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ABSTRACT 

In aiming to decrease the number of casualties and people with difficulty in wide-area evacuations due to a large 
earthquake, it is highly important to visualize and quantify the potential danger in residential areas. In this paper, 
we construct a multi-agent simulation model, which describes property damage (such as building-collapse, the 
spread of fire and blocking of streets) and people’s evacuation behavior after an earthquake occurring. Using 
this simulation model, we quantify the wide-area evacuation difficulty in densely-built wooden residential areas, 
and evaluate the past project to improve buildings and streets based on this indicator. Furthermore, we 
demonstrate the effects of adding new evacuation routes between two intersections of streets with narrow width 
and long distance. Through these case studies, the effectiveness of our simulation model on urban disaster 
mitigation planning is shown. 

Keywords 

Large earthquake, wide-area evacuation difficulty, property damage, multi-agent simulation, densely-built 
wooden residential area. 

INTRODUCTION 

In Japan, there are many densely-built residential areas with old wooden houses and complex road networks, 
consisting of narrow streets. As these areas are high risk in the case of a large earthquake, it has been suggested 
to improve the spatial characteristics as soon as possible. However, improvements in densely-built wooden 
residential areas have not been smoothly performed due to consensus-building with local residents and the costs 
of projects. Therefore, these residential areas, where it is difficult to prevent big fires during a large earthquake 
and to smoothly evacuate to evacuation areas, have still remained. There are some background factors as 
follows: 

(1) It is not easy to understand how dangerous the residential area in case of a large earthquake is by using 
hazard maps based on disaster mitigation planning. 

Hazard maps are one of the most familiar tools to grasp risks of disaster, and can be easily accessed at municipal 
offices and on the Web. In Japan, for instance, the ‘Hazard map portal site’ is provided by the Ministry of Land, 
Infrastructure, Transport and Tourism (MLIT). It allows anyone to find hazard maps of floods from rivers and 
inland waters, tidal waves, tsunamis, landslides, volcanos and earthquakes everywhere. Other countries also 
have similar maps (Table 1). However, these kinds of maps are usually drawn based on the most critical 
scenario, therefore, it is impossible to know the damage caused by different situations (daytime/nighttime, 
weekday/holiday/singularity day, season, weather, etc.). Additionally, it is difficult to grasp the risk to a building 
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Organization System / Map 
MLIT (Ministry of Land, Infrastructure, 
Transport and Tourism) 

Hazard map portal site (including floods, tidal waves, tsunamis, 
landslides, volcanos and earthquakes) 

FEMA (The Federal Emergency 
Management Agency) 

HAZUS (methodology for estimating potential losses from 
disasters such as earthquakes, floods and hurricanes) 

UNISDR (The United Nations Office for 
Disaster Risk Reduction) 

PreventionWeb.net (volcanic hazard map, etc.) 

USGS (U.S. Geological Survey) U.S. Volcanoes and Current Activity Alerts 
European Commission Flood hazard/risk map 
SHARE (Seismic Hazard Harmonization 
in Europe) 

Seismic hazard map 

Table 1.  Examples of hazard map 

or a street because the degree of risk is shown by a grid (such as 250m x 250m, 500m x 500m, etc.) or by a 
certain scale district (such as city, town, etc.). 

Besides hazard maps, there are many studies on identifying districts with high risk in wide-area evacuation from 
the viewpoint of spatial characteristics of cities (such as the attribute and spatial distribution of buildings, 
structure of street network, etc.) Ichikawa et al. (2004) modeled building-collapse and street-blockage, and 
identified districts with high risk in wide-area evacuation based on the result of evaluating the accessibility from 
a node on the street network to an evacuation area. Kugai and Kato (2007) proposed an analytical method to 
understand which aspects of spatial characteristics are important to improve the disaster prevention performance 
by a certain degree after identifying vulnerable areas based on the percolation theory 1). Takematsu and Suzuki 
(2006) evaluated the risk in wide-area evacuation of whole areas by considering the probability of not reaching 
evacuation areas, the average distance necessary for evacuation and the density of evacuees in evacuation areas. 
However, most studies either do not consider the influence of evacuees or only grasp the number of evacuees by 
using the population in nighttime based on the national census. 

