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ABSTRACT:

In recent year, 3D geographic information system (GIS) has been receiving great attention from a variety of domains, but many 3D
GIS applications are nevertheless restricted to visualization purposes only. One major reason for such limitation is the lack of
formalized and comprehensive mechanism for the management and analysis of feature-based 3D geographic data. From a 3D GIS
perspective, this study proposes a web-based system facilitating the simulation, analysis and visualization of disaster caused by tsunami
and floods because these two types of hazard are highly related to the height and depth aspects. The core of the proposed system is the
hierarchical 3D building framework capable of modelling different levels of building units and linking domain data via standardized
identifiers in an integrated fashion. The system is designed as a decision support system that allows users to import real or simulated
disaster scenarios and automatically response with the visualized damage assessment information. The 3D illustration not only provides
a direct and intuitive interface for decision makers to visually inspect the outcomes at different levels of granularity, the symbology of
3D buildings can be also flexibly customized to highlight the impacts according to the perspective of the chosen applications.
Quantitative vulnerability indexes are dynamically updated according to the timeline of the imported disasters to aid the decision of
emergency response actions. The evacuation plan also can additionally consider the 3D aspects, such that citizens will be provided

with information about nearby safe places (e.g., tall buildings or high hills) to reduce the loss of lives.

1. INTRODUCTION

In 2011, the Tohoku earthquake caused massive economic loss
and humanitarian crisis to Japan. Especially the tsunami came
after the earthquake forces a large number of people taking
immediate actions to evacuate to safe places. Unfortunately, there
were still more than 18000 people lost their lives or were missing.
Unaware of the coming threat and no prompt instruction for
evacuation certainly contribute to this tragedy. In addition to
tsunami, flood is the most frequently hazard in many countries.
Often caused by heavy rainfall or typhoon, flood brings
tremendous damages to the buildings and facilities, and even
force people to temporarily evacuate to shelters for better
protection. Both types of hazard must take the aspects of height
and depth, i.e., 3D perspective, into consideration. Some recent
examples are further discussed as follows:

1. Kumamoto, the third metropolitan in Kyushu, Japan,
received continuously heavy rainfall in the summer,
2020. The Geospatial Information Authority of Japan
(GSI) conducted flooding simulation with digital
terrain model and photos from social media, and found
that the depth of flood reaches 5 meters at JR Hitoyoshi
station and more than 8 meters at Kumamura area
(Japan Meteorological Agency, 2020).

2. In 2020, China was hit by floods due to continuous
heavy rain, the depth of flood reaches 4 meters on the
road of a small town in Guizhou. It is the most serious
flooding disaster for this town in the past fifty years
(Everington, 2020).

3. Because tsunami did not strike Ishinomaki in the last
one hundred years, a bridge with the height of 6 meters
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above mean sea level was chosen as the shelter for
students. This decision eventually caused 74 deaths.
The first floor of a hospital in Onagawa was flooded
and 12 people died because its altitude was only 16
meters above the mean sea level (Fire and Disaster
Agency (Japan), 2014).

The above tragic incidents show how important the height
information is to the task of disaster management, especially for
assessing the real-world situations, making correct evacuation
decisions and even choosing the locations of the shelters. Failures
to precisely address the height issue and appropriately modelling
the 3D phenomena in reality impede the correct decision making.
As the damages caused by tsunami and floods is largely related
to the depth of flood at different places, it is required for the
process of mitigation and preparedness to simulate the flooding
disaster potential, locate the safe places (using 3D data) and draft
evacuate plan accordingly. During emergency response, correct
and in-time decisions have dominant influence on the loss of lives
and damages of economics. Decision makers usually have to
work against the clock. They tend to speed up execution of their
decision strategies or switch to simpler strategies when the time
is limited (Ordodfiez, & Benson 111, 1997). A knowledge-based
system capable of comprehensively considering all the aspects
about disaster data and operations, as well as precisely provide
simulation and prediction capability will tremendously improve
the process of all the four phases of disaster management, namely,
mitigation, preparedness, response, and recovery. We proposed a
GIS-based approach that integrates the technology of Web, 3D
GIS, visualization and decision making in this study, so as to
provide a new insight to the mechanism of disaster management.
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In recent years, Geographic information system has become an
indispensable component in governments’ information
infrastructure. As disaster data can be characterized from the
perspectives of 5SW1H (where, when, what, who, why and how),
GIS becomes a perfect candidate to model and monitor the
dynamically changing phenomena before, during and after
hazards strike. By incorporating formalized domain models of
hazards, GIS-based system can simulate the threats of hazards
and generate accurate assessment of damages for further
evaluation. Furthermore, the distinct advantages of visual
presentation of the geographic distribution of disaster
information enables the effective data management and correct
policy making from a spatio-temporal perspective (Bazan-
Krzywoszanska et al., 2019). For example, the Federal
Emergency Management Agency (FEMA) in United States uses
GIS technology to dynamically update flood maps and improve
the making of the disaster mitigation strategies (FEMA, 2020).
The US National Oceanic and Atmospheric Administration
(NOAA) applies the well-known model, SLOSH, to predict high-
risk flooding locations, and improve storm disaster preparedness
(NOAA, 2020).

