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Abstract

Delaysin the United Statesair transportationndustryareincreasingevery year, with cor

respondinglyincreasingcosts.Delaysareparticularlybadat hub airports,dueto the extra
demandlacedontheseconnectingoints. This paperaddressesneapproactio helpalle-

viate this problem,that of shifting capacityfrom hub-and-spo&flights to nonstopflights.

In orderto evaluatethe effectsof sucha changewe analyzethe market shareandrevenue
benefitsof addingnewn nonstopflights to a market previously sened only by connecting
service,and examinethe actualcost of delays. The MIT ExtensibleAir Network Sim-

ulation, developedin supportof this work, is also presented.For a sampleanalysisfor

ContinentalAirlines, it is found that over $550,000per day in additionalprofit could be

obtainedby reassigninglights away from the congestedhubs.

This documents basedon the thesisof Terran Melconiansubmittedto the Depart-
mentof Aeronauticsand Astronauticsathe Massatiusettdnstitute of Technolagy in par-
tial fulfilmentof the requirrmentdor the degree of Masterof Sciencen Aemnauticsand
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Chapter 1

Intr oduction

1.1 Motivation

Delaysin the United Statesair transportationndustryareincreasingevery year In 1995,
19% of the domesticUS flights of the 10 Major airlines were delayedaccordingto the
FAA'’s criterionof arriving 15 minuteslate or more. By 1999, this figure hadrisento 26%.
The situationat congestedub airportsis evenworse. In 1995,18% of Continentals do-
mesticflights weredelayedand20%of flights throughits Newark hubweredelayed- lev-
elscomparabldo the nationwideaverage.By 1999,35% of Continentals flights through
theextremelycongestedNewark hubweredelayedwhile only 26% of Continentals other
flights weredelayed.Table 1.1 shovs a comparisorfor thosemajor airlineswith enough

of bothhubandnonstogflights for acomparisorto be meaningful.

Tablel.1: Changen Delaysfor Hub andOtherFlights

1995 1999
Carrier| Non-HubDelays HubDelays| Non-HubDelays Hub Delays
AA 19.2% 20.0% 24.0% 29.9%
AS 26.8% 32.5% 20.2% 30.0%
CO 18.0% 20.3% 26.6% 34.9%
DL 18.7% 24.3% 18.6% 29.6%
UA 17.9% 24.2% 24.3% 30.7%
us 16.7% 18.5% 28.9% 38.6%
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No “silverbullet” for this problemhaspresentedtself, andnoneappearso be waiting
in thewings. However, severalapproachebave the promiseof incrementallyameliorating
delaysandif enoughof theseapproactarecombinedthey couldsignificantlyimprovethe
situation.

This paperaddressesnesuchapproachthatof shifting capacityfrom hub-and-spo&
flightsto nonstoflights. Fundamentallytheimprovements achiezedby reducingdemand
at hubs,wheredemandalreadyexceedscapacity andrelocatingthis demando less-used

airportswhereexcesscapacityis available.

1.2 Organization

Chapter2 presentsan overview of the key concepts.This includesa brief explanationof
the history leadingto the currentsituation,aswell asanintroductionto key requirements
for theanalysisanddecisionamadefor the modelling.

Chapter3 examinesdelaycostsin detail, andprovidesa framework for their calcula-
tion which providesreasonablé&delity while minimizing computationadifficulty anddata
requirements.

Chapted present®conomianodelsfor the calculationof revenuefrom nonstogflights
in a market otherwisesened only by connectingflights. This is an extensionof previous
modelswhich wereableto treatonly thosemarketswhereall significantcompetitiontook
theform of nonstopflights.

Chapter5 describesMEANS, the MIT ExtensibleAir Network Simulation. MEANS
wasdevelopedin supportof this work, andprovidesdetailedinformationaboutsimulated
flight informationwhich s critical for delayestimation.

Chapter6 presentghe overall approach.This includesthe synthesisof the work ex-
plainedin the previous chaptersand methodsrelatedto the overall analysis,suchasthe
selectionof connectinglights to eliminateandnonstopflights to introduce.

Chapter7 describegheresultsof this analysis.Thoseflights which couldbeimproved
by being switchedfrom hub serviceto nonstopserviceare identified, and the expected

economiaesultsof sucha switcharepresented.

16



Chaptel8 suggestpossibledirectionsfor futurework, basedn dataavailability, com-

putationalcompleity, andplannedmprovementdo the MEANS model.
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Chapter 2

Overview

2.1 Historical Network Development- Hub and Spoke

Airline networkschangediramaticallyin the United Statesn the early 1980s,in thewake
of removal of regulationsfrom the airline industryin 1978. Underthe old system flights
wouldtake passengemdirectly from onemajorcity to anotheywith smallercitiessenedby
connectiongrom a nearbymajor city. In the currentsystem,mostpassengerseachtheir
destinatiorby takingoneflight from their origin city to a“hub”, wheremary flights meet.

