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ABSTRACT

Nuclear emergency planning and management profoundly depend on computer-aided decision support tools that gather
and analyze data on radioactive emissions, meteorology, demography, geography, etc., and provide decision support
for prevention/mitigation, response, and recovery. Various technologies are amalgamated to aid this decision-making
process. However, complexities arise when attempting to link two streams of technology to achieve a realistic, usable
tool that emergency planners can rely on. This discussion aims to identify and analyze the challenges faced in using
two technologies - simulation modeling and geographical information systems (GISs) - to design decision support tools
for evacuation planning. The issues investigated arise from experience in designing the prototype decision support
system CEMPS. The discussion primarily focuses on issues related to the behavioral and decision-making processes of
the various players in the evacuation system, logistics, the generation of realistic scenarios for testing contingency
plans, the validation of such decision support tools, and future trends in technology and the emergency planning and
management process.
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INTRODUCTION

Hardly a day passes without some form of disaster or tragedy hitting the headlines. Indeed, the ever increasing role that
humans play in both creation and destruction has provoked grave concern for the continued existence of the human
race and the global environment. At the same time, modern science and technology have made great strides, which, in
theory at least, have been accomplished for the betterment and safety of human society and the environment in which
it lives. It is therefore ironic that many of these achievements are responsible for a considerable proportion of the
disasters and human tragedy occurring today. Paradoxically, we often again turn to technology to find solutions to
these problems or to prepare better to deal with them when they occur.

Today, nuclear emergency management depends on computer-aided emergency management systems that gather and
analyze information and data on radioactive emissions, meteorology, demography, geography, etc., and provide
decision support for emergency prevention, mitigation, response, and recovery (e.g., Herrnberger, 1996; Fedra and
Reitsma, 1990; Belardo and Wallace, 1981). Most often these systems are designed by amalgamating various
technologies that aid the decision-making process. Such technology evolves quickly, which often makes its use
attractive but complex. The complexity is intensified when one attempts to link two streams of technology to achieve a

http://www.colorado.edu/hazards/publications/wp/wp105/wp105.htmI[11/19/2013 8:37:49 AM]


mailto:f.n.desilva@abdn.ac.uk

WP 105 Challenges in Designing Spatial Decision Support Systems for Evacuation Planning

realistic, usable design/system. The emergency planning process offers various opportunities for testing such a union.

This paper aims to identify and analyze the challenges faced in using two technologies - simulation modeling and

geographical information systems (GISs)L - to design decision support tools for evacuation planning. The issues
discussed arise from experience in designing the prototype Configurable Evacuation Management and Planning
Simulator (CEMPS). The issues primarily focus on the behavioral and decision-making processes of the various
players in the evacuation system, logistics, the generation of realistic scenarios for testing contingency plans, and the
validation of such computer-based decision support tools. Future trends in technology and the evolution of emergency
planning and management processes are also discussed.

INTEGRATING TECHNOLOGIES FOR SPATIAL DECISION SUPPORT

In any problem situation the decision-making process goes through stages of problem definition, identification of
alternatives, analysis, and evaluation of alternatives, followed by the prescription of the best alternative. Often such
problems involve descriptive information/data with a spatial/geographical dimension. The role that spatial technologies,
such as GIS, play in this planning process is discussed by Batty and Densham (1996). Plunkett (1993) describes an
example of how a GIS is used in the nuclear emergency preparedness and response process in southern New Jersey
(U.S.). Here the GIS is used to plot the radioactive plume dispersion, and users can interact with the GIS to obtain
further analysis of the crisis. Spatial technologies are thus widely used in all stages of the emergency management
process today.

Conceptually, a spatial decision support system (SDSS) involves linking GIS and analytical/decision models to
produce systems especially able to cope with spatial problems. It is designed to aid in the exploration, structuring, and
solution of complex spatial problems such as the evacuation process. The aim is to support decision making by
employing quantitative approaches with the use of geographic information that is stored in a manipulable form within
the GIS. A primary advantage is the consequent ability to display the critical information related to an incident on
maps/satellite images/digital terrains in relation to time in emergency response software using spatial technologies
(Mondschein, 1994).