3D city models have been widely used by the fields of city and
regional marketing, tourism, telematics, civil protection, real
estate management and facility management (Altmaier, & Kolbe,
2003). A distinguished property of 3D GIS s its visualization
capabilities provide a far more realistic and intuitive reading than
that of the traditional 2D map. Typical 3D city model is
composed of various themes of city phenomena, e.g., terrain,
buildings, roads, waterbody, vegetation, modelled with 3D
geometric primitives. Among the proposed themes, 3D building
is often regarded as an essential phenomenon of real-world
representation (Billen, & Zlatanova, 2003) because it not only
describes the appearance of the city, but also serves as the major
location reference of human beings’ activities (e.g., residence and
working places). The integration of 3D city models and cross-
domain information provides a comprehensive basis for analyst
to explore how the ecosystem of the city works. As the cost for
creating 3D data is often extremely high, the development of 3D
SDI is necessary to facilitate the successful sharing and
interoperable use of cross-domain 3D GIS data.

Spatial Decision Support Systems (SDSS) combine the spatial
and non-spatial data with the analysis and visualization functions
of GIS, the decision-making models of specific domains, the
evaluation of solution alternatives and the assessment of their
trade-offs (Keenan, & Jankowski, 2019). The major merit of
SDSS is its capability to spatially analyse the given situations and
evaluate different alternatives. For example, the emergency
response plan is designed according to the simulation of various
scales of coming threats. According to Amirebrahimi et al.
(2015), the higher the Levels of Detail (LoD) of 3D building is,
the accurate the analysis of property loss is. As the success of
decision-making systems heavily rely on the quality of data and
the formalization of domain knowledge, the realistic
representation of 3D GIS data can surely provide significant
advantages over the counterpart of 2D presentation (Van Ackere
et al, 2016). In order to make the applications of GIS be most
convenient and mobile, through the combination of Internet and
GIS has become the rudimentary information infrastructure all
over the world, which also makes it the most crucial method to
deliver GIS information (Singh, & Grag, 2016).

In this study, we propose to develop a web-based disaster
management system using 3D GIS technology. This system
intends to model selected phenomena in a 3D fashion, simulate

disaster scenarios according users’ given parameters and visually
present analysed outcomes as reference for decision making.
Such decision-making systems can be used for assessing
evacuation plans in the mitigation phase and transforming the
results into an operational procedure during the emergence
response process.

2. METHODOLOGY

A web-based prototype system of decision-making is proposed
in this study to demonstrate how 3D perspectives can be
introduced in the task of disaster management. Geospatial
technology is used for the simulation, analysis, and visualization
of how tsunami and floods may impact the test sites. Three major
design strategies are introduced. The first strategy is to design a
multi-level hierarchical framework of 3D building units, such
that the management, analysis, and visualization can be subject
to the chosen level, namely, building, storey, and household,
according to the tasks at hands. This provides a flexible operation
module to meet the various demands of simulated scenarios. The
second strategy is to develop a cross-domain information linkage
mechanism, such that the information from other sources can be
integrated to its corresponding level of 3D building units on the
basis of individual features. This linkage capability tremendously
expands the scope of damage analysis from the spatial
perspective, especially for those resources that do not have direct
geospatial reference. Finally, the system is designed with built-in
capabilities for visually and dynamically presenting property
damages and lives loss information to support smart decision
making, both in the format of maps and dashboard. One basic
requirement for the smart decision support system is to create and
assess the loss and analyse evacuation actions according to user-
customized scenarios. For example, with the given scenarios, the
smart decision support system must be able to identify safe places
for evacuation, determine if the capacity is enough for the
evacuated citizens and instruct their moving actions. This
capability is useful in both the phase of mitigation (evaluation of
evacuation plan) and response (suggestion of evacuation actions).

