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Abstract

The significant and continuous growth of urbanized areas throughout the world has led
the emergence of thiggobal phenomenon of megaregionslegaregions often share common
historical, cultural, environmental, and topographic/geologic systemswell asclose
economic ties, facilitated by transportation linkages that connect the movehpeuple and
freight. Another characteristic that megaregions also often share are threats from naturally
ocaurring and manmade disaster§his paper describes a projead tbetter understand,
prepare for, and respond to cataswphic disasters in megag®nsIn theresearch, a mass
evacuation of the United States Gulf Coast megaregion was modeled based on past hurricane
scenarios in the area. The results of #malyse revealechow operational characteristics of
themegaregiorroad networkvary andhowstrategies such as temporalphased evacuations
and regional contraflow operationsr@ able increaseverall system effectivene3$e results
of the simulations also showed numerous limitations of the network as well as existing
modeling and computatiohprocessing capabiliéis to create such simulations.
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1. Introduction

The significant and continuous growth of urbanized areas throughout the world has led to
the emergence ofhe pheomenon of megaregiondMegaregions are broadly defined
aschains of once separate cities and metropolitan areas that have grown together to form
continuously populated areawer wide geographic expanses. [EKisting megaregions in
Asia, Europe, and NortAmericaalreadyspread over hundreds of miles and cross national
boundaries. Although they mapanseparate governmental jurisdictions, megaregions often
share common historical, cultural, environmentahd atopographic/geologic systems.
Because of tlsithey also often have close economic ties, whichtemselvedacilitated by
transportation linkages that connect the movement of people and frégither
characteristic thamegaregionsalso often share are threats from naturattgurrng and
mannade disastersThis is particularly true for megaregionkat have developed ag
oceanic coast§.he past decade, in particular, has seen numerous disasters that have impacted
megaregions wddwide, including hurricanesfloods and natural disasters lie the
Fukushima Daichi/Tsunami disaster in Japan.
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To better understand, prepare for, and respond to catastrophic disasters in megaregions
emergency preparedness approaches have shifted toward philosophies of resiliency. Disaster
resilience seeks teedwce the probability and consequences of disasters while also attempting
to minimize the amount of time need to restore systems to normal opeftienrecent
research effort along these lines has included a series of projects to create a megaregion
transpatation network for the purpose of simulating the proesssid impacts of a mass
eveacuation within it [2] As part of that research, a mass evacuation of the United States Gulf
Coast megaregion was modeled using a traffic demand generation proceseatext ar
spatial and temporal distribution of departure times, origins, and destinations based on past
hurricane scenarios in the area.

The results of theanalysis associated with that researckvealed the operational
characteristics of the road networkder a variety of threat conditions and demand and
capacity management strategies dghh spatietemporal resolution.The study also
demonstragd how various strategies such as tempoyaiigsed evacuations and regional
contraflow operations were able irase overall system effectiveness. The resfltthe
simulationsalso showd numerous limitations of the network as well as existing modeling
and computational processing capalgitio create such simulations.

To address the large computational tirmguirementsieededo run evacuation models for
megaregions, this study explores tiggplication of largescale traffic simulation modeling
techniques to explongroperties of Megaregion evacuation trafitomesoscopic scaléBhese
types of analyse can be used topermit quick and agileevaluatiors of various road
management strategies and can lapplied similarlyto predict impadt of future anticipated
growth and development within large regioasd their relationship to emergency travel
conditions as well as for the evaluaion of varying hazard conditionsand their
interrelationships between behavioral response and regional drigm management
strategies.

2.Background

Megaregions are continuously populated areas that have grown together @vémotim
distinctly separate individual cities or populated areas to form continuously densely populated
areas that may spaover many hundreds of mileBhis concept was originally used Bgan
Gottmann[1], to describe theontinuousmetropolitan arealong theeastern seaboauaf the
U.S. Although there is no systematic method to defiegaregions, Richard Floridid] used
a global dataset of nighttime light emissions to produce an objectively consistent set of
megaregions.These 40megaregions had an economic output of more than $100 billion
producing 66 percent of total world output of goods and 85 percent of global innovation.

Paralleling the growth of megaregions, there has been a growing consensus that the earth is
experiencingsignificant climatologically changef4]. These changes are thought to be
contributing to the melting of ice caps, raising of the sea levels, and increasing the frequency
and intensity of hurricanes that threaten coastal regionsighowt the worldWhen the
trends of climate change and population growth are combinagdpé&arsnevitable that there
will also be a significant increase in the number of catastrophic disasters that can threaten
millions of people. The 2012 Hurricane Sandy event, for exgnipieatened 50 million
people and killed more than 66 persons. In addition, the hurricane caused widespread power
outages; air, rail, anduls transit shut downs; and the evacuation of 375,000 @é&aph low
lying coastal areg%].

