
A Framework for Emergency-Evacuation
Planning Using GIS and DSS

Reham Ebada Mohamed, Essam Kosba, Khaled Mahar
and Saleh Mesbah

Abstract There has been a growing need for the use of information and
decision-making systems in evacuation planning as a part of emergency manage-
ment in order to reduce as, many losses as possible. To minimize damage, an
accurate and effective evacuation plan that gives more than one evacuation path
considering the changing road conditions in minimal time is imperative. The use of
Geographic Information Systems (GIS), Decision-Support Systems (DSS), and
shortest-path algorithms as a solution for this problem is the subject of this chapter.
A framework for providing preparedness and response plans after an emergency
event occurs is proposed. The plan provided by the proposed framework includes a
calculated degree of hazard posed by that event (three emergency models are
incorporated), the radius of affected area (a spatial overlay to draw a buffer zone is
conducted), identification of all safe destinations, and the best alternative paths for
evacuation from inside the buffer zone to safe destinations based on the dynamic
road conditions displayed on the map. To identify all of the safe destinations and
obtain the best alternatives, a graph theory–based model is proposed based on a
developed algorithm to get everyone the closest safe destinations. Dijkstra’s
algorithm is executed from a single source inside the buffer to all identified safe
destinations resulting in the minimum travel time path and other alternative paths
displayed on the map. To evaluate the proposed framework, a GIS-based
evacuation-planning (G-BEP) prototype is implemented. The prototype is tested
with different emergency types, different variables, and different street maps. The
prototype is also found to respond differently based on the dynamic road conditions.
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1 Introduction

An emergency event is uncertain, sudden, and complex for analysis. Emergencies
are either caused by a natural disaster or a deliberate act. Natural disasters include
earthquakes, floods, fires, tsunamis, tornadoes, hurricanes, volcanic eruptions, or
landslides. Deliberate acts include explosions, chemical spills, radiation, terrorism
attacks, and others.

In recent years, the world has experienced many crises related to disaster and
emergency occurrences. Those crises usually cause a great loss of population and
wealth. It has become imperative to establish a scientific and effective plan to
manage the disaster and to reduce losses as much as possible. Such plans are the
fundamental purpose of emergency management in order to evacuate as many
victims as possible in the shortest time. The essential mapping of the spatial rela-
tionships between natural-hazard phenomena (earthquakes, fires, cyclones, etc.) and
the elements at risk (people, buildings, and infrastructure) require the use of tools
such as GIS. The most significant relationships in risk analysis and modeling are
largely spatial, and although GIS did play an earlier role, but the plans were
relatively primitive, rarely commercially available, and often experimental or
research-focused rather than operational.

The use of DSS would improve the efficiency and effectiveness of evacuation.
The focus on emergency management, especially the evacuation-planning field, is
to prevent disasters—or mitigate them when they occur—as quickly as possible.
Accurate and reliable information and spatial data on disaster, as well as how to
quickly deal with the statistical summary and analysis, requires efficiency and
effectiveness; thus, the use of DSS is required.

This chapter is an extended work of a previously published paper by the same
authors [1]. This work focuses on using GIS for obtaining information about the
emergency event, calculating its danger rating, performing buffer analysis and
overlay, identifying the closest safe destinations, and solving the shortest path
(based on Dijkstra’s model) to obtain the best evacuation path and other alternatives
based on travel time. Despite the abundance of research in this area, most research
papers calculate the best optimal path to our human knowledge. Compared with
related work presented in this chapter, one of its contributions is presented as the
second-best and third-best alternative paths rather than calculating one optimal
evacuation path.

The reminder of this chapter is organized as follows: related work is presented in
Sect. 2, which covers related studies of evacuation planning using GIS, DSS, and
graph-theory algorithms. Section 3 covers the methodology showing the proposed
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framework, the parameters used to select the best paths, the developed algorithms,
and the emergency models and equations. Section 4 presents the implementation of
a G-BEP prototype and the results by covering the functionality of buffer analysis
and overlay as well as evacuation-path generation. Finally, the conclusion and
future work are presented in Sect. 5.