2.1 Hierarchy of 3D Building Modelling

3D building is considered as an essential component of the 3D
city model. The 3D presentation of building is especially useful
for disaster that require height information. From a physical
perspective, a single building may be subdivided into one or
serval storeys, an individual storey can be related to one or further
subdivided into serval households. The hierarchical design of
building units, namely, building, storey and household, have their
respective attributes, so that the analysis can be subjected to any
chosen levels. After the relationships between these classes are
formally defined, more information can be generated accordingly.
Domain-specific attributes (e.g., population) for urban objects
can then be linked to the corresponding levels of 3D building
units via unique identifiers. Some attribute information of
hierarchical 3D building units is shown in Table 1. Another
concern for using 3D data in disaster management is to choose
the right LoD of urban objects according to application needs
(Kemec et al, 2012). As every LoD has its own distinguishing
specification, the same building may be modelled differently in
different LoDs. This design enables the multiple representation
of city phenomena such that the spatial analysis and visualization
can be conducted in a flexible way. A lot of researches have been
dedicated to expanding the use of indoor information, the so-
called LoD4 data in CityGML (Tang et al, 2018).

Figure 1 shows an example of the hierarchical building-storey-
household representations in this study. Each level of 3D building
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data has its own geometry and attribute information. The
geometry of the chosen levels of building units are defined by
features recorded by multipatch of 3D coordinates. Different
levels of 3D building units are modelled separately and linked via
additional relationships between their respective IDs.

Level of Building

Level of Storey Level of Household
M [ 1

N

Figure 1. Building, storey, and household of hierarchy
representation

To ensure the correct linking between different levels of 3D
building units, every building unit is assigned a unique identifier.
The identifier of building level is composed of the code of
township or district and a serial number. The identifier of the
storey level is then extended from the Building ID by appending
a number indicating its located storey. Finally, the identifier of
the household level is further extended from the storey 1D by
appending a serial number of households. Table 2 shows an
example of the identifiers for each level of the building units. The
first part of identification number “1000209” is the code of Wujie
township. This design ensures all the building units, regardless of
its level, can be uniquely identified and linked to both data from
other domains and the attribute information relationship of the
others level of hierarchy. This implies if detailed level of domain
data is available, data referred to lower level of building units can
be generated via aggregation or summation operations. Therefore,
the golden rule is to encourage stakeholders to provide data at
higher levels of detail (e.g., analysis based on household instead
of buildings)

Attribute Information Description

Identification  number  of
township / districts

Unique identification number

Township / District code

Building ID / Floor 1D /

Household 1D of building / storey /
households

Address The address of 3D building /
storey / households
Total number of storeys

Total_Floors (building level has this
attribute.)

The number of located floor

Nunber_Floor (storey level has this attribute.)

Depth Depth of floods
The record of whether the
Infrastructure location is shelter, school,
nursing home or not.
Total_population in
building / storey /| The number of total people
households

Population_of _Aged_0-14
in building / storey /
households

The number of people aged 0-
14

Population_of Aged_15-64
i’ building / storey /| 10 uMPer of people aged
households
Population_of_Aged_65 up
in building / storey / IhenumberofpeopleagedGS
households P

. The available  contained
Capacity number of populations

Table 1. Attribute information of hierarchy representation

From the perspective of spatial data infrastructure, different
domain data should be created and maintained by respective
agencies to ensure the quality and integrity of the distributed
data. For example, the nation-wide building data shall be
maintained and distributed by surveying agencies and the
population data should be distributed by the census bureau. As
the applications of disaster management often require a variety
of themes of data, it is advantageous for domain users to
acknowledge the availability of 3D buildings and unique
identifiers from authorized organization (e.g., surveying
agencies), and adopt the same system of identifiers in their
datasets. The lack of consensus agreement about the identifiers
may impede and restrict the successful links between data from
different sources.