Over the past severdlecades an iterative series of increasingly more sophisticated and
detailed techniques have been applied to better prepare for evacuations of large regional areas.
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Early studies seeking to apply traffic simulation models for evacuations were limiteglrin th
geographical scales and time durations. Many initial studies conducted with microscopic
simulation were concentrated on small networks over time spans of 12 to 20 hours. Several
of these focused on design of contraflow crossovérsaridd T and the evimation of
evacuation routes[ 8, 9] and impacts on small urban signal network8 and 11]Larger
regional networks have been analyzed using macroscopic traffic mode2ingd, 14].These
analy®s led to conclusions regarding approximate evacuatlearance time and delays.
However, no understanding regarding bottlenecks and traffic impacts could be gained due to
the low resolution of the models. Most of these evacuation models were not calibrated or
validated, and often they were calibrated for rarnday traffic with various rough
assumption regarding emergency traffic conditions. This was due to the difficulty in acquiring
data during actual evacuations to calibrate the networks.

Chiu et al, [15] as well as Dixitet al, [16] conducted regional ate simulation studies to
evaluate regional impacts of various evacuation strategies for the Hdbmheeston area
during Hurricane Rita and the Louisiana region duringribane Katrina respectively.
However, there is limited research concerning modelmgl analysis of megaregion
evacuations. Wolshoat al, [17] modeled theNew Orleans region of southeast Louisiana
evacuation and characterized the measures of effectiveness based on macroscopic measures
for varying travel demand and evacuation managesteategies.

3. Research Goals, Approach, and Contributions

The goal of thisstudywas todevelop macroscopieetwork performance functisrfor the
analysis of evacuation of th8ulf Coast Megaregiomf the United StatesThis function
soughtto providea quantitativerelationship between macroscopieasures of effectiveness
in evacuation network andemandwhich resulted formvarious capacity management
(contraflo) and demand management (phased) evacuptams. It is theorized here that
thesefunctions provide rapid anduseful insights regardinthe effectiveness ofmegaregion
evacuation for varioustorm threatesponsecenarios.

To gain insights into the macroscopic trafficharacteristicsof megaregiorscale
emergency traffic processethis pape presentsthe results ofmultiple traffic simulation
experimentsthat featured conditions associated with a varietya#narios Each of them
variedin the duration of evacuation as well as evacuation plaad and orders issued foe
Gulf Coast megagion. Simulation output were extracted and analyzeuhilar to that
discussed irzhang and Wolshofi2]. However, here are several methods to analyze the
effectiveness of evacuation plans and several of these have been disci@settid6]that
usefivehicles unable to enter a network during an evacuatiera measure of effectiveness.
This study utilizesiRemoved Vehiclags(from the simulation computational processid 0
Average Travel Speédas measures of effectivenesBoth of thesewere found to be
sensitive toevacuationdemandgenerationand the application ofcontraflow operational
plans.

This paper describes the processes and assumptions used to construct andtrexecute
network performance functioas well as the results that were gainemhf it. Perhaps more
importantly, this paper provides analyical framework forforecasting network performance
based evacuation simulation data 3éte rationale and basis for the functions used here can
also be applied more gendyalbothto other bcations including megaregions in other parts
of the worldand threatonditions ranging from hurricanes and typhoons to tsunamis, floods,
and other types of mamade disastersThis work also sumarizesmany valuabldessons
learned duringthe developmaet process including techniques that were found to be
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particularly useful, limitations and difficulties that were not able to be overcome, andsa way
of combining simulation results and mathematical approach to gain knowledge about
megaregion network penfmance under evacuation scenarios.

4. Data, Analyses, and Results

This research was carried duised on a megaregion evacuation based model developed
by Zhang, etal. [2], using a series of theoretical stormBour critical steps (Network
Construction, Evacuation Demand Estimate, Routing and Microscopic Simulation,
Calibration and Validation) were conducted to simulate the process of mass evacuation in the
Gulf Coast MegaregionAs demonstrated in a recent research by Mantz Zhand19], the
base modl was calibrated and validated, and thus it was considered being able to reproduce
the evacuation phenomena well.

Once the base model was calibrated and validatestries of threaesponse scenarios
listed below and shown graphically in Figurewlere based to varying degieen several
prior hurricaneeventsin the Gulf, some recent and otleethat took place more than 100 years
aga

Scenario 1: The storm development and track of Hurricane Gustav in 2008

Scenario 2: Hurricane Gustav increased tot€gory 4 strength

Scenario 3: Hurricane Gustav increased to Category 5 strength

Scenario 4: A Category 4 storm based on B867 unnamed hurricane with a
forecast uncertainty that threatened the full Gulf Coast study area.

Scenario 5: A Category 4 stan based on a 19l4hnamed hurricane, travelifigpm east
to west with a forecast uncertainty that threatens the full Gulf Coast study
area.

1 Scenarios 6:A Category 5 version of the Scenario 5 event.

= = =4 -4 =9

Using these six hurricane scenaripgvacuation denmal were estimated using the time
dependent sequential logit model and multinomial logit model, the total demand can be seen
in a recent researcB][ For examplenearly 1 million evacuation vehicles weageneratedn
scenario 1 and 4.2 million evacuatieshicles were generated in scenario 4.

