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Abstract

Hurricanes are one of the costliest and most destructiveteyrethe United States. Hundreds of people were either
died or stranded in the impacted areas due to hurricanestrgears. Therefore, proper preparations can substantiall
reduce damages incurred by hurricanes. Evacuation is otfeeatrucial components in disaster preparation. It is
essential to determine the precise routes and schedulesduation process. Executing the evacuation process too
early may result in major economic losses in the evacuateasaand hamper delivery of critical supplies to the region
under threat. Executing the evacuation process too lateresayt in tremendous traffic congestion and may subject
many people to critical risks. In this paper, we present tlagh@matical models and a heuristic algorithm that can
efficiently determine the starting times, schedules, acdmemended routes of the evacuation process based on the
estimated hurricane path and time of landfall informatidhe proposed methodologies have been applied to a number
of evacuation problems. Our results show the effectivengige solutions generated by the proposed methods.
Keywords
Emergency Evacuation, Network Optimization, Max Flow.

1. Introduction

1.1 Background

Recent hurricanes have proven that the impact of naturastiiss can be severe and in many cases devastating. The
arrival of hurricanes Gustav, Katrina and Rita, in part@uhas given real situations to local and federal agencies
for testing their ability in evacuating and safely reloogtitheir residents. The massive traffic congestion regultin
from simultaneous evacuation of several million resideatspled with significant shortages of fuel and other basic
necessities, and on the other hand assigning hundreds e$ lluspublic transportation which were barely used by
people, once again underscored the importance of a welkhpldstrategy in effectively evacuating large metropolita
areas. In the last three decades, hurricanes have increadedation and intensity. If this trend continues, larger
geographic areas and population segments will be affecitbdiws weather phenomenon.

Our preliminary analysis of the aftermath of hurricane @ush Houston revealed two main shortcomings in
Metropolitan evacuation planning procedure. First, thvesis ‘inadequate communication protocol to public regarding
evacuation plans.The evacuees were neither adequately informed, nor gleandl specifically instructed about the
evacuation procedure for both routing and scheduling. Retig not exactly know which path to take for a safe and
quick evacuation. The second was categorizechhsénce of logistics support to evacuelie evacuation plan did
not consider the needs of evacuees stranded in traffic cbogeblo preparations to provide on-road access to basic
amenities and sanitary services were made and vehiclesuipén front of gas stations as they ran out of fuel.

1.2 Objective

In this paper, we focus our attention only on an evacuatiablem that deals with assigning evacuation routes and
schedules to evacuees in different living areas. In pdaicwe plan to address the strategic routing and scheduling
problems faced by federal and local government that martegeuvacuation operations of a large metropolitan area.
We assume that decision makers have complete informatidhenumber of evacuees in each area, the capacity
and topology of transportation networks, and the path fastng of approaching hurricanes. Such an assumption is
for evacuation planning process in practice. Based on thiadole information, we aim at facilitating the evacuation
process by providing clear (easy to understand and easygdleiment) temporal and spatial schedules and routes to
evacuees by utilizing network optimization techniques.

This paper is structured as follow. Section 2 reviews lit@raon evacuation planning. Mathematical formulations
and proposed heuristic algorithm are fully discussed intiSe@. In Section 4, the performances of the proposed
algorithms on a number of numerical case studies are sumetharFinally, we report the possible future researches
and the summary of the paper in Section 5.
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2. Literature Review

There are two types of evacuation problems; building evienand regional evacuation. We primarily focus on
solving regional evacuation problems. Generally, the weshto model these problems are categorized as static
network models, dynamic network models, traffic assignmamdels, and simulation models. Most of the evacuation
models are dynamic network models.

Ford and Fulkerson [3] showed by an approach called tempoeaeated approach that some instances of max-
imum dynamic flow problem can be solved through solving sngfatic minimum cost problem. Wilkinson [8]
modified the Ford-Fulkerson algorithm for maximal dynamawflin a time weighed, capacitated network. Kotnyek
[5] presented an annotated overview of dynamic flows. Fafigvthis, Wilkinson [8] and Minieka [7] modify Ford
and Fulkerson’s repeated chain approach to obtain an staatigval flow. Hoppe and Tardos [4] present a review for
some polynomial time algorithms for evacuation problems.