Fromthis hub,they thentake a secondlight to their destination.

Thereasondor this changein network topologyare numeroushput all arefundamen-
tally relatedto the idea of economief scale. It is importantto understandhat under
theregulatedsystemairline faresweresetin partbasedon airline expenses if anairline
shaved high expensesit would be allowedto raiseits fares.Thus,theincentive to reduce

costswasnotwhatit would have beenin afree-marlet situation.

Thesimplestmanifestatiorof theseeconomie®f scaleappeain areassuchasmainte-
nance wherestaf andinventorycostscanbe reducedoy having onecentralmaintenance
facility. A subtlerandmoreimportantreasonfor hub andspole arrangementdiowever,

hasto do with economie®f scaleappliedto frequeny andpassengepreference.

19



2.1.1 Supply and Demand

Demandin theair transportatiommarket takesthe form of transportatiorbetweeronecity
andanother However, the productwhich is actually suppliedtakesthe form of seatson
flight legs, which may not directly connectthe origin and destinationof interestto cus-
tomers. Becauseof this, the organizationof a network (point to point or hub andspole)
canhave a significanteffect on the relationshipbetweensupplyanddemandobsenred by

theairline.

2.1.2 Frequencyand Mark et Share

An airline productis generallyviewedasaround-tripticketfrom anorigin to adestination;
non-round-tripticketsare sufficiently uncommonthat mary analysesgnorethem. Every
airline offering servicebetweentwo cities is competingin that market; the fraction of
passengergavelling betweenthe cities who purchasdicketsfrom a certainairline is the
market shareof theairline in question.

Market shareis largely a function of flight frequeng. Thus,a carrierwith tenflights
perdaybetweenwo citieswill have significantlymorepassengerthanacarrierwith only
threeflights perday This makesit desirableto have multiple flights with smalleraircraft
insteadof oneflight with a larger aircraft. However, thereis a lower boundon the size
of aircraftwhich canbe economicallyoperatedandthusfor a certaindemandhereis an
upperboundon the numberof flights which canbe offered.

A hubandspole network topologyhasa consolidatingeffect which makesit possible
to justify moreflightsto eachcity. Supposéehatthetraffic betweercitiesA andB, A andC,
andA andX is enoughto justify two flights eachperdaywith 100-seatircraft. Suppose
we introducea hub at X, suchthat passengergoing from A to B go via X. However,
passengerfom A to C will alsobe going via X, andof courseso will the onesgoing
straightto X. This is shavn in Figure 2-1. Thus,insteadof having flights with 100-seat
aircraftfrom A to B, we have flights from A to X. The numberof flights will bethe same,
namelysix. However, insteadof having two flights to B, two to C, andtwo to X, therewill

simply bessix identicalflights to X. Thus,the passengeat A who wantsto goto B will no

20



Nonstops Hub at X

Figure2-1: SimpleNonstopandHub Networks

longerseetwo flights, he'll seesix. Exactlythesamehappen®nthesecondlight segment,
from X to thedestinatiorcity. Thisincreasedrequeng providesa competitve advantage
to thecarrierwith thehub-basedlights, whichrealizesahighermarketshareandincreased
revenue.Alternatively, thecarriercoulduselargeraircraftandreducethenumberof flights

from eachcity. This would still provide higherfrequencieshantheinitial nonstopsystem,

andit would alsoreducethetotal numberof legs, cuttingcosts.

2.2 The Costsof Hub and Spoke

Theadwantageof hubandspole networksis thatthey concentratéraffic. Thedisadwantage
of hub and spole networks is that they concentratdraffic. Considerthe examplefrom
above. Supposen the non-hubcase theretherewasenoughtraffic from A to X to justify
two flights perday, andthe samefor B-X andC-X. Thisis atotal of six flights perday at
X. Now, supposewe startroutingall traffic throughX. We now have (asdescribedabove)
six flights from A to X, six flights from B to X, andsix flights from C to X. Thetraffic at
X, ourhub, hastripled!

This becomesa problemwhenthe airportat X startsrunningout of capacity Today

airportsarerunningout of capacity andhub airportsarerunningout first dueto the con-
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centratingeffectdescribedabove.

Forexample,in 1999 therewerel4,900,00@nplanegassengeratNewarkand12,500,000
at Orlando. However, becauséNewark is a hub, therearemary operationswvhich are not
reflectedin the passengersounts,asthey referto connectingpassengers Newark had
457,0000perationswhereagOrlandohad 366,0000perations.FurthermoreQOrlandohad

only 0.6%delayedflights, but Newark hadovertentimesasmary.[1]

2.3 The Return to NonstopFlights

In a world of uncongesteairports, the traffic-concentratingeffect of the hub designis
highly desirable. It would be foolish to remove a flight througha hubin orderto adda
nonstopflight betweentwo non-hubcities, asthis would reduceall of the advantageghat
madethe hubdesirablean thefirst place.