In this paper the focus is on the interrelationships of the evacuation behavioral responses
created by these events as they relate to the differences in evacuation travel demand
generation based on the evacuation rdad the management of traffic resulting from the
implementation of regional contraflow traffic management plans. To this end the network
performance was analyzed from the standpoint of two main measures of effectiveness:
number of removed vehicles andeaage speed. In addition, we explore various bottleneck
conditions using microscopic speed profiles. In the sections that follow the key indicators
performance related to these scenarios and the application of the TRANSIMS system used to
simulate them ardiscussed.
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Figure 1. Hurricane Track Scenarios

4.1 Computing Requirements andLimitation

To build the modelwithin TRANSIMS, severalbasic dataitems, including busehold
distribution and evacuation trafficainand weraused adnputs forthe programto produce
dynamic origin and destination pairings\ext, the TRANSIM ConvertTripsmodule was
applied to disaggregate the demand and load the traffic onto the road nefWuek,
TRANSIMS Router and MicroSimulator moduleswere used to route and simulattee
evacuation process in each scenaricAs the demandwvas extremely large by most
simulation standargdghe computational processing times were quite lengdwen using a
relatively powerfuldesktop computer. The configuration for the computer faetthis study
included

CPU Intel Xeon i 5 2620(6 core)*2

RAM 16GB

Hard Disk 120 SSD for main drive and 2TB SATA for storage

Mainboard Asus 6760

Geography Card SAPPHIRE Radeon HD 7850 11200-20G Video Card OC

= =4 =4 =4 A

Based on this configurationhé computing time foeach ofthe test scenario§2] are
shown in Tble 1.From the table itan beseenthatasthe sizes of the evacuations grew (see:
evacuation demangd)more iterations and computingmiés were needed to reaehuser
equilibrium. Similarly, it is apparent that when the demand assmelylarge @bove 4
million vehicles as shown inc8nario 4, the computerwas unable to accommodate the
simulationand the computational procesas spordaneously aborted

To overcome the limitations of computational capability, the evacuation process for
Scenario 4 was required be simulated separately usitwgo subareas runs.The results of
these combined runs are shown as a single scenario rurblie T.a'he first area was the
HoustonGalveston region and the other covered the region from Beaumont to New Orleans.
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Sinceno traffic from Houstormoved substantiallyo the easirn regionand vice versathe
results of theehangeweresignificantand pemitted the simulations to be run without failure

Table 1. Comput ational Processing Time

Scenario Number of Evacuation Total
Iterations Demand(veh) Computing Time
(hh:mm:ss)
la 55 997,891 85:16:36
1b 60 997,891 88:24:42
1c 55 997,891 88:45:07
2a 51 1,122,071 93:58:30
2b 52 1,122,071 95:37:29
2C 45 1,122,071 96:10:05
3a 79 1,215,244 95:30:00
3b 44 1,215,244 104:57:10
3c 44 1,215,244 133:53:47
4 91 4,026,661 207:46:64
5 36 903,688 98:37:00
6 50 1,238,327 137:35:43

4.2 Data

As discussed im previous work [2, the use of contraflow on a regimide basis
significantly improvedthe progression of traffic in Scenario IHowever, the incremeait
benefit of its use diminisheds time extended later into the evacuation and the overall
evacuation trffic demand dropped. It was also shothat under other scenarios (such as
Scenariol), the incremental benefit of contraflow plaas higher

Several contraflow plans are built based on the southwest contraflow plan and southeast
contraflow plan of Lowsiana and the contraflow plan for Texas in Gustes/shown in Table
2 and Figrre insetaand2b.

ContraflowPlan 1in the test simulations waserived from thd_ouisiana Department of
Transportation and Developméns a ct i o nZ)08 dHurnicana Gstav evazuatiof
south LouisianaContraflow wasapgdied on several strategic linksgtaring at 400am, on the
second day ofhe twoday Gustavevacuation. The operational time period of contraflow on
each link is listed in Tabl&® and presented graphittg in Figure 2. The location of
Contraflow Pans 2 and 3 were the same as Contrafloaf 1. However, he use of
contraflowoperatios were extendeffom 12 hoursn Plan 1;to 40 hourdn Plan 2,and then
to 48 hoursn Plan 3

To investigate the sensilly of demand and the implementation ofcontraflow
management plansn néwork performance, multiple orgay evacuation simulations were
performed. The three contraflow plangre executed for different scenarigshownin the
ACF Plano columnof Table 3. All the experiments shared the same departurve as in the
first day of Senario 2Because all the experiments picked shared the same destination choice
and evacuation areas, such compadserere significant. The network performance
parametes wereaggregated with the twday evacuation simulations fromc&ariol to
ScenarioThree, ashown in Table 3
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in the Simulations

Road Name Start Time End Time Contraflow Plan
Eastbound-10between | 4:00 am, Second day of 4:00 pm, Second day of Plan 1
New Orleango Laplace, evacuation evacuation

