
Damage Assessment
(Remote Sensing, Tsunami and Evacuation simulation)

Literature Review

Erick Mas, Shunichi Koshimura, Rubel Das

WP 03/16

Increasing Urban Resilience to Large Scale Disasters: The Development of a Dynamic Integrated Model for
Disaster Management and Socio-Economic Analysis (DIM2SEA)

funded by the Japan Science and Technology Agency (JST) and Ministry of Science, Technology and Space, Israel
(MOST)



1. Introduction

Disasters impact communities producing damage to assets and people. The damage at a community hit by a

disaster may vary due to the magnitude of the event, the strength of the exposed infrastructure, the preparation

of the people being affected, and many other factors that contribute on increasing or reducing disaster risk in a

community. Damage Assessment is the process of grasping the extent of damage, to provide accurate information

to authorities and to support the assistance and relief to affected areas. In addition, a similar process called Damage

Estimation refers to the evaluation of the possible damage due to future events that may occur in the area. Thus,

while the objectives of damage assessment and damage estimation are similar (to quantify damage), the stages are

different.

Multiple methodologies are available for conducting damage assessment and damage estimation, from

telephone and radio communication to the dispatch of reconnaissance teams on ground and air. However, when

the access and telecommunication supply is broken or limited, or when there is risk of secondary disasters like

fire, nuclear accidents, etc., these methods are difficult to put on practice. In recent years, to grasp the situation

and impact of remote and wide areas, satellite imagery has been used to acquired information of possible damage

extent and evaluation of needs for humanitarian action. Remote sensing technique is at the forefront of damage

assessment and damage estimation of large areas.

1.1. Remote Sensing

Figure 1 shows an illustration of remote sensing techniques. The upper figure shows the passive sensor system,

where the electromagnetic radiation from the sun hits the Earth surface and then is reflected to the satellite sensor.

Thus, passive sensors measure the electromagnetic radiation or natural energy at specific wavelengths which can

vary from visible to infrared, ultraviolet or other wavelength ranges known as bands. An example of passive sensor

data can be found under the Landsat mission program. Other commercial satellite products are available through

companies like DigitalGlobe (GeoEye, Worldview, Quickbird) and Astrium (SPOT, Pleiades).

Figure 1: Illustration of Remote Sensing by Arkarjun / CC-BY-SA-3.0
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On the other hand, the image at the bottom of Figure 1 shows the active sensor system. In this case, active

sensors create their own source of illumination and measure the backscattered waves. Thus, active sensors do not

depend on sun energy emission. Some examples of active sensors are LiDAR and radar sensors. The advantage of

active sensors is that they can be used at any time of the day because they do not require natural light. Also, active

sensors are generally not affected by cloud coverage. However, the noise in radar signals makes it difficult for a

direct interpretation of the earth by average users. Passive sensors show the Earth as a human eye may observe

from the sky (i.e Google Earth imagery).

1.2. Tsunami modeling

In the case of tsunami events, to assess or estimate the damage extent (i.e. inundation area) and the damage to

buildings, tsunami numerical simulation can be applied. First, a plausible tsunami source is determined. Tsunami

events can be triggered by earthquakes, landslides, volcano eruptions or other very low frequent events like the

impact of solid bodies from outer space into the ocean. Relative frequent events are earthquakes triggered by the

released of energy accumulated due to subduction of tectonic plates under the sea. While other mechanisms of

earthquakes exist, it is in the thrust fault associated to the abruptly move of plate boundaries the one that, more

specifically, can generate a tsunami. The water displacement propagates throughout the ocean until coastland areas

where the energy carried on waves is finally dissipated by friction and the presence of topography elevation. A

model for dislocation to calculate the ocean bottom deformation was proposed by Okada (1992), while one of the

numerical simulation models widely used is the TUNAMi model (Imamura, 1995).

The numerical simulation is conducted using Tohoku Universitys Numerical Analysis Model for Investigation

of Near-filed tsunami No.2 (TUNAMI-N2) code based on shallow water theory and Cartesian coordinate system,

which was developed at Tohoku University, Japan. The set of nonlinear shallow water equations (Eq.1, Eq.2 and

Eq.3) are discretized using a staggered leap-frog finite difference scheme (Imamura, 1995),
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M =

∫ η

−h
vdz (5)

D = η + h (6)

where, M and N are the discharge flux in x- and y- direction, respectively; η is the water level, and h is the

water depth with respect to the mean sea level.