A typical SDSS has four components: analytical tools enabling data investigation; decision models enabling "what-
if"/scenario investigations; a geographic/spatial database; and a user interface providing easy access to decision
models, databases, analytical tools, and an attractive and comprehensive display of the output (Densham, 1991). When
problems are well-structured and relatively static (e.g., resource allocation), mathematical programing methods can be
built into the SDSS. For dynamic situations, such as evacuation, simulation is a popularly used modeling tool (see
Fedra and Reitsma, 1990; Zhang and Grant, 1993).

Banz and Newkirk (no date, pp. 22-24) discuss at length the roles of computer simulation in the emergency planning
process. In most situations, the greater part of the evacuation process involves vehicles/evacuees traveling along
existing roads and would probably be controlled by the local emergency management personnel and/or the
police/armed forces. Simulation offers an efficient way of modeling evacuations because it allows the modeler to
build-in what is likely to be realistic behavior as opposed to making concessionary assumptions for the sake of easy
computation - necessary when using many analytical models. It is crucial to ensure that evacuation plans are based on
realistic assumptions.

Evacuation also relies on elements that are geographically referenced on the earth's surface. For instance, evacuees
would commence their evacuation from the point (e.g., home, workplace) where they received the warning to evacuate.
This is a unique spatial co-ordinate on the earth's surface. As evacuees travel on their evacuation journey they can be
tracked continuously using their current spatial location co-ordinate. This information is a powerful asset in observing
evacuation behavior, such as route choice of individual evacuees. This asset of spatial referencing data can be made
easily accessible via a GIS. Riddle et al. (no date), for example, illustrate a hazardous material evacuation system
designed within a GIS that allows the retrieval of information pertaining to a geographic area affected by a hazardous
material release that can be used by planners in the management of emergency evacuations.
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Batty (1994) discusses the possible contribution GIS can make to visual simulation. He identifies two extremes: one in
which the various components of the GIS can be drawn into the modeling process and another in which modeling can
take place within the GIS. A combination of the two is often used in the design of an SDSS, where, by using the
analytical tools within the GIS, some sort of analytical modeling of the data takes place, while tailor-made decision
models within the SDSS are likely to draw on the display and data analysis facilities of the GIS.

A PROTOTYPE SDSS FOR EVACUATION PLANNING

The powerful attributes of both simulation modeling and GIS have been harnessed in the design of the prototype SDSS
CEMPS (Configurable Evacuation Management and Planning Simulator). The aim was to produce an interactive
planning tool to produce simple scenarios wherein emergency planners are able to watch a simulation proceed and
provide limited interaction to obtain information on the progress of the evacuation. CEMPS integrates a tailor-made,
dynamic, interactive evacuation simulation model with a GIS to produce a system that is both detailed and general
enough to be configured as appropriate. Decision modeling tools have also been included using the impressive built-in
capabilities of the GIS system ARC/INFO. The role of the GIS here is to define the terrain, road network, and related
geographical elements such as the hazard source and shelters, as well as the population to be evacuated, hence making
CEMPS configurable from existing GIS data files. Simulation and link routines have been added to enable dynamic
interactive modeling.

CEMPS is an integrated system with four main core components designed for achieving specific design objectives:

« A traffic simulation model that uses data from the geographic database and simulates the behavior of individual
evacuees on a road network as they journey to a shelter. This component also performs analytical queries
regarding current status of such things as congestion on roads and available shelter capacity.

« A GIS component that provides dynamic mapping of the simulation as it progresses. This component includes
the GIS database, functions that provide convenient and consistent downloading, and GIS-based query and
analytical/modeling functions (such as generation of the shortest routes to shelters and evacuation zones), and
population and evacuee queries.

« An integration link that integrates the traffic model with the GIS by controlling and synchronising parallel tasks
and performing communication functions between the GIS and simulation model.

« A user interface that employs the interface development facilities provided by the GIS and the OpenWindows
programing environment to provide menu, interactive, and display facilities.
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Figure 1. An Example of the CEMPS Display

The details of the design and development of CEMPS can be found in de Silva and Eglese (2000) and Pidd et al.
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(1996). The issues and challenges discussed in this paper, while being crucial to the design and development of
CEMPS, have significant generic implications for the design of decision support tools for the emergency planning and
management process.

