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Abstract When large-scale disasters occur, evacuees have to evacuate to safe
places quickly. They, however, may not be able to afford to obtain sufficient in-
formation for their evacuations under such emergent situations. In this paper,
we propose an automatic evacuation guiding scheme using evacuees’ mobile
nodes, e.g., smart phones. The key idea to achieve automatic evacuation guid-
ing is implicit interactions between evacuees and their mobile nodes. Each
mobile node tries to navigate its evacuee by presenting an evacuation route.
At the same time, it can also trace the actual evacuation route of the evacuee
as the trajectory by measuring his/her positions periodically. The proposed
scheme automatically estimates blocked road segments from the difference be-
tween 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 communica-
tion infrastructures. Through simulation experiments, we show that 1) the
proposed scheme works well when the degree of damage is high and/or road
segments are continuously blocked, 2) the average evacuation time can be im-
proved even in small penetration ratio of the proposed system, and 3) the
direct wireless communication can support many evacuations at almost the
same level as the communication infrastructure when the number of evacuees
becomes large.
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1 Introduction

In the 2011 Great East Japan Earthquake, both fixed and mobile communica-
tion 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
important information, e.g., safety information, evacuation information, and
government information, even though they carried their own mobile nodes,
e.g., smart phones [13]. When disasters occur, disaster victims have to evacu-
ate quickly to near safe places to keep their own safety. Under such situations,
it is necessary to grasp the following information: safe places and safe routes
to those places. Although they can acquire static information, e.g., map and
locations of safe places, in usual time, they cannot grasp dynamic information,
e.g., damage situations in disaster areas.

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 possible 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 guid-
ing scheme that relies on cooperation among evacuees [4]. They use a Delay
Tolerant Networks (DTN) [3], which is constructed by mobile nodes of evac-
uees, 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 infor-
mation through direct wireless communication between their nodes, such as
Bluetooth and Wi-Fi Direct. Thus, they can find out evacuation routes that
do not include blocked road segments, which have already been discovered by
others.

This scheme is useful because it utilizes mobile nodes that evacuees usu-
ally 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 situ-
ations and guide evacuees. Evacuees can obtain the surrounding map and
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locations of safe places by pre-installing applications for evacuation guiding
in their mobile nodes. When disasters occur, the applications calculate evac-
uation 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 pe-
riodically. With the help of the implicit interaction between evacuation guiding
by mobile nodes and evacuees’ actual evacuations, the applications can auto-
matically estimate blocked road segments and recalculate evacuation routes
by using the estimated information of the blocked road segments.

As in [4], 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. 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

Information and Communications Technology (ICT) based support for evacua-
tion 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 disas-
ters 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 [11,16]. Lim et
al. formulate planning of evacuation routes in case of hurricane disasters as
a network flow problem and propose an algorithm that can derive optimal
solutions maximizing the number of evacuees who succeed in evacuation [11].
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 [16]. Consid-
ering 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 contrary, evacuation guiding were originally studied in the field of
psychology [15]. Sugiman et al. propose two kinds of evacuation guiding meth-
ods: follow-direction method and follow-me method. Both methods assume
that a small number of leaders guide many evacuees. Follow-direction method
means that each leader indicates a destination for the surrounding evacuees
with loud voice and large gesture. On the other hand, follow-me method means
that each leader takes the surrounding evacuees along with him/her. This
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study indicates that communication among leaders and evacuees is important
for evacuation guiding.