To perform the tsunami inundation modeling the computational area is divided into several domains to construct

a nested grid system. The bathymetry/topography data are commonly obtained from the General Bathymetry Chart

of the Ocean (GEBCO) 30 arc-seconds grid data, nautical charts and topographical maps of local authorities. Using

tsunami numerical simulation, the inundation area, arrival time and amplitude of waves, among other tsunami

features, can be evaluated and the magnitude of the event can be assessed to begin the damage assessment process.

1.3. Evacuation modeling

There is a large number of evacuation models in previous studies. Models such as those related to building

evacuation due to fire events (Friedman, 1992; Gwynne et al., 1999; Santos and Aguirre, 2004; ?; Zheng et al.,

2009), evacuation from ships (Park, 2004) and aircraft (Amos and Wood, 2004) and also models to simulate traffic

and regional evacuation in case of hurricanes, nuclear accidents and floods (Lindell and Prater, 2007; Cova and

Church, 1997; Dawson et al., 2011). These and others (Naser and Birst, 2010; Post et al., 2009), were consulted

to comprehend the state of the art in the field of pedestrian dynamics and traffic simulation. As a result, it was

observed that there is increasing interest in microscopic and individual simulation of complex events. There is

also a need for realistic and effective tools to simulate human behavior and the several phenomena and risks that

threaten human safety.

A brief review of the most recent tsunami evacuation models is as follows:

• Goto et al. (2012) The model uses multi agent systems moving on a road network map and following

predefined rules. Some assumptions in this model are that (i) agents follow the shortest paths through a

linked network. Short in terms of distance for pedestrians and time for vehicles. (ii) fast evacuees pass

slower ones when space is available, and (iii) vehicle speed depends on road width. For this model, the

model unit agent is the family (4 persons). Three kinds of agents are shown, i.e., the family walking,

the family in a car, and 2 members of the family on a motorcycle. Tsunami casualties are counted when

inundation depth exceeds 1.00 m at the actual location of an agent. In this case, there is a limitation on the

representation of individual behavior and outcome for each evacuee.

• Lämmel (2011) In this model, Multi-Agent Transport Simulation (MATSim) is used as the toolbox for

the implementation of large-scale agent based simulation. The purpose of this model is to find the best

evacuation condition that benefits all agents. The set of repetitions and iterative learning framework lead to

Nash equilibrium as the best approximation of the desired evacuation. Some of the findings in this study

are that (i) the shortest path solution is not suitable for evacuation planning because it does not consider
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congestion effects and underestimates travel times; and (ii) Nash equilibrium considers these congestion

effects but does not take into account the time-dependent aspect of the hazard.

• Watanabe and Kondo (2009) The authors present a tsunami evacuation model based on a multi agent system

approach. Each evacuee is an agent with the characteristics of age, speed, fatigue level and disaster mitigation

awareness. Interaction of these data with the environment describes the evacuation behavior. The model

considers only agents as pedestrians and there is no vehicle simulation for traffic conditions. Evacuation

start time is also strictly based on questionnaire data. Departure times are based on situational conditions

that trigger protective action.

• Clerveaux et al. (2008) other tsunami related models developed a static tsunami evacuation model using GIS

tools in order to investigate and assess risk and evacuation planning in a multilingual society. Using multi

agent simulation, Fujioka et al. (2002) aims at understanding human behavior and its interaction effects in a

tsunami disaster.

Among these models, there are several differences related to representation of the unit of simulation -the agent-

and its characteristics such as evacuation start time decision, route choice, mobilization means, shelter selection and

rules for avoiding obstacles. While some of them do not consider the vehicle agent in simulation, underestimating

possible crowding and bottleneck conditions, others use a simplistic method of casualty estimation by stopping

simulation at the estimated tsunami arrival time and categorizing all remaining agents as possible casualties. In

this study, a casualty is understood as an individual trapped in a tsunami with very little chance for survive at

the inundation depth and flow velocity. Therefore, integration of a more realistic condition of the probability of

becoming a casualty related to tsunami characteristics will be applied here.

With evacuation simulation models, it is possible to analyze alternatives for safer routes, destinations, evacuee

response and other possible decisions for disaster mitigation in an area (Southworth, 1991; Kietpawpan, 2008).