LA
Northbound 110/1-55 4:00 am, Second day of 4:00 pm, Second day of
betweerHammond LA evacuation evacuation
and Mississippi
Northbound-59, north 4:00 am, Second day of 6:30 pm, Second day of
for the F10/1-12/I-59 evacuation evacuation
interchange
Northbound-49, on 4:00 am, Second day of 12:30 pm, Second day o
1-10 evacuation evacuation
Eastbound-LO between 4:00 am, first day of 12:00 am, Second day 0 Plan 2
New Orleans to Laplace, evacuation evacuation
LA
Northbound 410/1-55 4:00 am, first day of 12:00 am, Second day 0
between Hammond, LA evacuation evacuation
and Mississippi
Northbound 459, north 4:00 am, first dg of 12:00 am, Second day g
for the F10/1-12/1-59 evacuation evacuation
interchange
Northbound 449, on 4:00 am, first day of 12:00 am, Second day 0
1-10 evacuation evacuation
Eastbound-ILO between 12:00 am, first day of | 12:00 am, Second day 0 Plan 3
New Orleans to Laplace, evacuation evacuation
LA
Northbound 110/1-55 12:00 am, first day of | 12:00 am, Second day 0
between Hammond, LA evacuation evacuation
and Mississippi
Northbound 159, north 12:00 am, first day of | 12:00 am, Secahday of
for the F10/1-12/1-59 evacuation evacuation
interchange
Northbound 449, on 12:00 am, first day of | 12:00 am, Second day 0
1-10 evacuation evacuation

tit 11 tee

Figure 2a. Southwestern Louisiana

Figure 2 . Louisiana Deprtment of Transportation and Devel

Figure 2b. Southeastern Louisiana

opment Emergency

Evacuation Interstate Contraflow Evacution Management Plans
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Table 3. Network Performance Simulation Results ( 24hrs and 48hrs)

Scenario| Total Total Total Ave Travel Removed | CF Note
Trips Vehicle Miles| Vehicle Speed(mph)| Vehicles | Plan
Hours
2d 451,930| 51,714,704| 990,090 52.23 8,483 1 | 24 hours
29 494,654 | 56,636,072 | 1,157,487 48.93 13,327 1 | 24 hours
2f 584,602 | 66,734,865| 1,570,675 42.49 33,740 1 | 24 hours
2e 674,518| 75,781,434 | 2,438,406 31.08 67,801 1 | 24 hous
2d2 454,173 | 52,037,891 | 1,079,586 48.20 8,478 2 | 24 hours
292 494,654 | 56,716,047 | 1,279,575 44.32 12,732 2 | 24 hours
2f2 584,602 | 67,185,618 | 1,639,260 40.99 27,042 2 | 24 hours
2e2 674,518 | 76,054,219 | 2,383,907 31.90 69,419 2 | 24 hours
2d3 454,173 | 52,074,388 | 1,074,445 48.47 7,889 3 | 24 hours
293 494,654 | 56,712,861 | 1,276,416 44.43 13,153 3 | 24 hours
2f3 584,602 | 66,651,559| 1,597,052 41.73 25,000 3 | 24 hours
2e3 674,518| 75,939,893| 2,537,287 29.93 68,294 3 | 24 hours
la 997,891 | 106,748,968 2,611,951 40.87 79,40241 1 | 48hours
1b 997,891 | 108,852,046 2,660,963 40.91 55,431.00| 2 | 48hours
1c 997,891 | 108,901,028 2,672,603 40.75 61,401.00| 3 | 48hours
2a 1122071| 117,803,422 2,990,495 39.39 98,002.67| 1 | 48hours
2b 1122071| 119,787,151 3,349,147 35.77 89,026.11| 2 | 48hours
2c 1122071| 119,924,893 3,370,999 35.58 91,270.25| 3 | 48hours
3a 1215244| 127,527,475 3,520,007 36.23 158,069.00, 1 | 48hours
3b 1215244| 128,852,536 3,927,447 32.81 148,826.48 2 | 48hours
3c 1215244| 130,515,376 4,141,751 31.51 117,230.13) 3 | 48hours

5. Analysis

The simulations suggested thatot parametets fi Nu mb e r of Vehicles Rem
AAver age Trwen ¢he mdStpsigrefidaat fackrelated tonetwork performance
during evacuationsi Number of Ve hsiaoltputspardnetar otneasuledproduced
by a TRANSIMS simulation t@account for vehicles which experiencdravel time three
hours longe than under normal conditioné/hen this occursTRANSIMS removes vehicles
(RV) from the simulation proces¥Vhile this would never occur in the real worlidl,is a
helpful measure in simulatiomoding and errechecking perspectivbecause itindicaes
where routes may not be connected properly orrgvlsggnals have been mistime8ince
vehicle removal may also be indicative of the excessiwegestion in thenetwork the
location and timing of vehicle remals can also be used to identify bottleneck locations
which congestion and queuing results in in unrealistic and inordinately long travel times.

