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Abstract

Emergency navigation for first responders in changing disasters is a very complex task and
creates a new set of challenges for researchers. A lot of research work on this direction has
been done. Nevertheless, traditional navigation systems consider only one responder with a
pair of start and end points and the considered obstacles in previous studies are static. More-
over, none of the previous work has investigated the added value of integration of the disaster
simulation with emergency navigation system. The goal of the research is to support the navi-
gation task for multiple first responders in disasters by introducing the agent-based modeling
and simulation integrated with spatio-temporal data. The general problem we are going to
address is “how to navigate multiple first responders to multiple locations avoiding multiple
obstacles”.

For our purpose, this PhD project will be conducted as follows. First of all, we are going
to investigate novel approaches to help navigate multiple first responders to avoid multiple
obstacles, including both static obstacles and moving obstacles. By incorporating predictions
of obstacles, one is able to anticipate changes in the road network and take them into consid-
eration in the route determination process. A er that, we will take advantage of the develop-
ments in current disaster simulation technology and integrate the disaster simulation model
corrected with real time data into our navigation system. A prototype integrated navigation
system linked with database will be developed. Besides, to help first responders evaluate
navigation results, an agent-based modeling and simulation system updated with real time
measurements will be proposed.
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Chapter 1

Motivations

At 7:49 a.m. local time on Wednesday, April 14th, 2010, a huge earthquake struck Yushu
County in the Qinghai Province of China (Figure 1.1). According to the Xinhua News Agency,
2,698 people have been confirmed dead, 270 missing, and 12,135 injured of which 1,434 are
severely injured. Some 3,700 personnel from the Qinghai division of the People’s Armed Police
was sent to the region to aid in rescue efforts. Specialty personnel also arrived from neighbor-
ing provinces Gansu, Shaanxi, and Ningxia, as well as the Tibet Autonomous Region. How-
ever, to the only road linking Xining to the quake zone 1,000 km (620 miles) was choked by
military trucks and convoys organized by private aid groups. And the traffic was so bad
that relief agencies said it took them more than 24 hours to reach the quake zone with their
supplies, more than double the normal time it takes. Snow and rain continued to fall on the
earthquake zone, adding to the difficult delivery of relief goods. One of the main problems as-
sociated with this case is that the current navigation system in the rescue vehicles doesn’t take
into account any real time information about the disasters. If the crisis managers can utilize
the information provided by the disaster simulation driven by real time data and predict the
status of the traffic network affected by the disasters, they can improve their route planning
to accelerate delivery of emergency aid to affected area.

On 09 May, 2011, Pla e City, Mo. US. Five firefighters were seriously injured when two
fire trucks collided head-on in rural Missouri. The fire trucks were both headed to a structure
fire and had le from the same station, but the first truck was heading back to the scene a er
missing the driveway for the house. As the first apparatus swung around, it struck the second,
severely damaging both vehicles. A careful analysis of the above case would reveal a problem
that the existing navigation systems in the rescue vehicle are independent from each other,
couldn’t share the information with other rescue vehicles and lack unified routing planning.
If the first responders in these trucks were equipped with a navigation system that informs
them of the current location and predicted position of other moving objects and provides with
re-routing services considering other rescue vehicles, these tragedies could be avoided.
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Disaster Assessment

Yushu Earthquake Influenced Range Yushu Earthquake Traffic jam in Jiegu Town

Figure 1.1: Yushu earthquake traffic jam (from Wang [2011])

In evacuation and rescue planning, it is advantageous for community leaders to have a
thorough understanding of the human and geophysical characteristics of a community, be
able to anticipate possible outcomes of different response and evacuation strategies under dif-
ferent situations, inform the general public and response units, and develop a set of evacuation
and rescue plans accordingly. In order to achieve this goal, disaster managers in a commu-
nity can use computer modeling techniques to simulate different disaster response strategies,
use the results from these simulations to inform the public and first responders, and generate
different evacuation and rescue plans under different circumstances. The complexity associ-
ated with evacuation and rescue planning in different disasters requires a computer modeling
framework that can incorporate a number of factors into the modeling process. These factors
include the nature of the disaster in question, the anticipated human behavioral pa erns in
the evacuation and rescue process, the unique geography and transportation infrastructure in
a given area, the population distribution in the area, the population dynamics over different
time periods, and the special needs of different population groups, etc. Agent-Based Mod-
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eling (ABM) within a GIS environment provides a promising approach that can be used to
account for these factors in the modeling and simulation process (Bonabeau [2002]; Guo et al.
[2008]; Shahriari and Tao [2002]; Wooldridge and Jennings [1995]).

Agent-based modeling is a type of microscopic modeling technique that addresses disag-
gregate characteristics of constituent units in a complex system and the dynamic interactions
between these individual autonomous entities (Bonabeau [2002]). On one hand, ABM enables
us to simulate the individual actions of diverse agents and measure the resulting system be-
haviors and outcomes over time. Agents act, interact with other agents, and react to their
changing environment according to a set of behavioral rules derived from an underlying the-
ory for the processes and interactions within a particular system (Macal and North [2010]). On
the other hand, an agent-based approach can be used to emulate the behaviors of GIS analysts,
assisting human users in managing vast amounts of geo-information including information
extraction, information retrieval and filtering. All kinds of agents can be developed for pro-
viding help for human users to accomplish complex tasks or to carry out actions that may
consume a large proportion of the user time (e.g. management of the dynamical data, search-
ing and transformation of spatial data, retrieving and pu ing together appropriate data, etc.).
Besides, machine learning techniques can be built in agents for prediction of disaster events
and accidents (e.g. development of smoke, traffic jams).

Geographic information systems (GIS) allow to administrate and manipulate general in-
formation together with geographical data respecting its complexity and spatial relations
(Schüle et al. [2004]). GISs perform four main functions:data entry, database management,
spatial analysis and geographic visualization. GISs have at their core the conventional database
management system (DBMS) which can provide special facilities for storage and structuring
of geographic data. Another advantage that GISs can provide is the capability of transform-
ing, manipulating and interpreting spatial data in order to study relationships between ge-
ographic features collectively. By adding a temporal (time) dimension to spatial data, GISs
can perform sophisticated spatial-temporal analysis to keep track of objects, events and when
and where these objects and events occur or exist ,and help identify trends that would oth-
erwise be hidden in lengthy documents, which contribute to a general understanding of the
entity dynamics. Through a process known as visualization, all kinds of graphics can be gen-
erated from 2D and 3D dataset (e.g. OSM data http://www.openstreetmap.org/, CityGML
data http://www.citygml.org/) to help people understand results of geographical data anal-
ysis. Nowadays, GISs have been adopted widely in several application domains (Cova [1999];
Li et al. [2007]; Shahrabi and Pelot [2007]), ranging from ecological modeling to infrastruc-
ture maintenance. Decisions in emergency response, economy and administration, which are
based on spatial information, are increasingly o en made with the support of GIS so ware.

Our proposed GIS-enabled agent-based simulation system is a system that incorporates
real-time measurements into the simulation process. It is an example of Dynamic Data Driven
Applications Systems (DDDAS), where simulations are tightly coupled with real-time data
stream. DDDAS is a paradigm whereby simulations and measurements become a symbiotic
feedback control system (Darema et al. [2005]). DDDAS entails the ability to dynamically
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incorporate additional data into an executing application, and in reverse, the ability of an
application to dynamically steer the measurement process (Darema [2004]). The DDDAS ap-
proach seeks to incorporate dynamic inputs into an executing application, which helps create
simulation systems that can more accurately describe real world. This enables the simulation
models that can be intelligently adjusted in accordance with evolving conditions and that infer
new knowledge in ways that are not predetermined by the initialization parameters and ini-
tial static data. There exit a rich set of research projects investigating DDDAS approach and its
application in multiple domains, such as weather and climate prediction, traffic management,
systems engineering (Baldridge et al. [2006]).