2.2 Links to Domain Data

The design of semantic-enriched 3D building representation
includes not only essential information about the buildings (e.g.
number of storeys), but also cross-domain information (e.g., the
disaster potential and population data). For example, the number
of elder and disable population for individual building, storey or
household can be linked from the census data, such that whenever
a building is determined to have risk of flooding, the number of
populations with high priority of evacuation can be easily
calculated and visually presented in the scene interface. As long
as the linking relationships can be established via common
identifiers or the mapping of domain-specific identifiers, the
scope of analysis can be flexibly expanded without any limitation.

Level of Hierarchy Unique Identification Number

1000209-2444 (It means 2444%h

Building 1D building in the township)
Floor ID 1000209-2444-3 (It means this
storey located on 3" floor)
- -3- nd
Household 1D 1000209-2444-3-2 (It means 2

household in the storey)

Table 2. Unique identification number of hierarchy
representation

Based on the links between different domains, Figure 2 illustrates
the concept of the proposed system. Various domains of data are
designed and linked via common identifiers. The 3D building
framework serves as the core of the 3D data in this study because
it provides the necessary geometry and essential attribute
information, as well as the identifier information to make the
links to other sources of data possible.
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Domain Data BuildingLevel Storey Level Househlod Level
A -/
--1 Household ID
Ay

-1 Building ID k1"

{ Household ID

(LD

Figure 2. Link of domain data and 3D building

The cost to create and maintain a complete hierarchy of feature-
based 3D building units is absolutely overwhelming. Sometimes
only certain levels of 3D building units are available, hence
abstract representations are used instead. For example, Figure 3
shows the street address data is represented by point features
located in the space of each households. This will limit the scope
of 3D analysis at the household level, but as long as the
relationship between storey and household can be successfully
established, the analysis at the storey level can still be
successfully conducted. According to Kemec et al (2010), the
disaster information can be divided into real-time, near real-time
and high-resolution disaster information. The high-resolution
disaster information (e.g. disaster potential data) is the analysis
of historical disaster information for the prediction, mitigation,
and preparedness of disaster. It is necessary for decision makers
to use effective tool to assess the evacuation plan and simulate
different scenarios before the disaster occurs.

Figure 3. Household of hierarchy representation
2.3 Smart Decision Support by Widget and Visualization

The GIS-based decision support system consists of disaster
condition setting, visualization of 3D data, Web GIS platform
and disaster loss analysis. In addition to the advantages that users
can remotely access the WebGIS system from anywhere, the use
of Web GIS can also quickly convey messages, condense
complex information, engage people in environmental change
issue and motivate personal actions (Van Ackere et al, 2016). To
suffice the needs of various requirement, the design adopts an
All-In-One strategy where all the user interaction and
visualization are integrated in the same interface. Figure 4
illustrates the flowchart of the proposed system. The details of
each components and their functions are further discussed below:

Simulating Different

Disaster Scenarios

GlS-Based

Visualization of 3D Data Decision Surpport Quantitative Vulnerability
System Analysis

Figure 4. GIS-based decision support system framework

1. The component of disaster scenarios is designed to
allow decision makers to design customized scenarios
for disaster analysis, meaning the scenarios can be
based on the tsunami or flood potential data or
parameters issued by operators.

2. The 3D visualization enables visual inspection of the
terrain, the hierarchical 3D representation of building
units and the depth of floods. Furthermore, it provides
the decision makers a direct and intuitive interface with
both 3D map interface and reports of analysed
outcomes.

3. The variety of disaster loss analysis is illustrated by
texts and statistical charts according the specified
parameters of hazard. The reported information is
synchronously updated with the changes of parameters,
so that decision makers can visually inspect the impacts
by freely adjusting the parameters.

4. Based on the building units, cross-domain integration
and synchronous operational mechanism, the proposed
system can provide decision makers a clear and
objective references for evaluating the threats from
tsunami and floods.

3. IMPLEMENTATION

The township of Wujie in Yilan country, Taiwan was chosen as
the test site because Wujie is one of coastal area in Taiwan that
receives the highest impact in the simulated tsunami potential
analysis by the National Science and Technology Center for
Disaster Reduction (NCDR) in Taiwan. It is estimated that half
of the area in Wujie has the tsunami flooding potential and the
flood depth of one quarter of the area will reach 1 meter.