There are so many approaches to solve the evacuation preblamexample Network Optimization or Network
Flow problems are widely used in regional evacuation plagnAhuja et al. [1] summarize the various applications of
network flow problems. A classic application of network opization is the problem of entity routing and scheduling.
Yamada [10] used network flow concepts to model emergengyegdcuations.

Another approach to solve evacuation problems is a mixegjartprogramming approach. Cova and Johnson [2]
proposed a model which is an extension of the minimum cost floblem. Their model has two objectives. The
first objective is to route vehicles to the nearest safe zoelae second one is to minimize the crossing conflict and
intersection merging. Huang et al. [6] proposed a capadtstrained routing approach for evacuation planning. In
this paper, capacity is modeled as a time series and use aityapanstrained heuristic routing approach to solve the
evacuation problem. Wilmot and Mei [9] conducted a studydmpare the relative accuracy of alternate forms of
trip generation for evacuation traffic. Conventional papation rate, logistic regression and various forms ofraku
networks were estimated and tested. Yi-Chang Chiu et al0{R8eveloped a no-notice mass evacuation model
using dynamic traffic flow optimization. A no-notice mass &vation is defined as the evacuation that takes place
immediately after the occurrence of a disaster event is défas a “no-notice evacuation”.

Our research attempt is to develop a mathematical framevVaorkhort notice mass evacuation as opposed to
no-notice mass evacuation. Short-notice disasters aee tthat have a desirable lead time of between 24—72 hours
allowing Emergency Management Agencies (EMAS) to deteemaliternate evacuation strategies a priori based upon
the expected impacts of the disaster. Therefor, our reseitempt aims at developing a model that provides quick
solutions to the short notice evacuation problem usingibgatechniques.

3. Methodology
We start by introducing notations and assumptions that éllused in this paper. We consider a static network
G = (N,A) that represents the transportation network in the areatefést, and notations are summarized in Table 1.

Notation Description

Ng set of all possible impact zones

Ns set of all possible safety zones

N = (NgUNs) setofall zones

A set of all arcs in the network

t; impact time at locatiomn

b initial number of evacuees located at location

UN; maximum number of evacuees which can be located at locagientime period
trij travel time on the connecting road between locatiand locationj, (trjj = 1)
UA maximum number of evacuees which can enter intqiajg per time period
Nodesi,j € N physical locations including impact zones and safety zones

Arc (i,j) € A connecting road between locatiband locationj

Table 1: static network notations

Let Gr = (Nr,Ar) represent a time expanded network of a static netv@ek (N,A) overT planning horizons
with the notations shown on Table 2.
In this paper, the following assumptions are made for tiztita of the considered problem.

i. The behavior and the moving ability of evacuees are not densdl. This classification and human behavior are not
taken into consideration in any of our optimization models.
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ii. Hurricane Propagation Speed and Characteristid$ie dynamic nature of the hurricane propagation is not taken
into account. Thus, the planning time and the direction efttbrricane are assumed constant.

iii. Transit times are assumed to be constant

Based on these assumptions, our solution approach coosifisir modules for making evacuation decisions.
The first module is a linear programming (LP) model which deiaes the upper bound on the number of evacuees
(P-Max) that can be safely evacuated from all impact zon#smwa given time horizon. In reality, the actual number
of safely evacuated people will be less than or equal to thisegated number due to traffic congestion and other
unknown factors. Knowledge of this upper bound can helpaittes in preliminary investigation of the feasibility of
evacuation procedures and in planning for shelter locatéord their capacities. The second module involves solving a
number of LP models by utilizing the binary search algoritfthe result of this module is the lower bound on the total
evacuation time. Knowledge of this lower bound again give@aight to authorities in preliminary investigation of
the feasibility of evacuation procedures and in planningtsh locations and capacities. The third and forth modules
aim at finding simple and efficient evacuation routes and dles. The former utilizes the mixed integer linear
programming (MILP) model and the later utilizes the heigiatgorithm based on the network flow algorithms.

In the following subsections, we discuss each of these fadutes in more detalil.

Module 1: Calculating the Value of P-M ax

This module consists of the following steps.

Step 1: Constructing Time Expanded Netwoi®iven a static networks = (N, A) and the planning horizom, con-
struct the time expanded netwd8¢ = (Ny,At). Add two imaginary noded* called the ‘Super Safe’ node and
J' called the ‘Unsafe’ node, tGr.