However, in the real world of very congesteaiirports,congestiormeansdelays,and
delayscostmonegy. While it might not be desirableto replacea ideal hub flight with an
idealnonstopflight, it canbevery desirableo replacea delayedandcostly hubflight with
anondelayedonstopflight. The costsof delaycanoutweighthe advantagegrovided by
routingtheflight throughthe huh

The purposeof this work is to motivatejust sucha changeby analyzingits costand

revenueeffects.

2.4 Requirementsfor Analysis

An analysisof the differencesn revenueand costbetweenhub and nonstopflights does
not necessarilyequirea full costandrevenueanalysisof both situations. However, if a
full analysisis not performed revenueandcostmustbe assessetbr at leastthoseflights
which changebetweenthe two situations,andthe effect of the change®n the remainder
of the network mustalsobe examined.

Thus, the choicebetweena cost/rezenueevaluationof the entire network in both sit-

uationsor of only the differencesdependson the extent of the coupling betweenthe
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added/remeedflights andtherestof the network.

2.4.1 DelayPropagation

Oneof thedifficultieswith delayanalysisandsimulationis thatdelayfrom a delayedilight
propagate$o subsequertights. Eachflight, in orderto departrequiresanairframeflight
crew, and cabincrew. In the worst case,the airframe,flight crew, and cabincren from
anincomingflight will be assignedo threedifferentsubsequentlights. Oneincoming
flight canthereforedelaythreeoutgoingflights. If crews arenot assignedasa group,this
becomesvenworse.[8]
Becausdistoricalcrew schedulesannotbeobtainedrom airlines,thiswork considers

only the propagatedelaysfrom airframe,assuminghatresene crens areavailableto staf

theaircraftshouldtheregularly scheduledrens be unavailable.

2.4.2 Analysis Time Window

The majority of air transportationroccursduring the daytime. Thus, excesscapacityis
almostalwaysavailableat night, evenat majorhubs.lt is thereforealmostalwaysthe case
thatary delaysdueto reducedcapacitycanbe madeup at night, allowing the next dayto
starton schedule Thus,analysisof a singledayis adequateo captureall directeffectsof
propagatedielays;i.e. delaysfrom onedaywill notcontinueinto the next day.

Thereare additionaleffects, however, which cannotbe capturedwith a single day’s
worth of information.If aflight is cancelledtheaircraftwhich wasto have flown will start
thenext dayin adifferentplace.Theaircraftmustberepositionedo whereit’ ssupposedo
be beforeits first scheduledlight, or anotheraircraft mustbe substituted.Thereare costs
associatedavith both options,andthesecostscanbe examinedonly by looking at a period
significantlylongerthanoneday.

Algorithmsfor optimizing this recovery arethemselescurrentlya significantareaof
research.In orderto focuson the hub vs. nonstoptradeof, the analysishereinhaslim-
ited itself to time windows of oneday, to avoid influencingthe resultsby betteror worse

methodsof long-termdisruptionrecovery.
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2.4.3 Costand RevenueAnalysis

Becauseof the propagatedatureof delays,it is extremelydifficult to isolatethe costof
delaysdueto anindividual flight. The costof delaysarethereforeanalyzedon a network
level. The MEAN simulation,explainedin detailin chapters, providesthetoolsrequired
to examinethe delaysover the entirenetwork.

Revenueis alsodifficult to isolate. Considerthe simple caseof a linear relationship
betweenfrequeny andmarket share. If airline Q hastwo flights from A to B eachday,
andairline R hasoneflight, airline Q will get% of the passengersHowever, if airline Q
cancelsoneof its flights, it will notlose half of its passengersAssumingthe flights are
notfull, airline Q will gethalf of thetotal passengerwith oneflight. Thisis alossof only
25%o0of its previousrevenue hot half. As aresultof this effect, passengerevenue(alinear

functionof thenumberof passengers$ alsocalculatedat a network level.
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Chapter 3

Delay Cost Analysis

It haslongbeerknown thatit is notpossibleto calculatetherevenuefrom or costof asingle
flight leg. In the caseof revenue this is becauselemands generallymeasuredn termsof
anOrigin-Destinatiomarket; ary flight leg will carrypassengerfsom mary originsgoing
to mary destinationsandit is notatall clearhow muchof therevenuefrom the passenger
in questiorshouldbeallocatedo theparticularieg. In thecaseof coststherearenumerous
costsassociateavith the network which aredifficult to assignto asingleleg. For example,
the costof crew is highly dependenbn the numberof hoursthatthey areableto work in a
month,andthis is in turn highly dependenon the detailsof the schedule.lt is extremely
difficult to assignthesecoststo individual flights.