On the other hand, some studies attempt to evaluate risks in disaster by using simulation techniques. Nishino et 
al. (2008; 2012) constructed a wide-area evacuation simulation model of city fires based on the potential theory, 
and evaluated the burn-down risks and the fire-fatality risks of districts in Kyoto city, Japan. An advantage of 
their study is validation of the proposed model by using the survey results on the fire-spreading process and the 
spatial distribution of fatalities by fire in the Great Kanto Earthquake of 1923. Knyazkov et al. (2014) developed 
the vehicular evacuation simulation model, which consists of the dynamic road graph model based on the 
flooding model and the agent-based traffic model based on the traffic demand model. Using this model, the 
authors estimated the ratio of agent evacuation finishing statuses/dynamics, etc., and compared some evacuation 
scenarios with the different navigation strategies. Also, there are many studies that demonstrate the strategies of 
safer wide-area evacuation from tsunami and locations of tsunami shelter by using simulations targeted at 
Indonesia, Peru, etc. (Sutikno and Murakami, 2015; Goto, Affan, Agussabti, Nurdin, Yuliana and Ardiansyah, 
2012; Mas, Adriano and Koshimura, 2013). Johnstone and Lence (2012) carried out the tsunami hazard 
simulation that targeted at Vancouver Island in Canada, and attempted to improve a community tsunami 
response plan. The strength of the paper is to have visited the target area, and to have discussed with the first 
responders (i.e., police, fire and ambulance), local government administrators, volunteers, etc., as well as 
implementing the simulation. This is an important process in disaster mitigation planning. Also, the authors used 
the detailed datasets, and it enabled to estimate the damage of buildings by use type and the number of people at 
risk or casualties by season (winter/summer), time of day (daytime/nighttime) and person’s type 
(locals/tourists). However, the existence of multiple kinds of property damage and the interaction among them 
are not considered. Kim et al. (2011) proposed a method to evaluate the potential flood risk by using the digital 
elevation model (DEM) in order to enhance the decision support system for safe evacuation. The proposed 
indicator labelled ‘Potential flood risk of evacuation (PFRE)’ consists of the cumulative evacuation time and the 
shortest flood arrival time, but the number of people affected by flood is not estimated and not included in 
PFRE. 

(2) Stake holders (such as local residents, residential developers, the government and municipalities) cannot 
easily realize the effects of the improvement projects and how to improve the areas. 
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Hazard maps are not suitable to understand the effects of disaster mitigation measures because they are drawn 
under the present situation in residential areas. A few attempts have been made for effective validation of 
improvement projects in terms of disaster mitigation. For instance, Igarashi and Murao (2007) evaluated the 
progress of improvement projects in the whole analytical areas based on the density of wooden buildings, the 
risk of building-collapse, etc. However, it is difficult to evaluate the safety of small areas (such as city blocks 
and streets.) Noda et al. (2011) categorized real city blocks based on the accessibility to wide streets, and 
proposed improvement methods in the blocks by category. Nevertheless, there are few studies which 
quantitatively analyze the effects of specific measures.  

By contrast, Hiete and Merz (2009) proposed a hierarchical indicator framework to assess the indirect 
vulnerability of industrial sectors to different types of disasters. Using this framework, we are expected to be 
able to make a decision on crisis management and emergency planning (mitigation measures, Business 
Continuity Planning, etc.). Simpson (2008) attempted to develop the method to evaluate disaster preparedness 
measures of cities by case studies, and suggested the necessity of further discussions. In this study, multiple 
indicators related to disaster prevention from various viewpoints (such as fire protection, emergency medical 
services, planning and zoning, emergency management office, hazard exposure, evacuation and warnings, etc.) 
were weighted and integrated into a single indicator. Each of these papers attempted to construct a 
comprehensive indicator to evaluate the performance of communities against disaster. However, the validity of 
these indicators were not sufficiently confirmed. 