Step 2: Adding Dummy Nodes and Arc€onnect each safe node Vi € Ns in Gt to nodeJ* through arc(it,J*)
Vi € Ns with capacityCap; - = UNi;. Connect each node Vi € Ny in Gt to nodeJ’ through arc(i1,J’)
Vi € Ng with capacityCap, y = bj,.

Step 3: PreprocessingFor eactt = 1,..., T, delete all arcsit, ji+r; ) for whicht +trij > tj from Gr. Delete all arcs
(it, jt+tr;; ) such that >t and delete all nodésVi € Ng,t > tj from Gr.

Notation Description

T available evacuation time horizon

Ny ={it]ieN;t=1,...,T} set of nodes in the time expanded network
Au = {(it, j)|(i,]) e At=t+tr;j <T;t=1,...,T} setof movementarcs

An = {(it,it4i)[ieN;t=1,..., T -1} set of all holdover arcs

At = (AMUAR) set of all arcs in the time expanded netwqgrk
Capp =UA;j if (a,b) € Ay anda= i, b= jrfor somet andtin {1,...,T}

Cap.p =UN; if (a,b) € Ay anda =i, b=it;q forsometin {1,...,T —1}

Table 2: static network notations
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Step 4. Generate and solve the following LP model to obtain P-Max.

Maximize P-Max= ; XiT 3+ (1)
i€Ns
Subject to:
Xit =b; VieNgt=1 )
JlJ=3 or (it Jt+trjj J€AT
Xit =b; VieNs,t=1 3)
”(it~jl+tfij JeAT
oo Xg— Y Xy =0 VieNte{2.. . T-1} (4)
”(it~jl+trij>€AT ”(J'tftrji it EAT
Xityx — z X (t—trjp)i =0 VieNs,t=T (5)
i1(eoy i) €A
0 <xitj <UAjj V(i,j) e Ate{l,....T} (6)
0<Xii <UN VieNte{1,...,T} (7
XilJ’ Z O V| S Nd (8)
XT3+ > 0 Vi € Ns 9)

where xitj is the number of evacuees leaving node nodej at timet.

Module 2: Establishing the L ower Bound on Total Evacuation Time

The binary search algorithm is utilized in order to find theés bound value on the total evacuation time for evacuating
the P-Max evacuees to safety. In this module, we first coatstrilinear programming model by adding the following
constraint
XT3+ = P-Max
1€Ns

to the LP model discussed in Module 1. This LP model is solteciively for each iteration of the binary search
algorithm with different setting of T. The value of time hoon T is varied over a range of values and run the opti-
mization model for each value @f. The feasibility on each of the runs is checked. The minimatae of T for which
the model proves to be feasible is the lower bound. In therbiraarch algorithm, two terms Upper BoundR)
and Lower Boundl(B) are defined to establish a range of values over which thes\afiti is checked. We define a
constant as the smallest possible integer difference between ugperdand lower bound.

Initially, we set the value oUB to T’ whereT’ is the initial value ofT and set the value dfB to zero. The
optimization model is solved by settinigatUB. If the model is feasible, the algorithm reduces the valud Bfto
the current value off. Otherwise, the algorithm reduces the value_8fto the current value of . The algorithm
then checks the difference between the valueg BfandLB. If this value is greater thag, the T value is set to
(UB+LB)/2 and the same procedure is repeated. Otherwise, the &lgoistterminated and the current value of
T is the lower bound value on the total evacuation time. Hakingwledge of this lower bound helps authorities
decide on evacuation methods. A small difference betweieridiver bound and the initial value df indicates that
the buffer time for unexpected events in the evacuationgs®ts small. As a result, the authorities may have to plan
alternate methods of evacuation in order to ensure safegvaruees. On the other hand, if this difference is large, th
authorities can plan the evacuation procedures accordififle evacuation can be planned so as to avoid confusion
and panic among people.

Module 3: Developing the multi-commodity MILP Model

Since the output of the first module is confusing and diffitoiffollow and we cannot simply interpret the evacuation
path from the output, we construct a multi-commodity MILPdebin which the commodities are so useful for tracking
the evacuation paths. Let us introduce decision variables



Lim, et. al.