5.1 Number of Vehicles Removed
Plots of demand and numbefr vehicles removed under different contraflow plans for the
one day evacuation as well as two dayaceation were shown in Figure Bhe shape of the
curve issimilar in nature t@afipowercurvé used t o measure the power ge
of a devce relative to its input energy requirements this applicationthe curves compare
the number of vehicles removed from the simulation as a function of the amount of vehicles
generated in the evacuation scenarios. Infithees, a oneday evacuationthat generated
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demand above 0.55 million, the network performance detertbsadmificantly. In contrast,
the threshold demand for twiay evacuation wa 1.1 million vehicles As the demand
increased abovthesecritical values, the number of vehicles m®vedfrom the simulations
jumped tohigh values more than 1@00 vehiclesor tenpercent of the total demanaere

removed as the road network congestibrom these qualitative analyssesveral findings
emergegrom the Figure urveplots.

Fundamentayl, as demand ree, number of vehicles increasddowever, tle curves
became less linear when demand exce@dg&8dl million for onedayand1.1 million for two-
day evacuatios. The curve for shortedurations ofcontraflow was above the curve for
longer cotraflow planusage. This suggested thahger contraflowusage allowednore
people successfully get out of threaten ar&lso apparent in these curve figure was that t
benefis of contraflow differed notably between oneind tweday evacuatiomn and hat
Contraflow Pans 2 and3 had nearly the same effect on the evacuation process.

The incremental benefit of contraflovan also be seen in the use of Plan 2 olaan P for
oneday evacuatios where the curve wasised fromzeroto a peak value for emand
rangingfrom 0.49 million to 0.58 milliorvehicles while thebenefit isnegligiblefor demand
rangng from 0.58 million to 0.67 million.This suggests thdbnger contraflowdurations
yielded little benefit over shorter contraflowsewhen the demahwas near or above 0.67
million vehicles For twoday evacuatios, the benefit of Contraflowld 2 overPlan 1
decreasg whenevacuation travedlemand exceeded 1.1 millimehicles However, the effect
of longer contraflowutilization (Contraflow Ban 3 increasd (curve three) when demand
exceed 1.1 milliorvehicles

Network Performance(One Day)

Network Performance(Two Days)

-=-#--Planl Plan2  ——a—Plan3

== Plan 1 Plan2 =g—Plan3

Thousands

IS
S
Removed Vehicles

0.44 0.49 0.54 0.59 0.64 0.69 0.98 1.03 1.08 113 1.18 1.23
Demand Millions Demand Millions

Figure 3. Network Performance (Left: One Day, Right: Two Days)

To investigate how demand and contraflow plenplementationeffeced megaregion
network performance, a mathematical metfmdve fitting) was used to find out the function
for removed vehicles.Aefunctionwascreated usinghe processlescribedelow.

The function for one day and two days evacuatiere the sameand followed the now
familiar power curveshape. Thequatonto describe this general conditions was

F(x)=a*(x) +c (1)

where,
F(x): number of vehicles removed (10,08¢hicles)
x: demand (100,00@ehicleg
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a: contraflow @rameterasi decreases in respond to proledgcontraflow plan

b: evacuation demand and netwgr&rameterreflects the trem of removed vehicles
in respomgeto total demand. A power function indicagg¢hat the removed vehicles
changed slowly with increased demand, and then incrdasedifter the denand
crossed one constant value

c. shifted value of the functigmlenoesthat removed vehicledo not change when the
demandwvas small.

The oefficientsused in this research and statisticsof there resultant effecere shown
in Tables 4 and 5The value of parametéeod did notfollow any trend in respond to demand
and contraflow plans and tl® percentconfidence boundaere null from Model 1 to Mdel
3. As the bvalue changed between 4 and 10.36. To get a more standard fupetiameter
fibdo was set as,%b,and6, respectively.

The Coefficients and statistics showed that wiignwas set as 4, the function seems more
reasonable.m e c o e fifdéceasedrad coniratlow plaas used for twalayevacuation
models However,this parameter did not shosignificant variation for onelay evacuation
models.Such statisticare consistenwith logical intuition, in thatthe influence of contraflow
for multi-day evacuation over singleday evacuatiosin significant and a longecontraflow
usage permitsnore peoplao safelyevacuate fronendangered areahown adess vehicles
removed.

Table 4. Power Curve Coefficients and Result Statistics

Model Coefficients Statistics Evac
a 95% confidence bounds b C R-square | RMSE | Duration
1 3.333ell Null 10.36 | 8.939 0.792 Null two days
2 1.696e10 Null 9.9% | 4.20 0.9984 Null two days
3 5.46e6 Null 5.764 | 1.967 1.0000 Null two days
4 0.009831 (-0.06851, 0.08817) 4.652 | -2.83 0.9695 0.4706 one day
5 2.937e5 (-0.0003644, 0.0004231 7.640 6.056 0.9996 0.9629 one day
6 0.00203 (-0.003978, 0.008037) 5.466 | 0.292 1.000 0.2518 | one day
Table 5. Power Curve Coefficients and Result Statistics
Model Coefficients Statistics Evac Duration
a 95% confidence bounds c R-square | RMSE