In our research, we are going to improve GIS-enabled agent-based simulation using DDDAS
approach to provide emergency responders with real-time navigation support. Our simula-
tion model will include disaster models, responder models, management of moving objects
and path finding algorithm that takes into account both stationary and moving obstacles.
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Chapter 2

Related Work on Agent-Based
Modeling, Geographic Information
Systems and Dynamic Data Driven
Application Systems

In the following sections 2.1, 2.2, we will begin with discussion of agent-based modeling, GIS
and their applications in disaster management domain. Many researchers have been inves-
tigating the combination of agent-based modeling and GIS. The pros and cons of previous
studies related to the integration of both technologies will be presented in section 2.3. A er
that, in section 2.6, we will introduce the Dynamic Data Driven Application System (DDDAS)
approach that we are going to use to improve the agent-based simulation combined with GIS.

2.1 Agent-Based Modeling and Its Application in Emergency
Management

Agent-based modeling and simulation has been applied to various domains (Ferreira and
Borenstein [2010]; Iyetomi et al. [2009]; Konieczny et al. [2009]; Takahashi et al. [2002]; Zhan
and Chen [2008]), especially in simulating disaster scenarios. Using an ABM, it is possible to
evaluate policies and procedures for dealing with natural and man-made disasters. However,
there are still some deficiencies of this approach. First, many present agent simulation models
(Gonzalez [2009]; Ren et al. [2009]; Samuelson et al. [2010]; Zarboutis and Marmaras [2007])
lack GIS data to provide worlds that agents can respond to and function within, which reduces
the realisticity of the simulations. Second, most current ABM simulations (Massaguer et al.
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[2006]; Roßnagel and Junker [2010]) lack the simulation of disasters that have greatly impact
on agent behaviors, which undermines credibility of their simulation results. The details of
these works are provided below.

Zarboutis and Marmaras [2007] present a methodological framework for the design of for-
mative evacuation plans for complex socio-technical systems in crisis. The framework adopts
the complex adaptive systems modeling approach, and proposes the agent-based simulation
as cognitive tool for developing formative evacuation plans. The person actions and the evac-
uees movement are modeled in the agent-based simulations as adaptive agents who exhibit
reflexive, event-driven behaviors and respond to environmental stimuli at every point in time
and space. The framework is demonstrated through an application to a metro system for the
case of a tunnel fire. Figure 2.1 shows one of pa erns at the level of passengers’ behaviour.
This involves a physical bo leneck which emerges when one or more physically capable pas-
sengers cannot move towards a specific location, due to the presence of obstacles, geometrical
constraints etc.

Figure 2.1: Passengers in bo leneck. The black dot represents passenger capable of escaping.
The white circle corresponds to passenger that is incapacitated of escape (from Zarboutis and
Marmaras [2007])

Gonzalez [2009] presents a crisis response simulation model architecture combining a
discrete-event simulation (DES) environment for a crisis scenario with an agent-based model
of the response organization. In multi-agent systems (MAS) as a computational organization,
agents are modeled and implemented separately from the environmental model. In the pro-
posed architecture, the environment is modeled as a discrete event simulation, and the crisis
response agents are modeled as a multi-agent system. The simultaneous integration and sep-
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aration of both models allows for independent modifications of the response organization and
the scenario, which can be used to try out different configurations in the agent organization, to
add new behaviors in the individual agents and to test the same configurations and behaviors
in different crisis scenarios.

Roßnagel and Junker [2010] propose a system design for mobile emergency management
and an approach for evaluating this system design using multi-agent based simulation. The
proposed emergency management systems that utilize mobile communication infrastructures
can provide prompt information delivery to save human lives. Each passenger is represented
by an independent so ware agent. Each agent has a plan which comprises of a series of actions
the agent performs or service the agent is using. Besides, agents are capable of walking around
these obstacles and revising the plan in the case of an event occurs, for example a warning
message on their cell phone. To make the designed simulation of passenger movements as
realistic as possible, empirical data are collected from a large event as well as from normal
rush hour traffic. However, this research doesn’t include the simulation of disasters and gives
no consideration to the impact of disasters on the agent’s actions.

Ren et al. [2009] present an agent-based modeling and simulation to construct crowd evac-
uations for emergency response from an area under a fire. Various types of agents (i.e. man,
woman and child) and different a ributes (such as age, velocity, panic scale) of agents are
designed in the presented simulation model. The a ributes that govern the characteristics of
the people are studied and tested by iterative simulations. Simulation results suggest several
practical ways of minimizing the harmful consequences of such events and the existence of an
optimal escape strategy. However, the presented simulation doesn’t use the GIS data and is
run on the simple environment “Grid”, which fails to reflect the complexity of the real world.

Samuelson et al. [2010] develop agent-based computer simulation models of mass egress
from a stadium and a subway station following one or more a acks with Improvised Explo-
sive Devices (IEDs). People are represented as agents who try to progress toward known
exits without entering excessively high-potential patches. Bomb explosions are represented
as a wave of shock agents, propagated in all directions, and swarms of shrapnel agents fly-
ing level, at velocity diminishing over distance. Runs of the simulation models yield some
interesting findings that improved real-time information systems which provide be er guid-
ance to exits would substantially expedite egress and could reduce secondary (trampling and
crush) casualties. Also the simulation results indicate that models like these can be useful aids
to selecting countermeasures, and for training, preparation and exercises.

Massaguer et al. [2006] present an augmented reality simulation environment called Drill-
Sim for testing IT solutions in disaster response. The architecture of DrillSim is based on a
multi-agent simulation. The simulation of the disaster response activity is achieved by mod-
eling each person involved as an agent who has sensing and cognitive characteristics and can
execute certain actions based on the observed world. The a ributes of each agent (state, ob-
served world, profile, social ties, agent behavior) dictate how the agent behaves. One of the
key features of such a multi-agent based simulation where agents simulate humans is that it
allows the editing of existing roles and the addition of new roles on demand, which enhances
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DrillSim and makes it an extensible framework where new scenarios can be created and exe-
cuted on the fly. The proposed methodology for managing agent roles is demonstrated with
a series of experiments in the context of an evacuation.

In this research, the multi-agent system will be linked with GIS that provides geographical
data for simulation models of both responders and disasters, enhancing the fidelity of our
simulations.

2.2 GIS and Its Applications in Disaster Management Domain

GIS has been proven to be a useful tool for spatial analysis in emergency management, ad-
dressing the information needs of decision maker working with geographically referenced
data. Once the event occurs, GIS–based incident command systems and consequence analysis
tools can help emergency managers in the immediate response phase (Cu er [2003]). Never-
theless, there are still some impediments to application of GIS for real-time disaster decision
support. GIS has limited capabilities for modeling and simulation, and most case studies that
integrate GIS with modeling and simulation do not have a real-time capability (Zerger and
Smith [2003]). In this research, various types of GIS data (2D and 3D) will be acquired from
different data sources and integrated into agent-based simulation system to build valid and
credible simulation model. Spatial databases serve as repository of all the data needed for the
simulation. Spatial analysis functions will be performed to help first responders with evalu-
ation of crisis situations and decision making. The following paragraphs give an overview of
several aspects of applications of GIS in disaster management.

Kwan and Lee [2005] examine the potential of using real-time 3D GIS for the development
and implementation of GIS–based intelligent emergency response systems (GIERS) that aim at
facilitating quick emergency response to the a acks on multi-level structures (e.g. multi-story
office buildings). The developed system is composed of several important components, in-
cluding 3D GIS network data models, real-time and distributed geographic databases, mobile
GIS technologies, and analytical and modeling methods. Important decision support func-
tionalities of GIERS are also explored with particular reference to the application of network-
based shortest path algorithms. The experiment results show that response delay within
multi-level structures can be much longer than delays incurred on the ground transportation
system, and GIERS have the potential for considerably reducing these delays, as shown in
figure 2.2. However, a lack of the simulation of disasters that cause the described three types
of uncertainty (road network uncertainty; entry point uncertainty; route uncertainty within a
building) in emergency situations reduces the credibility of the demonstrated results.

Database Management Systems (DBMS) are an integrated and crucial component of most
successful GIS. DBMS are used to store, manipulate and retrieve data from a database. A tight
coupling with other technology can greatly enhance efficiency and productivity of DBMS in
data management.
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Figure 2.2: The shortest path between two entrances (A and B) and a disaster site on the 42th
floor of the building. The green line represents shortest route using the system. The red do ed
line corresponds to detour route without the system (from Kwan and Lee [2005])

Zlatanova et al. [2004] focus on the required developments at a database level (or middle-
ware) to support response phase in disaster management. Three important aspects are ad-
dressed: a) Integrated management of multimedia information (graphics, text, video, raster),
b) Ontology and semantic translators, c) 3D positioning to cope with emergency situations. It
is believed that by providing targeted information and collecting relevant information from
the field, the geo-information can facilitate the emergency handling in conjunction with knowl-
edge approaches that is based on extraction of information from distributed database. More-
over, accurate 3D positioning is considered to be able to facilitate the logistics of emergency
operations by providing 3D navigation capabilities in indoor and outdoor environments. In
this research, different positioning systems will be considered and chosen for tracking the
human movements, which provides the dynamic data to drive the simulations.