2 Literature Review and Related Work

The value of GIS in emergency management arises directly from the benefits of
integrating a technology designed to support spatial decision-making into a field
with a strong need to address numerous critical spatial decisions [2]. An important
step in examining the role of GIS in emergency management is selecting a con-
ceptual framework to help organize the existing research-and-development activi-
ties. One such framework is comprehensive emergency management (CEM) [3].
The use of GIS in providing the platform for CEM is discussed in [4].

CEM activities can be grouped into four phases; however, in examining the GIS
literature, it is more appropriate to reduce them into three phases: (1) mitigation,
(2) preparedness and response, and (3) recovery. This is because many GIS
developed in the preparedness phase are used in the response phase [2]. Challenges
for GIS in emergency preparedness and response are presented in [5].

Studies related to emergency response based on GIS, computational-simulation
models, mathematical-assessment models, and dynamic algorithm to obtain the
optimal solution are presented in [6–9]. Other studies focus not only on natural
phenomena but also on traffic accidents [10, 11].

Some studies have focused based on GIS and DSS for evacuating large-scale
buildings or public squares [12, 13]. Other studies focus on real-time evacuation
systems in open areas based on GIS and DSS such as the Blue-Arrow system [14]
and the emergency decision-making system developed in [15]. Shortcomings of the
Blue-Arrow system are that target shelters should be pre-defined in the system
because the radius of affected area might not be known to the user, and the system
does not consider road conditions. The shortcoming in [15] is that it does not
provide other alternatives to the evacuation path.

An improved Dijkstra’s algorithm applicable to the GIS drilling accident–
emergency rescue system is proposed in [16]. The shortcoming of the system is that
the search for the evacuation path is based on defining a source and a single
destination node. A dynamic vehicle routing during a peak-hour traffic system is
implemented in [17] using Krushkal’s algorithm to obtain the best route based on
different parameters, but its shortcoming is that it only generates the optimum path.

Such studies contributed as a motivation to contemplate this research to over-
come the mentioned shortcomings by integrating some graph-theory algorithms
with GIS and DSS to compute the best alternative evacuation paths.
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3 Methodology

This section presents an explanation of the proposed framework including a
description of each component and the chosen algorithms. Additionally, it discusses
how the framework adopts both the previously mentioned issues that must be
considered regarding the development and limitations of previous work. Moreover,
it covers the background of the used emergency models.

3.1 G-BEP: The Proposed Framework

G-BEP is proposed and developed in this chapter. It overcomes the shortcomings of
previous research by the calculating radius of affected area and providing pre-
paredness and response plans after the incident has occurred. Along with its degree
of hazard, it identifies all safe destinations (algorithm), obtains alternative evacu-
ation paths (not just the best one), and considers dynamic road-condition data that
contribute as parameters for the selection of the best alternative paths. Figure 1
shows the main framework components of G-BEP. Note that developed compo-
nents appear in the shaded area.

G-BEP is based on using GIS for obtaining information about the emergency
event, calculating its danger rating, and performing buffer analysis and overlay on a
street map in a Geo-Database. Three emergency types are represented: a fire event,
a hurricane event, or an earthquake event. The spread area is calculated for each
event based on three emergency models: the McArthur Fire Danger Index Model,
the Carvill Hurricane Index (CHI), and the Earthquake Damage Estimation,
respectively.

To obtain the best alternative, a graph theory-based model to obtain the shortest
path (based on Dijkstra’s) is developed in G-BEP, and alternatives based on the
travel time are generated. For this to be applicable, the original street map with the

Fig. 1 G-BEP framework
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drawn buffer zone must be converted to a graph showing streets as edges, street
junctions as nodes, and the travel time between each node as an edge weight or cost.
This is performed by executing some processes and functions that appear in the
shaded area in the framework. The two developed algorithms appearing in that area
are explained in the third sub-section of this section. Dijkstra’s algorithm is chosen
to be the shortest-path algorithm used in this research because according to [18, 19],
it has been recognized as the best algorithm for the shortest-path problem since
1959.