In recent years, proliferation of mobile nodes, e.g., smart phones, open a
new vista of evacuation guiding [6,19,4]. lizuka et al. propose an evacuation
guiding system using an ad hoc network whose connectivity is almost always
guaranteed [6]. It can present evacuees with both evacuation routes and tim-
ing to avoid crowds of evacuees. Winter et al. propose an evacuation guiding
system using evacuees’ trajectories [19]. Evacuees continuously measure their
trajectories by their mobile phones, share the trajectories with others through
direct wireless communications, and try to find out available paths to safe
places using the collected trajectories. As in the proposed scheme, Fujihara
and Miwa propose an evacuation guiding scheme using a DTN, which is more
inferior to an ad hoc network [4]. Note that the existing scheme in [4] re-
quires evacuees’ operations to their mobile nodes to record information about
blocked road segments, while the proposed scheme can automatically estimate
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 com-
munications among them [1,17,12]. Aschenbruck et al. propose a movement
model which simulates rescuers’ movement after disasters occur [1]. It shows
that characteristics of end-to-end packet loss rate and delay are different be-
tween conventional random way point model and the proposed model. In [12],
Martin-Campillo et al. compare the performance of various DTN routing pro-
tocols under the movement model proposed in [1]. Uddin et al. propose a
crowd’s movement model after hurricanes occur and evaluates inter-meeting
time between mobile nodes and the number of neighboring nodes [17]. In this
paper, we assume that evacuees try to evacuate according to the evacuation
routes presented by the evacuation guiding 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 [7]. 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.

There are several studies on automatic estimation/detection of blocked
road segments [2,10,14]. In [2], Chen et al. propose a real-time detection
scheme of anomalous trajectories from GPS trace data collected by taxis.
Such anomalous trajectories will help the estimation of blocked road segments.
Kumar et al. propose a system to detect road hazards by collecting informa-
tion from Twitter and analyzing the obtained data [10]. Samadzadegan and
Zarrinpanjeh propose a scheme to detect blocked road segments by analyzing
satellite imagery using fuzzy inference systems [14]. As in [2], we also focus on
anomalies of evacuees’ trajectories but the proposed approach to detect such
anomalies is quite different from that in [2]. The proposed scheme enables
automatic estimation of blocked road segments based on implicit interaction
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Fig. 1: Flow of evacuation guiding.

between evacuees and their mobile nodes, which can be conducted at each
mobile node in a distributed manner.

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 the set of all the nodes.
Each node & € K measures its own locations by using Global Positioning
System (GPS) at a certain interval of Iy (Iyy > 0).

3.2 Fundamental Scheme in Evacuation Guiding Using Trajectories

Fig. 1 illustrates the flow of guiding one evacuee to a safe place. Note that the
evacuee has to pre-install 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 safe places in usual
time. When disasters occur, the evacuee initiates the application on his/her
node. The application first finds out the nearest safe place d; from the location
s1 of node k, which was recorded on start-up. Next, it calculates an evacuation
route ﬁ’jh 4, and presents him/her the route as a recommended route (Step 1
in Fig. 1). The recommended route can be calculated by existing graph search
algorithms, e.g., Dijkstra’s shortest path algorithm.

The evacuee tries to move along the recommended route. When the evac-
uee discovers a blocked road segment during his/her evacuation along the
recommended route p¥ , (Step 2 in Fig. 1), he/she will take another route
by his/her own judgment (Step 3 in Fig. 1). The application can trace his/her
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actual evacuation route as the trajectory by measuring his/her positions pe-
riodically. Thus, the application can detect the road segment e € &£, which
yields the difference between the recommended route and the actual evacu-
ation route (See the details in Section 3.3). The application adds the road
segment e to the set Sf\“IG of blocked road segments (Step 4 in Fig. 1). After
that, the application recalculates the nearest safe place do from the current
location so. Next, it also recalculates a new evacuation route, which does not
include blocked road segments (Ve € £F), and presents him/her the route
(Step 5 in Fig. 1). The succeeding flow is the same as that for the first recom-
mended route ]/?\1517d1 (Note that s2 = s1,ds = d; in Fig. 1). Evacuation guiding
finishes when the evacuee reaches the safe place or the application cannot find
out any evacuation route to any safe place.