In this paper, as a method for solving the problems as mentioned above, we have attempted to build methods to 
visualize and quantify risk in densely-built wooden residential areas and to propose effective and efficient ways 
to improve the areas. More specifically, we have constructed a simulation model, which describes people’s 
evacuation behavior under the assumption of various hazards caused by a large earthquake. Using this 
simulation model, we also demonstrate the evaluation of risk in densely-built wooden residential areas and the 
effects of improvement projects from the viewpoint of evacuation difficulty. The advantages of our method are 
listed up as follows: (1) visual and quantitative grasp of the risk; (2) applicability to various situations only by 
changing input datasets; (3) evaluation of the risk at a building or street level; (4) consideration of multiple 
kinds of property damage; (5) consideration of the interaction between property damage and people’s 
evacuation behavior. 

OVERVIEW OF SIMULATION MODEL 

Overview of Wide-area Evacuation Simulation Model 

Figure 1 shows an overview of the wide-area evacuation simulation model that we developed. This model 
consists of two aspects as follows: (1) property damage model, which describes building-collapse, the spread of 
fire and blocking of streets in a large earthquake; (2) evacuation behavior model, which describes the activities 
of people evacuating from the location at an earthquake occurrence time to an evacuation area. Additionally, the 
spatiotemporal distribution of people inside buildings and pedestrians was estimated on the basis of Person-Trip 
Survey; a questionnaire survey aimed at understanding people’s movements on a weekday. Our simulation 
model was constructed based on the concept of Multi-Agent Simulation (MAS), which enables us to describe 

 
Figure 1.  Overview of Wide-area Evacuation Simulation Model 



 

Oki et al. 
 

Wide-area Evacuation Difficulty 

 

Long Paper – Analytical Modeling and Simulation 
Proceedings of the ISCRAM 2016 Conference – Rio de Janeiro, Brazil, May 2016 

Tapia, Antunes, Bañuls, Moore and Proto de Albuquerque, eds. 
 

  

 
Figure 2.  Procedure for Preparing Property Damage Data 

 
Figure 3.  Procedure for Preparing Property Damage Data 

 

the interaction between agents (such as evacuees, the spread of fire, congestion of streets, etc.) and the process 
by which the conditions of the city vary. In this paper, a step interval for calculating each step was set to 30 
seconds. 

Property Damage Model 

The procedure for preparing the data of property damage is shown in Figure 2. The spatial distribution of 
seismic intensity level, defined by the Japan Meteorological Agency (JMA), was determined based on the 
damage estimation (Tokyo Metropolitan Government, 2012) (Figure 2(b).) Next, on the basis of the distribution, 
the instrumental seismic intensity of each 50m x 50m grid was set in order to smooth the spatial distribution of 
the seismic intensity (Figure 2(c).) In this paper, each grid in the analyzed area belonged to either ‘Lower than 
6’ or ‘Greater than 6’ on the seismic intensity level by JMA. Therefore, we assumed the normal distribution of 
N(6.0, 0.5/3) for the conversion because ‘Lower than 6’ and ‘Greater than 6’ are respectively 5.5 to 6.0 and 6.0 
to 6.5 on the instrumental seismic intensity. 

Based on the spatial distribution of instrumental seismic intensity, collapsed buildings were estimated by using 
the collapse probabilities derived from the ratio of collapsed buildings (Tokyo Metropolitan Government, 2012) 
(Figure 2(d).) The ratio is expressed as a cumulative distribution function of the normal distribution, which 
depends on construction type (wood / non-wood) and year of construction. Additionally, the locations of fires 
were randomly set based on the probability of fire-outbreak by the use of buildings (Tokyo Fire Department, 
2001) (Figure 2(e).) The fires were assumed to break out immediately after an earthquake occurring. Next, the  
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height of the collapsed building and the distance to another collapsed buildings and the street boundary line 
were used to define the street-blockage caused by building-collapse (Figure 2(f) and Figure 2(g).)  

Furthermore, the fire-spreading simulation was executed based on the fire-spreading speed formulas (Tokyo 
Fire Department, 2001), and buildings which burn down within 12 hours after an earthquake occurring were 
estimated (Figure 2(h).) We modeled the influence of the flame and heat when fires spread as follows: (1) street-
blockage due to the fire was considered on the basis of the distance to burning buildings and the width of the 
street (Figure 3(a)); (2) the timing, when the street in front of the burning building is blocked, was determined 
by the building type and the width derived from the model to estimate the available time of the street for 
evacuating based on the radiation heat that evacuees receive (Iwami et al., 2006) (Figure 3(a)); (3) the route 
choice considering the resistance of evacuees to fires based on the distance from burning buildings (Figure 3(b)).  