After obtaining a result, the decision-maker commands a rescue team on the
emergency spot with an evacuee vehicle through the generated paths; in that case,
some roads’ density would reach its maximum value: The best paths generated at a
moment are not necessarily the best paths in the moment after. In addition to the
traffic flow, other dynamic parameters could exist (these parameters are elaborated
in the next section). Thus, dynamic data of the road conditions should be obtained
and read into the framework so that weights/costs of the edges in the graph are
recalculated and the result is updated. Feedback from the decision-maker would be
a different time input for the rate of spread or a new decision-making process based
on the dynamic data of the road conditions.

3.2 Selecting the Best Path

Some particular parameters contribute to selecting the best path: the current traffic
flow, the safety of the road, and the existence of sudden blocks. The first parameter,
traffic flow, determines the mean speed at any moment. The flow is calculated by
knowing the current density of the road traffic. The number of lanes of the road and
the road’s capacity determine the number of vehicles passing a road at the certain
time at which the flow is being measured. To calculate the flow, equations in [20]
state the relationship between numbers of vehicles, length of the road, road density,
and traffic flow. When the density reaches a maximum jam density, flow must be
zero because vehicles will line up end to end. Thus, the road with a flow equals to
zero must be excluded because its capacity will not allow extra new vehicles.

After obtaining the dynamic data of the road conditions, the new speed based on
the traffic flow is updated and considered as new weights for the edges in the built
graph. If the flow equals zero, the speed equals zero as well; thus, the travel time
will equal infinity. In that case, the edge of that weight/cost is a nonexistent edge for
the shortest-path algorithm because it searches for edges with minimal weights.
Selection is based on obtaining the fastest route with the minimum travel time and
other alternatives.

The second parameter, safety of the road, means that road’s conditions must be
considered safe, i.e., has the emergency’s hazard already affected the road? If any
road is affected by the emergency, it should not be considered as an existent edge
for the decision maker to select as a potential alternative. Thus, as mentioned in the
previous point, the weight/cost of that edge must equal to infinity.
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The third parameter is the existence of any sudden blocks in the road. This
means that if vehicles are already guided to select a road, a sudden block due to the
emergency’s consequences might appear at any segment of that road. In that case,
all vehicles lined in that road should be moved back from that road to the nearest
exit to other road. In that case, no new vehicles shall enter that road while the other
vehicles are moving back, nor shall the road be considered as a potential alternative
in the following decision-making process. Thus, the weight/cost of that edge must
equal to infinity as well.

3.3 Developed Algorithms in G-BEP

The major feature of G-BEP is developing two algorithms (the brown squares in
Fig. 1). One of them is for identifying safe destinations (mentioned in step 7),
which are the closest safe nodes outside the buffer’s boundary, which are sent to the
shortest-path algorithm as destinations; the pseudo-code is shown in Fig. 2.

The algorithm is run after an overlay analysis (an intersect operation) is per-
formed for the streets map after generating a buffer zone of the affected area. Some
nodes and edges are inside the buffer, and some nodes and edges are outside its
boundary. All of the features inside the buffer zones boundary that intersect with the
outer graph are saved as a new feature. The algorithm marks nodes’ junctions
connecting those edges with a flag = 1. All other nodes outside the boundary take a
zero flag. The algorithm visits each node inside the buffer, checks the flag of all
edges of its neighbors, and then it checks neighbor nodes. If the algorithm finds no
flag with value equaling 0, no safe node has been found yet. Looping on all nodes
inside the buffer, the algorithm visits one of the neighbors of a last visited node.
After checking the flags, if the algorithm finds one neighbor with a different flag,
which is a safe node, it is saved into the safe_nodes array. The same process applies

Fig. 2 Identifying the safe-destinations pseudo-code
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to all other nodes inside the buffer, and all safe nodes are saved. The safe nodes,
which are junctions and edges connected to these nodes, represent the end of every
path that will be found by the shortest-path algorithm from a source node to any of
these safe-node destinations.

