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Abstract

Evacuation planning is critical for applications such as disaster management and
homeland defense preparation. Efficient tools are needed to produce evacuation plans
to evacuate populations to safety in the event of catastrophes, natural disasters, and ter-
rorist attacks. Current optimal methods suffer from computational complexity and may
not scale up to large transportation networks. Current naive heuristic methods do not
consider the capacity constraints of the evacuation network and may not produce feasi-
ble evacuation plans. In this paper, we model capacity as a time series and use a capacity
constrained heuristic routing approach to solve the evacuation planning problem. We
propose two heuristic algorithms, namely Single-Route Capacity Constrained Planner
and Multiple-Route Capacity Constrained Planner to incorporate capacity constraints
of the routes. Experiments on a real building dataset show that our proposed algorithms
can produce close-to-optimal solution, which has total evacuation time within 10 per-
cent longer than optimal solution, and also reduce the computational cost to only half
of the optimal algorithm. The experiments also show that our algorithms are scalable
with respect to the number of evacuees.
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1 Introduction

Evacuation planning is critical for numerous important applications, e.g. emergency build-
ing evacuation, disaster management and recovery, and homeland defense preparation. Ef-
ficient tools are needed to produce evacuation plans which identifies routes and schedules to
evacuate populations to safety in the event of catastrophes, natural disasters, and terrorist
attacks [7, 3, 14, 4].

The current methods of evacuation planning can be divided into three categories, namely
warning systems, linear programming approaches, and heuristic approaches. Warning sys-
tems simply convey threat descriptions and the need of evacuation to the affected people
via mass media communication methods. Such systems can have unanticipated effects on
the evacuation process. For example, when Hurricane Andrew was approaching Florida and
Louisiana in 1992, the affected population was simply asked to leave the area as soon as pos-
sible. This caused tremendous traffic congestion on highways and led to great confusion and
chaos [1]. The second type of evacuation planning, uses network flow and linear program-
ming approach. EVACNET (8, 11, 12] computes optimal solution using linear programming
methods. It has exponential running time and cannot be applied to large transportation
networks. Hoppe and Tardos [9, 10] gave the first polynomial algorithm to compute opti-
mal solution for evacuation problem. However, their algorithm uses ellipsoid method which
suffers from high computational complexity and therefore is not practical to implement.
The third type of evacuation planning uses heuristics approaches to find evacuation plans.
However, current naive heuristic approaches only compute the shortest distance path to the
nearest exit without considering route capacity constraints and traffic from other sources.
It cannot produce efficient plans when the number of people to be evacuated is large and
the route network is complex.

New heuristic approaches are needed to account for capacity constraints of the
evacuation network. A capacity constrained routing approach reserves route capacities
subject to capacity constraints in an order specified by heuristics. We propose two new
heuristic algorithms for capacity constrained routing, namely single-route approach and
multiple-route approach. The first algorithm evacuates all the people from the same
source via a single route by reserving route capacity based on an order determined by
pre-computed shortest path lengths. The second algorithm can assign multiple routes to
groups of people from the same source based on an order prioritized by shortest travel
time path lengths re-calculated in each iteration. The multiple-route approach produces
close-to-optimal solutions with significantly reduced computational time compared to
optimal solution algorithms. It outperforms the single-route approach in solution quality
because of its flexibility in choosing routes although it is computationally more expen-
sive since the single-route approach can produce solution for large network in seconds.
Experimental results on a large building dataset show that our proposed algorithms can
produce sub-optimal solution, which has total evacuation time within 10% longer than
optimal solution, and at the same reduce the computational cost to only half of the optimal
algorithm. Our algorithms are also scalable with respect to the total number of people
to be evacuated. To the best of our knowledge, this is the first paper exploring heuristic
algorithms using capacity constrained routing for evacuation planning.



Outline: The rest of the paper is organized as follows. In Section 2, the problem
formulation is provided and related concepts are illustrated by an example. Section 3
proposes two capacity constrained heuristic algorithms. The algorithm comparison and
cost models are given in Section 4. In Section 5, we presents the experimental design and
results. We summarize our work and discuss future directions in Section 6.

