circles, e.g., outbreak of fire. In such kinds of damage situations, it will be difficult
for the evacuees to find out alternative evacuation routes without the proposed
scheme and information sharing among nodes will become more important. We
plan to evaluate this point as future work.

4.5 Effect of Information Sharing

The proposed scheme can share the information through direct wireless commu-
nication and communication infrastructures. Evacuees can improve their evacu-
ations by using the information about blocked road segments acquired by other
evacuees. In this section, we evaluate the effect of information sharing based on
direct wireless communication and communication infrastructures.

Fig. 5 illustrates the transition of the evacuation ratio of the proposed scheme
when the coverage of communication infrastructures is set to be 0 % and the
transmission range Rp of direct wireless communication is set to be 0, 10, and
100 [m]. Note that the proposed scheme without communication infrastructures
and direct wireless communication (Rp = 0) is equivalent to normal evacuation.
We observe that the effect of direct wireless communication is slightly improved
by the increase of Rp. Specifically, average (resp. maximum) evacuation times
of the proposed scheme with Rp = 100 and Rp = 10 are 2054 [s] (resp. 5917 [s])
and 2184 [s] (resp. 6103 [s]), respectively, which are about 6 % (resp. 3 %) and
0.4 % (resp. 0.4 %) shorter than that of normal evacuation.

Although the increase of Rp leads to frequent meetings between nodes, the
improvement of evacuation ratio is limited. This is because both the direction of
evacuations and that of information propagation are identical due to the fact that
the information is carried by the evacuees themselves. Evacuees can improve their
evacuations only when they know whether the current evacuation routes include
blocked road segments. This means that the direction of information propagation
should be opposite to that of evacuations. The direction of evacuations will be
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reversed when evacuees have to retrace their evacuation routes due to blocked
road segments.

Next, Fig. 6 illustrates the transition of the evacuation ratio of the proposed
scheme when the coverage of communication infrastructures is set to be 0 %,
15 %, and 100 %, and the direct wireless communication is not used (Rp =
0). Average (resp. maximum) evacuation times with 100 % coverage and 15 %
coverage are 1836 [s] (resp. 4866 [s]) and 2062 [s] (resp. 5917 [s]), respectively,
which are about 16 % (resp. 20 %) and 6 % (resp. 3 %) shorter than that
of the normal evacuation. Comparing Fig. 6 with Fig. 5, we observe that the
increase of coverage has larger impact on the improvement of evacuation ratio
than that of the transmission range Rp of direct wireless communication. This
is because the use of communication infrastructures is one of the ways to achieve
the information propagation with the opposite direction to evacuations.

5 Conclusions

In this paper, we proposed the automatic evacuation guiding scheme using evac-
uees’ mobile nodes to achieve quick evacuation after disasters occur. With the
help of the interaction between evacuation guiding by mobile nodes and evacuees’
actual evacuation, the proposed scheme can automatically estimate blocked road
segments. Evacuees try to improve their own evacuations by sharing the informa-
tion about blocked road segments through both direct wireless communication
and communication infrastructures.

Through simulation experiments, we evaluated the effectiveness of the pro-
posed scheme, the impact of degree of damage, and the effect of information
sharing. We observed that the larger the degree of damage is, the higher the
effectiveness of the proposed scheme becomes. We also found that the direc-
tion of information propagation should be carefully considered to improve the
evacuation guiding.

As future work, we will evaluate the fundamental characteristics of the pro-
posed scheme in continuous damaged situations, e.g., cracks in the ground and
outbreak of fire. We also plan to propose global evacuation guiding scheme to
alleviate traffic congestion by using the trajectories collected in the cloud sys-
tems. We will also extend the proposed scheme so that it can be adaptive to the
transition of damaged situations.
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