Four types of geospatial data are used in this study shown in
Table 3, namely, Digital Terrain Model (DTM), 3D buildings, 3D
roads, and raster data of disaster potential. The 20mx20m DTM
data is obtained from the open data provided by the Ministry of
Interior. The 3D buildings data of LOD1 is created from the
building layers of the topographic map data. The street address
data is included as the essential information of households. Since
the population data is also recorded on the basis of street address,
it can hence be linked to the entire hierarchy of building units via
the standardized address information. For example, Figure 5
shows after the relationship between a single building and its
corresponding storeys can be established via identifiers, the
attribute information of this building can be queried and
presented to users. As discussed in section 1, to reduce the loss
of lives is always the highest priority in any disaster management
task, so the population data is subdivided into three age groups:
youth (0<age<14), adult (15<age<64) and elder (age>65). 3D
roads data is used for the network analysis module to find the best
route for citizens to evacuate to safe places (i.e., places not
threaten by the floods). The disaster potential data is used to
calculate the predicted damages (e.g. overflowing area and the
impacted number of populations) and visually present the degree
of impacts at different places. To visualize and create 3D
phenomenon, the 2D data used in this study are clamped onto the
terrain model and extruded by the elevation information to
present the real topography, spatial distributions, and
photorealistic scenes on 3D GIS platform. Figure 6 shows the
pre-processing workflow of all data used in proposed system.

Class Data

DTM of Wujie
20mX20m resolution

Terrain township  with
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Tsunami potential map in Wujie
Flooding potential (rainfall of 650 mm
in 24 hours) map in Wujie

Disaster Potential

Objects clamp on

the ground Network of road data

Building / Storey / Household of
hierarchical building units
Address data (point feature)

Populations of total / aged 0-14 / aged
15-64 / aged 65 up

Objects above the
ground

Population

Table 3. Datasets used in this study

F~igure 5. Attribute information relatio‘nship of hiérarchy
representation

«2D spatial data»
Disaster
potential data

«2D polygon»
2D Building Data

«Non-spatial datan|
Infrastructure Data

«Non-spatial datax

«Raster datas
DT™M Populafion Data

«2D polyline »
Road Data

l +via address

Extraction by 3D polygons
overflowing Divide to
height building, storey,

nousehald level
«3D data»
Overflow Model

Eracton

«3D multipatch»
Hierarchy of
level modelling

«3D Multipateh »
Road Data

+via identifier

Link spatial and non-
spatial data

Clamp on DTM

JavaScript, Html

Create Web-Based
System

Figure 6. Data pre-processing flowchart
4. TEST ANALYSIS

The proposed approach has four key characteristics. First of all,
the visualization mechanism of the hierarchical representation of
3D building units provide decision makers a more intuitive and
flexible visual interface to inspect the impacts of disaster, as they
can freely switch between different levels of 3D building units to
evaluate the overall damage status. Secondly, the vertical
information of 3D features provides a new insight to the
evacuation procedure. The hierarchical representation and
vertical property help searching for safe buildings and storeys
that can be used for evacuation. These buildings and storeys are
regarded as the “high points shelter” to suffice the needs for
regional evacuation. Thirdly, the simulation of tsunami considers
the temporal aspect where the threats at different time can be
analysed and presented. The final breakthrough is the spatial
decision support system for disaster management on the web 3D
GIS platform. The platform is implemented with ArcGIS Portal

and ArcGIS API for JavaScript 4.15 on the basis of 3D web scene.

Figure 7 shows the workflows of the proposed system. Major
implementation strategies are further discussed as follows:

1.  When the threat of hazards approaches, the decision
makers can select cross-domain data they wish to link
for data pre-processing. For example, the land use data
may be used for calculating the predicted agriculture
and economic loss, while the nursing home data can be
used to assess the number of elder or disable citizens
that need to be evacuated.

2. Decision makers can freely simulate disaster scenarios
by specifying the parameters of flooding depth and
threshold values.

3. Based on the specified scenarios, the system
automatically executes the built-in 3D geoprocessing
procedure for generating the disaster assessment
outcomes. For example, the threat to each building is
calculated according to the depth of floods, number of
elder populations and number of floors.