Zlatanova and Baharin [2008] report first results of research on the model and a set of
analysis related to optimal navigation of mobile rescue units. Navigation cases of interest
for first responders are organized in 7 groups with respect to type and multiplicity of source
and destination points. Initial tests with simplified versions of the models were performed
in PostGIS which is freeware and easy to employ. The possibility to maintain geometry and
network (and shortest path algorithms on it) in one database also allow for further analysis
and visualization. The models can be queried with respect to different spatial, spatio-temporal
and non-spatial criteria. Other spatial data sets like topographic maps, orthophoto images, etc.
can be used to enhance the analysis by providing surrounding information such as houses,
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gardens, etc. However, this research lacks the navigation simulation to evaluate the routing
plan for each navigation case.

Geo-data gathered by numerous applications and by sensors placed in the environment
plays a crucial role in the process of visual representation and analysis of hazardous events.

Zlatanova and Holweg [2004] promote geo-information and especially 3D geo-data in a
support system for field workers and decision makers in emergency management. In the
paper, the potential use of geo-information in any phase of emergency management, Miti-
gation, Preparedness, Response and Recovery, is pointed out. Besides, the paper discusses
the research questions that have to be addressed (3D data structures, DBMS support of 3D
topology, indexing, metadata, consistent update) and geo-data requirements for short time
response and appropriate graphics user interface for work in stress situations. Another impor-
tant aspect about utilisation and integration of geo-data, based on ontology and geo-semantics
is also considered. However, they ignore the utilization of real-time geo-information in DBMS
for simulation of disasters.

Kolbe et al. [2008] present CityGML and its potential utilization for different tasks in
the context of emergency response. CityGML is in the first place ontology for the three-
dimensional, multi-purpose, and multi-scale representation of cities, sites, and regions. The
implementation of CityGML is based on the standard GML3 of the Open Geospatial Consor-
tium and thus defines an exchange format for the storage of and interoperable access to 3D
city models in SDIs. The class taxonomy distinguishes between buildings and other man-
made artifacts, vegetation objects, water bodies, and transportation facilities like streets and
railways. Spatial as well as semantic properties are structured in five consecutive levels of
detail. CityGML could provide essential information for different aspects of disaster manage-
ment, including assessing the damage caused by disasters, 3D visualization, localization in
indoor and outdoor navigation and so forth. In this research, the CityGML data model will
be used to provide the urban environment for agent-based simulation.

Göbelbecker et al. [2009] solve the common problem of ge ing the actual GIS data for al-
most any city in the world, by using the website OpenStreetMap.org, that provides mapping
data for the whole world in a wiki-style concept, as the source of data. The data is converted to
the format required by the Robocup Rescue Simulation System, enabling simulations on vari-
ous real-world scenarios. The Rescue Simulation System integrated with real-world data in a
GIS representation opens the opportunity for future contributions integrating position track-
ing of rescue forces, incident reports, and emergency calls and, looking further ahead, also
the integration of agent frameworks as decision advisory. In proposed research, the Open-
StreetMap data will also be considered and extracted to provide the environment with which
agents interact.

In our research, we propose a novel approach that integrate GIS data into agent-based
simulation to provide real-time emergency navigation support for first responders through
connection with disaster simulation model.
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2.3 GIS and ABM Integration for Disaster Management

Geographical Information Systems (GIS) are particularly useful tools for managing spatial in-
formation and provide powerful support in manipulating data about position, shape, exten-
sions, etc. However, as mentioned before, traditional GIS tools are not well suited to dynamic
modeling or simulations (Goodchild [2005]; Maguire [2005]). Agent-based modeling provides
a way to express dynamics related to spatial elements, which can be achieved by the agents
interactions and actions within a simulated environment. Therefore coupling ABM with GIS
is highly a ractive and there are several studies that have already combined both techniques
(Ba y and Jiang [1999]; Bo et al. [2007]; Brown et al. [2005]; Choi et al. [2009]; Khalesian and
Delavar [2008]; Shi et al. [2009]; Tang and Zhang [2008]; Uno and Kashiyama [2008]; Yu and
Peuquet [2009]). Nevertheless, these current approaches that combine the GIS and ABM are
sill insufficient to support emergency navigation because these simulations are based on rigid
input parameters and predefined models, and lack real-time data and the simulation of dis-
asters, which greatly reduce the fidelity of the simulation. The pros and cons of these studies
are presented below.

Ba y and Jiang [1999] demonstrate that cellular automata (CA) and agent-based models
provided a firm base for space time dynamics and illustrates these notions with three appli-
cations: finding shortest routes in systems where distance and direction are largely unknown
but need to be explored by agents rather than computed geometrically; simulating the dynam-
ics of water flow to model the evolution of river systems; detecting the geometric properties
of space, which generates powerful results that are not possible using conventional geometry.
But their simulation models, which don’t include the essential features of emergencies, can’t
be utilized for emergency navigation purpose.

Epstein et al. [2011] introduces a novel hybrid of two fields–Computational Fluid Dynam-
ics (CFD) and Agent-Based Modeling (ABM)–as a powerful new technique for urban evac-
uation planning. CFD is a predominant technique for modeling airborne transport of con-
taminants, while ABM is a powerful approach for modeling social dynamics in populations
of adaptive individuals. The hybrid CFD-ABM method is capable of simulating how large,
spatially-distributed populations might respond to a physically realistic contaminant plume.
The overall feasibility of CFD-ABM evacuation design is demonstrated in the case of a hy-
pothetical aerosol release in Los Angeles to explore potential effectiveness of various policy
regimes. Figure 2.3 shows a screen capture from a simulation of this case. However, the pro-
posed hybrid simulation model does’t take into account the real time data, which undermines
its feasibility in evacuation design in real disasters.

Khalesian and Delavar [2008] develop a functional prototype of spatio-temporal multi-
agent system for the micro-simulation of highway traffic at the peak traffic times to find ways
to increase highways’ efficiency. A vehicle with a set of its own characteristics can be consid-
ered as an agent and a part of an environment i.e. traffic. It can also sense the environment
by knowing other vehicles on road and how they move and interacts with others in a certain
way. However, their developed framework doesn’t consider the dynamics of disasters and
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Figure 2.3: snapshot of simulation model with buildings as reflective polygons, the plume as
a translucent red cloud and agents as spheres color-coded by speed (from Epstein et al. [2011])

their influence on responder’s behaviors in the traffic network and can not provide guidance
for emergency management.

Uno and Kashiyama [2008] present a simulation system for the disaster evacuation based
on multi-agent system(MAS) considering geographical information. The proposed system
comprises three parts: the modeling for the land and buildings using geographical informa-
tion system (GIS) data, the analysis of disaster evacuation using multi-agent model, and the
visualization for the numerical results using the virtual reality technique. In the MAS model,
the refugees choose the evacuation routes based on the gravity model. The flood simulation
is performed by the stabilized finite element simulation based on streamline-upwind/Petrov-
Galerkin (SUPG) method. Figure 2.4, 2.5 show the simulation area and its bird view respec-
tively. The system is applied to both the evacuation analysis by the flood flow in urban area
and the investigation of the damage of human being by natural disasters. But, they don’t study
the influence of the information of moving objects (e.g. the spread of the flood, the movement
of crowds) on refugees’ route selection
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Figure 2.4: Simulation area (from Uno and
Kashiyama [2008])

Figure 2.5: Bird view. The refugee is expressed
by a blue sphere (from Uno and Kashiyama
[2008])

Bo et al. [2007] present a multi-agent simulation framework based on Geographic Infor-
mation System, investigating human behaviors during emergency evacuation. The Linear
Weight Decreasing Particle Swarm Optimization (LWDPSO) was introduced to simulate in-
dividual’s movement. The comparison of the results of the proposed model with social force
model shows that multi-agent and modified PSO model well performs some typical evacua-
tion behaviors. However, the evacuation results can only be displayed on two-dimensional
map.