In addition, the evacuee may encounter other evacuees and get a chance
to communicate with infrastructures during his/her evacuation. Under these
situations, the application will obtain new information about blocked road
segments (See the details in Section 3.4). Then, it recalculates a new recom-
mended 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 ac-
tual evacuation route, i.e., his/her trajectory. Suppose that the application
of node k € K shows its evacuee recommended route ﬁ’; 4 between source

s € V and destination d € ¥V on map G. Recommended route ]’5’; 4 is given by

k k k
s,ml’e e d)'

mi,m2? """ Tmyg_1,
Here, H denotes the number of edges in p’;’d. For simplicity in description,
we assume that s = mg and d = mpy. Note that m, € V (h = 0,...,H),

ek = (mp,mpt+1) €E (h=0,...,H—1).

Mp,Mh+1

a sequence of edges constructing the route, i.e., (e

Next, we focus on the trajectory of node k. Let I¥ denote location that
node k measures at i-th (i = 1,2,...) interval. I¥ is a two-dimensional coor-
dinate composed of latitude and longitude. We require to map I¥ into graph
G, because recommended routes are calculated over graph G. The process of
estimating user’s positions on road segments is known as map matching [5].
The proposed scheme can apply any kind of the map matching techniques and
some of the existing map matching techniques can achieve very high correct
segment identification percentage, e.g., more than 95 % [5, Table 2]. In this
paper, to focus on the effectiveness of the proposed scheme itself, we assume
that [¥ is appropriately located on one of the edges, e¥, in graph G. As a result,
the trajectory of node k can be expressed by the sequence (ef, e}, ...).

The following phenomena may happen depending on the value of measure-
ment interval Iy. If I is extremely small, ef and ei-f+1 may be identical for
some 4. 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,
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ek and eF * 1 may not be connected on graph G. In this case, the application has
to interpolate edges (road segments) between them. To reduce the trajectory
disconnection problem, Iy; should be appropriately determined according to
both the distribution of edges’ lengths and evacuees’ moving speed. Iy also
plays an important role in controlling the trade-off between battery consump-
tion and response time of mobile applications. Small (resp. large) Iy results
in high (resp. low) battery consumption but short (resp. long) response time.
All of the above features indicates that Iy should be a moderate value, e.g.,
10 [s].

For simplicity in explanation, we assume that e

= ek and the evacuee

S,m1

judges at the vertex my,_; whether road ef}, . (h=1,..., H) on the recom-
mended route is a blocked road segment. When the evacuee finds out that the
h-th road eﬁzh_hmh on the recommended route ﬁ’j 4 is a blocked road segment,
he/she selects another road el , (ef, = (mp_1,0) € E\ELg, 0 # mp)
rather than efnh_ ..my,, Dy his/her own decision. Here, the recommended route
is given by

& k k k k

ps,d = (es,mlv ) emh,g,mh,lﬂemh,l,mhv ) 6mH_1,d)
and his/her trajectory is as follows:

k k k k
P = (es,m17 AR emh_z,mh_ﬂemh,—l’(’)'

Thus, when the application compares the recommended route and the trajec-
tory, 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 e’fnhihmh on the recommended route as a blocked road segment.

3.4 Information Sharing

As mentioned above, the application of each node k € I automatically obtains
the information about trajectory p* and blocked road segments SffIG on the
way to the safe place. If nodes can share these information among them, the
information 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.

As in [4], information sharing through direct wireless communication can
be achieved by existing DTN routing protocols, e.g., epidemic routing [18].
When node k encounters node j (k,j € K,k # j), they exchange the informa-
tion about discovered blocked-road-segments and update their local databases
with it. Note that the encountering applications need not exchange their trajec-
tories, because they do not directly use the trajectories for evacuation guiding.

After disasters occur, communication infrastructures may be still available
in the part of region. When the node can communicate with edge nodes of
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the communication 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 infrastructure is
sufficiently high.