4. Based on the assessment on individual buildings, the
proposed system calculates and analyses the disaster
loss indexes, such as overflowing area, trapped
population and affected buildings and storeys.

5. After calculating the infrastructure loss, impacted
buildings, storeys and population, the outcome is
visually presented to the decision makers on the basis
of the 3D building units. Different strategies are
designed to visually present the “differences” of
selected themes of analysis. For example, the visual
variable of “hue” is used for highlight the nominal
difference (e.g., buildings impacted by flood or not).
The visual variable of “value” or “chroma” are used to
present the ratio difference (e.g., the number of elder
citizens in a building) using a series of graduated
colours. The designed mechanism is able to adapt to
different application needs with correct cartographic
design.

6. The web-based system enables the convenient use for
decision makers from different domains. Decision
makers can easily access the shared information from
remote places and complete all the tasks without using
any desktop GIS software.

Upload Dataset
Customize threshold : lmsho\d demh or
Seectov

depth mode\

[ More than iemng ]

Customize numeric Less than semng
value

interval value

—

[ Cal;ula\e ] [ Ca\:u\ate affected ] j;‘.{,ﬁ:‘;ﬁg&fﬁfﬁ
infrastructure loss IJDDLI‘BUG” households

Highiight safety high
Network Analysis Calculate vulnerability points
or vertical Fvecuallor‘

4 ‘L [ unahzi\on with 5

L°55 indexes display | | gifferent scenarios

[Streaming on Web 30|
GIS platform

Figure 7. System operational flowchart

—

Figure 8 shows the interface of the proposed system. The first
component is the control panel allowing users to customize the
disaster scenarios. The second component is the 3D scene that
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illustrates the selected data themes for users to visually inspect
the geographic distribution of the analysed disaster outcomes.
As discussed above, the visualizations of the 3D data can be
linked to data from different sources according to application
needs. The third component uses a dashboard-based panel to
present the loss for population. The information presented in
this panel is dynamically synchronized with the control panel
and the 3D map, such that the presented information will be
automatically updated according to the designed scenarios.

ystem components

4.1 Analysis and Real Representation of 3D Overflowing

The first test case is to visually present the flooding impacts in
3D scene interface. Figure 9 shows the flooded situations with
different depth of flood. Buildings, storeys or households direct
impacted by the tsunami or floods are represented with red colour
to indicate their emergency status. It is clear the 3D illustration
in Figure 9 provides a more realistic and intuitive illustration for
assessing the impacts of flood than the 2D illustration.

Bungalows flooded by 2.2 meters

Figure 9. Comparison of different depth of flooding

High buildings flooded by 0.5 meters

4.2 Flexible Disaster Indexes

The second test case is to design and represent the user-
customized indexes of disaster loss of population and damage of
property. Altogether 18 indexes and 5 charts are designed and
grouped into three categories, namely, high risk query, disaster
index and vulnerability index. Figure 10 shows the high-risk
query that highlights those buildings, storey or households whose
number of high-vulnerability populations exceeds the threshold
values (e.g. more than 10 people whose age are more than 65
years old) to make special evacuation decisions. Finally, the
vulnerability indexes are designed for assessing the overall
vulnerability status. The vulnerability indexes are calculated
according to populations of each interval, number of floors and
flooded depth using measures of average, maximum value and
standard deviation. The calculated measures of impacted
population and property are shown in an integrated dashboard
interface (Figure 11).

Gradicnt color symbol with number of clderly populations
less than specific number

Highlight for number of elderly populations more than
specific number

Figure 10. Visualization of number of populations aged 65 up
higher than specific number

High Risk Query

Vulnerability Index

PARTA High
At v

Figure 11. Disaster loss indexes
4.3 Multi-dimensional  Visualization  with  Different
Applications and Level of Hierarchy

The third test case demonstrates the flexible visualizations of the
proposed system according to the chosen applications and level
of building units. Two examples are discussed. The first is to
simulate the overflowing situation and predict the loss at different
time during the tsunami strikes. Unlike other disasters, time
factor plays an important role in tsunami disaster. Figure 12
shows the simulated run-up of tsunami at four different time. In
this simulation, the results include visualization and the number
of affected populations and infrastructures, such as the shelter,
school, and nursing home. After the time information is
considered, the priority of evacuation can be determined
accordingly.