Brown et al. [2005] identify four key relationships that affect the interactions between
geographic data(fields and objects) and agent-based (i.e., object-oriented) process models:
identity, causal, temporal and topological. Furthermore, they described some alternative ap-
proaches to implementing GIS-ABM integration, focusing on an approach that involves de-
velopment of middleware to manage connections between agents and spatial features, and
some implementation issues. Four example models are presented to illustrate interactions be-
tween spatial data and spatial processes and the different requirements for integrating ABM
and GIS functionality. Nevertheless, they don’t address the issues that arise in the coupling
of GIS-based data models with agent-based process models for emergency management (e.g.
in the model of indoor evacuation, how to handle the relationship between agents and spatial
features within a 3D environment).
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Yu and Peuquet [2009] develop a kind of geographic agent (GeoAgents), integrated with
expert systems, as a basic representation component to specifically address social and goal-
driven behaviors that impact the earth and environmental systems, as well as to represent
higher-level knowledge. A new conceptual representation framework, called FOTAR, is pro-
posed to address the cross-scale processes of both social and natural interactions. The results
of the application in a case study are presented for demonstration of its value in emergency
management. However, the proposed framework is developed for environmental decision
support and not applicable to emergency navigation or evacuation.

Shi et al. [2009] develop an agent-based evacuation model to simulate and analyze the
egress progress in large public buildings through combining rule reasoning with numeri-
cal calculation. The proposed model consists of two sub-models, spatial environment model
(SEM), which includes building layout information and fire field information, and agent de-
cision model (ADM). The simulation results reflect the overall and dynamic process of oc-
cupants’ evacuation under fire expansion, and the mutual relationship between occupants’
safety and fire hazard. An indoor stadium used as a competition venue for 2008 Beĳing
Olympic Games has been taken into study as a case. However, the proposed model can only
be applied to indoor environment.

Choi et al. [2009] integrate an agent-based model with 3D geometric network to calculate
building egress time. A social force model is used to model the human behavior in a building.
The evacuation route is based on the shortest path in a 3D geometric network in a GIS environ-
ment. The designed model can be applied further to evaluate more complex structures such
as multi-story buildings and subway stations. However, the route determination process of
the agent doesn’t take the disasters into situation which reduces the credibility of simulation
results.

Tang and Zhang [2008] present a 3D simulation model AutoEscape, which can simulate the
evacuation process for any given occupant distribution in buildings. GIS technology provides
the underlying support for environmental analysis to automatically generate the geometric
representation and formulate the cognition of agents. The multi-agent based technology is
employed to simulate the crowd behaviors with autonomously acting individuals. The results
of a case study show the reliability and capacity of the proposed simulation model. But the
modeling of human behaviors in evacuation doesn’t include the impact of the moving objects
(e.g. the crowds, the development of the disaster).

In our research, we are going to investigate the integration of spatio-temporal data with
agent-based simulations to simulate the movements of first responders and to be er support
emergency navigation with predictions provided by disaster simulation models.

2.4 Dynamic Data Driven Application Systems

The decision making under dynamic uncertainty, especially in the crisis se ing, creates new
levels of requirements for the analysis and prediction capabilities of computer simulations.
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However, traditional simulation models based on rigid input parameters, which are largely
decoupled with real systems and make li le usage of real-time data, fail to reflect the real
disaster behaviors and reduce their ability of predictions. Therefore, we need a novel sim-
ulation system that is capable of adapting itself dynamically to the constant environment
conditions changes, by means of real-time measurements. Such capabilities promise more
accurate analysis and prediction, and more reliable outcomes that we can make use of for
real-time emergency navigation support. Inspired by the Dynamic Data Driven Application
Systems (DDDAS) concept, we explore new ideals to incorporate real time data into a running
agent-based simulation model to provide be er predictions of the movement of mobile ob-
jects (pedestrians, cars, etc.) and the changing disasters (plume, flood etc.) and to incorporate
these predictions into the path planning process for first responders. DDDAS is an oppor-
tunity to formulate application simulation models and methods that incorporate/integrate
dynamically measurement data, algorithms, system tools, and mathematical and statistical
advances to produce effective simulation systems for important applications across the range
of science and engineering disciplines (Darema [2004]). Our proposed work of agent-based
simulation incorporated with real-time data is closely related to DDDAS. In our research, we
will make use of existing disaster models corrected with real time measurements (e.g. fire
model (Hu [2011]; Mandel et al. [2007]; Rodríguez et al. [2009])). The spread of these disaster
models will be represented as the movement of obstacles that block the roads in the traffic
network, to simulate the dynamics of disasters. As we obtain the predicted information of
dynamics of the road network, these predictions will be incorporated into the path finding
process to provide safe routes for first responders. Our proposed work can benefit from the
following related researches on DDDAS.

Hu [2011] present a dynamic data driven simulation system that can be continually in-
fluenced by observation data of fire sensors, which is different from traditional simulations
that make li le use of the real time data. The proposed framework applies Sequential Monte
Carlo (SMC) methods, also called particle filters, to the DEVS-FIRE simulation model to es-
timate the dynamically evolving fire front of a spreading fire. Figure 2.6 shows the dynamic
data driven simulation framework based on SMC methods. The experimental results show
that the proposed simulation model can provide a be er prediction of wildfire spread.

Chaturvedi et al. [2006] create a Dynamic Data Driven Application System (DDDAS) to
investigate the interaction between fire and agent models during a fire evacuation. Two in-
dependent models are used to simulate fire propagation and human evacuation. The created
system allows real-time interactions, which can provide a be er understanding of the factors
(the exit position and width, evacuees’ behaviors, etc.) that affect evacuation time and evacu-
ation process. The results can be used for improving building design and regulations as well
as training first responders.

Schoenharl et al. [2006] develop a Wireless Phone-Based Emergency Response (WIPER)
system to provide emergency response managers with an integrated system that detects pos-
sible emergencies from cellular communication data, a empts to predict the development of
emergency situations, and provides tools for evaluating possible courses of action in dealing
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Figure 2.6: Dynamic Data Driven Simulation Framework Based on SMC methods (from Hu
[2011])

with emergency situations. The system relies on the DDDAS concept, the incorporation of de-
tailed real-time data to continuously update running simulations. The WIPER system utilizes
a cell-phone network as a set of sensors to gather dynamic data from cell-phones and analyzes
the incoming data using mobile agents to preprocess the data stream, providing the ability to
detect potential anomalies (such as traffic jam).

Rodríguez et al. [2009] develop a DDDAS for forest fire spread prediction. The proposed
system is capable of adapting itself dynamically to the constant environment conditions changes,
by means of real-time measurements. They propose a two stage prediction method which
couples two prediction schemes: a genetic algorithm that is used to generate a ranked set of
parameter’s combinations in term of prediction quality and a statistical approach that is to
calculate the ignition probability of each cell. The real-time information regarding the fire’s
environment is injected into the execution environment and utilized for replacing the worst
individual in the GA population. The experiment results obtained show that runtime data
insertion improve prediction when conditions change suddenly during a fire.

Chaturvedi et al. [2005] build an integrated environment to study interaction among fire,
structure and agent models in a fire evacuation from a typical office building. Fire Dynamics
Simulator (FDS) is used to simulate the fire, providing time resolved temperature, CO, CO2,
soot distribution in the building. The agent so ware is designed to simulate agent behaviors
during evacuation by tracking the behavior of each individual in the building taking into
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Figure 2.7: The Google Earth Fire Layering so ware tool (from Mandel et al. [2007])

account effects of temperature, CO, and soot on the behavior and health for each agent. The
simulation results can be used for be er fire safety building design and regulations.

Mandel et al. [2007] present an ongoing project which is to build DDDAS to use all avail-
able data for a short term wildfire prediction. The project involves new data assimilation
methods to inject data into a running simulation, a physics based model coupled with weather
prediction, on-site data acquisition using sensors and on-line visualization using Google Earth
(see Figure 2.7). They develop a new method, called the morphing ensemble filter, to adjust
both the intensity and the position of the fire.