As a result of repeating this procedure, property damage data of the same number as the number of the 
simulation trials was generated. The pattern of property damage in each data is unique based on different seeds 
of random number. 

Spatiotemporal Distribution of People inside Buildings and Pedestrians 

In this paper, we take the people inside buildings and pedestrians into account. Using the data based on the 
Person-Trip Survey within the Tokyo Metropolitan Area conducted in 1998 (approximately in the middle year 
between 1991 and 2006), we estimated the spatiotemporal distribution of people inside each building and 
pedestrians on each street on the basis of the previous studies (Osaragi and Hoshino, 2012; Nishimura and 
Osaragi, 2009.) Railway passengers and automobile users are excluded as we have focused on the wide-area 
evacuation of residents by foot. 

Wide-area Evacuation Behavior Model 

Figure 4(a) shows the details of the evacuation behavior model. We have assumed that people inside buildings 
start evacuating based on the timing shown in Figure 4(b), and evacuate to a temporary refuge. The timing 
follows a Poisson distribution with parameter λ = 3.35 approximated to the result of the surveyed evacuation 

 
Figure 4.  Details of Evacuation Behavior Model 
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start time in the Great Kanto Earthquake of 1923 (Nishida, 2009.) When the fire approaches, they are considered 
to start evacuating within five minutes. On the other hand, pedestrians are assumed to start evacuating to an 
evacuation area immediately after an earthquake occurs. Also, we assume that all the evacuees completely know 
the street network in the analyzed area, and can find the routes to evacuation areas 2). Initially, evacuees have no 
information on the location of street-blockage at all. Therefore, if the evacuees face a blocked street along the 
way to a temporary refuge or an evacuation area, they will try to find another route. We have assumed that 
evacuees would remember whether a street connected to an intersection they have passed is blocked or not, and 
model the behavior of the evacuees that avoid the locations of blocked streets and choose the route so as to 
reduce the influence by fires as much as possible. Based on the location of a person once 12 hours have passed 
from an earthquake occurring, a person staying at temporary refuges or evacuation areas are defined as ‘Person 
who completes evacuating’, and a person who cannot arrive at temporary refuges or evacuation areas because 
of blocked streets as ‘Person with difficulty in wide-area evacuation.’ 

Also, the walking speed of evacuees is determined according to the density of the evacuees on the street (Figure 
4(c)). 

Definition of Wide-area Evacuation Difficulty 

In this paper, ‘wide-area evacuation difficulty’ is defined by each building and each area, and it can be 
calculated based on the results of the wide-area evacuation simulation mentioned above. The former is the 
number of the damage patterns in which someone inside each building cannot evacuate to any temporal refuges 
and evacuation areas out of all the patterns. The latter means the average ratio of the number of people with 
difficulty in wide-area evacuation to all the people inside buildings and pedestrians in each area. These 
indicators can be considered as the risk in the residential areas from the viewpoint of wide-area evacuation. 

APPLICATIONS OF SIMULATION TO DISASTER MITIGATION PLANNING 

Analyzed Area and Assumptions of Simulation 

The analyzed areas in this paper are Wakabayashi 3 chome and Wakabayashi 4 chome in Setagaya Ward, Tokyo 
(Figure 5.) There are many wooden buildings and narrow streets. Therefore, projects to improve such conditions 
have been carried out since 1988 based on strategies as follows: (1) conversion of wooden buildings into non-
combustible structures along evacuation routes and around evacuation areas; (2) setting a lower limit for the 
surface area of each premise; (3) widening narrow streets which have less than four meters width. These 
measures focus on preventing the spread of fire and securing routes for evacuation of people and emergency 
vehicles. GIS data based on the town as of 2006 was offered by Setagaya Ward. 

The assumptions of the wide-area evacuation simulation are shown in Table 2. 

 
Scenario Earthquake North Tokyo Bay Earthquake (M 7.3) 

(Seismic velocity and acceleration were determined by each building based 
on set instrumental seismic intensity.) 

Weather Condition Sunny with 8 m/s north wind 
Number of Fire-outbreak 
Buildings 

93 buildings in whole Setagaya Ward 
(This is the average number of 100 times fire-outbreak simulations.) 