DECISION MAKING AND EVACUEE BEHAVIOR

Large-scale evacuations involve the movement of people, voluntarily or involuntarily, to safe places. Understanding
the behavior and decision-making process of these people, which is affected by fear, uncertainty, and the speed at
which things happen, is crucial to the success of the evacuation. Johnson (1985) discusses a theoretical model designed
for evacuation decision making in a nuclear reactor emergency, basing its design on the intended behavior of the
population affected by the modeled disaster. The model stresses the influence of distance and direction on evacuee
behavior. The distance from the hazard source and the direction in which the evacuees travel to safe areas determine
the behavior of the evacuees in their response pattern and journeys. For instance, the closer a potential evacuee is to a
hazard, the more quickly the evacuee is likely to respond to a warning. Furthermore, the evacuee is likely to travel
away from the hazard source and its looming radioactive plume. A disaster can trigger varying and extreme forms of
human behavior. Studies of evacuee behavior during the Three Mile Island mishap conclude that only a few people
used the official shelters and that the majority preferred to find shelter in homes of friends and relatives (Cutter and
Barnes, 1982; Sorensen et al., 1987, p. 234). This means that the routes taken by evacuees were determined by their
personal destination goals rather than being predefined by the location of official shelters. Thus an evacuation can
become a frustrating and messy situation with which emergency planners must be prepared to cope, with some degree
of efficiency, in order to avoid costly confusion, damage, injury, or even loss of life.

Two parallel streams of decision making take place during an evacuation: that of the authorities, i.e., the people
managing the evacuation operation, such as emergency planners; and that of the individual, i.e., evacuees. The
behavioral issues encompass the complications that arise due to the disparity between these two processes. Factors that
contribute to the disparity include inadequate information, unclear goals, and poorly defined procedures. Klein (1998,
p. 330) discusses the Recognition-Primed Decision (RPD) model that can be used to understand individual decision-
making behavior under time pressure, as is the case in evacuation. The model attempts to understand two processes:

1. How do decision makers size up a situation to recognise which course of action makes sense?
2. How do they evaluate that course of action by imagining it?

The disparity issues between authorities and evacuees can be analyzed by applying this model to the decision-making
process of these two groups in the evacuation process. An interesting "disaster life-cycle™ model that can be used to
view human reactions to any type of disaster is discussed by Park (1989) in the context of the lessons drawn from the
Three Mile Island incident and the Chernobyl disaster. It is a simple model, which summarizes human reactions to a
disaster by examining, in context, activities and priorities at various stages of coping with a disaster and monitoring
human adjustment at different time scales. Srinivasan et al. (2000, p. 161) discuss the importance of "programmability
and "structuredness” in decision making when designing a decision support system. Decision making in the evacuation
process - indeed, most real-world problem processes - tend to be unstructured and/or nonprogrammable. The challenge
then is to model the problem and the decision-making process with minimal abstraction from the real world.

LOGISTICS

Logistical problems in evacuation can arise during the warning process, when transporting and providing
accommodation for large numbers of evacuees, or while administering protective measures, etc. (see Lindell et al.,
1985; Efrat, 1992). Brandsjo (1988) mentions the enormous procedural difficulties faced during the evacuations
associated with the Chernobyl accident. The examples include having to remove large quantities of shoes and clothing
from evacuees before they left the area because these contained a high level of radiation and having to find
replacement clothing for evacuees, coupled with the lack of trust by the evacuees in the authorities.
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A comprehensive discussion of evacuation planning concepts and decision criteria is reported by Lindell et al. (1985,

p. 202) for the National Environmental Studies Project of the Atomic Industrial Forum of the U.S. Covering issues
relating to both sheltering and evacuation, it identifies factors - such as the radius of the area within which the public is
going to be evacuated, delay time between warning and the start of evacuation, speed of evacuation, changing
meteorological conditions during evacuation - that need to be addressed in planning evacuation activities. Alternative
modes of transport, the identification of facilities requiring special consideration, such as schools and hospitals,
protective health measures for the vulnerable population, etc. also need to be investigated.

In planning evacuations, often the consequences of deciding to end the evacuation are overlooked. The same behavior
and logistic issues also apply in large part at this stage of the evacuation process. Conflicts can arise between evacuees
and public officials about the timing and return of evacuees to the affected region, and there may be procedural
difficulties in the return of a large evacuee population to an affected region (Gillespie and Murty, 1991). An overall
evacuation plan therefore must include plans for this final aspect of the evacuation process.

