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ABSTRACT: This paper presents a tvievel integrated optimizatiosystemfor use in generating the candidate set
of optimal evacuation plans that serve as the input for simuldtimed evacuation systentn the proposedystem

the highlevel optimization aims to maximize the throughput during the specified evacuation duzatidhe low
level intends to minimize the @t travel timeas well aswaiting time for the entireoperationif the specified
duration is sufficient for evacuating all demands effectively represent traffic flow relations with mathematical
formulatiors, this paper employs the cell transmission aggnt, but with a revised formulation for largeale
network applications. The performance of the proposedies and their applicability has been tested with a
microscopic simulation program that replicates the Ocean City evacuation network. Evaluatltnfrem these
numerical studies have demonstrated the promising properties of the profegeated optimization system

CE Database subject headings: Evacuation; Planning; Optimization models; Hurricanes

Introduction
Modern cities are exposed toriaus potentialdisasters, includg not only the natural hazards such as hurricanes,

but alsotechnological and terrorishduced emergencies such as nuclear leakage and biohazard attacks (Urbina and
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Wolshon 2003; Demuth 2002). Tipetential severityevd is oftencompoundedy the concentration of population

and congestion of available transportation networks (Alsnih and Stopher. 2008) how to effectively contend

with emergency evacuation related issues has emerged as one of the utmost taskdHerdsgarch commurit

and responsible agencies.

In review oftherelated literature, it is noticeable that a variety of studies for different evacuation needs have been

conducted, and some operational systems have also been dev&apedmple, NETVACI, one of the earliest

evacuation planning tools developed in the 1980’s, can simulate the evacuation process based on mathematical

relationships between flows, speeds, densities, queue length and other important traffic parameters (Sheffi et al.

1982. At the same macroscopic level, MASSVAC and its successors (MASSVAC 3.0, MASSVAC 4.0 and

TEDSS) developed in the 80’s and 90’s employ static traffic assignment models to project the flow distribution

during evacuation (Hobeika et al. 1985; 1994; 199&rom the mid 1980’s, microscopic simulators emerged as a

widely used tool for evacuation planning. Examples of such systems include CEMPS, IMDAS OREMSand other

practices(Pidd et al. 1996; Franzese and Han 2001; ORNL 2002;et al. 2004; Theodoulou and Mfon 2004
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Although simulation hstbeen provedo be anefficient tool for designand evaluaton of evacuation plansits

generation of a final solution is often limited by the available candidate plans. In practice, these candidatiaps

are usually proposed based on the experience of responsible practitioners, which could deviate far from the optimal

control plan and consequently demand a tremendous amount of simulatiomastinvell asefforts to finalize

necessary adjustmentTo circumvent such limitationsthis paperpresentsa two-level integrated optimization



systemthat intendgo yield the range of most viable parameters for target control strategies as the percentage

of demandgo bediverted to each evacuation route dnching fractionsto be regulateat critical junctionsBased

on mathematicallyfformulatedtraffic flow relations andperational constraintshe optimizationsystemis capable

of identifying the candidate set of optimal evacuation plans in a timelynenaaven for large netwosk

Responsible system users daen finalize the control plansith a pre-calibratedsimulabr that can realistically

replicate some critical operationalfeaturesand driver responsedifficult to be fully captured withanalytcd

formulations(e.g., turning bay length or merging behavidf)us, the primary purpose of the proposed optimization

systemis to efficiently and effectivelyprovide candidate evacuation plans and consequently improve efficiency of

evacuation planningndoperations

The remaining of this paper is organized as folloWws efficiently model thedynamic natureof the evacuation

traffic, next setion proposesa revised cell transmission formulatiepecially designed for largscale network

applications. Thn, Section 3 will detail the formulations foithe optimization moded. Section4 illustrates the

evaluationresults with respect to the systgrarformance and its applicability in a reebdrld network. Sectiord

summarizes research findings gatentialapplications of the proposed optimizatimodés.

The Underlying Network Flow Formulation

To ensure the effectiveness thie proposedoptimization modelsonehas to choose an approachntathematically

representraffic flow evolution in an evacuationdgtiway networkA variety of methods hee been proposed in the

literature. For exampldarrett et al. (2000) have developed a dynamic traffic management framework for hurricane

evacuations based on dynamic traffic assignmétallowing the practice of Zihskopoulos, et al.1099; 2000),



Tuydes and Ziliaskopoulos (2008)nployedthe cell transmission mod#&r evacuation planningro accommodate

the complexity associated with largeale network applicati@mand to improve the compational efficiency, this

studyproposes a revised cell transmission formulat@mruseas the underlying network flow model.