In this research, to simulate actual disasters, we will start with the simple and move on
to the complicated case (dynamic data driven simulation). We will simulate the dynamic of
changing disasters using the moving polygons. Here two cases can be distinguished: 1) the
polygon does not change of shape, i.e. the same polygon (kind of shape) is changing its posi-
tion with time 2) the shape of the polygons changes and the position changes. These dynamics
could make some parts of the network available again with the passage of time. A er that,
we will connect our model with disaster simulation corrected by real time measurements to
more accurately predict impact of disasters on transportation network.
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Chapter 3

Related Work on Management of
Moving Objects and Routing
Algorithms

This chapter will present two important components that are associated with navigation: man-
agement of moving objects and routing algorithms. There are a rich set of research works that
contribute in these two areas and that we can consider and adapt for our emergency naviga-
tion purpose.

3.1 Management of Moving Objects
Many researchers have been working on managing moving objects. Tens of data models have
been developed (Güting et al. [2006]; Meratnia [2005]; Speičvcys et al. [2003]) and various
techniques are used to efficiently store, query and update trajectories of moving objects in
spatio-temporal databases. However, the current data model for moving objects can not rep-
resent the high diversity and dynamic of the crises. For example, the data model for rescue
units and evacuees should be different from each other. In addition to that, most works just
use the information about moving objects for monitoring and tracking. We believe that the
application of the moving object information in navigation for rescue units and the evacuees
could facilitate the decision making process during the rescue operation and the evaluation
of situations in disaster events.

The management of moving objects has been intensely investigated. Meratnia (2005) dis-
cussed the approaches for modeling and analysis of moving objects in Meratnia [2005]. Wolf-
son, et al. have proposed a Moving Objects Spatio-Temporal (MOST) model which is capable
of tracking not only the current, but also the near future positions of moving objects in Sistla
et al. [1997]; Wolfson et al. [1998]. Speičvcys et al. [2003] have presented a computational data
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model for network constrained moving objects. Šaltenis et al. [2000] propose a novel, R*-tree
based indexing technique that supports the efficient querying of the current and projected
future positions of such moving objects. Besides, the index problems of network constrained
moving objects have also been studied in De Almeida and Güting [2005]. Cheng et al. [2004]
study the execution of probabilistic range and nearest-neighbor queries over uncertain data
for moving objects and developed algorithms for computing these queries for a generic ob-
ject movement model.Güting et al. [2006] have proposed a fixed-network based MOD model
with a rich set of data types and operations defined. However, the model is based on static
transportation networks. To describe the spatio-temporal aspect of temporally variable trans-
portation networks, Ding and Güting [2004] propose a State-Based Dynamic Transportation
Network (SBDTN) model which can express the state and topology changes of the graph sys-
tem.

The study of data models for moving objects is out of the scope of this research. However
in this PhD research, some of these models will be selected and used for dynamic analysis and
providing moving objects information to support optimal routing for emergency response.

3.2 Routing Algorithms

Quick and reliable routing and navigation are crucial for urban emergency response and dis-
aster management. When the disaster occurs, the road network is full of complexity, such
as multi-dimension, dynamics, uncertainty, etc., which makes the decision making in path
finding quite difficult. For solving the problem of routing under emergencies, there is already
a large number of deep research conducted within this area, ranging from classical search
algorithms, Dĳkstra algorithm, A* algorithm, etc. and their improvements, to development
of intelligent algorithms which were originally inspired by natural evolution. All of these
algorithms provide a rich set of solutions for route determination, however, they still have
limitations. Classic algorithms (Bellman [1958]; Dĳkstra [1959]; Hart et al. [1972]) can’t deal
with the network dynamics caused by the changing disasters and are applied to navigation
for only one moving object. The algorithms proposed in Chen and Ji [2005]; Fu and Rile
[1998]; Hall [1986]; Miller-Hooks and Mahmassani [2000] can only be applied to the road net-
work of which the probability density function of travel time is known beforehand, which
is o en not the case during disasters. The large computational complexity of intelligent al-
gorithms (Dorigo and Gambardella [1997]; Holand [1992]; Kumar et al. [2009]; Rahman et al.
[2008]; Yuan and Wang [2009]) doesn’t satisfy the time-critical response requirement. In this
research, to incorporate the dynamic data generated by the agent-based simulation into the
path finding process, different routing algorithms will be considered and adapted into the
outdoor navigation for first responders. Besides, the link with route determination in indoor
environment will be considered to search the optimal path in urban areas (Lee and Zlatanova
[2008]). More details about aforementioned algorithms are provided below.
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Dĳkstra’s algorithm (Dĳkstra [1959]), named a er its inventor, has been influential in path
computation research. It works by visiting nodes in the network starting with the object’s start
node and then iteratively examining the closest not-yet-examined node. It adds its successors
to the set of nodes to be examined and thus divides the graph into two sets: S, the nodes whose
shortest path to the start node is known and S’, the nodes whose shortest path to the start node
is unknown.

The A* algorithm (Hart et al. [1972]) is a heuristic variant of Dĳkstra’s algorithm. Similar
to Dĳkstra’s algorithm, the search space is divided into two sets: S, the nodes whose shortest
path to the start node is known and S’, the nodes whose shortest path to the start node is
unknown. It differs from Dĳkstra’s algorithm in that it not only considers the distance between
the examined node and the start node, but it also considers the distance between the examined
node and the goal node.

The Bellman-Ford algorithm (Bellman [1958]) can be used primarily for graphs with nega-
tive edge weights. The algorithm greedily selects the minimum-weight node not yet processed
to relax. All adjacent vertices relaxed and updated in the distance array. The repetitions for
all edges allow minimum distances to accurately propagate throughout the graph, since, in
the absence of negative cycles, the shortest path can only visit each node at most once. Unlike
the greedy approach, which depends on certain structural assumptions derived from positive
weights, this straightforward approach can be extended to the general case.

Visser [2009] proposes a path-finding approach that takes into account changes in road net-
work and predictions of future situations. A routing algorithm incorporated with predictions
on plume movement and bridge openings and closings is developed based on the Dĳkstra
algorithm to decide whether it is be er or wait or take an alternative route. Tests show that
the estimation of travel time is more accurate and the calculated routes are faster and safer.

Fu and Rile [1998] examine the dynamic and stochastic shortest path problem (DSSPP) of
finding the expected shortest paths in a traffic network where the link travel times are modeled
as a continuous-time stochastic process. A set of probability-based approximation models is
developed to estimate the mean and variance of the travel time of a given path based on the
mean and variance of the link travel times. Based on these relationships it is shown that the
DSSPP is computationally intractable and traditional shortest path algorithms cannot guar-
antee an optimal solution. This paper proposes a heuristic algorithm based on k shortest path
algorithm for solving the DSSPP where the dynamic and stochastic a ributes of the link travel
times are modeled by the mean and variance of the link travel time as a function of time of
day. The trade-off between solution quality and computational efficiency of the proposed
algorithm is demonstrated on a realistic network.

Miller-Hooks and Mahmassani [2000] address the problem of determining least expected
time (LET) paths in stochastic, time-varying (STV) networks. Two specialized modified label-
correcting algorithms are presented for the problem of generating LET paths in STV networks.
The expected value (EV) algorithm, is presented for generating all a priori LET paths with their
associated expected times from all origins to a single destination for each departure time in
a given period. The expected lower bound (ELB) algorithm is proposed to determine lower
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bounds on the expected times of these a priori least expected time paths. Extensive numerical
tests are conducted to illustrate the algorithms�?computational performance as well as the
properties of the solution.

Chen and Ji [2005] examine three definitions of optimality for finding the optimal path
under an uncertain environment. These three stochastic path finding models are formulated
as the expected value model, dependent-chance model, and chance-constrained model us-
ing different criteria to hedge against the travel time uncertainty. A simulation-based genetic
algorithm is developed to solve these path finding models under uncertainties. Numerical
results demonstrate that these stochastic path finding models and the developed algorithm
could find a portfolio of paths to suit the travelers risk preferences towards travel time uncer-
tainty in a stochastic network.