Scope: The proposed approaches can not be applied directly to routing models which have
intersection queuing delays common in vehicle routing.

2 Problem Formulation

The capacity constrained routing problem can be formulated as follows. Given a transporta-
tion network with capacity constraints, the initial number of people to be evacuated, their
locations, and evacuation destinations, we need to produce evacuation route plans consist-
ing of a set of origin-destination routes and a scheduling of people to be evacuated via the
routes. The objective is to minimize the total time needed for evacuation. The scheduling of
people onto the routes should observe the route capacity constraints and other application
dependent constraints, e.g. total time available for evacuation, etc. A secondary objective
is to minimize the computational overhead of producing the evacuation plan.

We illustrate the problem formulation and a solution with an example. Suppose we have
a simple two-story building, as shown in Figure 1 ( floor map from [12]). In this building,
there are two rooms on the second floor, two staircases, and one room and two exits on the
first floor. This building will be modeled as a node-edge graph, as shown in Figure 2.
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In this model, each room, corridor, staircase, and exit of the building is represented
as a node, shown by an ellipsis. Each node has two attributes: maximum node capacity
and initial node occupancy. For example, at node N1, which represents Room 201 in the
building, the maximum capacity is 50, which means Room 201 can hold at most 50 people,
while the initial occupancy is 10, which means there are initially 10 people in this room
that are to be evacuated. Each pathway from one node to another node is represented
as an edge, shown by arrows between the two nodes in Figure 2. Each edge also has two
attributes: maximum edge capacity and travel time. For example, at edge N1-N3, which
represents the path linking Room 201 and the corridor, the maximum capacity is 7, which
means at most 7 people can travel from Room 201 to the corridor simultaneously, while the
travel time is 1, which means it takes 1 time unit to travel from the room to the corridor.
This approach to model building floor-map with capacity to node-edge graph is similar to
those presented in [12, 5].

As shown in Figure 2, suppose we initially have 10 people at node N1, 5 at node N2,
and 15 at node N8. The task is to compute an evacuation plan that evacuates the 30 people
to the exits (N13 and N14) using the least amount of time.

Example 1 (An Evacuation Plan) Table 1 shows an evacuation plan. In the table,
each row shows one group of people moving together during the evacuation with a group
ID, number of people in this group, origin node, the start time, the evacuation route, and
the exit time. Take node N8 for exmaple, initially there are 15 people at N8. They are
divided into 3 groups: Group A with 6 people, Group B with 6 people and Group C with
3 people. Group A starts at time 0, follows route N8-N10-N13 and reaches EXIT1(N13) at
time 4. Group B starts at time 1, also follows route N8-N10-N13 and reaches EXIT2(N13)
at time 5. Group C start at time 0, follows route N8-N11-N14 and reaches EXIT2(N14) at
time 4. The procedure is similar for people from N1 and N2. The whole evacuation takes
16 time units since the last group of people (Group F and J) reaches the exit at time 16.

Group of People
ID | Origin | No. of People | Start Time Route Exit Time
A N8 6 0 N8-N10-N13 4
B N8 6 1 N8-N10-N13 5
C N8 3 0 N8-N11-N14 5
D N1 3 0 N1-N3-N4-N6-N10-N13 14
E N1 3 1 N1-N3-N4-N6-N10-N13 15
F N1 3 2 N1-N3-N4-N6-N10-N13 16
G N1 1 0 N1-N3-N5-N7-N11-N14 16
H N2 3 0 N2-N3-N5-N7-N11-N14 15
I N2 2 1 N2-N3-N5-N7-N11-N14 16

Table 1: Evacuation Plan Example



3 Capacity Constrained Routing Approach

We use a capacity constrained routing approach to conduct the evacuation planning. We
model available edge capacity and available node capacity as a time series instead of a fixed
number. A time series represents the available capacity at each time instant for a given
edge or node. We propose an approach based on the extension of shortest path algorithms
[6] to account for route scheduling with capacity constraints. We propose two heuristic
algorithms to compute the evacuation plan.