1 0.0006616 (-0.001887, 0.00321) 0.6897 0.9158 1.687 two days

2 0.0007854 | (-0.0008202, 0.002391) -2.679 0.9748 1.063 two days

3 0.0005569 | (0.0002135, 0.0009002) -0.5148 0.9977 0.2273 two days

4 0.03625 (0.03244, 0.04006) -7.713 0.9988 1.141 one day

5 0.036% (0.01934, 0.05461) -9.908 0.976 5.277 one day

6 0.03731 (0.02958, 0.04504) -9.154 0.9954 2.314 one day

When this data is presented graphicaltyshown in the charts of Figuretde results of
theseanalysexan be compared quantitativeys shavn in the figures,he curves developed
for Models 1 thragh 3 are below the curves foradek 4 through6. These finding logically
corresponcbecausehe congestion fothe twaday evacuatios were lesgshanthe oneday
events for the samevacuation denmal. However,it is also apparent ithe figures that the
megaregion network vganot able tservedemand greaterthan 1.5 million ina singleday.
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For evacuations involving mor¢han half amillion vehicles evacuabns can be more
effectively accomplishetin two daysrather than in on€lhis can be seen graphically the
figure wherethefiremovedv e hi ¢l e s 0 c wayewnt ihaveasest sigréficantipre
demand exceeding half anillion vehicles ananuch higher than the two days curve.

It is alsoapparent irthe figures that when the demand is below 1 million @Btwoday
evacuationa short to no- contraflow plan is needed becaube benefit of contraflow is
negligible Whendemandexceedsl.1 million vehicles however,a longer contraflow plars
seen to be considerably more desirable based on overall network performance.

From these combined findings, it can be inferred that the network capacity for the Gulf
Coast megaregion network is effectively half a million vehicles for adayeevacuatin and
somewhere between 1.0 to 1.1 million for a &y evacuation. These results further suggest
that for any demand below these threshold values, no contraflow plan is needed.etlowev
when the demand is above these crititaksholdvalues contrafbw operations have a
significant beneficial impact For any potential evacuation demanéh this region the
evacuation time andeed for implementation afontraflow could alsobe estimated from
removed vehicles model curve in FiglBand corresponding amagement strategies for the
various scenarios is shown in Table 6

i H i L 5 L
46 48 5 52 54 56 58 B 62 64 66 0 102 104 106 108 N 112 14 116 N8 12

Removed Vehicles Model Sets
14

Millions

== Plan 1(two days)
-Plan 1(one day)
= Plan 2(two days)

Removed Vehicles

=== Plan 2(one day)
=== Plan 3(two day)
Plan 3(one day)

2
Demand Millions

Figure 4. Curve Fitting Results for Simulation Data (Left: Two days, Right: One
day, Lower: Model Sets)
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Table 5. Suggested Evacuation Management Plan

Demand Evacuation Time Contraflow
<0.5 million One Day noneor Plan 1
0.5-0.58 million One Day Plan 3
0.581.0 million Two Days Plan 1
1.0-1.1 million Two Days Plan 2
above 1.1 million Two Days Plan 3

To better visualize theincremental benefit of contaflow operationsfor the various
evacuation demasgdspeed plabased on a microscopic speed data produced by TRANSIMS
were developed. Thermal charts revealing speed in terms of temperature color are shown in
Figure6. In these plots for&nari® 2b, 2¢, 3b, and 3ctravel speeds are shown over time (y
axis) and distance {axis) using hot colors (red/yellow) for slow travel and cool colors
(green) for fast travel on Interstate 10 near New Orleans.

Comparing the corresponding upper and lower chartthemight and left sides of the
figure, the incremental benefit of Contraflow Plan 3 over Contrafldan 2 can be seen.
Contrastinghetwo uppergraphics, the negligibleffect of contraflow in Scemio 2 canalso
be seen The color patters of thesedwgraphs are effectively the same. In the &igside
comparison of Scenarios 3b and 8w red and orangarea arediminished in thdeft side
lower left, which is the graph representifggure 3b. This representthe benefi of longer
contraflowdurationsfor 1.2 millionvehiclesover 1.1 millionvehicles

Time-Space Plot for ROUTE:I10 ,Storm Scenario:2c

S0p-

451

40F-

w
5

30F--

Evacuation Hours
N
(53]

Evacuation Hours
N
(53]

0 I ! ! ! ! i
300 250 200 150 100 50 0
Time-Space Plot for ROUTE:[10 ,Storm Scenario:3c

w
m

w
=]

|

Evacuation Hours
Evacuation Hours

| }
0F
.

1 L 1 n L i
300 250 200 150 100 50 o

0 1 n n n n i
Evacuation Route (mi) 300 250 200 150 100 &0 o

Evacuation Route (mi)

Figure 6. Speed Plots for Westbound Interstate 10 out of New Orleans
(upper left: Scenario 2b, upper right: S cenario 2c,
lower | eft: Scenario 3b, lower right: S cenario 3c)
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Similar phenomenaan be seen in plofer the Interstate 58orridor spanning the border
area connectingouisiana and Mississippi in Figure

50
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Figure 7. Speed Plots for Northbound Interstate 55
(upper left: Scenario 2b, upper right: Scenario 2c,
lower left: Scenario 3 b, lower right: Scenario 3c)

5.2 Average Travel Speed

In addition to the qualitative analyses of contraflow using speed data discussed above,
guantitative assess assessments of speed performance were also undertaken as part of this

research. Among the geral, and logically expectefindings from the qualitative review

were that:

1 average travelmeed decreasg whenevacuatiordemand increase

)l
)l

average travel speeds decreasbdn contraflowwutilization waslengthened,;

the beneficialeffects of contrafow on average travel speed was more considerably

more pronounced during twaay evacuatios when compared to singliay
evacuations; and

contraflow benefitsincreasd most notablywhen demandexceeded a threshold

valueof at leastl.1 million vehicles ovetwo days.