Hall [1986] introduces the problem of finding the least expected travel time path between
two nodes in a network with travel times that are both random and time-dependent (e.g. a
truck, rail, air or bus network). It first shows that standard shortest path algorithms (such
as the Dĳkstra algorithm) do not find the minimum expected travel time path on such a net-
work, then proposes branch-and-bound for finding the least expected travel time path on this
type of network. This approach differs from standard methods in that it utilizes travel time
probability functions rather than expected travel times alone. Next, this paper shows that the
optimal route choice is not a simple path but an adaptive decision rule. The best route from
any given node to the final destination depends on the arrival time at that node. Because the
arrival time is not known before departing the origin, a be er route can be selected by de-
ferring the final choice until later nodes are reached. Dynamic programming is proposed for
finding the optimal time-adaptive decision rule.

Ant colony optimization is meta-heuristic approach inspired by the behavior of ants in
nature that communicate with pheromones trails. While walking, ants deposit pheromone
on the ground, and follow, in probability, pheromone previously deposited by other ants.
Figure 3.1 shows the way ants exploit pheromone to find a shortest path between two points.
This algorithm is proposed for solving hard combinatorial optimization problems and was
first used to solve TSP problem (Dorigo and Gambardella [1997]), and has been successfully
applied to other problems such as vehicle routing problem, quadratic assignment problem,
scheduling problem and so on. Yuan and Wang [2009] propose an ant colony optimization
algorithm to solve a multi-objective path selection model which is to minimize the total travel
time along a path and to minimize the path complexity. A modified ant colony algorithm
is designed in Rahman et al. [2008] for determination of the feasible route by calculating the
shortest route and avoiding potential obstacles that appear in the building.

Genetic algorithm is a computational model simulating the process of genetic selection
and natural elimination in biologic evolution. Pioneering work in this field was conducted by
Holland in the 1960s (Holand [1992]). As a high efficient search strategy for global optimiza-
tion, genetic algorithm demonstrates favorable performance on solving the combinatorial op-
timization problems. Kumar et al. [2009] propose a customized method based on a genetic
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Figure 3.1: How real ants find a shortest path. The number of dashed lines is approximately
proportional to the amount of pheromone deposited by ants. More pheromone accumulates
on the shorter path (from Dorigo and Gambardella [1997])

algorithm to address the problem of GIS route finding on an actual map. But its application
is limited to a static environment.

Nedkov and Zlatanova [2011] propose and implement a method for performing shortest
path calculations taking constraints and obstacles into account. The method is built on top of
Google Maps (GM) and uses its routing service to calculate the shortest distance between two
locations. Users provide the constraints and obstacles in the form of polygons which identify
impassable areas in the real world. The A* path-finding algorithm is used to guide Google’s
Directions Service around obstacles. Figure 3.2 shows the result of a routing request in Del .
However, the proposed method only considers the static obstacles and can’t be applied into
the dynamic environment during disasters.

Lee and Zlatanova [2008] propose a 3D Data Model for emergency response to represent
urban built environments in multi-levels. The proposed data model is a composite model in-
tegrating: 1) 3D geometric model to measure and represent 3D spatial objects geometrically
only; 2) 3D topological model to represent only the topological relationships among the 3D
objects using a network-based model; 3) 3D city model to visualize the 3D objects in multi-
views. To identify feasible and safe routes within a multilevel structure and to provide naviga-
tion guidance for rescue personnel, Dĳkstra algorithm is modified and applied to the network
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Figure 3.2: Calculated route result (from Nedkov and Zlatanova [2011])

problem 3D space. Experimental implementations of 3D topological analyses and 3D shortest
route are presented in the paper.

In this research different routing and re-routing strategies incorporated with the updated
real-time data of the network and predictions of disasters will be proposed for first responders
and tested in the agent-based simulation.
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Chapter 4

PhD Research

4.1 Research Objective

The goal of this research is to support the path planning for first responders with a navigation
system and an approach for evaluating this system using multi-agent based simulation. The
general problem we are going to address is “how to navigate 1:M responders to 1:N locations
avoiding 0:L obstacles”. We assume that the emergency navigation during disasters could be
facilitated by the connection with the simulation of both disasters and first responders. To
validate our assumption, in our proposed navigation system we will explore the way to uti-
lize spatial data (static such as 2D/3D models and dynamic such as real time information of
disasters) to provide routing services for first responders and re-routing in real time taking
into account moving objects information in the road network and the evolution of disasters.
An agent-based simulation system for emergency navigation for first responders will be de-
signed and built to evaluate the navigation results. Each first responder is represented by an
independent so ware agent that has a plan comprises of a series of actions and route plan.
The agent model is updated with the real-time data. To facilitate the decision making process,
various agents can be defined to support the information management and monitoring of the
network. The effectiveness of the route plans will be assessed by observing the behaviors and
interactions of the agents to help emergency managers develop strategies for be er response.

4.2 Research Question

The main research question aimed at this research objective is:
What is the added value of agent-based simulation improved with spatial data (static

such as 2D/3D models and dynamic such as real time measurements) to provide navigation
support for first responders?
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From the main research question, several sub-questions are derived to conduct a more
accurate study of the research topic.

Questions related to the development of agents:

1. What types of agents should be developed to support emergency navigation and to sim-
ulate the responders’ actions/movements and interactions with environmental factors?

2. What kind of user profile should be designed for route determination with the obtained
information about the environment (e.g. the spread of the fire/plumes, obstacles distri-
bution)?

3. What kind of rules should be designed for agents to dictate their actions?

4. How can we evaluate the behaviors of the agents (e.g. rescue vehicle agent)?

Questions related to GIS:

1. What kind of information will be needed for agent-based simulation? How to derive
the network from these information?

2. What kind of relationships between agents and spatio-temporal objects will support the
simulation?

3. What kind of data model should be used for management of the dynamic data that in-
cludes the real-time data, the information of moving objects (disasters, pedestrian, vehi-
cles, etc.) and the output data of simulations? How these information will be structured
in the database?

Questions related to the DDDAS approach:

1. What kinds of real-time information can be incorporated into the simulation model?

2. How to adjust the parameters of agent-based models with real-time data?

3. How to verify and validate the developed simulation model?

Questions related to the routing:

1. What kind of routing algorithms should be considered and adapted for path-finding,
taking into account of the predictions of the disaster?

2. What kind of re-routing strategy should be designed for the agent to avoid moving
obstacles?

3. How does the agent-based simulation system provide navigation services for both first
responders and citizens?

4. On what kind of network (e.g. 2D and 3D) the algorithms will be run?
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4.3 Research Methodology

4.3.1 Literature Study and Technology Requirements

In order to understand the state-of-the-art progress in emergency management, an extensive
literature review will be conducted. Previous work related to agent-based modeling, routing
algorithms, GIS technology, etc. will also be investigated to provide support for this research.
Moreover, technical information with respect to implementation issues should be taken into
account. What’s more, it is necessary to specify the characteristics and functions of the agents.
An analysis of characteristics of the emergencies will be made for building the dynamic road
network structure.

4.3.2 Conceptual Design

In this phase, we will design a multi-agent simulation framework integrated with spatio-
temporal data. Within this system, several steps will be taken, including defining the types
and functions of the agents, selecting a data model for moving objects, designing the model
for storing the data and algorithms for emergency navigation and modeling the rescuer move-
ments under disasters. Besides, the existing disaster models should be considered and in-
cluded in the system to simulate the dynamics of crisis scenarios.

4.3.3 Implementation

This phase of the research aims at the development of agents and implementation of the de-
signed system. Various agents and the selected data model of moving objects will be imple-
mented in the system. In addition, the routing strategy will be designed and integrated into
the multi-agent system.

Regarding the road network, we will start with simple environment, as shown in figure
4.1, then proceed with a more complex network, as shown in figure 4.2, and finally a real road
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network built from 2D/3D GIS data. Moreover, combining with these road models, we will
implement the models of the disasters to simulate their effects on traffic conditions.

4.3.4 Validation and Adaptation

To validate the effectiveness of our designed navigation approach, an agent-based simulation
framework will be proposed. Different navigation cases will be considered. The designed
routing algorithms will be implemented in the agent model and tested in different scenarios.
The navigation results will be assessed and demonstrated through agent performance and
simulation results. Based on observation of agents’ behaviors, improvements will be made to
be er support the path finding process in disasters. Besides, a comparison of the proposed
navigation approach with others will be provided in respect to the performance of algorithms
and agents.