3.1 Single-Route Capacity Constrained Routing Approach

In the Single-Route Capacity Constrained Planner (SRCCP) algorithm, first, all the shortest
routes from sources to any destination are pre-computed. Next, capacities are reserved
along the pre-computed routes by reducing available node and edge capacities at certain
time points along the route. The detailed pseudo-code and algorithm description are as
follows.

Algorithm 1 Single-Route Capacity Constrained Planner

Input: 1) G(N,E): a graph G with a set of nodes N and a set of edges E;
Each node m» € N has two properties:
Mazimum_Node_Capacity(n), Initial_Node_Occupancy(n): non-negative integer
Each edge e € E has two properties:
Mazimum_Edge_Capacity(e), Travel_time(e): non-negative integer
2) S: set of source nodes, SC N;
3) D: set of destination nodes, D C N;
Output: Evacuation plan

Method:
for each source node s€ S do 1)
find the shortest time route R, < ng,ni,...,Nn, > among routes
from s to all destination nodes d € D, ( where ng=3s and nxy =d ); 2)
Sort routes R, by total travel time, increasing order; 3)
for each route R; in sorted order do { (€))
Initialize next start node on route R, to move: st=0; (5
while not all evacuees from mg reached mj; do { (6)
find next available time ¢ to start move from node 7ng:; (7
find the furthest node n.,q that can be reached from ns; without stopping; (8)

flow = min( number of evacuee at node mg,
Available_Edge_Capacity(all edges between node ns: and nen,q on route R;),
Available_Node_Capacity(all nodes from node Msi41 tO0 Mena on route Ry),

)s (9

for i = st to end —1 do { 10)

t' =t + Travel time(en;n;y,); (11)
Available_Edge_Capacity(en;n,,,,t) reduced by flow; (12)
Available_Node_Capacity(n;+1,t') reduced by flow; (13)

t=t; (14)

} (15)

next start node st =closest node to destination on route R, with evacuee; (16)

} an

} (18)
Postprocess results and output evacuation plan; (19)




Group of People
ID | Origin | No. of People | Start Time Route Exit Time
A N8 6 0 N8-N10-N13 4
B N8 6 1 N8-N10-N13 5
C N8 3 2 N8-N10-N13 6
D N1 3 0 N1-N3-N4-N6-N10-N13 14
E N1 3 0 N1-N3(W1)-N4-N6-N10-N13 15
F N1 1 0 N1-N3(W2)-N4-N6-N10-N13 16
G N1 2 1 N1-N3(W1)-N4-N6-N10-N13 16
H N1 1 1 N1-N3(W2)-N4-N6-N10-N13 17
I N2 2 0 N2-N3(W3)-N4-N6-N10-N13 17
J N2 3 0 N2-N3(W4)-N4-N6-N10-N13 18

Table 2: Result Evacuation Plan of the Single-Route Capacity Constrained Planner

In the first step(line 1-2), for each source node s, we find the route Rs with shortest
total travel time among routes between s and all the destination nodes. The total travel
time of route R; is the sum of the travel time of all edges on R;. For example, in figure 2,
Rp1 is N1-N3-N4-N6-N10-N13 with a total travel time of 14 time units. Ry9 is N2-N3-N4-
N6-N10-N13 with a total travel time of 14 time units. Ryg is N8-N10-N13 with total travel
time of 4 time units. This step is done by a variation of Dijkstra’s [6] algorithm in which
edge travel time is treated as edge weight and the algorithm termintes when the shortest
route from s to one destination node is determined.

The second step(line 3), is to sort the routes we obtained from step 1 in increasing order
of the total travel time. Thus, in our example, the order of routes will be Ryg,Rn1,Rn2.

The third step(line 4-18), is to reserve capacities for each route in the sorted order. The
reservation for route R; is done by sending all the people initially at node s to the exit
along the route in the least amount of time. The people may need to be divided into groups
and sent by waves due to the constraints of the capacities of the nodes and edges on R;,.