Earthquake Occurrence Time 6:00 pm on a weekday in winter 
Number of Simulation Trials 100 times 

(We prepared 100 patterns of property damage estimated by the property 
damage model, and carried out one trial for each pattern.) 

Reference Damage estimation published by Tokyo Metropolitan Government (2012) 

Table 2.  Assumptions of Wide-area Evacuation Simulation 
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Figure 5.  Analyzed Area 

Visualization 

Figure 6 shows an example of the viewer when implementing the simulation. Pedestrians start evacuating to the 
evacuation area immediately after an earthquake occurs, and people inside buildings also gradually evacuate to 
the temporary refuges. This is the damage pattern created when fires break out at four buildings in the analyzed 
area with many people having difficulty in wide-area evacuation due to the spread of fire. Furthermore, we can 
find people who cannot evacuate to any temporary refuges and evacuation areas because of blocked streets. 
Visualizing the simulation result can be useful to understand the danger in case of an earthquake, and it can 
work as a tool for disaster mitigation education and workshops with local residents. 

Evaluation of Wide-area Evacuation Difficulty before/after Improvement Project 

Based on the GIS data as of 1991 and 2006, we have evaluated the wide-area evacuation difficulty before and 
after improvement projects. The assumptions of the wide-area evacuation simulation for each year are the same 
as Table 2. In order to easily compare the results between 1991 and 2006, we unified the analysis conditions as 
follows: (1) the instrumental seismic intensity determined by 50m x 50m grid; (2) the number and the spatial 
distribution of buildings on fire and people immediately after an earthquake occurring; (3) the time of starting 
evacuation for the same persons and under the same patterns of property damages. 
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6 p.m. (immediately after an earthquake occurs) 8 p.m. (2 hours after an earthquake occurs) 

  
10 p.m. (4 hours after an earthquake occurs) 6 a.m. (12 hours after an earthquake occurs) 

 
Figure 6. Example of the viewer when implementing the simulation 

 

Figure 7 shows the spatial distribution of buildings categorized by the degree of fire-proofing. In 1991, only the 
areas along the wide streets were dotted with fire-resistant or semi-fire-resistant buildings. However, the 
conversion into non-combustible and earthquake-resistant buildings had been realized along the comparably 
wide streets by 2006. As a result, the number of fire-resistant or semi-fire-resistant buildings increased in the 
center part of the target area as well. More specifically, although the ratio of the fire-resistant or semi-fire-
resistant buildings in both Wakabayashi 3 chome and 4 chome was about 19% in 1991, it increased to about 
35% in 2006 (Figure 8(a).) The rate of fireproofed area also increased (Figure 8(b)), and suggests that the 
conversion into non-combustible buildings has steadily proceeded although it is still not enough in terms of the 
average value of the whole area. Therefore, we can consider the project of improving the densely-built wooden 
residential area to have achieved a certain level of results. 
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Figure 7. Spatial distribution of buildings categorized by the degree of fire-proofing (in 1991 and 2006) 
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(Rate of fireproof area) = SA x 0.8SB / S
         where SA, SB, and S are total sum of area of fire-resistant buildings,
         semi-fire-resistant buildings, and all buildings, respectively.

 
Figure 8. Composition ratio of each structure and comparison of the rate of fireproof area between 1991 and 2006 

 

Comparing to the average ratio of people with difficulty in wide-area evacuation between 1991 and 2006, the 
ratio in the whole area decreased by about 8.7% in Wakabayashi 4 chome and about 2.6% in 3 chome (Figure 9.) 
This result suggests that the improvement of streets effectively functioning as evacuation routes has been a 
positive effect. On the other hand, observing the results in detail, areas with high risk in terms of wide-area 
evacuation difficulty remain largely unimproved along specific streets. These streets tend to be narrow and at a 
long distance between two intersections (such as from street A to street D shown with black bold lines in the 
right panel of Figure 10.) Therefore, these streets may induce multiple blockages and prevent people from 
evacuation. Moreover, in case the streets have poor forward visibility, evacuees have a risk of entering such 
streets without recognizing if the street is blocked. 
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Figure 9. Comparison of the average ratio of people who have difficulty in wide-area evacuation 
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Figure 10. Spatial distribution of probabilities that people have difficulty in wide-area evacuation by each building 

Effects of Adding New Evacuation Routes between Two Intersections 

From what has been discussed above, buildings with a high possibility to prevent people from evacuating to 
temporary refuges or evacuation areas still remain locally. These buildings tend to face a narrow street and to be 
distant from two intersections of the facing street. In this subsection, we attempt to verify the effects of reducing 
the wide-area evacuation difficulty of each building by adding new evacuation routes between two intersections 
of such streets. 