Emergency evacuation models may be classified at first on: (i) large-scale scenarios, e.g. hurricanes, nuclear

power plants, tsunami, etc. and (ii) small-scale evacuation of buildings or vessels due to bomb threats, fire, etc.

Traditionally, large-scale scenarios were modeled following a macroscopic approach with vehicular evacuation. In

macroscopic models the flow or group of individuals on the move is the smallest unit simulated. In recent years,

researchers are focusing on the microscopic simulation of individuals. Here, an agent or individual is the smallest

unit simulated. Although it is the individual who is the main element during the develop stage, final attention lies

on the overall emergent behavior of agents interaction. This is possible due to the fast development of computing

capacity in memory processes, graphic rendering and data storage.

2. Damage Assessment and Damage Estimation

After a disaster, such as an earthquake or tsunami, rapid and adequate decisions for disaster response are

needed. To better accomplish this, disaster managers need the information of impact areas to be gathered somehow.

Thus, DA methodologies are studied and developed to accelerate and optimize process of gathering data from the

affected areas. For instance, the 2004 Indian Ocean tsunami caused extensive damaged to infrastructure and

communication networks resulting on tsunami affected areas and damage that could not be addressed for months

(Koshimura et al., 2010). Consequently, the aftermath of large events require methods for searching and detect
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the impact of disasters in wide areas. In particular, when communication and access to affected areas is limited,

acquiring the status of safety is difficult. In addition, due to possible secondary disasters (i.e. aftershocks, tsunami,

fire, nuclear accidents, etc.), dispatching teams to the affected areas require careful assessment. Aerial imagery

using helicopter or aircrafts is not always possible and may not be able to cover the wide impacted area. Thus, one

alternative is the use of satellite imagery and remote sensing technology to grasp the situation of damage. After

an earthquake, tsunami, typhoon or any other wide impact disaster occurs, the information related to the extent of

damage and the areas in need of assistance is often limited. To rapidly grasp the information and assess the damage

extent, satellite imagery is used to support emergency response (Wegscheider et al., 2013).

For instance, after a disaster, satellite imagery may be available to observe the impact of earthquakes, tsunami

or typhoons. From the passive sensors, optical satellite images from before and after the event are commonly

used to evaluate the changes on the urban and environmental areas. Manual visual interpretation is one of the most

straightforward methods to asses damage in a wide area, and it is the most accurate when using very high resolution

imagery (Adriano et al., 2014; Gokon et al., 2011; Mas et al., 2012a, 2015a; Suppasri et al., 2011). However, when

the event occurs at night or during high cloud coverage, the use of these sensor products is limited and almost

impossible. From the active sensors, radar image is used to detect the damage of buildings due to hazardous events

(Adriano et al., 2015; Chen and Sato, 2013; Liu et al., 2014; Matsuoka and Estrada, 2013)

2.1. Grasping the extent of damage

Tsunami and typhoon events can impact large portions of coastal areas and to gasp the extent of possible

damage it is necessary to first constraint the areas flooded. Field survey methods to define inundation limits demand

time and may put on risk ground teams. In contrast, satellite imagery can cover wide areas and the information

of water presence can be extracted using methods of change detection between pre- and post-event images. As

an example, figure 2 shows the case of the 2013 Super Typhoon Haiyan in The Philippines. Here, Adriano et al.

(2014) used visible near infrared (VNIR) imagery of the Advanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER) passive sensor to investigate the extent of flood area due to the storm surge. Using the

normalize difference vegetation and water indices (NDVI and NDWI), flooded areas were detected through image

analysis. Similar methods are available in the case of tsunami-affected areas (Kouchi and Yamazaki, 2007).

On the other hand, when a tsunami occurs, tsunami numerical simulation is used to grasp the extent of

inundation on the areas prone to tsunami. Figure 3 shows an example of tsunami inundation simulation for the
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Figure 2: Remote sensing technique used to map the extent of flooding due to the 2013 Super Typhoon Haiyan in
The Philippines (Adriano et al., 2014)
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Figure 3: Tsunami inundation simulation in Kochi to grasp the extent of possible damage due to tsunami
(Koshimura, 2016)

estimation of run-up extent in Kochi city due to the Nankai through earthquake probable scenario (Koshimura,

2016). In addition, since super computers accelerate calculation times, wide area damage estimation can be applied

on real-time for warning purposes.