The second algorithm is for matching the path junctions (a path is the output of
the shortest-path algorithm) with the saved streets’ junctions to obtain the corre-
sponding object_ID, which is sent to the map show the function to display the
generated path. The pseudo-code is shown in Fig. 3.

The algorithm matches each value appearing in path with the saved junctions to
obtain the ID when an intersection between a path and an (F_Junc, T_Junc) is
found. It begins with searching F_Junc to match each element with all the elements
in path.

Once it finds a matching element in F_Junc, it checks the value of T_Junc for the
same element. Next, it searches if the same value in T_Junc appears in path as well.
It loops from the beginning of PATH until a matching element is found. When an
F_Junc paired with a T_Junc appears in the path, the algorithm saves the ID of the
corresponding junctions.

3.4 Emergency Models and Equations

The models presented are used in the framework to determine the degree of hazard
posed by the emergency event and to calculate the buffer of the affected area.

McArthur Fire Danger Index Model

The criteria of choosing a fire-danger rating are the area of validity, the availability
of data for the model input, and the basis of the model. The chosen model is the

Fig. 3 Matching the path junctions with the object_ID pseudo-code
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McArthur Forest Fire Danger Index. It works on open conditions on flat ground;
input data are available; and it is an empirical model. Certain equations are added to
the G-BEP system to calculate the Fire Danger Index (FDI), thus indicating which
Fire Danger Rating (FDR) the fire has generated, and FROS determines the radius
of affected area (buffer zone). The equations used to calculate the rate of spread on
which the buffer zone area is defined are as follows [21, 22]:

FDI ¼ 2:0 10Að Þ0:987e �0:450þ 0:0338T�0:0345Hþ 0:0234Vð Þ ð1Þ

FROS ¼ 0:0012FDI� FL� e 0:069Sð Þ ð2Þ

where FDI is the fire danger index; A is the fuel-availability index (numerical value
ranges from 0 to 1); T is the air temperature (°C); H is the relative humidity (%);
V is the average wind velocity at a height of 10 m (km/h); FROS is the forward rate
of spread (km/hr); FL is the fuel weight (t/ha); and S is the ground slope (degrees).
Valid ranges include A 2 0; 1ð Þ, T 2 5; 45ð Þ, H 2 5; 70ð Þ, and V 2 0; 65ð Þ.
Carvill Hurricane Index

An equation to calculate CHI is added to G-BEP to calculate the buffer zone and
output the hurricane index to the user, thus indicating the danger ranking of the
hurricane according to inputs added by the G-BEP user. The CHI is calculated as
follows [23]:

CHI ¼ V
V0

� �3

þ 2
3
R
R0

V
V0

� �2

ð3Þ

where V is the maximum sustained wind speed of a hurricane in miles per hour; V0

is constant and equals 74 mph; R is the radius of hurricane force winds of a
hurricane in miles (i.e., how far from the center of hurricane winds � 74 mph or
greater are experienced); and R0 is the radius of hurricane force winds at 74 mph,
which equals 60 miles.

Earthquake Damage Estimation

In order to add an earthquake modeling feature to G-BEP system, it is required to
have data regarding how far the damage of an earthquake may reach based on its
magnitude. The radius of affected area as found by [24] estimated based on the
Richter magnitude as follows (the buffer zone is based on the earthquake-magnitude
input):

• Magnitude 5.0–6.0 = 2.36–6.14 km
• Magnitude 6.0–7.0 = 6.14–15.92 km
• Magnitude 7.0–8.0 = 15.92–41.30 km
• Magnitudes >8.6 = >41.30 km.
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4 Implementation and Results

To evaluate the proposed framework explained in Chapter “Fuzzy-Vector
Structures for Transient-Phenomenon Representation”, the G-BEP prototype is
implemented, and the results are displayed and compared. The emergency model is
incorporated into the proposed solution by developing a new toolbar called
Evacuation-Analysis Tool, which is easily added by the user into the program
inside ArcMap®. The shortest-route analysis is carried out after performing the
buffer analysis and displaying the buffer zone on the map, thus showing to the user
the calculated affected zone of any previously added one of the three emergency
events. The shortest-route analysis is performed in the second feature.