The basiddeaof thecell transmissiortonceptproposed by Daganzd 494; 199%is to convert highway links into

equatsized segments, or called cetisat could be traversed in a unit time intervalha&tfreeflow speed. Thenthe

movement of vehicles among these cells are defined with two types of relatianeely flow propagation relations

to decide fows between two cellbased omupstream/downstam traffic conditionsind fow conservation equations

to depict the evolution of the cell status (ithg number of vehicles in each cell) over time

To reduce the size of formulations largescale network application&iliaskopoulos and Le€199%) have

proposedhe useof cellsof adjustable size. Their idea is to updéteselonger cells with alower frequencyand use

the averaged parameters for those intermediate inteBaat$. aformulation requires the size of a long delbe an

integral multiple of its connected short cellend may cause the propagated flodeviatel from those with

homogenous cells.

To offer the flexibility and alsoto improve model accuradn largescale networkapplications the revised cell

transmission formulatioproposedn this study will allowcells of different sizeto be connected arbitrarilyts core

concept is presented below



Network Conversion
To successfully apply theevisedcell transmissiofiormulation one needto convert the highwagetworkinto a set
of connected cells followinthe principal steps summarized below
I Identify homogenous road segmentdhomogeneityis defined by the same free flow speed, same number
of lanes, same jam density, same saturation flow rate, and no rampsagidgmaet.
I Define unit time interval: the maximal unit interval T is constrained by the shortd#he to traverse a
homogenous segment, asBquation 1. Other unit intervals can also be used, providesl the integrh

multiple of it.

length of a segment 1)

7 = min{
corresponding  free flow speed

I Convert road segments to cellsbasically everyhomogenous segment is converted to a cell, and the cell

sizel is defined byEquation 2.

length of t
/e ength of segmen 2)

corresponding  free flow speed xunit interval length

I Define connectos between cells A connector is defined to indicate the potential traffic 8dvetween

two connected segments

Flow Conservation Formulation

Flow conservation equatiordepict the evolution of the cell status (i.he number of vehicles in each cetiyer

time. With the revised cell transmission formulatjoall cells will be updatedat every unit time intervat

regardles®f their size. As illustrated in Figurk Equation 3 and Equation 4 defittee flow conservatiomelations

for different types of cells



For general cells (actual highway segments) and sink cells (destinations),
X" =X+ Eker"m Vi = Ejerm Yi 3
For source cells (origins),
xt=x! +d - E]_EF Vi 4)
xit = the number of vehicles in cdllat the beginning of interval, y;: connector flows from cell to cell j

during ¢ ; diz evacuation deand from originr during intervals , which is also called dynamic loading pattern

and defined with response curves in practicé)= the set of downstream cells to cill " !1(i): the set of

upstream cells to cell; The subscript = index of source celjs, j,k = index of other cells.

Revised Flow Propagation Formulation
The fow propagation rations decidethe wnnecing flows between cellsduring eachtime interval, whichare
presented with the following expressions:
Eker"(i) ytk| = Rt 5)
DoV =S 6)

Equation 5 is to model flow propagation relatiomaisideing the traffic conditions in a downstream c¢elhereas
Equation 6 isfor the traffic conditions in mupstream ceJIR[t: receiving capacity of downstream celiduring

interval ¢ (veh); Sf = sending capability of upstream céliduring intervalz (veh);

Equation 7 defineshe receiving capacity of cell, which is proposed after considering the initidl séatus Xit as
well as its potentialiternal evolution during intervat . The mathematical proof is shown in the Appendix.

Rit=min{QitaNit/li’Nit_x:} )



Qit = number of vehicles that cafofv into/out of celli during¢; Nl.t = number of vehicles that can present in cell

i during ¢;1; = sze of celli . Note that ifthe cell lengthl; is equal to 1, Equatio will convergeto the equation

for equalsized cells in the classic cell transmission formulation.