The costsof delayscomefrom lost revenuesandadditionalcosts;aswe alreadyhave
difficulties assigningrevenuesand coststo flight legs, it is clearthat we will also have
difficulty determiningthe costof delaysfrom a singleleg. If, for example,a flight is
delayedong enoughthat certainpassengermisstheir connectionwhatis the additional
costor lost revenuefrom this? Thesepassengersustbe accommodatedn otherflights,
eitherby finding spaceon otherflights or buying themticketswith anothercarrier The
former is usually less costly than the latter, but the extent to which passengersan be
accommodatedn otherflights is dependenbn whenthe next flights betweernthe citiesin
guestionarescheduledo occur andhow mary seatsareavailable. Alternatively, consider
the delayof oneflight dueto the late arrival of the aircraftrequiredto fly it. In the worst

case,one late-arrving flight can delay threemore, if the cockpit crew, cabincrew, and
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aircraft areto be usedin threedifferentoutgoingflights and no replacement®r spares
are available. However, the extent to which this occursdependsentirely on the timing
of subsequentlights andthe resourceswvailable at the airport at which the flight is late
to arrive. Thus,we seethatthe costof delayon a singleflight is dependentot only on
thatflight but on otherflights aswell. This dependences at the heartof the difficulty in

modelingandestimatingthe costof delays.

3.1 Prior Work in Delay and Cost Assessment

A greatdealof work is currentlybeingdoneto modelandimprove the delaysin the Na-
tional Air System.Oneof the mostinterestingof theseis the ApproximateNetwork Delay
model, which attemptsto modelthe propagatiorof delaythroughouta network, thereby
capturingpart of the dependencéhat makes delay modelingdifficult.[8] However, this

modeldoesnot assigndollar valuesto the costs but simply reportsdelaysastimes.

Thosemodelswhichassigrnadollarvalueto thecostof delaytendto useafixedamount
per hour, possiblydependingon the locationof the aircraft during the delay (air, ground,
etc.)[7] Thesevaluesdo nottake into accounthediffering costsof differentaircraft. Some
work is currentlybeingdoneusingthe Departmenbdf TransportatiorForm 41 data,which
providesinformationon the costof aircraft dependingon the aircraft type, but no work

usingthis methodologyappeardo have beenpublishedyet.

3.2 Fixed Hourly CostModeling

Fixedhourly costsarethecurrentstateof theartin modelingcosts.In additionto their sim-
plicity of calculationthereareadvantagego usinga linear costrepresentatiostemming
from the factthat a linear objective function makes certainoptimizationsmoretractable.
Thetwo sortsof fixed hourly costswhich areusedareanaircraft-independertostandan

aircraft-dependertost. Thelatteris moreaccurateandthereforeof moreinterest.
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3.2.1 Form 41Costs

“Form 41” is aform on which United Statesairlinesreportoperatingcoststo the Depart-
mentof Transportationayearlybasis.Thisinformationis brokendown by category and
madeavailablein a databaseThe sectionof costsof the mostinterestis the Flight Operat-
ing Costsection.The costsarereportedin the Direct Flying OperationgcontainingPilots
andFuel),MaintenancécontainingDirect Airframe, Direct Engine,andMaintenancdur-

den),andEquipmentOwnership(containingDepreciationRentalsandinsurance)All of

thesecostsarereportedon a perblock-hourbasis;a block houris the time from whenthe
wheelblocksareremovedfrom theaircraftprior to its departuré¢o whenthey arereplaced
afterits arrival. Someof thesecostsaretruly incurredon anhourly basis.Fuel, for exam-
ple, is clearly a costwhich is directly relatedto the numberof hoursthatthe aircraftis in

use.Others,suchasownershipcosts arenotdependentn thenumberof hourstheaircraft

in use,andit is someavhatartificial to reportthemon a block-hourbasis.[9

Dependingon the type of delayin question,the categoriesof costswhich shouldbe
includedin its estimationdiffer. If a delayoccursregularly, andis essentiallypermanent,
thenit seemsnostreasonabléo considetthis delayasa simplelengtheningof theamount
of timerequiredfor aparticularflight. In thiscaseijt is reasonabléo includethefull hourly
costreportedon the Form 41 dataasthe costof the delay- aspermanentielaysoccur it
will likely be necessaryo qualitatively changethe scheduleandadditionalaircraft may
be requiredto sene the samecities with the samefrequeng. In the caseof a one-time
temporarydelay however, it doesnot make senseto include the ownershipcostsof the
aircraftin thecostof thedelay- noextraaircraftarerequired;f theaircraftis delayedoy an
hour, it is simply usedfor anhourlongeronthatday Table3.1 summarizeshe cateyories

in which costsarereported andindicatesto which type of delaysthey areapplicable.