2.2. Detecting building damage

Once the extent of damage area is constraint, the process to detect building damage can be focused within

the limits of inundation or flooding. To detect building damage, several methodologies can be used. When using

high resolution imagery of passive sensors, in particular, optical imagery, manual visual interpretation can yield

good results. For instance, Mas et al. (2015a) used pre-event image from Google Earth and post-event image from

Pleiades/Astrium service to inspect the changes (i.e. damage) in Tacloban city, The Philippines after the 2013

Super Typhoon Haiyan (see Figure 4).

Similarly, on April 25, 2015, a magnitude Mw7.8 earthquake occurred in Nepal with a maximum Mercalli

Intensity of IX (Violent). Within the first hours and days of such huge disaster it is critical to gather the information

related to damage and casualties in the area. A limitation of the optical satellite image is that cloudy weather

conditions might restrict the observation of the ground. Thus, to avoid such limitation, different sensors that are

not restricted by weather conditions are used. The Synthetic Aperture Radar (SAR) sensor is capable of sensing

the ground with disregard of the clouds or rain. However, visual interpretation is difficult for the user due to

the format of the image acquired, where colors and shapes of objects are not easily identified. Thus, image-

processing techniques are used to evaluate the changes between pre- and post-event images of SAR origin. Due to

the rapid acquisition of SAR data, in this case, first we applied methods developed for automatic damage estimation

using SAR images (Gokon and Koshimura, 2015).This method is based on the relationship between the building

damage ratio and the mean value of correlation coefficient of pre- and post-event pixel values on L-band SAR data.
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(a) Pre- and Post-event optical imagery
(b) Damage visual interpretation

Figure 4: Remote sensing technique used to map building damage due to the 2013 Super Typhoon Haiyan in The
Philippines (Mas et al., 2015a)

First, pre-processing was applied including calibration, speckle noise filtering, and co-registration. Next, change

detection of pre- and post-event ALOS-2/PALSAR-2 data was conducted by calculating the correlation coefficient.

Then, the built-up areas were identified by making envelopes around the building footprint data obtained from the

Open Street Map through the HDX platform described above. Next, the object-oriented image processing was

applied to the correlation coefficient image within the built-up areas, to estimate the local homogeneities in terms

of building damage. Finally, the damage ratio in terms of collapsed buildings was estimated by applying the

damage function proposed by Gokon and Koshimura (2015), that shows the relationship of the mean values of

correlation coefficient and damage probability of destroyed buildings. Here, as a first response effort, damage ratio

in buildings is estimated based on changes between pre- and post-event images with respect to the intensity of radio

waves pulses transmitted by the radar and bounced back by the objects in the ground. The changes on these levels

of intensity are classified within a 0.0 to 1.0 numeric scale to represent non-damage (0.0 value) and high-damage

(1.0 value) expectations. Finally, highly damage areas can be identified to prioritize relief actions (see Figure 5).

2.3. Estimation of casualties in tsunami evacuation

Tsunami evacuation is a way of coping with an emergency and the key to a successful evacuation is to be able

to move all people at risk to a safe areas within the available time (i.e. before the arrival of tsunami) Charknol

and Tanaboriboon (2006); Quarantelli et al. (1980). In this sense, Early Warning Systems (EWS) have been

developed to promote fast evacuation when a tsunami occurs. Despite great improvements in EWS and tsunami

forecasting technology, some people still decide not to evacuate from an area threatened by a tsunami Imamura

(2009); Lachman et al. (1961); Tanaka et al. (2006); Katada et al. (2005); Saito (1990). Thus, it is important to

find ways to improve people’s reaction and their behavior and decisions. Warning is only one element and not

necessarily the most important in evacuation behavior Quarantelli et al. (1980).