IMPROVEMENTS IN SCENARIO GENERATION

Parameters that define an evolving emergency, that provide information on the influence of uncertain forces - such as
the effects of weather patterns and wind, road accidents, extreme behavior of individuals, factors affecting route choice
behavior, early warning, and the dynamic evolution of the radioactive plume - must necessarily be included in models
if the scenarios generated by the simulator are to be improved and expanded. One way of including this type of
information (which can be subjective, especially where evacuee behavior assumptions are concerned) is to include a
knowledge base that provides the traffic model with expert information input to the simulation as the need arises. A
more complex rule base would need to be developed in order to utilize this information in a more intricate scenario
generation process. For example, consider the likely situation during an evacuation in which traffic is directed by the
police to various shelters according to the available information on traffic congestion, closure of roads, and current
shelter capacity. In this scenario the behavior of the evacuee would necessarily be restricted when he/she made
judgements regarding route finding on the road network. When the simulator permits persons in evacuating vehicles to
select their own routes to a close shelter, as is the case in CEMPS, the model does not reflect the more complex
situation in which an evacuation is directed by an external source (e.g., the police). Simulation of this latter case
requires additional information on overall congestion and the capacity of nearby shelters, which may not be directly
available to an evacuee. This information must be fed into the simulation via an information base, which releases the
necessary information in the appropriate format. Providing functions to perform multi-stage/phased evacuations can
further enhance the scenario generation process.

Behavior functions, as in the case of the CEMPS traffic simulation model, are designed using various simplifying
assumptions. For instance, it is often assumed that evacuees will respond to a warning to evacuate promptly.
Realistically, however, this assumption should recognize that there would be delays in responding and embarking on
an evacutation. These varying behaviors can be modeled according to a suitable warning-response behavior pattern.
Some statistical methods have been employed for this purpose in evacuation models developed in the past (see
Hobeika and Jamie, 1985; Stern and Sinuany-Stern, 1989; Sinuany-Stern and Stern, 1993; Southworth, 1991). This
initial behavior of evacuees at the start of the evacuation process will determine how the evacuation progresses in the
following stages.

The accuracy of predicting evacuee behavior and the detail required for modeling this behavior depends on whether the
simulator uses a micro, measo or a macro modeling approach. The micro approach concentrates on simulating the
behavior of each evacuating entity, while the macro approach concentrates on using flow equations that grossly
average evacuee/entity behavior. The measo approach attempts to strike a balance between the two by averaging
behavior among groups of evacuees. The choice among the three approaches very much depends on the trade-offs that
must be made in order to maintain realistic computing power when processing large amounts of data. Flexibility for
scenario generation increases as the micro approach becomes more and more detailed.
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VALIDATING ASSUMPTIONS

A simulator is intended to mimic a real-world system using actual data associated with that system. It uses
assumptions that generally simplify the complex behavior of the real-world. These assumptions fall into two categories
(Banks et al., 1996, p. 548):

1. Structural assumptions that involve simplification and abstraction of issues involving the operation and the
processes of the real-world system, and
2. Data assumptions that are based on the collection of reliable data and proper analysis of this data.

The CEMPS simulator is intended for use at different levels of detail - whatever the user feels is appropriate. This
means that the experimental frame cannot be specified in a straightforward way, which in turn makes validation of
structural assumptions very difficult. Thus trade-offs are inevitable if the model is to establish a balance between
flexibility for the user and realistic validation of assumptions.

The validation of structural assumptions can proceed in several ways. The extent to which evacuee movement is
modeled accurately depends on the framework defined for the simulation experiment. Assumptions are typically made
regarding speed of movement of evacuating traffic and behavior of evacuating vehicles on the road network. The
simulated times needed to move evacuating vehicles between two known points on a road network under defined
traffic conditions could be compared with those found in real-life. It may be necessary to observe a very large number
of vehicle movements on a road network before relying on the data for such comparison. Similarly, the effect of
stochastic occurrences, such as, vehicle breakdowns and accidents, as well as control interventions, such as the closure
of roads or lanes, could be compared with the effects that these would have in the real-world system. Such
comparisons would involve complex, time-consuming operations, but would nevertheless help build confidence in the
model. Balci and Sargent (1984) and Miser and Quade (1988) discuss the problems associated with such validation in
relation to large-scale military simulations.