The concept of adding new evacuation routes is shown in Figure 11. Streets A and B are narrow and long, and 
there are many buildings along the streets. Therefore, many residents are likely to be trapped between multiple 
blockage points caused by the rubble of collapsed buildings. Adding the new evacuation route on streets A and 
B, the distance between two intersections of each street gets shortened. As a result, many people are now able to 
escape from the streets.  

Adding new evacuation routes has the following two advantages: (1) the cost of an improvement project can be 
reduced because the number of buildings involved with adding new evacuation routes (i.e., the number of 
people required consensus-buildings) is fewer than the case of widening streets. For instance, extending pre-
existing dead-end streets is the most effective way; (2) connecting two streets with an evacuation route 
simultaneously shortens the length of both streets. 
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Before After 

Figure 11. Concept of adding new evacuation routes 

 

The assumptions of the wide-area evacuation simulation follow Table 2. The simulation procedure is shown as 
follows: (Step 1) execute the wide-area evacuation simulation 100 times for the different property damage 
patterns, based on the data for 2006 (the result has been shown in the previous subsection); (Step 2) list all 
streets in order of the estimated number of people who cannot evacuate to any evacuation areas; (Step 3) add 
new evacuation routes in the 1st, 2nd and 3rd stages so as that the total length of added routes is equal to about 
1%, 2% and 3% respectively of the total length of pre-existing streets in the analyzed area; (Step 4) execute the 
simulation 100 times under the condition of adding new evacuation routes from 1% to 3% step by step in each 
damage pattern. 

The simulation results are shown in Figure 12. In the 1st stage, four streets with the highest priority of 
improvement were connected with other streets by adding new evacuation routes. As a result, the percentage of 
people who have difficulty in wide-area evacuation in each building located not only along the four streets but 
also away from the streets decreased (Figure 12(a).) Also, in the 2nd and 3rd stages, the percentage got lower by 
increasing the number of new evacuation routes to improve the streets listed in the 2nd and 3rd priorities (Figure 
12(b) and Figure 12(c).) The effects of adding new evacuation routes on improving wide-area evacuation 
difficulty are highly dependent on how the routes are provided. For instance, in the 2nd stage (Figure 12(b)), the 
new evacuation route eliminated multiple dead-end streets simultaneously and resulted in decreasing the 
percentage of cases that residents of many buildings in the wider area cannot evacuate to any evacuation areas. 

Figure 12(d) shows the relationship between the change in the ratio of people with difficulty in wide-area 
evacuation to all people and the percentage of new evacuation routes out of the total length of pre-existing 
streets in each area (chome.) From the viewpoint of the margin of decrease in this ratio, the rate was respectively 
0.7 points in the 1st stage (a total of 0.4% of new evacuation routes were added) and the 2nd stage (a total of 
1.3% of new evacuation routes were added) in Wakabayashi 3 chome. However, in the 3rd stage, even though 
the length of added routes was longer than in the 1st and 2nd stages (a total of 2.4% of new evacuation routes 
were added), the margin of decrease was only 0.3 points. We can see a similar trend between the amount of new 
evacuation routes and the margin in Wakabayashi 4 chome. 

Moreover, comparing the average number of people who cannot evacuate to any evacuation areas, the streets 
with new evacuation routes are considered to decrease the number of such people (Figure 13.) The degree of 
decrease is higher on the streets with more evacuation difficulty (i.e., higher priority of adding new evacuation 
routes.) 
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(a) 1st stage (b) 2nd stage 

 
 

(c) 3rd stage (d) Change of wide-area evacuation difficulty in each 
area 

Figure 12. Effects of reducing wide-area evacuation difficulty in each building/area by adding new evacuation routes 
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Figure 13. Decrease of the number of people who cannot evacuate to any evacuation areas on each street 

SUMMARY AND CONCLUSIONS 

In order to visually and quantitatively understand the danger in densely-built wooden residential areas, we 
constructed a wide-area evacuation simulation model, which integrated the property damage model and the 
evacuation behavior model. The property damage consisted of building-collapse, the spread of fire and blocking 
of streets. We also defined the indicators referred to as wide-area evacuation difficulty. 