4 Simulation Results

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

4.1 Simulation Model

We used the ONE simulator [8]. 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 consists of 1578 vertices and 1986 edges. We assume
that one thousand evacuees with their own mobile nodes start evacuating
from initial positions, each of which is randomly chosen from the points on
the streets of the map. In addition, we set one safe 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 safe place at moving speed of 4 [km/h].

Each node calculates the recommended route by using Dijkstra’s shortest
path algorithm. To reveal fundamental characteristics of the proposed scheme,
we set the cost of each edge (road segment) to be static, i.e., the edge distance.
If there are multiple routes with the same cost, mobile nodes randomly choose
one of the routes. Dynamic edge cost, e.g., congestion degree on the edge,
would help alleviate traffic congestion among evacuees.

We set measurement interval Iy to be 10 [s], which is obtained at the pre-
liminary experiments and small enough to avoid the trajectory disconnection
problem as mentioned in Section 3.3. We assume that direct wireless commu-
nications 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 communications 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 transmission ranges of the access points to the whole area of
all roads. We can control the coverage by changing V.
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(a) Random (§ = 0.8). (b) Continuous.

Fig. 2: Disaster scenarios.

We use two kinds of disaster scenarios: random disaster scenario and con-
tinuous disaster scenario. We use the random disaster scenario as default, in
which we randomly choose a certain number of edges on graph G as blocked
road segments. We evaluate the degree of disaster by evacuation possibility,
d (0 < 4§ < 1), which is defined by the probability that evacuation routes exist
from arbitrary points to the safe place. In what follows, we change the degree
of damage by controlling ¢. Fig. 2a illustrates the random disaster scenario
with § = 0.8, where red lines mean blocked road segments and a green circle
means the safe place. In the continuous disaster scenario, we select blocked
road segments in a continuous manner, as shown in Fig. 2b. Note that we
set the area of the continuous blocked road segments in Fig. 2b to be almost
identical to that of the random blocked road segments in Fig. 2a.

We evaluate the following two evacuation schemes for comparison. In ideal
evacuation, all evacuees know all blocked road segments at the start of evac-
uation. In normal evacuation, evacuees only use the map and the information
about blocked road segments that are discovered during their own evacuations,
which can be regarded as the proposed scheme without information sharing.
We assume only 1000 (0 < o < 1) percent of the evacuees can initially set
their destinations to be the safe place. Each of the remaining evacuees first
moves to a place randomly chosen in the map and can follow other evacuees
with the knowledge of safe place when he/she meets them [15].

We use average evacuation time Ty, mazimum evacuation time T ax, and
evacuation ratio as evaluation criteria. The evacuation 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 that have finished evacuating to all
evacuees. The succeeding results are the average of 100 independent simulation
experiments.
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Fig. 3: Transition of evacuation ratio.

4.2 Effectiveness of Proposed Scheme

Fig. 3 illustrates the transition of evacuation ratio for the evacuation schemes:
ideal evacuation, proposed scheme, and normal evacuation. Note that we set
o to be 0.8 and 1.0 in case of normal evacuation. Other parameters are given
as follows: § = 0.6, Rp = 100, and the coverage is about 7 % where N = 5.
First, we observe that the normal evacuation with ¢ = 0.8 shows almost the
same result compared to that with o = 1.0. This reminds us of the importance
of cooperation among evacuees even if evacuees share only the location of safe
place during their evacuations.

Next, we compare the results of proposed scheme, ideal evacuation, and
normal evacuation with o = 1.0. Note that ideal evacuation and normal evac-
uation with 0 = 1.0 correspond to the best case and the worst case of the
proposed scheme, respectively. The evacuation ratio of the proposed scheme
increases faster than that of normal evacuation with o = 1.0. As a result, Tyyg
(resp. Tinax) of the proposed scheme becomes about 28 % (resp. 47 %) shorter
than that of the normal evacuation with ¢ = 1.0. On the contrary, comparing
the results between the proposed scheme and the ideal evacuation, we observe

that the proposed scheme can hold the increase of Tyyg (resp. Thax) to about
10 % (resp. 11 %).