The data assumptions, in general, are based on the collection of reliable data and the proper analysis of this data. The
data used in this research are those relating to the Heysham nuclear power station and its environs in the northwest of
England and have been obtained from reliable geographical data sources. They are static data relating to the spatial
location of each data point. The data is geo-referenced using standard formats and conventions, and thus, in this sense,
validated in relation to their geographical situation. However, the data that need proper validation and analysis are
those that relate to the dynamic behavior of the elements in the system, such as those relating to the behavior of the
evacuating vehicles on the road network in relation to time and the growing emergency, those relating to evacuee
behavior following warning (which would affect the time evacuees begin their evacuation journey), etc. However it is
very difficult to obtain historical data on previous similar incidents.

VALIDATING THE SDSS

Validating a spatial decision support system is by no means a straightforward process, and there is no clear-cut formula
that is generally applicable. Should the SDSS deal with decision making for situations that occur frequently, there is
the possibility of comparing the consequences of instances of decisions taken without the aid of the SDSS with those
that have been taken with the aid of the SDSS. Such a comparison can be carried out using a suitable approach such as
a Turing test (see Norlen, 1972, for a description of the testing procedure). The purpose of the Turing test is to find out
to what extent it is possible to discriminate between the model and the modeled. The testing process in this instance is
made simpler because the data and information required for the analysis and experimentation are likely to be readily
available. Clearly any SDSS validation procedure should include at the least a validation of the output and of any
underlying models.

In an SDSS dealing with complex problem situations that are unique or occur rarely, which is the case with emergency
situations, validation of its output and underlying models becomes extremely difficult. Again, historical data are not
easy to come by and are often nonexistent or incomplete. Often with respect to politically or socially sensitive
problems, such as nuclear disasters, public access to historical data on the resulting disaster management activities is
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heavily restricted. This is especially true for recent events. One method that can be used in these situations is to
conduct a comparative study of existing decision support tools that are applicable and evaluate the performance of the
SDSS in relation to them. This, however, is not a satisfactory method of validation, since the other tools that are
compared with the SDSS may not have the exact same output functions or decision support goals as the examined
SDSS.

According to Norlen (1972, p. 172) validating a simulation model involves estimating how well the model matches its
specifications. This is a difficult task, and many suggestions have been made concerning various approaches to model
validation. In the case of the CEMPS simulation model, standard validating methods such as the three-step approach
described by Law and Kelto (1991, p. 759) and Banks et al. (1996), which encompasses maintaining contact with the
potential decision makers throughout the design stage with the aim of developing a model that seems reasonable to the
user, using historical data for experimentation, and finally evaluating the output, cannot be applied in whole, largely
due to the lack of historical data and validated experiment data on regional evacuations. Ideally, in order to investigate
the input-output transformation of an evacuation simulator, there should exist several sets of different case-study data
so that one is able to obtain a reasonable range of output for investigating the efficiency of the system. Obviously, this
approach can be severely hampered by lack of access to historical data. It is also not appropriate to cite output statistics
such as run-time in minutes, because these can depend on factors such as the scenario being investigated, the degree of
detail required, the computer hardware and operating system that are used, etc. According to Zeigler (1976, p. 435) the
only way models can be validated is by comparing them against specified experimental frames that place the model in
the context of its intended use. He also observes that a simulation model that has general validity does not exist.
Furthermore, Paul and Hlupic (1994) argue that since the real world is dynamic, so would be its problems and systems.
Thus, they conclude that models cannot be validated against the real-world system they represent, again because the
real world is not static. These viewpoints underscore the difficulty of validating any simulation model.

THE FUTURE . ..

Much research is currently taking place in the development of complex emergency planning and management systems
that could handle a disaster that would, to site one example, affect the whole of Europe. Of particular interest is the
RODOS (Real Time Online Decision Support) project involving major research institutions of several nations of
Europe (Ehrhardt, 1997; Dutton et al., 1999). This project is a result of the lessons learned from Chernobyl and
involves developing a decision support system for off-site emergency management that would be broadly applicable
across Europe. Another aim is to provide greater transparency in the decision process by facilitating improved
communication among countries for monitoring data, predicting consequences, etc., in the event of a future accident
that may affect Europe.