Someof theclassificationshavn in Table3.1arenotentirely clearcutandareworthy
of note. The direct maintenancecostis partly dependenbn hoursflown (for the 100-
hourchecks)yandpartly independentthe calendaitime basedchecks) It is shovn asbeing
includedin thecostof anairbornedelay butit couldbearguedthatit shouldnotbeincluded

in its entirety Fuelis not shavn asbeingpartof the costof a grounddelay althoughthe
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Table3.1: CostCateayoriesIincludedin Delay CostEstimations

Delay Type Permanent One-Time One-Time
Airborne  Ground
Cost Category
Direct Flying Operations
Pilots X X X
Fuel X X
Flight Maintenance
Direct X X
Burden X
EquipmentOwnership
Depreciation X
Rentals X
Insurance X

aircraftis using somefuel while it is idling on the ground. It seemshat the amountof
fuel usedwhile on the groundis sufficiently smallerthanto the amountof fuel usedwhile
airbornethatit canbe neglected,but this classificatiorcould be argued. Finally, it maybe
worthy of notethatdirectmaintenanceostsarenot includedfor a grounddelay but crew
costsare. This is becauserew hoursarecalculatedbasedon block time, whereasircraft
duty hoursarecalculatecbhasedon airbornetime. Therefore a delayon the groundcounts

astime for the pilots but not for theairframe.

Anotheritem of noteis the lack of cabincrew costs,which areincludedin the overall
costdatareported put notin thedatabrokendown by aircrafttype. Becausehecabincren
onanaircrafttypically costssignificantlylessthanthe cockpitcrew, historicalpracticehas

beento ignorecabincrew costs.

Someexamplecostsfor commonaircrafttypes,usingthe cateyorizationspresentedn
Table3.1,aregivenin Table3.2. It canbe seenfrom this thatthe costof a one-timedelay
on the groundis a fraction of the total costof operatingan aircraft of the sametype. By
usingthetotal hourly costfrom the Form 41 datato modelthe costof delays,we maybe

significantlyoverestimatinghem.

Of course,noneof thesecostsincludethe costsof additionaldelays“down the line”

which may be causedy theinitial delay Thesecostscanbe estimatedoy usinga model
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Table3.2: HistoricalHourly Costsfor AssortedAircraft Types

One-Time One-Time

Permanent Airborne Ground

A300-600 $3,960 $2,372 $675
A320-200 $1,959 $1,798 $579
B727-200 $2,238 $1,767 $714
B737-1/200 $1,716 $1,215 $486
B737-300 $1,874 $1,159 $439
B737-400 $2,041 $1,440 $562
B737-500 $1,587 $1,053 $401
B747-100 $6,032 $4,323 $1,178
B747-400 $5,992 $3,728 $1,245
B757-200 $2,316 $2,095 $627
B767-200 $2,754 $1,821 $677
B767-300 $3,212 $1,971 $723
B777-200 $3,594 $2,072 $790
DC-10-10 $4,496 $2,944 $882
DC-10-30 $4,410 $3,173 $805
DC-9-30 $1,654 $1,287 $535
F100 $1,685 $1,143 $606
L-1011-1/200 $3,970 $3,131 $1,045
MD-11 $4,153 $2,804 $941
MD-80 $1,835 $1,215 $513

suchasAND to modeldelaypropagatiorin conjunctionwith anhourly costmodel.

3.3 Nonlinear Crew Costs

The hourly crew costsreportedin the Form 41 dataare simply the total amountspenton
crew onayearlybasisdivided by the numberof hoursthatthe crev worked. Thisincludes
itemssuchastraining expensesandpayingthe crew for their minimum guaranteedimes
evenif they haven't workedthem. Thesecostsmaynot beapplicablen the caseof delays,
asthe pilots arent gettingary extra vacationtime, for example,asa resultof working an
extra half anhour Ontheotherhand,it mayalsobethe casethatthe pilots aredelayedso
long thatthey arenot ableto fly their original scheduleandthusmustbe replaced.The

costsof thiswill behigherthananhourly costmultiplied by the pilots’ time.
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3.3.1 Restrictionson Pilot Schedule

Therestrictionson the schedulea pilot is ableto work comefrom the FAA's FederalAvi-
ation Regulations(FAR) andfrom the pilots’ contractwith their airline. Therearethree
typesof limitations on the cren’s schedule,arny of which could be violated by delays,

forcing thecrew to rescheduleThesedimitationsare:

1. Restrictionsonthe numberof hoursthata crew canfly betweerbreaks

2. Restrictionsonthe amountof time thata crew canbe on-duty regardlessof whether

thistimeis spentflying or waiting

3. Restrictionsonthelengthof breakthata crev musthavein orderto beableto return

to duty

Theserestrictionsare discussedn more detail in the following sectionswith details
from the FARs andfrom the NorthWest/ALFA contract,examinedas an example.[3 5]
Thefocusis on the cockpitcrew, ashasbeendonein muchof theliterature,dueto alack

of informationaboutcabincrewn costsandscheduling.[§

Restrictions on Hours Flown

Most of the restrictionson the numberof hoursthat a crew canfly comefrom section

121.471of the FederalAviation Regulations.The FARs requirethata pilot not fly:

1. Morethan1,000hoursperyear
2. Morethan100hourspermonth
3. Morethan30 hoursin ary 7 consecutie days

4. Morethan8 hoursbetweerrestperiods

It is the last of thesewhich is of the mostinteresthere. If the extra flight time intro-
ducedby a delaywould causea crew to exceedtheir monthly allowedtime, for example,

they canstill completetheir currentduty period,andbe rescheduledo reducetheir flying
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time for laterin the month. However, the requirementhata crew notfly for morethan8
hourswithoutrestis moreimmediate andis therequiremenmostlik ely to forceacrew to
abandortheir original schedule.

The wording of the regulationis significant. It reads“No certificateholder.. may
schedulary flight crevmemberandno flight crevmembemay acceptan assignmentor
flight time... if that crevmembers total flight time in all commercialflying will exceed
[conditions]! The significanceof this is that it restrictsassignmentind acceptancef
assignmentyotactualflight. Therefore pnceaflight hasbegun,thecrenv neednot abortit
andlandat analternateairport,evenif finishingtheflight will causethemto exceedeight
hoursof flight time.

A crew will usually in domesticoperationspe scheduledo fly morethanoneflight
duringaduty period.As indicatedabove, if thelastleg of this seriess delayedthereis no
effectbeyondpayingthecrew extrafor theextratimethey’ve flown, andpossiblyadjusting
their schedulefor subsequentlays. However, if arny of the previous legs are delayed,it
may not be possiblefor the crew to fly thelastleg, asatthetime of departureéhe expected

lengthof theflight would putthemover the eight-hourimit.

Restrictions on Break Length

The FARs alsoprovide requirement®n thelengthof a breakwhich mustbe givenin order

for acrew to fly morethan8 hoursin ary 24-hourperiod. Therestsmustbe:

1. 9 hoursof restfor lessthan8 hoursof flight
2. 10hoursof restfor 8 to 9 hoursof flight

3. 11 hoursof restfor morethan9 hoursof flight

However, theserestperiodscanbe furtherreducedto 8, 8, and9 hours,respectiely)
if longerbreaks,of lengthsspecifiedby aneven morecomplicatedsetof rules,aregiven
for thenext rest.

If ary delaysareencountereduring a seriesof flights, the crew will arrive laterthan

anticipatedandbegin theirrestlaterthananticipatedIf theamountof restavailableto them
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is sufficiently shortenedijt may be impossiblefor themto departon their first scheduled
flight the next day, asthe reducedamountof restthey obtainedasa resultof thedelayno
longermeetsthe minimumrequirementsgor themto fly again.

Additional requirement®n restperiodlengthcancomefrom the airline/pilot contract.
In the NorthWestcase,it is specifiedthat all breaksshall be at least9 hours(not 8), and
aftermorethan8.5hoursof actualflight time, thepilots mustreceve atleasta 12-hourrest.
In this case|t is possiblethatary of theflightsin a seriesmight be delayedsuficiently to
increasdhetotalflying time from under8 hoursto above 8.5hours- in which casehetotal
resttime requiredwould actuallybeincreasedin additionto theactualtime recevedbeing
reduced.This couldresultin thecren beingunableto fly their planneddepartingflight on

thenext day.

Restrictions on On-Duty Time

The FARs do not provide ary restrictionon the total amountof time thata crew canbe
on-duty but contractsbetweenindividual airlines and pilot unionsdo. The NorthWest

contractwhich wasexaminedasa sample providesthefollowing basicrestrictions:

1. No duty scheduledo startbetweerD501and2159(local time) may be scheduledo

lastlongerthanl13hours.