For example, for Rysg, the first group of people that starts from N8 at time 0 is at most
6 people because the available edge capacity of N8-N10 at time 0 is 6. The algorithm makes
reservations for the 6 people by reducing the available capacity of each node and edge at
the time point that they are at each node and edge. This means that available capacities
are reduced by 6 for edge N8-N10 at time 0 because the 6 people travel through this edge
starting from time 0; for node N10 at time 3 because they arrive at N10 at time 3; for
edge N10-N13 at time 3 because they travel through this edge starting from time 3. They
finally arrive at N13(EXIT1) at time 4. The second group of people leaving N8 has to wait
until time 1 since the first group has reserved all the capacity of edge N8-N10 at time O.
Therefore, the second group leaves N8 at time 1 and reaches N13 at time 5. Similarly, the
last group of 3 people leaves N8 at time 2 and reaches N13 at time 6. Thus all people from
N8 are sent to exit N13. The next two routes, Ry1 and Rp9, will make their reservation
based on the available capacities that the previous routes left with.

The final step of the algorithm is to output the entire evacuation plan, as shown in Table
2, which takes 18 time units.



3.2 Multiple-Route Capacity Constrained Routing Approach

The Multiple-Route Capacity Constrained Planner (MRCCP) is an iterative approach. In
each iteration, the algorithm re-computes the earliest time route from any source to any
destination taking the previous reservations and possible on-route waiting time into consid-
eration. Then it reserves the capacity for this route in the current iteration. The detailed
pseudo-code and algorithm description are as follows.

Algorithm 2 Multiple-Route Capacity Constrained Planner

Input: 1) G(N,E): a graph G with a set of nodes N and a set of edges E;
Each node n € N has two properties:
Mazimum_Node_Capacity(n), Initial_Node_Occupancy(n): non-negative integer
Each edge e € E has two properties:
Mazimum_Edge_Capacity(e), Travel_time(e): non-negative integer
2) S: set of source nodes, S C N;
3) D: set of destination nodes, D C N;
Output: Evacuation plan

Method:
while any source node s € S has evacuee do { (1)
find the route R < ng,ni,...,nr > with earliest destination arrival time
among routes between all s,d pairs, s € S,d € D, (where ng=s and n;y =d); (2)

flow = min( number of evacuee still at source node s,
Available_Edge_Capacity(all edges on route R),
Available_Node_Capacity(all nodes from node ni to my on route R),

)3 3)

for i=0 to k—1 do { (4)

t' =t 4 Travel_time(en;n;,, )3 (5
Available_Edge_Capacity(en;n,,,,t) reduced by flow; (6)
Awvailable_Node_Capacity(ni+1,t') reduced by flow; 9]
t=t; (®

} 9

} (10)
Postprocess results and output evacuation plan; (11)

The MRCCP algorithm keeps iterating as long as there are still evacuees at any source
node (line 1).

Each iteration starts with finding the route R with the earliest destination arrival time
from any sources node to any any exit node based on the current available capacities (line
2). This is done by generalizing Dijkstra’s shortest path algorithm [6] to work with the
time series capacities and edge travel time. Route R is the route that reaches an exit in the
least amount of time and at least one person can be sent to the exit through route R. For
example, at the very first iteration, R will be N8-N10-N13, which can reach N13 at time
4. The actual number of people that will travel through R is the smallest number among
the number of evacuees at the source node and the available capacities of each of the nodes
and edges on route R (line 3). Thus, in the example, this amount will be 6, which is the
available edge capacity of N8-N10 at time 0.

The next step is to reserve capacities for the people on each node and edge of route
R (lines 4-9). The algorithm makes reservation for the 6 people by reducing the available
capacity of each node and edge at the time point that they are at each node and edge. This
means that available capacities are reduced by 6 for edge N8-N10 at time 0, for node N10



Group of People
ID | Origin | No. of People | Start Time Route Exit Time
A N8 6 0 N8-N10-N13 4
B N8 6 1 N8-N10-N13 5
C N8 3 0 N8-N10-N14 5
D N1 3 0 N1-N3-N4-N6-N10-N13 14
E N1 3 1 N1-N3-N4-N6-N10-N13 15
F N1 3 0 N1-N3-N5-N7-N11-N14 15
G N1 1 2 N1-N3-N4-N6-N10-N13 16
H N1 3 1 N2-N3-N5-N7-N11-N14 16
I N2 2 2 N2-N3-N5-N7-N11-N14 17