Another joint European project that also includes the design of tools for evacuation management is the MEMbrain
project (Quasar Consultants, 1993, p. 9; 1997). This project involves the development of an integrated software
platform for emergency management that incorporates several components, including a geographical information
system (GIS) and a decision support system (DSS) that will aid public protection and emergency management.

Interesting developments have also taken place recently in devising globally accessible, networked decision support
tools for emergency planners using the Internet. One such development is PREMIS, the Pacific Regional Emergency
Management Information System designed to aid civil defence emergency management activities within the state of
Hawaii in the U.S. (Hawaii State Civil Defence, 1997). The interesting feature of this system is that it is driven by a
GIS called the Integrated Emergency Management Information System (IEMIS)/Integrated Baseline System (IBS).
IEMIS supports mapping functions while IBS supports computer-based modeling, including response of transportation
networks in evacuations, radiation dose rates, etc.

Implications of Developments in Related Technologies

When discussing the trends for the future of SDSSs in general, the potential of parallel advancements in computer
technology that will have a profound effect on SDSSs (such as expert systems technology/knowledge-based decision
support architecture, Global Positioning Systems (GPSs), etc.) cannot be ignored. The design of an intelligent SDSS by
coupling a GIS with an expert system is discussed by Zhu and Healey (1992). Spatial decision making is based on two
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streams: one quantitative, which includes data analysis and modeling, and one qualitative, which includes experience,
intuition, judgement, and specialist expertise. Current GIS systems focus on providing quantitative information and
largely ignore the qualitative aspects of the process. The inclusion of expert systems, which perform decision-making
tasks by reasoning, using rules defined by experts in the area, would greatly aid qualitative spatial decision making
within GISs, and thus SDSSs.

Not only do such advancements affect the future of GIS, they also have a profound effect on traffic simulation models.
Ritchie (1990) discusses an artificial-intelligence-based solution that provides decision support to traffic management
systems. Such systems focus on multi-user access and processing applications. Technology, such as GPS, which
enables the identification of locations on the surface of the earth to a great degree of accuracy via satellite technology,
makes it possible for GIS to perform real-time operations to a great degree of spatial accuracy. These advanced
technologies, which have already been introduced to the real-time emergency management processes, will have a
profound effect on the way SDSSs are designed in the future.

Global Networks

Many attempts are also being made to bring together emergency planning activities and resources available around the
world through modern technologies so that disaster managers can not only draw on the efforts of local emergency
planners but also on expertise and information from all over the globe to prepare their emergency plans. One such
major effort is the GEMINI project (Global Emergency Management Information Network Initiative), which has
directed its efforts not only to develop a global networked system to rapidly access resources and exchange
information around the world but also to define standards for information and establish global protocols (Anderson,
1995). Building beyond the GEMINI project, the GDIN (Global Disaster Information Network) initiative, which aims
to improve the effectiveness and interoperability of global systems for sharing natural disaster information - especially
maps and data generated by remote and land-based sensors - has been initiated with the collaboration of all players in
the emergency planning and management arena, such as, national governments, international organisations, NGOs,
academia, corporate partners, etc. Thus the future of emergency planning clearly will involve a global approach with
enormous reliance on technology.

CONCLUSION

This paper has highlighted and discussed challenges encountered in using and merging technologies to design an
SDSS for evacuation planning. In this process several issues are focal:

« The realistic modeling of evacuee behavior,

« The decision-making process that takes place during an evacuation,
« Logistical issues,

« The generation of realistic scenarios,

« The validation of assumptions made in SDSS design, and

« The validation of the SDSS.

These issues are discussed via lessons learned in developing the prototype SDSS CEMPS, while generic issues are
discussed in light of using simulation and GIS technology for designing such systems for emergency planning.
Developments in both technology and the approach to emergency planning have also been addressed, and implications
for the future of emergency planning and management outlined.

As technology evolves, so will the challenges; thus, it is critical to successfully tackle the fundamental issues discussed

here so that new and evolving technologies are able to aid the decision-making process in disaster management while
improving the integrity and reliability of the outcome.
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NOTES

1. A GIS is able to store spatially referenced data and information and provide sophisticated mapping and display
facilities. Many contemporary GISs come with built-in analysis tools in addition to their data storage, manipulation
and representation tools.
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