_5_—“& -

Tsunami occurs 13.5 min

Figure 12. Tsunami run-up synchronous analysis and
visualization

Tsunami occurs 20 min
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The second example demonstrates the visualization according to

the quantitative measure of chosen topics (e.g. available capacity).

In Figure 13, two buildings with different maximum capacity for
evacuation are visually presented. The capacity simulation is
determined by whether the building is open to the public, the
number of storey and the total floor area. The dark color
illustrates higher capacity of the building, and the lighter color
for lower capacity.

Capacity is equal to 500

Figure 13. Visualization of capacity simulation

Capacity is equal to 50

4.4 Decision Making of Available Evacuation Places

The fourth test case shows the evacuation analysis. The
evacuation is determined by two major considerations, one is the
travelling distance, the other is the time for evacuation. As the
system can present the evacuate capacity in both the level of
building and storey, decision makers can select the appropriate
levels for making the evacuation decisions. The building level
can be used for regional evacuation, while the storey level can be
used for more precise arrangement. Figure 14 shows the result of
evacuation simulation, storeys symbolized by red colour are the
storeys where citizens are required to evacuate, while storeys
symbolized by graduated green colours represent the different
evacuation capacity at different storeys.

‘ Figure 14. Visualization of high buildings for evacuation
4.5 Evacuation Simulation

There are two different concepts when we design the framework
of evacuation. One uses network analysis to determine the shelter
and evacuation routes with minimum walking time according to
the current location of people. In Figure 15, the eleven circles
symbols present the locations of shelters, and the square symbols
present the simulated location of citizens. The line symbols of
different colours show the estimated time to arrive at the shelters.
From another perspective, Figure 16 uses the concept of service
areato analyse the area where people can arrive the shelter within
the specified time constraint. The areas illustrated with different
colours present the service areas people can arrive the shelter by
walking within specific time constraints. The choice of time
constraints includes the time interval from 0 to 2 minutes
(illustrated by the colour of green), 2 to 5 minutes (yellow), and
5 to 10 minutes (red). The combination of service area analysis
and capacity evaluation can determine the high-vulnerability area

outside the service area of the shelters. Special attentions must be
paid to the evacuation of people living in those areas.

@ o i NOLK .
Figure 15. Evacuation visualization combining with the closest
facilities analysis
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Figure 16. Evacuation visualization combining with service area
analysis

5. CONCLUSION

With the rapid growth of 3D technology, 3D GIS has been
extensively used in various applications, especially for those
related to cyber city and smart city. However, many 3D GIS
applications nowadays are still restricted to visualization purpose.
By proposing a Web-based 3D GIS system, we demonstrate how
the disaster management can be improved by additionally
considering the 3D characteristics for the threats of tsunami and
floods. Three major breakthroughs are identified. First of all, the
hierarchical 3D building framework provides a consistent
geospatial reference for modelling the various disaster related
phenomena and further enable the simulation, analysis and
visualization of analyzed outcome in a 3D scene fashion.
Secondly, the identifier systems across different domains enable
the interoperable linkage and use of disaster related information.
Finally, the integrated analysis and visualization capabilities
enables decision makes to freely design analyzed scenarios and
intuitively inspect the analyzed outcomes for assessing the
damages and making evacuation decisions. Meanwhile, the
proposed approach can not only be used in the mitigation phase,
but also can be used in the emergency response phase if the
flooding situation can be continuously updated. Despite the result
is still preliminary, the evacuation discussed in this paper shows
that the analysis can be extended to vertical dimension and
illustrated according to the chosen levels of 3D buildings. To
reduce the causalities, searching nearby safe places (e.g. high
building and hill) with additional consideration from vertical
perspective will surely provide new insights to the evacuation
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plans. There are many aspects that can be improved in the future.
The hierarchy of 3D building representations can be further
expanded by linking more cross-domain information (e.g.
cadastral data). Secondly, the evacuation can be further combined
with improved network analysis module, so that citizens can be
instructed to the most appropriate buildings for evacuation.
Finally, as more dynamic population data is available, the use of
the location-aware service for pushing real-time instructions may
calm down the anxiety emotion of the people and effectively
guiding people to the most appropriate safe places.
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