Copyright

2014 SERSC

65



International Journal of Transportation
Vol.2, No. 3 (2014)

To begin the qualitative analyses, cufitihg methodswere once again applieth
estimate the function for average travel speed.gémeral equation for thisinction is listed
below.

v(x)=a*x’ +v, (2)

In the equationy, is the average free flow speéithe parametea is a negative number

closely reléed tothe use ofcontraflow x is the demad in terms of 100,000 vehicles and
similar towhatwas used previously in the analysig@moved # is a constant value, which
varied arounda value of4. To achievea moe standard functiony = 4 was usedin this
research.

This function indicated that the average traapdedor the whole networlcan effectively
be determinedusingthe average network free flow speed, evacuation dérand contraflow
plan. Coefficientsfor Equation (2)are shown in Tablé. R square parametevgereall above
0.94,suggesting a reasonaliebetween the functions and simulation data.

Table 6. Speed Function Coefficients and Statistics

Model Coefficients Statistics Evac.

a 95% confidence | 5 | 95% R | RMSE| “Ureo
bounds ! confidence | square
(mph) bounds

-0.00039| (-0.0014, 0.0006247) 450 (28.2,61.78) | 0.9595 | 0.6701| two day

-0.00068| (-0.002035, 0.0006729) 473 | (24.84, 69.75)| 0.9761 | 0.8961| two day

-0.00078| (-0.001466;8.78e005) 483 | (36.84,59.69)| 0.9952 | 0.4561| two day

-0.01253 (-0.01428,-0.01078) 57.0 | (54.83,59.18)| 0.9979 | 0.5231| one day

-0.00926 (-0.0133,-0.00523) 51.2 | (46.19,56.22)| 0.9799 | 1.207 | one day

o g M| W[ N
L S S N

-0.01055| (-0.01637-0.004723) 524 (45.12, 59.6) | 0.9681 | 1.743 | one day

Graphicé plots for the speed model setise shown in Figur8. From this informatiorit
can be seen that for singlilay evacuatios) average speebegin to decrease ondemand
exceeds0.8 million. This suggests a orday megaregionevacuationsystem capacity
Similarly, the networkcamot accommodate more than 1.5 million vehictegr a two-day
evacuation of this regioriThe data also suggest tHdbdek 1, 2, and 3 workwell while
demandemainsbetween 0.8 milliofjoneday)and 1.5 million (two days). Mode#, 5, andé
only operate effectively whethemand is below 0.8 milliofor a sngle day

Using the estimated evacuation demand from the various scenarios, the evacuation time
and contraflow plan were also able to be suggested from the average travel speed model curve
sets in Figure 6 above and a set of potentially appropriate ead strategies for
conditions similar to Scenario 1, 2, and 3 is listed in Table 7.
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Speed Plots Curve & Simulation Data(48hrs)
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Figure 8. Average Travel Speed Curve
(Left: two days; Right: one day; Lower: Model Sets)
Table 7. Suggested Evacuation Management Plan
Demand Evacuation Time Contraflow
<0.5 million One Day no or Plan 1
0.5-0.8 million Two Day Plan 1
0.8-1.0 million Two Days Plan 1
1.0-1.1 million Two Days Plan 2
1.1-1.5 million Two Days Plan 3
Above 1.5 million More than two days Plan 3
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6. Validation

A critical component ofany simulation is the calibration and validation of the output
results. While a typical validation requires a comparison about adjustment process using
some form of realvorld baseline data set, the shear magnitude of this model did not permit a
useful @ibration or validation basisThus, it was concluded here that the model results
would be used to compare relative differences in model output based on a varying set of input
parameters, rather than a validationdaHife data.Similarly, thefocus ofthe validation here

was the mathematical functions and their conformamd¢lee simulation model output.

To validate thgperformance functions of this network, the predictive equations for number
of vehiclesremovedthe average travelpsedwere used.Using an additional set ofl5
experimentsfunction 1 and function 2 were validated againstross productets offive
demandgroups of750,000 900,000 1,250,00Q 1,300,000 and 1,400,000vehicles against
Contraflow Plas 1, 2 and®. Thevalidation for theiRemovedvehicle®

S p e palfdrmance measures are shawmable8.