Using this simulation model, we demonstrated a wide-area evacuation simulation in densely-built wooden 
residential areas. Based on the results, people can realize the condition of the area after a large earthquake 
occurs (e.g., the spatial distribution of property damage, the process of fire-spreading and the evacuation 
behavior of local residents), and take measures to reduce the number of people with difficulty in wide-area 
evacuation. 

Next, we attempted to evaluate an improvement project that had been implemented in a densely-built wooden 
residential area from the viewpoint of the wide-area evacuation difficulty. Based on the results of the simulation 
using the urban data as of 1991 and 2006, we quantitatively confirmed that the project had contributed to 
making the residential area non-combustible and earthquake-resistant, but only to a certain degree. Results show 
that the areas, which have a high risk of difficulty in wide-area evacuation, continue to have a high degree of 
local difficulty of evacuation. Specifically, narrow streets, which have long distance between two intersections, 
tend to remain dangerous for neighbors. 

Furthermore, as an example of the method to reduce wide-area evacuation difficulty in such areas, we focused 
on the method of adding new evacuation routes between two intersections, and evaluated the effects by using 
the simulation model. The results show that: (1) the number of people who cannot evacuate to any evacuation 
areas decreases more significantly in the case a street which originally has higher risk is improved; (2) the 
effects and efficiency of improvement depend highly on how new evacuation routes are added. Adding new 
evacuation routes can be a more effective and efficient method to reduce wide-area evacuation difficulty than 
other methods (e.g., converting wooden buildings into non-combustible and earthquake-resistant structures or 
widening streets.) The previous improvements of densely-built wooden residential areas have often relied on 
developers’ and planners’ intuition. Instead, our proposed model can assist them to discuss the effects of 
improvements with quantitative evidences as well as identifying the critical evacuation route.  

One of the most difficult problems for wide-area evacuation simulation under the assumptions of a variety of 
property damage caused by a large earthquake is how to validate the model. In general, it is difficult to directly 
validate the simulation results and calibrate the model because there are few instances of such a disaster in the 
past, while the simulation models of evacuation behavior from tsunamis have been validated since the Great 
East Japan Earthquake in 2011. Therefore, in this paper, we set the multiple comparative scenarios (1991 vs 
2006, present situation vs 1st/2nd/3rd Stages), and quantitatively evaluated the effects of each measure by 
comparing the difference of simulation results between the scenarios based on the same model. Our future work 
will also cover implementing questionnaire surveys and modeling people’s behavioral characteristics in wide-
area evacuation to improve the proposed model. 
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Another problem is that our simulation is not highly generalizable from the viewpoint of availability of the input 
data for the simulation. More specifically, we need several GIS data (buildings, streets, evacuation areas, etc.) 
for the property damage model and the data of spatial distribution of people for the wide-area evacuation 
simulation model. However, if you can overcome these problems, it is possible to carry out the advanced 
simulation analysis proposed in this paper. 

NOTES 

1) Kugai and Kato (2007) focused on the disaster prevention performance of street network at a town level, and 
examined the factors that would affect the performance using virtual grid-based cities and multiple regression 
analysis. As a result, the following explanatory variables were selected: number of old wooden buildings and 
new non-wooden buildings, number of all buildings, total area of land where buildings can be constructed, 
average collapse probability for old wooden buildings, number of buildings per a link, average street width, etc. 
Though there is a problem of applicability to actual cities, the result of the paper enables general discussion that 
does not depend on urban-area characteristics. 

2) “Route familiarity” might affect agent behavior. For instance, if evacuees do not have enough knowledge of 
the structure of street network, the evacuation time of each evacuee will greatly increase, and result in increasing 
wide-area evacuation difficulty. Also, it is important to consider the interaction among evacuees with different 
familiarity. However, in this paper, we do not consider the difference of familiarity for simplification. 
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