4.1 G-BEP Functionality of Buffer Analysis and Overlay

Using the newly developed Evacuation-Analysis Toolbar, shown in Fig. 4, the user
can choose to add the event’s data.

According to the mathematical model used, the model calculates two outputs:
(1) the degree of hazard posed by the emergency event and (2) the radius of affected
area, which in turn is sent to the ArcObjects® function that creates a buffer layer
with the same projection and displays the buffer on the streets map.

Fig. 4 An ArcMap document with an added streets layer and fire event
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An overlay analysis is performed in order to save the intersection between the
streets layer and streets inside the buffer layer. A map with the displayed output of
the overlay-analysis tool is shown in Fig. 5.

4.2 G-BEP Evacuation-Path Generation

A network dataset is needed as an input to G-BEP (streets map/layer). The network
dataset [25] stores symbology for junctions, edges, and other needed attributes such
as distance and speed (to calculate the travel time). The graph (sparse matrix) is
constructed with these four attributes (shown in Fig. 6). To run any shortest-path
algorithm, a source and a destination should be predefined, except in the case of
using Bellman–Ford algorithm, in which no destinations are required. Thus, it
computes the shortest paths to all other nodes in the graph, which would be
meaningless and time-consuming in our case. To solve that problem, an algorithm
for identifying all of the safe nodes outside the buffer is called up (as explained in
Sect. 3), and all safe destinations are stored inside an array. Running both Dijkstra’s
and Bellman–Ford algorithms produces same results. At this point, the work is
saved for historical records.

The best three alternatives from a centric source node after obtaining the cor-
responding Object_IDs are drawn on the shapefile being read into MATLAB® as
shown in Fig. 7.

Fig. 5 Intersect layer after overlay analysis
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To evaluate how the prototype responds to updates from the dynamic data, the
weights of some edges are updated, and the shortest-path algorithm is run again to
generate new results. In Fig. 8, it is assumed that two road segments (marked with
X) have one of the parameters and thus must be blocked and ignored by the
algorithm. Their speed value is set to zero, and thus travel time will equal to
infinity. Because the shortest-path algorithm only considers edges with minimal
weights, these two edges are ignored, and alternative new paths are generated. Note
that paths from the same source node before updating the weights are shown in
Fig. 7.

Fig. 6 Needed attributes to build the graph
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Fig. 7 The best three alternatives from one single source

Fig. 8 The best three alternatives after updating the weights
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5 Conclusion

This research presents a decision-making framework on the ArcGIS® platform that
combines spatial-analysis and graph-theory algorithms with the three presented
emergency models. Obtaining alternatives gives the decision-maker more options
during a crisis in order to evacuate as many people as possible within an optimum
time. The main contributions of this research are the integration of (1) three distinct
emergency danger–prediction models incorporating features of the ArcGIS® Spatial
Analyst; (2) the addition of a new toolbar in ArcGIS® called Evacuation-Analysis
Tool; (3) the proposition of a framework that integrates GIS capabilities, emergency
models, and shortest-paths algorithms and considers parameters based on dynamic
road conditions, which contribute to the selection of best alternative paths; and
(4) identification of the nearest safe destinations outside the buffer zone, not just one
destination, but all of the best alternative routes based on graph-theory algorithms
(multiple algorithms can be applied, and any number of alternatives can be dis-
played because all paths are saved).

The findings of this study have a number of important implications for future
practice and policy. It is recommended to attach a live network of webcams and
streaming-video cameras to the streets and to obtain online data updates through
GPX (GPS-Exchange Format) files sent from vehicles or electronic devices at the
emergency location, thus producing an evacuation path that depends on the evac-
uees’ status, the weather variables, and the road conditions such as crowd and traffic
congestion. Using real-time data would be applicable because all data would be
dynamically read through streaming channels.
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