4.3 Impact of penetration ratio of the proposed application

In actual situations, the ratio of evacuees with the proposed application, pen-
etration ratio p, may be less than one. We assume that 100p percent of the
evacuees have the proposed application and play the role of leaders in the con-
ventional evacuation guiding methods, i.e., follow-direction/follow-me method.
The remaining evacuees without the proposed application initially move to
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random destinations. When they meet leaders, they can follow the leaders.
Table 1 presents the relationship between p and average/maximum evacua-
tion time. We also give the degree of deterioration compared with the case of
p = 1.0 in parentheses.

We first observe that T},,, monotonically increases with decrease of p but
the percentage of increase is suppressed at most 14 % even in case of p =
0.2. This indicates that the proposed scheme can effectively support many
evacuees even in relatively low penetration ratio. On the other hand, we also
find that the proposed scheme cannot sufficiently support the evacuee with the
maximum evacuation time if p is 0.4 or below. Since such an evacuee does not
have the proposed application and starts evacuating from a position distant
from the safe place, he/she will require much time to meet leaders.

4.4 Tmpact of Disaster Scenarios

The effectiveness of evacuation guiding depends on the disaster scenarios. In
this subsection, we evaluate the evacuation schemes in terms of degree of
damage and pattern of damage. Other parameters are given as follows: Rp =
100 and the coverage is about 7 % where N = 5.

4.4.1 Impact of Degree of Damage

Fig. 4a illustrates the transition of evacuation ratio for the proposed scheme
and normal evacuation (o = 1.0) when § is set to be 0.6 and 0.8. We observe
that the evacuation ratio of the proposed scheme increases faster than that of
the normal evacuation (o = 1.0), regardless of the degree of damage. Average
(resp. maximum) evacuation time of the proposed scheme is about 10 % (resp.
7 %) shorter than those of the normal evacuation (¢ = 1.0) when 6 is 0.8.
Comparing the results of § = 0.6 and those of 4 = 0.8, we find that the
larger the degree of damage is, the higher the effectiveness of the proposed
scheme becomes. In the random disaster case with high §, evacuees can easily
find alternative evacuation routes by themselves when they encounter blocked
road segments.

Fig. 4b shows the relationship between initial locations of evacuees and the
improvement of their average evacuation times when § = 0.8. We define the

improvement of average evacuation time as (Tyy™ —Te)/Tave ™ where T2

Table 1: Impact of the penetration ratio of the proposed application.

P Tavg [S] Tmax [S]
1.0 1659 (0%) 3701 (0 %)

0.8 1682 (1%) 3990 (8 %)
0.6 1718 (4 %) 4215 (14 %)
04 1781 (7 %) 4473 (21 %)
0.2 1894 (14 %) 4779 (29 %)
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and T, 7™ are T,yg of the proposed scheme and that of the normal evacuation
(o = 1.0), respectively. We divide the whole area into 25 x 25 grids. In each
grid, we calculate the average evacuation time among evacuees whose initial
locations are included there. The dark (light) color means high (low) improve-
ment. As we expected, evacuees distant from the safe place can much improve

their evacuations than those close to the safe place.

4.4.2 Impact of Pattern of Damage

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 this subsection, we use the continuous disaster scenario in Fig. 2b.

Fig. ba illustrates the transition of evacuation ratio for the proposed scheme
and normal evacuation (o = 1.0). We first observe that there is almost no
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difference between the proposed scheme and normal evacuation (o = 1.0) from
0 [s] to 2000 [s]. In this period, evacuees starting from the left top to the blocked
road segments can successfully reach the safe place regardless of the evacuation
scheme because they are not affected by the disaster. We also find that the
proposed scheme can quickly increase the evacuation ratio compared with
the normal evacuation (o0 = 1.0) after that period. In the normal evacuation
(o = 1.0), the evacuees affected by the disaster, i.e., those starting from the
right or bottom to the blocked road segments, first encounter the blocked road
segments and move along them in a counterclockwise direction. On the other
hand, the proposed scheme can guide those evacuees to avoid the blocked road
segments effectively. We can confirm this phenomenon in Fig. 5b, which gives
the improvement of average evacuation time for this scenario.