Xitjk = The number of evacuees leaving nade nodej at timet using commoditk

yik = lifarc(i, ) belongs to the path of commodiky zero otherwise
bk = The number of people leaving nodehoosing the path of commodiky
Wk = The weight of commoditk.

and our MILP model is formulated as follows:

Maximize XT 3k (10)
H
Subject to:
Zbik =b; VieN (11)
Xit jk = bk Vi € Ng,t = 1,Vk (12)
JlJ=3 or (it Jtttrjj JeAT
Xitjk =D VieNs,t =1Vk (13)
il(it e ) EAT
> Xek— Y Xtk =0 VieNte{2.. . T—-1}Vk (14)
il(ts jevirj ) €AT il(ittrjj i) AT
Xitg*k — z Xj(tftrji)ik =0 vie NSat = TaVk (15)
it o) AT
ZXItJKSUAlj V(|,])€A,t€{1,,T} (16)
intikSUNi VieNite{1,..T} (17)
Yijk — z Yiik =1 Vi € Ng, VK,
il(i,))eA jl(neA
if i is the source of commodity (18)
Yijk — Yiik =0 Vi € N, VK,
il1)eA HDE

if i is not the source or the sink of commodity (19)

Yik— > Viik =-1 VieNsVk,

jl1)eA il(.neA

if i is the sink of commoditk (20)
Xitjk < UAGj X Vijk V(i,j) e Ate{l,..., T}, VK (22)
Xitjk => 0 V(i,j)e Ate{l,..., T}, VK (22)
Xitik > 0 VieNte{l,... T}vk (23)
Xi1yk > 0 Vi € Ng, vk (24)
Xtk = 0 Vi € Ng, VK (25)
Yijk € (0,1) V(i,j) e Ate{l,...,T} vk (26)

Module 4: Heuristic Solution Algorithm

Since the multi-commodity MILP model runs very slow for largcale problems due to the huge number of variables
and constraints, we came up with a heuristic algorithm toaggbod solution in the quickest time. The proposed
heuristic algorithm consists of five steps, and it is desigteehandle multiple evacuation routes from each of the
impact nodes to safe nodes. In evacuating people from ndadgesiecessary that the nodes with the highest number
of evacuees and the earliest impact time be evacuated &listwed by the nodes with the second highest supply of
evacuees and second earliest impact time and so on. Thertfeffirst step is to prioritize the impact nodes. Once the
prioritization is complete, depending on the supply andiigact time, the number of feasible routes from the impact
nodes to the safe nodes is identified in the second step.wiogdahis, in the third step, a set of unique evacuation
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routes are generated for each impact node using the shpatsalgorithm []. These routes are based on the shortest
time it requires to reach safe nodes. The forth step is toter@éime expanded network for each of the routes and
maximize the flow of evacuees to safe nodes within plannimg thorizon. With every flow, the arc capacities and
node supplies are updated and the step is repeated for theoute. The last or fifth step involves obtaining the
evacuation routes and the schedule from the solution gtatera

4. Numerical Results We ran both multi-commodity model and heuristic model for different networks to
compare the solution time and number of evacuees betwesn th® methods. Table3 shows the specification of
each problem along with the numerical results. Optimizatitdels are formulated in GAMS 22.6 and solved using
CPLEX while the heuristic algorithms are written in C++. Aancbe seen from this table, the heuristic method runs
faster than MILP model while maintaining the same evacuatdio..

ID | Number of Nodesg Evacuation (%) Time (Sec.)
Heuristic | MILP(CPLEX) | Heuristic | MILP(CPLEX)

1 3 100% 100% 0.047 0.328

2 9 100% 100% 0.406 0.859

3 18 100% 100% 6.094 8.828

4 39 90.79% N/A 897.967 | Out of Memory
5 49 80.01% N/A 955.109 | Out of Memory
6 60 100% N/A 3190.72 | Out of Memory

Table 3: Numerical Results

5. Conclusion

We have developed an optimization framework for a shortagogivacuation routing and scheduling. Our four-step
approach includes two LP models for finding a lower bound @nrthmber of evacuees and an upper bound on the
evacuation time. Then a MILP model was presented for findifigient evacuation rote selection and schedules.
Finally, a heuristic algorithm was developed to expeditegblution process.
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