The statistics shows théte errors between the model results and simulation results are
primarily below five percent with a few within nine to ten perceaggestingthat the
Network Performance Equatisshoweda reasonabldit compared to the simulation results
and could be deemed to be valid for the purposes of the research

an

Table 8. Network Performance Function Validation

d AAverage

Demand Function Results Simulation Results Error for | Error for | Contraflow
(vehicles) Removed Average Removed | Average Rempved Travel Plan
Vehicles Speed Vehicles Speed Vehicles Speed
(mph) (mph)

750000 16,680 73.3 15,251 68.45641 | 0.0856 0.0660 3
900,000 34,589 69.1 31,768 68.656 0.0815 0.006L 3
1,250,000 128710 46.9 118,609 | 42.24233 0.0784 0.0990 3
1,300,000 150573 41.7 147874 39.81407 0.0179 0.0460 3
1,400,000 202529 29.5 197,046 28.1422 0.0270 0.0455 3
750000 199627 72.2 18,379 72.10344 0.0792 0.0017 2
900000 41,393 68.5 39,376 66.87985 | 0.0487 0.0241 2
1,250,000 154028 49.1 149,285 | 49.00565 | 0.0307 0.0015 2
1,300,000 180191 44.6 168428 | 44.16666 | 0.0652 0.0089 2
1,400,000 242366 33.8 219,679 | 32.00501| 0.0936 0.0538 2
750000 22,192 70.0 20,823 68.01848 0.0617 0.0286 1
900000 46,018 67.9 45,774 64.72864 0.0053 0.0469 1
1,250,000 17,1240 56.8 167,412 | 51.41875 0.0223 0.0953 1
1,300,000 200329 54.3 181,407 | 49.56252 0.0944 0.0866 1
1,400,000 269449 48.2 250,582 | 43.60966 0.0700 0.0943 1

8. Conclusion

This work described irthis paper has revealed several key aspects of the megaregion
evacuation process in the Gulf Coast area of the US as well as for otheegnags in
general. Among of the mostinteresting and potentially the most useful are the relationships
between demad generation the use ofacity enhancing techniques like contraflow and
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how they ultimate impact the capacity of megaregiocale networks. One of the ways that
this general finding is illustrated can be seen is in the graphs of Fgurethesethe trend
for removed vehicles and average travel spmedshown tdollow oppositedirection curve
directions

In addition to he network performance functipmalkility to demonstrate the megaregion
network performanceit also shows the evolution of congest within megaregiorsized
network duringan evacuation They were also useful to illustrate the regionale of
contraflow on network performance especially inestimaing its impact on network
performancemeasuredike average travel speed and velsctbat are unable to exit the
network and reach their intended shelter destinatiofisey were also helpful in
demonstratinghte marginal effect ofariations in shortening or lengthening the duration of
contraflowoperations

[

Removed Vehicles

04 0.45 05 0.55 0.6 0.65 07 0.9 0.95 1 1.05 11 115 1.2 1.25
Demand Millions Demand Millions

Figure 9. Network Perform ance Curve s
(Left side : two day evacuations ; Right side : single day evacuations )

This work demonstrateadvancement over existingractice andknowledgebecause it
permitsestimats of the number of vehicles removed and average travel dpegenerally
show effects of contraflow pla on increase network capacity aasido the potential negative
effect on the averageavel speed due to bottlenecks creased by contraflow operdis,
researchers can udigese techniques and measuxes$orecast the poteiat congestion level
for the whole megaregion ardaurrenty, existing modelsare limited because the&an only
computethe congestion levain certain segmestof corridors orwithin small area and they
areoftentime consumingo code and executBletwork performance modeglsuch as the one
presented here may also be used to infdenisionmaking inways or locationgduring
evacuation plaming. For example, can/should evacuation orders be issued for dawe or
movementshow longshouldcontraflowoperations be used, andhat may bethe range of
evacuation apacity for one and twedayevacuatios.

In terms of what this workells about evacuation in megaregigitssuggests thatan they
be done however, therare also limitations First it demonstitas someof the variation of
network performance duringhegaregionevacuatios. In this study, he removed vehicles
would increase very slowlyntil the evacuation demand raised and below a cect#inal
valug then itdeterioratd rapidly as the demaneéxceed this critical threshold valu€he
averagetravel speed performance measuréllowed a similar pattern; influencedby
prevailing free flow speesl and travel demand-dowever, the effect of contraflow plans on
removed vehicleand average travel spedaiffered as it markedly increased evacuation
network capacity However, the simulation results suggest that these gains were often
achieved at the cost ofeaing bottleneck at contraflowinitiation and terminatiopoints.
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Limitation in network perfomance functioa suggestthat the contraflow parameter is

closely determined by theetwork topology, contraflow plan location and duration time,
would be difficult to estimatethrough means other thasimulation. In the future it is
theorized that mre sinulations on different megaregion netwsrkould be used to
investigate a morgeneralizableetwork performance function.

The work here can be useful on a practical level as Wetbuld beused for emergency
managers to estimate the possible netwonKopmancein megaregiongiven reasonable
estimated okvacuation demanfiom demand model like MNL and TDSLMAlthough the
network performancéunctionsdeveloped and describéd this paperwere specific tahe

Gulf Coastof the US,these methodologes can also be applied inther megaregions in the

world.
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