Table 3: Result Evacuation Plan of the Multiple-Routes Capacity Constrained Planner

at time 3, and for edge N10-N13 at time 3. They finally arrive at N13(EXIT1) at time 4.
Then, the algorithm goes back to line 2 for the next iteration.
The iteration terminates when the occupancy of all source nodes is reduced to zero,

which means all evacuee have been sent to exits. Line 11 outputs the evacuation plan, as
shown in Table 3.

4 Comparison and Cost Models of the Two Algorithms

It can be seen that the key difference between the two algorithms is that the SRCCP
algorithm only produces one single route for each source node, while the MRCCP can
produce multiple routes for groups of people in each source node. MRCCP can produce
evacuation plan with shorter evacuation time than SRCCP by the flexibility of adapting to
the available capacities after previous reservations. Yet, MRCCP needs to re-compute the
earliest time route in each iteration which incurs more computational cost than SRCCP.

We then provide simple algebraic cost models for the computational cost of the two
proposed heuristic algorithms. We assume the total number of nodes in the graph is n, the
number of source nodes is ns, and the number of groups generated in the result evacuation
plan is ng.

The cost of the SRCCP algorithm consists of three parts: the cost of the computing the
shortest time route from each source node to any exit node is denoted by Cjp, the cost of
sorting all the pre-computed routes by their total travel time is denoted by Cj,, and the
cost of reserving capacities along each route for each group of people is denoted by Cs,.
The cost model of the SRCCP algorithm is given as follows:

Costsrocop = Csp + Css + Csr = O(ns X nlogn) + O(nslogns) + O(n x ng) (1)

The MRCCP algorithm is an iterative approach. In each iteration, the route for one
group of people is chosen and the capacities along the route are reserved. The total number
of iterations is determined by the number of groups generated. In each iteration, the route
with earliest destination arrival time from each source node to any exit node is re-computed
with the cost of O(ns X nlogn). Reservation is made for the node and edge capacities along



the chosen route with the cost of O(n). The cost model of the MRCCP algorithm is given
as follows:

Costyreop = O((ns x nlogn +n) x ng) (2)

In both cost models, the number of groups generated for the evacuation plan depends
on the network configuration which include maximum capacity of nodes and edges, and the
number of people to be evacuated at each source node.

5 Solution Quality and Performance Evaluation

In this section, we present the experiment design, our experiment setup, and the results of
our experiments on a building dataset.

5.1 Experiment Design

Figure 3 describes the experimental design to evaluate the impact of parameters on the
algorithms. The purpose is to compare the quality of solution and the computational cost
of the two proposed algorithms with that of EVACNET which produces optimal solution.
First, a test dataset which represents a building layout or road network is chosen or gen-
erated. The dataset is a evacuation network characterized by its route capacities and its
size ( number of nodes and edges). Next, a generator is used to generate the initial state
of the evacuation by populating the network with a distribution model to assign people to
source nodes. The initial state will be converted to EVACNET input format to produce
optimal solution via EVACNET and converted to node-edge graph format to evaluate the
proposed two heuristic algorithms. The solution qualities and algorithm performance will
be analyzed in analysis module.

route capacity numbey of nodes, edges

Test Dataset
(Building layout

Solution 1
Running Timel
Solution 2

Algorithm 1
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Algorithm 2
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Intial State of the Building
or Road Network Generator
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Running Time 3

Figure 3: Experiment Design

5.2 Experiment Setup and Results

The test dataset we used in the following experiments is the floor-map of Elliott Hall, a 6-
story building on the University of Minnesota campus. The dataset network consists of 444
nodes with 5 exits nodes, 475 edges, and total node capacity of 3783 people. The generator
produces initial states by varying source node ratio and occupancy ratio from 10% to 100%.



The experiment was conducted on a workstation with Intel Pentium IIT 1.2GHz CPU, 256M
RAM and Windows 2000 Professional operating system.