2. No duty scheduledo startbetween2200and0500may be scheduledo lastlonger
than12hours.

3. No duty mayactuallylastlongerthanthe schedulednaximumplusonehour.

Thereare further complicationsand refinements.If a 6-hourbreakis given during a
duty periodwhich startswithin certainhours,thelengthof theduty periodcanbeextended
to 14 hours. If abreakof lessthan10 hoursis givenbeforea duty period,the maximum
scheduledengthof theduty periodis reducedo 11 hours.Furtherspecificationgxist for

redgyes,internationallights, andothercases.
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3.3.2 Examination of Effects on Schedule
SampleSchedule

Ideally, an actualhistorical crew schedulewould have beenusedto examinethe effects
of delaysat various points on the ability of the crew to completetheir plannedflights
without violating any of the requirement®n their working andresttimes. Regrettably it
did notprove possibleto obtainsucha scheduleastheseschedulesareconsideredialuable
competitve informationby the airlinesandarenot availablefor researchpurposeslit was
thereforenecessaryo usea hypotheticalschedulanstead.

To examinethe costsof a crew’s inability to completetheir scheduledset of flights,
a hypotheticalschedulewvas thereforegeneratednanuallyusing a simplified setof con-

straints.Theconstraintsisedwere:

1. No scheduledlight timeslongerthan8 hoursperduty period
2. No duty periodslongerthan13 hoursscheduledar 14 hoursactual

3. Norestsshorterthan9 hours,scheduledr actual

Theseconstraintobviously do not capturethe entiretyof the problem.It seemdikely,
however, thatthey will provide a schedulewhich is similarin natureto thatactuallyused,
andwhich will exhibit the samebehaior in responseo delays. The actualschedulegen-
eratedwas for a historical schedulewith 7 aircraft and 40 flight legs. This scheduleis
believedto belargeenoughto give arrepresentatie estimationof the effect of delayswhile

remainingatractableproblemfor manualcren scheduling.

Resultsof Delayin SampleSchedule

The effectsof delayon the schedulevere examinedby looking at eachleg of eachflight
anddeterminingthe largestdelaywhich could be absorbedvithout forcing a replacement
crew to beused,assuminghatall otherlegsrun attheir plannedduration.

Threetypesof delayswhich could prevent a crew from completingtheir originally

scheduledlights were examined;theseareanincreasen flight time, anincreasan duty
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time, andadecreasén rest. All threeof thesetypesappearedn the samplescheduleThe
majority of inabilitiesto completethe plannedscheduleesultedirom expectedflight time
exceedingB hoursdueto delayin oneof thelegswhich wasnotthelastone.

Using this information, it was possibleto calculatethe likelihood that a delay of a
certainlengthwould resultin arequiredschedulehange Theseresultsassumehatdelays
areequallylikely atall airportsin the scheduleWith alargerscheduleit would have been
usefulto examinethe delaystatisticsof eachof the individual airports,but giventhe size
of the samplescheduleavailable,theseresultswould not have beenstatisticallyuseful.

Theresults assuminglelaysareequallylik ely everywhere arepresentedh Figure3-1.

Costsof ScheduleDisruption

The actualcostof a crew beingunableto completetheir originally scheduledlights is of
coursehighly dependenbn how the disruptionis handled.The detailsof how thisis done
aregenerallynot available,for thereasongliscussedn 3.2.1,requiringsomeassumptions
to bemade.Here,it is assumedhatthecren whichwasnotableto fly their original flights
will bedeadheadeflown aspassengerg)ackto their base while anothercrew is sentout
to take over for them.

TheNorthWestcontractindicateghatpilots beingdeadheadedrepaidattheirfull rate,
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Table3.3: SampleNorthWestHourly Crewv Rates

Captain First Officer
A320 $175 $124
B747-400| $227 $154
B757 $183 $124
MD-80 $169 $115

asif they wereflying the aircraft. The costof deadheadindpur crewv membergtwo back
to baseandtwo from the baseto wherethey musttake over) is thereforequite significant.

Somehourly crew ratesfor full-seniority crew aregivenin Table3.3.

3.4 ComparisonsBetweenLinear and Nonlinear Model

In orderto comparethe costestimategrovided by the linear cost-perhour model with
thoseprovidedby the nonlinearcren-schedule-disruptiomodelpresenteébove, we look
atthe averagecostof adelayin thelatter The probability of a delayresultingin schedule
disruptionis multiplied by anaveragescheduledisruptioncost,takenfrom calculatingthe
averagestagelengthof the scheduldan question.This is addedto a linear hourly costfor
the captainandfirst officer, usingtheratesindicatedin Table3.3.

Figure 3-2 presentsaa comparisorbetweenthe model presentedabove and the fixed-

hourly-costmodelusingonly crew costs for a767.