4.4 The Architecture of The Prototype System

To validate the assumption that the coupling of the simulations with real-time data contributes
to the prediction ability in crisis scenarios and to address the research challenges posed by
DDDAS systems in Darema [2005], we are going to design concepts, rules (for agents), data
models, etc., which are going to be validated by a prototype system. As shown in figure 4.3,
the prototype system consists of several parts: data collection, data management, agent-based
simulation model and data visualization. Agent-based simulation model is used to simulate
natural disasters (e.g. plume, fire) that move across a certain road network, and to model
the first responders and common people who can use heuristics algorithms to computes the
routes. Database is used for data management and to store the geo-information of the net-
work, the information of mobile agents (the routes, current position, starting point, end point,
the status, etc.) and the real-time data collected from sensors and GPS receivers about the mov-
ing objects (disasters and people), and to provide location based service for first responders.
2D/3D GIS data (e.g. OpenStreetMap,GBKN, Top10NL) are supposed to model the spatial
environment, especially the road network, and to store all the available 2D/3D spatial data
including details of the objects within the environment. The simulation output data will be
displayed to users through the laptop screen.

4.5 Investigations

We are going to validate our designed concepts, algorithms and data models with a GIS-
enabled agent-based simulation system integrated with spatio-temporal data, which is also
a dynamic data-driven application system (DDDAS) and is comprised of two components.
One is proposed for simulation of rescuer movements, using the agent-based model corrected
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Figure 4.3: The architecture of the prototype system

with real-time data. The other is its extension with moving obstacles and is built for emergence
navigation for first responders in disasters, using agent technology.

4.5.1 Investigation 1: Agent-based Modeling and Simulation of Rescuer
Movements Updated with GPS Tracking, Considering Different
Navigation Cases

In this phase, we will investigate the simulation of rescuer movements, using the agent-based
model adjusted with the real-time data. We believe that agent-based simulation can benefit
emergency navigation in at least two aspects: 1) the simulation itself has the ability to predict
“future” situations with the “current” states as input, serving as a tool for achieving situation
awareness. 2) the agent-based simulation could help evaluate the routing plan and modify it
if necessary.

We are going to illustrate our ideas with a multi-agent framework that includes, but not
limited to, following types of agents: agent that decides what kind of spatial information is
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Figure 4.4: Snapshot of rescuer movements simulation

needed according to the user or the crisis scenarios; mobile agent that is used to model first
responder; central control agent that updates the real time information of the network in the
database and extracts real-time data from the database to correct the simulation; agent that
provides the real time data. We model each first responder moving in the road network as
an agent that possesses some parameters (i.e. position data, the planned route and state)
and rules. As shown in figure 4.4. the red star corresponds to each responder agent. We
also try to update the agent model with real time data and predict its next position and state
in a short term. To be able to simulate the movements of rescuers, firstly, we classify the
navigation cases into several categories. Then we are going to start from basic movements
such as “one rescuer must go to help one citizen” to the most complex one, i.e. n rescuers
must help m citizens and both the start and the target locations can be dynamic. We identify
possible parameters of responders, such as start and end location, the number and positions
of moving objects, optimal path etc. and use them to drive the simulation model. Later we
will add more complexity by introducing more new parameters such as age, gender, modes
of movement (walking, cycling, running, etc.) and so on.

The proposed system can be linked with an interface that aggregates the information from
the agent-based simulation model and presents the real-time system status and predicted in-
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formation to help crisis planners evaluate crisis situations and improve their plans. For exam-
ple, the visualization interface can present rescuer’s current and predicted positions. What’s
more, the designed interface can provide information about the number of the people who
are closed to the disaster and the estimated number in the next half an hour or an hour based
on simulation driven by the real-time data.

4.5.2 Investigation 2: Agent-based Modeling and Simulation for
Emergence Navigation Among Moving Obstacles

Navigation during disasters is a very complex task because of the fact that a sound naviga-
tion system would have to take account of a number of concomitant factors. These factors
include the moving speeds of both the first responders and the disaster, the distance between
the target and the current position, the physical characteristics of the disaster (e.g. the shape).
We assume that emergency navigation in disasters could benefit from a computer modeling
framework that would simulate the development of the disaster. To validate this assumption,
a new agent-based navigation system, which can be linked with disaster simulation to sim-
ulate the dynamics of the network affected by disasters (e.g. fire, plume), will be proposed
to support path-finding for multiple responders among moving obstacles. This system will
be comprised of several components, including multi-agent system for navigation, disaster
simulation corrected with real-time data and visualization of simulation results.

In this investigation phase, the number of needed agents in the proposed multi-agent sys-
tem will be much more. For example: 1) rescuer agent that is moving through the network; 2)
agent called control center agent that monitors the network; 3), agent that provides the rout-
ing services; 4) agent that simulates the disaster; 5) agent that is user interface, provides the
geo-information and sets the parameters of the simulations. In the initialization of simula-
tion, the user interface agent collects the information (e.g. the start and end points, the speed
of the agent, the initial position of the disaster) from users and loads the geo-information into
the simulation model. As the simulation initialization process is finished, the mobile agent
starts moving through the network. The disaster model updated with the real-time data is
run in the background, and is visualized as a moving polygon (see Figure 4.5, 4.6). During
the simulation process, the routing agent gathers the position data of the rescuer agent con-
stantly, does spatial analysis in database (e.g. which road segments are closed), helps check
the routes for the first responder to see if he is on the way to the dangerous area, re-calculates
the route for the moving agent by applying heuristics based on the agent’s local environment,
and passes the calculated results to the responder agent. Control center agent is responsible
for monitoring the dynamics of the network that is affected by the disasters, updates the data
of the network in the database, and provides the updated data corresponding to the routing
for other agents if necessary. Here we specify more about the rescuer agent that possesses
a ributes and characteristics that are important for the routing and evaluation of the route.
The rescuer agent can have some a ributes, such as the distance it has traveled so far, the
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Figure 4.5: Snapshot of disaster simulation at time t

health index that is the function of the time when the agent is exposure to the pollutant or
the poisonous plume, the complexity of the routing (i.e. the total junctions that the agent cov-
ers when it reaches its destination), the time from its starting point to the current position.
Moreover, it can have some characteristics that determine its routing, i.e. different routing
algorithms, such as Dĳkstra, A* or other wayfinding algorithms and re-routing strategies that
should be incorporated with the real-time and predicted information. Two types of real-time
data will be used to aid the routing for first responders: 1) real-time data about the network
(e.g. data from sensors that monitor the status of the network or first responders in the field
who are patrolling around the area and collecting the information of the network (e.g. the
closed nodes and edges); 2) real-time data from the sensors that capture movement character-
istics of disasters that affects the road network (e.g. the direction and the speed of the wind).
The first one can be used to identify the dangerous areas, and the la er will be incorporated
into the disaster simulation model to predict the status of the road network in disasters. Since
some parts in the network that are closed caused by the disaster could be available again, the
agent should take decisions on whether it should wait for a certain amount of time or continue
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Figure 4.6: Snapshot of disaster simulation at time t +∆t

with its route to the destination. More types of agents and functions of agents will be added
if needed.

4.5.3 Further development

One of further steps is to incorporate the proposed navigation approach into modeling and
simulation of first responders to help valid and evaluate the navigation results. In addition to
that, we can also do some extensions for aforementioned investigations: 1) In the agent-based
approach for emergency navigation, considering that routing during crisis is also a multi-
objective problem, a combination of optimization functions (e.g. safest, shortest, a minimum
of time, least complexity), first responders might expect more options from which they can
choose one of them based on their facing situations. In this case, intelligent algorithms with
necessary adaptations are a promising approach to offer first responders a set of routes. Be-
sides, the proposed approach is not limited to the outdoor navigation but can be used to aid
indoor navigation for first responders. With appropriate adaption, the proposed approach
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can be also applied to the indoor environment so that first responders can be navigated both
inside the building with routes along the structure of the building and in the outdoor environ-
ment. Furthermore, we can consider the case that many moving objects have to be navigated
to a dynamic meeting point that is affected by disasters; 2) As to the modeling and simula-
tion of movements of first responders, we can also explore influence of the communication on
responder agents’ moving behaviors.
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Chapter 5

Practical Aspects

5.1 Related So ware and Data

1. Java
Java is a programming language and computing platform first released by Sun Mi-
crosystems in 1995. It is one of the most popular platforms for implementing large and
long-lived applications. Java is free to download at http://java.com.