Equation 8 defineshe sending capacity @kll i . Note that ifl; is equal to 1, Equatio is alsoequivalentto the

equationfor equalsizedcells (Daganzo 1994)

t_ oAt NE/L S t$1 m
S mln{Q' NI /||' X| $! J'#" (I)! m=t$|i+1y' } 8)

The first two terms are direct presentation of the maximal flow thaleeanecell i during a unit time interval. The

third term can be explained as follows: according to the definition of cell Isizmit intervals are required to

t=li

traversecell i at the freeflow speed. Tus, the total flows that should have left celhre E . E Vi »
kEr=(i) m=1

t-1
while the total flows that havactuallyleft cell i are qu(i) Em_l yi;“ . The sending capacity cannot exceed their

differencei.e.,

81 m o t$li+l t$1

8
I j# @) m=1"" =% sl j#"(i)! m=t$li +1
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Formulation of the Optimization Models
Applying the revised cell transmission concept as the underlying network flow model, this sectidetaillthe

modelformulatiors for the proposedptimizationsystem



Object ive Function s
In resporse to the unique operational constraints during emergency evacuation, the progu#edationsystem

featuresa wo-level optimizatiorscheme

The high-level optimization aims to maximize the total throughpithin the specifiel evacuationdurationT .
Since the throughput can be represented with the total number of vehicles entering all destinations over the study

period,one can formulatéhe objective function a®llows:

T+l

X 10

max I I Tyt
rogCst it#M(s) = Yis 1K

C¢=the set of sink cells (destinationtt)e subscripts = index of sink cells

The lowlevel optimizationmodelintendsto minimizethe total trip time (including the waiting time in origins) if
the specified dration is sufficient for evacuating all demand@ke special structure of the underlying network flow
model implies that a vehicle in a cell will either wait for one interval without move or take one interval to reach the

downstream cell. Thushe objedtve functionhas the followingexpression

min % 11)
EiECUCr Et=1 X

C = the set of general cells (highway segme@)= the set of source cells (origins)

Network Flow Constraints
Applying the revised cktransmission formulatiomne can summarizée network flow constraints for both levels

of optimizationasbelow.

el _ t_ ¢ i
Xi X + Eker‘l(i) Yki Ejer(i) Yij » ieCUC 12)
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Demand Related Constraints

High Level

needthe flow conservation equations at the source cell

r

T "Ty:j!D

jS#(r) t=1

14)

15)

16)

17)

18)

19)

At this level, no constrairs enforced orthe evacuation demarnifithere is only oe origin i.e., the connector flows

from a source cell to its downstream cells are restricted only by the capacity of the evacuatio®reutkses not

Under the scenario of multiple origins fevacuation demandsne needs to sgtroper constraints to reflethe

actualevacuation demand from each origitherwisge some origins may contribute madtean their actual demands

to the total throughputvhile outflows from other origins may remain lbgv their demansl To contend with this

issue,one caradd a new class of constraints, as shown in Equafipto restrict the total outflow from a source cell.

20)



Low Level

At this level,one needs to restrict the totEdmandof source cellsvith Equation21.

r
=D
JH"(r) " t=1yr] r 21)

Note that sincesvacuationflows are counted in thebjective function onlybefore they have arrived atheir
destinations, the model tesitb push vehicles as many as possiil¢he fastest pacdhus one can expect thail
evacuation demandsan reachtheir destinations at the end tie evacuationperiod Equation 2 is proposed to
guarantee such a relatiothe left-side term is the total number of vehicles that have adiat destinationsfter
evacuation duratioff and theright-sidetermdenoteghe total demand.

T+ _
T 22

Other General Constraints

The general constraints include nonnegative constraints, initial value of cell state vaffabmaj initial value of
connector flovg yf/’ In most caseSxiO (excluding source cells) anﬂg are set to zero, althoug:h0 can be other

values to simwlte the background traffjarior to the evacuation. Note thaf can also be used to reflect the actual

network condition preceding the onset of amident duringthe evacuationand this enables the model users to

adjust evacuation phsas needed

Another class of general constraints is the capacity of destinations. Storage c&pﬁgcﬂyl be restrictedf the

safety shelter has spalimitation. Flow capacityQ; may berestricted if the emance capacity of the safety shelter

is lower than the capacity of the upstream routes, or if the destination is not the safety shelter but a dummy node to
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indicate safe area. In the later ca@%, is set as the capacity of downstreemmtes to preverthe queue spillback.

As the important evacuation contrsirategies both diverging proportions and merging proportioaie directly

estimateble from the optimization results.

Numerical Analysis and Applications
This section presentsémumerical resultfor two carefullydesignedexperimentakcenariosThe first aims to test
the properties of theevised cell transmission formulatgnwhile the second is to demonstrate the modelOs

applicability with the Ocean City hurricane evacuatietwork.