The people distribution generator distribute p,, people to ns; randomly chosen source
nodes among all the nodes. The source node ratio is defined as and

Sn
total number of nodes

L Pn
the occupancy ratio is defined as fotal capacity of all nodes”

We want to answer two questions: (1)How does people distribution affect the perfor-
mance and solution quality of the algorithms? (2) Are the algorithms scalable with respect
to the number of people to be evacuated?

Experiment 1: Effect of People Distribution The purpose of the first experiment is
to evaluate how the people distribution affects the quality of the solution and the perfor-
mance of the algorithms. We fixed the occupancy ratio and varied the source node ratio
to observe the quality of the solution and the running time of the two proposed algorithms
and EVACNET.
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The experiment was done with fixed occupancy ratio from 10% to 100% of total capacity.
Here we present the experiment results with occupancy ratio fixed at 30% and source node
ratio varying from 30% to 100% which shows a typical result of all test cases. Figure 4
shows the total evacuation time given by the three algorithms and Figure 5 shows their
running time.

As seen in Figure 4, at each source node ratio, MRCCP produces solution with total
evacuation time that is within 10% longer than optimal solution produced by EVACNET.
The quality of solution of MPCCP is not affected by the distribution of people when the
total number of people is fixed. For SRCCP, the solution is 59% longer than EVACNET
optimal solution when source node ratio is 30% and drops to 29% longer when source node
ratio increases to 100%. It shows that the solution quality of SRCCP increases when source
node ratio increases. In Figure 5, we can see that the running time of EVACNET grows
much faster then the running time of SRCCP and MRCCP when source node ratio increases.

This experiment shows: (1)SRCCP produces solution closer to optimal solution when
source node ratio is higher. (2)MRCCP produces close to optimal solution (less than 10%



longer than optimal) with less than half of running time of EVACNET. (3) The distribution
of people does not affect the performance of two proposed algorithms when total number
people is fixed.

Experiment 2: Scalability with Respect to Occupancy Ratio In this experiment,
we evaluated the performance of the algorithms when the source node ratio is fixed and the
occupancy ratio is increasing.
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Figure 6 and Figure 7 show the total evacuation time and the running time of the 3
algorithms when the source node ratio is fixed at 70% and occupancy ratio varies from 10%
to 70% which is a typical case among all test cases.

As seen in Figure 6, compared with the optimal solution by EVACNET, solution quality
of SRCCP decreases when occupancy ratio increases, while solution quality of MRCCP
still remains within 10% longer than optimal solution. In Figure 7, the running time of
EVACNET grows significantly when occupancy ratio grows, while running time of MRCCP
remains less than half of EVACNET and only grows linearly.

This experiment shows: (1)The solution quality of SRCCP goes down when total number
of people increases. (2) MRCCP is scalable with respect to number of people.

6 Conclusion and Future Work

In this paper, we proposed and evaluated two heuristic algorithms of capacity constrained
routing approach. Cost models and experimental evaluations using a a real building dataset
are presented. The proposed SRCCR algorithm can produces plan instantly but the quality
of solution suffers when evacuee number grows. The MRCCR algorithm produces solution
within 10% of optimal solution while the running time is scalable to number of evacuees
and is reduced to half of the optimal algorithm. Both algorithms are scalable with respect
to the number of evacuees.

Currently, we choose the shortest travel time route without considering the available
capacity of the route. In many cases, a longer route with larger available capacity may be

10



a better choice. In our future work, we would like to explore heuristics with route ranking
method based on weighted available capacity and travelling time while choosing best routes.

We also want to extend and apply our approach to vehicle evacuation in transporta-
tion road networks. Modelling vehicle traffic during evacuation is a more complicated job
than modelling pedestrian movements in building evacuation because modelling queuing
at intersections and the cost of taking turns are challenging tasks. Current vehicle traffic
simulation tools, e.g. DYNASMART [13], DYNAMIT |[2], uses an assignment-simulation
method to simulate the traffic based on origin-destination routes. We plan to extend our
approach to work with such traffic simuation tools to address vehicle evacuation problems.
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