2. Eclipse
Eclipse is the most widely-used IDE for developing Java applications. It is free, open-
source, cross-platform, and provides plug-ins for a wide range of tasks. Available at
http://www.eclipse.org/.

3. Javascript
JavaScript is the most popular scripting language on the Internet, and works in all major
browsers, such as Internet Explorer, Firefox, Chrome. It is one of the essential languages
that you need to develop your web application.

4. GeoTools
GeoTools is an open source Java library that provides tools for geospatial data. It is
made up of a large number of modules that allow you to analyze, operate and visualize
GIS data. Available at http://geotools.org/.

5. Repast Simphony
Repast Simphony (Collier [2003]) is a free and open source agent-based modeling toolkit
that simplifies model creation and use. One of Repast’s a ractive features is its ability
to integrate GIS data (either raster or vector) directly into the simulation with relative
ease. It is available at http://repast.sourceforge.net/. Our designed models will be
mainly implemented in the repast.
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6. MASON
MASON (Luke et al. [2003]) is a fast discrete-event multi-agent simulation library core
in Java, designed to be the foundation for large custom-purpose Java simulations. It has
various GIS facilities including the import of vector data for spatial reasoning, distance
calculations, determining coverage, and other functionality. Get the latest version at
http://cs.gmu.edu/~eclab/projects/mason/.

7. NetLogo
NetLogo (Wilensky [1999]) is a multi-agent modeling environment, providing a simple
yet powerful programming language, built-in graphical interfaces and comprehensive
documentation. Netlogo has a GIS extension which can be used to interact with spatial
data. Get the latest version at http://ccl.northwestern.edu/netlogo/.

8. PostGIS
PostGIS is an open source so ware program that adds support for geographic objects to
the PostgreSQL object-relational database. It is available at http://postgis.refractions.
net/.

9. Oracle Spatial
Oracle Spatial is an extension to the Oracle DBMS that provides advanced spatial fea-
tures to support high-end GIS and LBS solutions. Available at http://www.oracle.com/
technetwork/database/options/spatial/downloads/software/index.html.

10. ArcGIS
ArcGIS is a powereful suite consisting of a group of GIS so ware products produced by
Esri. It provides a rich set of APIs (application programming interface) and tools to build
a variety of GIS applications. More information can be found at http://www.esri.com/.

11. GRASS
Geographic Resources Analysis Support System (GRASS) is a free so ware designed
for data management, image processing, graphics production, spatial modelling, and
visualization of many types of GIS data. Available at http://grass.fbk.eu/.

12. Java 3D
An addition to Java for displaying three-dimensional graphics. It provides a set of uni-
verse utility classes for creating and manipulation 3D geometry and building the struc-
tures. It is available at http://java3d.java.net/.

13. Bentley
A so ware that has powerful 3D tools for visualization and animation. More informa-
tion can be found at http://www.bentley.com.

14. Enterprise Architect
Enterprise Architect is a comprehensive UML analysis and design tool, covering all
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aspects of the so ware development cycle. More information can be found at http:
//www.sparxsystems.com/products/ea/index.html.

For our simulations, generally there are two types of data that can be considered: 1) real data
from the case; 2) synthetic data. Limited by the data availability, initially we will choose the
second one to assess our prototype simulation system. The synthetic data will be set by hand
or be generated from known models. Besides, 2D and 3D GIS data (e.g. OSM, CityGML, ect.)
will be considered to be integrated into the simulation model to represent the actual landscape
of the simulated real environment. For initial test, the available GIS data (such as Del city
(Figure 5.1)) is the first option taken into consideration.

Figure 5.1: Del city (from http://www.openstreetmap.org/)
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5.2 Limitations

The following is a list of research topics that are in support of this research, but beyond its
scope.

• Data model for moving objects

• Modelling of the disasters

• Real-time data collection

5.3 Supervisiion

This PhD project will be promoted by Prof. Dr. Ir. P.J.M. van Oosterom. Mw. Dr. Dipl.
Ing. Sisi Zlatanova will be acting as daily supervisor. Supervision for this PhD project will be
comprised of weekly meetings with Dr. Zlatanova and sporadic meetings with Dr. Ir. P.J.M.
van Oosterom. Before every meeting, Zhiyong Wang will prepare a report. Current progress
and research problems will be discussed during the meetings. Zhiyong Wang will also take
notes, summarizing points of each meeting, and send them to supervisors before the next
meeting.

5.4 Visits

In order to get to know the state of the art technologies and research results, some visits that
are relevant to our research topics could be taken into account, which may include (but not
limited to):

Institutes and universities: Ghent University which has some researchers working on
location-based services; State University of New York at Stony Brook computational that has a
lab focusing on computational geometry issues. It also could be nice to visit Vrĳe Universiteit
Amsterdam that has groups doing research on geo-information technology for emergency
management support. For disaster simulations, it is worthy communicating with researchers
in TNO; Southampton University could be an option for knowing the current development of
agent modeling and simulation for emergencies

Companies: Companies that are working on development of decision support systems for
disaster management, e.g. Eagle systems.
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5.5 Proposed timetable

The following is a time arrangement for the PhD research, which can be flexible according to
the progress.

• Year 1:

Aug. 2011 – Oct. 2011:
This is the preparation phase for the PhD research, which focuses on literature review
and technical preparation. Literature study. Investigate and understand the background
of the PhD research. Technical preparation. Collect technical information and gain a
good knowledge of different so ware tools, including Repsat, GeoTools, NetLogo, Ar-
cGIS, PostGIS, etc. Extend the research plan. A first conference paper will be wri en
based on this research proposal.

Nov.–Jan. 2011:
A investigation of the emergency navigation will be made for identify the navigation
cases we are going to address. A specific case that many moving objects have to be nav-
igated to one dynamic point will be considered. This simulation model will be imple-
mented in an agent-base simulation system. An initial multi-agent simulation system
corrected with GPS measurements will be designed considering different navigation
cases.

Feb.–Apr. 2012:
A specific navigation case will be investigated and a possible solution will be proposed
and implemented. A prototype system will be designed and tested to valid our pro-
posed approach. A conference paper will be wri en based our results.

May.– July. 2012:
Improve the prototype system based on test results. A paper will be produced.

• Year 2:

Aug. 2012 – Jan. 2013:
A navigation algorithm taking into account moving obstacles will be designed. Besides,
A simulation model that can simulate the movement of first responders will be imple-
mented. This simulation system will be tested and improved based on simulation re-
sults. A conference paper will be produced.

Feb. 2013 – Jul. 2013:
Design a multi-agent system architecture that can monitor conditions of the road net-
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work, track the locations of rescue vehicles, and provide first responders with naviga-
tion support. Another conference paper related to proposed system will be wri en.

• Year 3:

Aug. 2013 – Jan. 2014:
Integrate the multi-agent simulation model with the disaster model. Test the agent-
based simulation system in different scenarios and analyze the agent behaviors and
interactions in the developed system.

Feb. 2014 – Jul.2014:
Extend the work into 3D environment using GityGML.

• Year 4:

Aug. 2014 – Jan.2015:
Extend the work taking into account different disasters and communication between
agents.

Feb. 2015 – Jul. 2015:
Assess and improve our systems. Write the thesis.

Figure 5.2: Research time schedule
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5.6 Education

To gain a solid knowledge foundation for PhD research, the following courses will be taken. If
more courses are needed, then this will be done through discussion with supervisors. Courses
in MSc programme:

• ’Geo DBMS’ (GE 1080)

• ’3-D Geo-Information Systems’ (GM 1020)

• ’Introduction to GIS’ (GM 1041)

• ’GIS Principles Advanced Level’ (GM 1050)

• ’Transportation and Spatial Modelling’ (CT 4801)

• ’Traffic Flow Theory and Simulation’ (CT 4821-09)

5.7 Articles
During this PhD career, a series of articles will be prepared for international journals and
conferences.

• Regular reports

• 2 or 3 conference papers per year
e.g. ISCRAM, AAMAS, DDDAS,UDMS, etc.

• 2 papers in reviewed scientific journals
e.g. Computational Geosciences, Computers and Geosciences, International journal of
emergency response

• PhD thesis
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