Test-1: Effectiveness of the Revised Cell Transmission Formulation
This testintendsto compae the performance of the following three network flow formulations:
I Model 1: original cell transmission model with homogenous ¢Bliégganzo 1994, 19,
I Model 2: ZiliaskopoulosO model with averaging technique for longerZiiéskopoulos and Lee 1996

I Model 3: therevised cell transmission formulation proposed in this study.

A 10 km link of two lanes is built in this test, and its key charadiesisire given asréeflow speed = 60 km per
hour, jam density = 106 vehicles per km per lane, and saturation flow rate = 2160 vehicles per hour Pee lane.

travel demand is randomly generated between 0 ~ 1.5 times of link flow capacity.

Figure 2 shws wo differentcell connection diagrams for a unit interval of one minute. The first one using equal

sized cells is for Model 1, witkp| = 36veh N! =106veh, i=1, E, 10. The second diagram is for Models 2 and 3,
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which combines cells betweeZell 2 andCell 9 in the firstdiagramto form a long cellThe cell marked with:

indicates the originhereaghe cell marked with denots the destination.

Two scenarios are tested here. The first scenario isatmeal traffic conditiorwithout queue. The secod scenario
presens anaccident in the celahead othe destination. The capacity of this cell decremsffgit =10veh during the
time interval =20, E, 40min due to the accidentFigure 3 illustrateshe cumulative arriving curves at the

destinationfor all three models

As shown in thegraphical resultsthe proposed Model 3 has nearly the same performandeds 1 the original

cell transmissiorformulatior), regardless of traffic conditiemHowever, Model 2 tends to deviate from Mbden

each scenario. Regarding the computati@fficiency, the total number of variablesth Model 3, although slightly
exceedinghat ofModel 2,is significanty less than the number of variables wilodel 1. The number of cell state
variables perine interval decreases from 12 in Model 1 to 5 in Model 3, while the number of connector flows per
time interval decreases from 11 in Model 1 to 4 in Model 3. The reduction with respect to the number of variables
exceed$0%. Thisimpliesthat theproposedevised cell transmission formulat®oansubstantiallyreduce the size

of theentireoptimizationformulations and the computation time for the solution

Test-2: Case Study in Ocean City
This case study intends to demonstrate the applicabilityeoptbposed optimization modeDcean City, a famous
tour destination, is a narrow peninsula on Maryland Eastern Shore. The population in the summer peak season can

reach 150,000 ~ 300,000 people, compared with 7,000 to 25,000 people duringpbakoflason (Ocean City
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Emergency Operations Plan, 2002). This lassige ofpopulation in the summer seas@ndersthe city especially

vulnerable to the threat of hurricanes, which demands the state to design its hurricane evacuation plans.

Evacuation Scenaio

Figure 4 presenthieé major evacuation network for Ocean Cithie sole origin is set to be the entire city. Thus, one
can divide the city into a number of evacuation zones, based on the eptileinanddistributionto the three
primary evacuation roes. Among these routes, US50 is an arterial street with two lanes in each direction, MD90 is

a freeway with one lane in each direction, and DE20 is an arterial street with one lane in each direction.

Note that as indicated in the widely adopted evacuatisponse curves (Alsnih and Stopher 2003), the evacuation
demand from origin in time interval, dE , tends to greatly exceed the evacuation capacity aftantleption of

evacuation, and the evacuation demand will accumirathe source cells until the final dissipation phase. Thus
this paperassumeghat all traffic demandcan enter their corresponding source cell before the first time interval
Such an assumption will not affect the resulting throughputlaadotal travel tire under the optimized evacuation

plan.

There are three destinations for evacuation flovie city of Salisbury is a destination without capacity limit, while

US113 north and US113 south are two dummy destinations with actipacityof 1800 vehicle pelane per hour.
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Network Conversion

Following the network conversion procedures in Sec#othis paper first defines tH®emogenous segments. Note

that all interchanges are modeled with connectors, not cells, to indicate the existence of ramps.d€nsifarfor

all cells is set to be 93 vehicles péoketerper lane, whreaghe saturation flow rate set to be2160 vehicles per

lane per hour for the freeway segment of MD90, and 1800 vehicles per lane per hour for other segments. Based on

the actud network geometric data, the length of a unit interval is set to be 20 seedridsis sufficiently small for

evacuation operations. Themne can converthe network to a cell connéah diagram as illustrated in Figute

Note that the number in eaplrenthesis indicates the size of the cell.

High-Level Optimization: To Maximize the Throughput

With the proposedformulatiors, this sectionintends to show th&nction of theproposedhigh-level optimization

modelfor maximizing the totathroughput dung the giverevacuation duration.