Furthermore, human behavior is the most complex and difficult aspect of the evacuation process to simulate

Gwynne et al. (1999) because it includes complex problem solving Gagne (2005) and individual characteristics
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Figure 5: The result of the analysis of SAR images for damage estimation. The legend shows the damage ratio
level from 0.0 (undamaged) to 1.0 (damaged). The square and circle insets mark areas where damage clusters with
high damage ratio are seen. These are areas where high building damage can be expected (Gokon and Koshimura,
2015)

which are difficult to be captured in mathematical equations Pan et al. (2007). In several models, human behavior

in evacuation has been observed to simplify a representation of individuals and their emergent behavior in order

to explain a part of the whole phenomenon. For example, herding effects generally occur if the view is limited

(e.g. by smoke, darkness of the night, etc.) or if people do not have local knowledge, (i.e. they do not know

where emergency exits or shelters are). Under such circumstances people often rely on others, hoping that they

know better Meister (2007). Another example is the phenomenon of lane formation that is observed when a

uniform walking direction emerges instead of walking equally distributed over sidewalks or corridors. This way,

the number of encounters, braking and avoidance maneuvers among opposite direction pedestrians in counter-

flows are minimized. The resulting pattern is balanced in both directions and may be considered an optimal

self-organization phenomenon Meister (2007).

Human behavior in tsunami evacuations has been studied through questionnaires on natural hazard risk

perception Bird (2009); Gierlach et al. (2010); Charknol and Tanaboriboon (2006) or post tsunami surveys

addressing respondent behavior in a tsunami event Mas et al. (2011); Katada et al. (2005); Saito (1990); Lachman

et al. (1961). However, to estimate the number of possible human casualties due to a tsunami, evacuation drills are

not enough and real or laboratory experiments are beyond the moral an ethics of any research. Thus, evacuation

simulation is used to assess the human damage (i.e human loss) in tsunami events.

Figure 6 shows a scheme of one model developed at Tohoku University (Mas et al., 2012b). It consists of input

data provided by spatial data in GIS format, human data related to evacuee preferences obtained from questionnaire

results, the component of hazard is provided by TUNAMI inundation model output, and a set of agent behavior

rules loaded into an agent-based simulation platform. The platform chosen in this study is the NetLogo modeling
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environment Wilensky (1999). Outputs of casualty estimation, evacuation times, bottlenecks, shelter demand, etc.

are obtained through report files, and snapshots or videos of the simulation process. The model is named TUNAMI-

EVAC1 an acronym for Tohoku University Numerical Analysis Model for Investigation of Evacuation No. 1. A

screen snapshot of the model interface is shown in figure 7

Figure 6: Inputs, libraries and hazard characteristics are used in the NetLogo platform to obtain the screen and
report outputs (Mas et al., 2012b)

Figure 7: GUI of TUNAMI-EVAC1 with scenario variables and parameter inputs on the left, update screen on the
center and real-time outputs on the right side (Mas et al., 2012b)

We provided agents with the minimum necessary capability to process information and execute evacuation

through simple behavior divided into layers. A brief introduction to the agent architecture and each layer is as

follows:

• Layer 0, evacuation decision: The timing for starting evacuation is assigned randomly to each agent based

on tsunami departure curves that models start time behavior through the stochastic simulation of random

selected time bound by two Rayleigh distributions. The first curve is obtained from the distribution of the

stated preference survey and the second is based on Rayleigh distribution with a mean equal to the estimated

tsunami arrival time obtained from numerical simulation.
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• Layer 1, shelter decision: There are two possible options for scenario exploration: first, the nearest shelter

is selected by an agent based on direct Euclidean distance measure and, second, any shelter can be selected

randomly. Traditionally, the nearest shelter condition has been applied. In many cases, however, preferences

are not for the nearest shelter.

• Layer 2, route decision and path finding: The method used for finding a route -not necessary the shortest- is

the A* (A star) algorithm with heuristics in grid space. This is the most popular graph search algorithm used

in the video game industry Anguelov (2011).

• Layer 3, speed adjustment: Speed variation is assumed to be a one-tail normal distribution of evacuee density

in the agent field of view, with a maximum value of 1.33m/s for pedestrians and 30km/h (8.33m/s) for cars

Meister (2007); Suzuki and Imamura (2005).

Application of the model

The model was verified using the 2011 Great East Japan Earthquake and Tsunami data from the evacuation in

Arahama, Sendai (Mas et al., 2012b) and Yuriage, Natori in Japan (Takagi et al., 2014). In addition, for casualty

estimation, other examples in Padang, Indonesia (Imamura et al., 2012); Pakarang, Thailand (Mas et al., 2013b);

and Lima, Peru (Mas et al., 2013a) can be found in the literature. A summary of the applications can be found also

in (Mas et al., 2015b)
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