4.5 Effect of Information Sharing

In this section, we evaluate the effect of information sharing based on com-
munication infrastructures and direct wireless communication. In case of the
proposed scheme, opportunities of both discovering blocked road segments
and information sharing among mobile nodes will increase with the number of
evacuees. To evaluate the impact of the number K of evacuees, we compare
the results of K = 1000 with those of K = 100. We also set § = 0.6 in what
follows.

First, we focus on the effect of communication infrastructure by setting
Rp to be 0, where the direct wireless communication is not available. Table 2
shows T.yg and Tiax of the proposed scheme where we set K = 1000 and the
coverage to be 0 %, 15 %, and 100 %. We also give those results for K = 100
in Table 3. In these tables, we give the degree of improvement compared with
the case of 0 % coverage in parentheses. Note that the proposed scheme with
0 % coverage and Rp = 0 is equivalent to the normal evacuation (¢ = 1.0). As
we expected, both T,y, and Tp,ax improve with the increase of coverage. We
observe that the increase of K also contributes to the improvement because
large K accelerates to discover blocked road segments.

Next, we focus on the effect of direct wireless communication by setting
the coverage to be 0 % (N = 0). Table 4 shows T, and Tiax of the proposed
scheme where we set K = 1000 and transmission range Rp to be 0 [m], 10 [m],
and 100 [m]. We also give those results for K = 100 in Table 5. The values in
parentheses are the degree of improvement compared with the case of Rp = 0.
As we expected, the increase of Rp can shorten both T,yg and Tinax. We also
confirm that the increase of K has a large impact on the improvement, because
of abundant opportunities of direct wireless communication.

Comparing Table 4 with Table 2, we observe that T, of Rp = 100 is
almost the same as that of 100 % coverage when K = 1000. This indicates
that the proposed scheme with only the direct wireless communication can
effectively guide many evacuees even under highly damaged situations, when
the number of evacuees is large. However, we also observe that the communica-
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Table 2: Effect of communication in- Table 3: Effect of communication in-

frastructure (K = 1000). frastructure (K = 100).
Coverage Tavg [s] Tmax [8] Coverage Tavg 8] Tmax [8]
100 % 1717 (25 %) 4117 (41 %) 100 % 1827 (20 %) 4841 (31 %)
15% 1849 (19 %) 5339 (24 %) 15% 2052 (10 %) 5546 (21 %)
0% 2291 (0%) 7018 (0 %) 0% 2291 (0%) 7018 ( 0 %)

Table 4: Effect of direct wireless com- Table 5: Effect of direct wireless com-

munication (K = 1000). munication (K = 100).
Rp [m] Tavg [5] Tmax [5] Rp [m] Tavg [5] Tmax [b]
100 1757 (24 %) 4763 (32 %) 100 2042 (11 %) 5930 (16 %)
10 1988 (13 %) 5593 (20 %) 10 2170 (5 %) 6100 (13 %)
0 2291 (0%) 7018 (0 %) 0 2291 (0%) 7018 (0 %)

tion infrastructure is still important to improve Ty,.. We should note that the
information about a blocked road segment discovered by an evacuee is useful
for others who are heading for that region. This indicates that information
propagation with the opposite direction to evacuations is significant and the
use of communication infrastructures is one of the ways that achieve it.

5 Conclusion

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

Through simulation experiments, we showed that 1) the proposed scheme
works well when the degree of damage is high and/or road segments are con-
tinuously blocked, 2) the average evacuation time can be improved even in
small penetration ratio of the proposed system, and 3) the direct wireless
communication can support many evacuations at almost the same level as the
communication infrastructure when the number of evacuees becomes large.
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