In this application, the LP formulations contain 720 time intervals, 79,809 variables, and 250,509 constraints. A

computer program was createddenerate thetandard input file for the professional software LINGO gloe

global optimal solution for the maximal throughpaer the evacuation period of 4 houasnounts t027,268

vehicles to all three destinatiorisigure 6 presenthé cumulative arriving curviar each destination, where most

vehicles are directed to Bsbury.
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Low-Level Optimization: To Minimize the Total Travel Time and Waiting Time

The applicatiorin this sectioris to explore théunction of theproposedow-level optimizationrmodelin optimizing

the evacuation patterns if the allowed time windawsifficiently long for completing the evacuation. The total

evacuation demand is set to be 25,000 vehicles in 4 hours. The new LP formulations with the second level

optimization contain 80,528 variables and 251,228 constraints for 720 time intefiguse 7 presentshe

cumulative arriving curve of each destination based on the global optimal solution.

The preliminary results from thiew-level model indicate that there is no flow in the south direction of US113

between US50 and MD90, and the capac#igige of the north direction of US113 from US50 to DE54 is very low.

Thus, one can exclude these road segments from the major evacuation tefvadtice Note that after excluding

those lowusage routegnly two diverging cells and one merging ceksainin the network, where

I Cell 6 is a diverging cellThe connector fronCell 6 toCell 7 carries the through traffic on US50, while the

connector fronCell 6 to Cell 40 conveys the traffic from US50 to US113 South;

I Cell 7 is a diverging cellThe connetor fromCell 7 toCell 8 carries the through traffic on US50, while the

connector fronCell 7 toCell 24 conveys the traffic from US 50 to MD346;

I Cell 9 is a merging cellfhe connector frontell 8 toCell 9 captures the through traffic on US50, while

the connector fronCell 16 toCell 9 carries the traffic from MD90 to US50.

Analysis ofthe flow proportions in thse critical points indicagghat theirdiverging/mergingatterrs are relatively

stable, except during the dissipation phase.
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I For themerging Cell 9, the proportion between thilerough traffic on US 5@nd merging traffic fronrMD

90 always keeps ahe ratio 0f0.4 versus0.6.

I For diverging @Il 6, through traffic on US 50 and turning traffic from US50 to US113 south has

maintained the ratiof 1:1 during the first 581 intervals (approximately 3 hr 14 min). During the

subsequent 26 intervals (approximately 9 min), the optimal turning proportion tends to vary significantly.

During the remaining intervalapproximately 37 min), all traffic aming at this diverging point should go

to US113 south.

I For diverging @Il 7, through traffic on US50 and turning traffic from US50M®346 will keep the ratio

of 0.8 versus0.2 during the first 58 intervals (approximately 3 hr6lmin). For the remainingntervabk

(approximatelyd4 min), all traffic arriving at this diverging point will go to B8.

Simulation Comparison of the ProposedNetwork Flow Formulations

Finally, this section intend® evaluatethe effectiveness and reliability of the proposednfiulations for application

in the Ocean City networkFor this purposepne can compare the cumulative arriving cuate@ach destination

generated from the modeith the same curves generated from the network simulator developed with CORSIM

Note thatthe optimal turning fractionom the lowlevel optimizationmay vary significantly over some periods in

the ideal case which are not suitable for direct use as simulation input and not realistic fowoddl

implementationTo reflect thisoperationdconstraint the diverging proportions fdCells 6 and 7 are set #isose

shown in Tablel, based on théow-level optimization results
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Note that the diverging flow rates for the connector betweslh6 andCell 40 (US 50 to US 113 south) is quite

high for the actual ramp capacity. Some controls will be needed to ensure that traffic congestion will nohoccur

the upstream links tGell 6. Hence the node from US50 to US113 south has been operated with the following plans

I Extending deceleration lane US113 south till its upstream off ramp to US113 north

I Using the shoulder of the weaving lane as a turning pocket.

I Converting one shoulder as one additional ramp lane.

Figure8 presentshte comparison resultsvhich indicate that the timearying retwak traffic conditionsgenerated

with the revised cell transmission formulati@re quite similar to those obtained frahe microscopicsimulata.

This indicatesthe potentialof the proposed modeh accuratelyformulaing traffic flows for largescale newvorks

and in efficiently generating the optimal set of evacuation strategies faimeabperations

Conclusions

This paper has presentedtwolevel optimizationsystemfor largescale networkevacuationplanning which is

capableof efficiently providing the candidateset of optimal evacuation planfor review by responsible experts

and/or forrefinement withvarious network simulabrs. To efficiently model the flow propagation itargescale

networls, this study hapropose a revisedcell-transmissin formulation as its underlying network flow model,

which has proved to yield sufficientieliableperformance. The applicability of the paged twelevel optimization

systemand its reliability for use in practice $ialso been evaluated with the Oce&zity network simulator.
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Overall, despite the difficulty in capturing all operational constraints withlytical formulatiors, the proposed
optimization systemcan effectively and efficiently generate a set of optimal emergency evacuation plans under
available resources and the evacuation time windducha capability in identifying promising planis critical in
reattime evacuation operationgspecially whenthe traffic flows encounterunexpected events during the

evacuation and theevised control drategiemneed to begeneratedn a timely manner.

Appendix

Proof: First, one can dividéhe longcell i into |i homogenous subellsof size 1 which can be traversed in a unit
time interval at free flow spee®efine SX‘t( = the number of vehicles on sgkll K at the beginning of intervéi;
! L = the flow that can be sent from saéll K to subcell £ +1 during t; ‘P,ﬁ = the surplus flow on subell K

after sending! L to subcell £ +1.

If Q' ! N/ /I, one can find the follsing iteration relations
n t — H t n t — t t
i =MIn{N; /1 sk s, 30 g = max{sy,, +sx ! N/, O

$.=min{N/ /11" o sxI# " =max{sx +" ;! N /I, OLk=LE, I.!2

t

, into the equation of | and considerind Ikzls){< " iN{ /1., one carhave

Substituting !

"o max{sx +sx% +" L1 2N/L, 0, sX 1 N/} = max{sX +sx +" L1 2NU/I, O}

Then by substituting' ;,E - ﬁ! , one by onepnecan finally have

" E=maxf %! (P DNS/L, O =max ! (1T DN/, O
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Thus the vacant in sutell 1, namely the receiving capacity of cglls given by

R =N/ /1T =min{N/ ! x', N//1.}=min{N/! x', N//I;, Q}

If Qit < Nit /1;, one can finca more complexteration relations

i = MIn{NC/1 Y sx,8%,,,Q # " i = max{0,8x,, ! Qs +%,, ! N/ /1)
$L=min{N'/1. 1"} sX,Q}# " =max{0,sX! Q" L +sxX ! N'/I}

k=1t |12

By following the same substitution procedure asihg | Ikzls){< " iN! /1., onecan find

"r=max{0sy ! QL x ! (I NI/

Thus the receiving capacity of cellis given by

R'=min{Q!, N/ /11 [} =min{Q NI /1L NI/ g + QNG X}
=min{Q", N/I;, N'! X} 0

Notation

The following symbols are used in this paper.

C.C..Cq = Set of general cells, origins (source cells) and destinations (sink cells)
D, = Total evacuation demand from origin(veh);
N,.t = Number of vehias that can present in céllduring ¢ ;
Qit = Number of vehicles that can flow into/out of celduring ¢ ;
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R: = Receiving capeity of cell i during intervalz (veh);

S = Sending capability of cell during intervals (veh);
T = Required evacuationehrance timéno. of intervaly;
d£ = Evacuation demand from origin during intervals (veh);
l; = Size of celli;
r,s = Index of each source cell and sink cell
xit = Number of vehicles in cell at the beginning of interval;
y; = Connector flows from cell to cell ;j during ¢;
L@i) = The set of downstream cells to céll
nt 1(i) = The set of upstream cells to cell
T = Unit time interval (s).
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Table 1. Diverging Proportions for Cells 6 and 7

Connector First 3hr 20 min  Last 40 min
6! 7:US50 through 0.5 0
6! 40:US50 to US113 soutt 0.5 1
7! 8:US50 through 0.8 1
7! 24:US50 to MD346 0.2 0
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Figure Captions

Figure 1. Graphical Illustration of Cell Connections

Figure 2. Cell connection Diagrams for Test 1

Figure 3. Cumulative Arriving Curves for Test 1

Figure 4. Major Evacuation Network for Ocean City

Figure 5. The Cell Connection Diagram for Ocean City Hurricane Evacuation

Figure 6. Cumulative Arriving Curves for High-Level Optimization

Figure 7. Cumulative Arriving Curves for Low-Level Optimization

Figure 8. Comparison of Cumulative Arriving Curves from the Model and Simulation
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