3.5 Conclusions

As canbeseenfrom Figure3-2, the agreemenbetweerthe nonlinearschedule-disruption
model and the fixed hourly cost model using Form 41 dataagreesurprisingly well for
crew costs. It may be reasonabléo conclude therefore thatthe fixed-hourly-cosmodel
is suitablefor the majority of purposesandthatthe nonlinearschedule-disruptiomodel
haslittle to offer without specificinformationabouttheactualcren schedulen placeatthe
time of a particulardelay Sucha modelwould be mostappropriatfor useat the airlines

themseles,wheredetailedinformationaboutthe actualcren scheduless available.
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Chapter 4

New Nonstop Analysis

Whenthe expectedprofitability of a newv nonstopflight in a market not currently sened
by nonstopserviceis consideredpneof the mostimportantfactorsis the expectedmarket
sharewhich will be obtainedby the carrierintroducingthe nonstopflight. Currentmarket
sharemodelswhich aredesignedor marketssenedprimarily by nonstopservice,nclude
exclusively nonstopflights; the numberof passengerlying on otherflights is generally
lessthan20% andis consideredegligible for mostpurposesThesemarket sharemodels
arethereforeinapplicableto situationswherethe market shareof carrierswho do not offer

nonstopservicemustbe consideredanda modelwhich takesinto accountothertypesof

serviceis required.

4.1 Models

Themostcommonmarket sharemodelgivesmarket shareasafunctionof frequenyg share.

Thisrelationis givenin Equation4.1.

Freg

MS; = ————
> Fregs

(4.1)

M S; is the market shareof Carrieri for a particularmarket; F'reg; is the numberof non-
stopflights (or flights pertime) of Carrier: in the market. « is an exponentrepresenting

theadvantageof carrierswith higherfrequeng sharesThis nonlinearityis sometimesx-
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plainedby thefactthatmosttravelersplanround-tripitineraries,andarelik ely to fly onthe

samecarrierin bothdirections.Becausef this round-tripplanning,carriers’market share
dependgo someextent on the numberof combinationsof departingandreturningflight

combinationghey offer (the squareof the frequeng). Ultimately, the exponentis present
in themodelbecausehe datajustifiesit; it typically hasvaluesbetweenl and2.

This modelcanbe extendedo includethroughandconnectinglights by modifying the
meaningof Freg; to includenot only nonstopflights, but a weightedsumof all available
flights. The modelusedhereincludesatermfor flights with onestopandflights with one
connectionflights with morethanonestop,morethanoneconnectionpr botha stopand
aconnectiorarenotincludedin themodel. Thisis shavn in Equation4.2. The parameter
b is thevalueof one-stodlights, andthe parametet is the valueof one-connectiofflights.
Thesearefractionsof the value of a non-stopflight, andshouldin all casese betweerD
andl.

Fregi = Fregi, o, + 0 Freqi 0, + € Fregi,.conmeet 4.2)

4.2 Methodology

Themodelgivenby Eq. 4.1and4.2hasbeenusedhistorically, with coeficientsb = 0.4 and
¢ = 0.1. However, thesevalueshave notbeenverifiedin decadesandtheir applicabilityto
the currentmarket is questionablelt wasthereforedesirableto determinenew valuesfor
thesecoeficientsusingrecentmarket data.

An overview of the calculationgs presentedhere.

4.3 Data Requirements

Two sourcef datawererequired,oneto provide informationon the flights availableand
oneto provide informationon the passengersho flew on eachcarrier For theflight data,

therequiredinformationfor eachflight is:

1. Departurecity
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2. Departurgime
3. Arrival city

4. Arrivaltime
5. Carrier

6. Flight number

TheAirline ServiceQuality Performancé ASQP)dataprovidedthe requiredinforma-
tion. Otherdatasourcessuchasthe Official Airline Guide (OAG) electronicdatacould
alsohave beenused;the ASQPdatawasselectedasa matterof corvenience.

For the passengedata,the requiredinformationis the numberof passengersarried,
brokendown by OD market, carrier andtime. Thisinformationwasprovidedby the O&D
Plus10%ticket sampledatabaseyhich providesinformationon 1 outof 10ticketsissued,
randomlyselected.Both the O&D Plusand ASQP databasegrovided only information
for domestidlights by the 10 Major carriers.

4.4 Mark et Selection

Thefirst operationwasthe selectionof marketssuitablefor inclusionin the calculations.
Becausehe principal usefor the modelis to predictthe effects of addingor remaoving

nonstopservice,thosemarketsin which nonstopservicewasaddedor removed were se-
lected. The marketsselectecarethosewhich gainedor lost nonstopservicebetweenl 995
and1999,the yearsfor which datawasavailable. The marketsmustalsohave hadat least
onefull yearbothwith andwithout nonstopserviceduringthe periodfor which datawas
available,to reduceskewing of theresultsdueto seasonavariations.The marketsselected
were alsorequiredto have had a total of 40 nonstopflights (both directions)during the

periodthey were consideredo have nonstopservice;marketswith a very small number
of nonstopflights (suchasone perweek)werethereforeexcluded. Thesecriteria sened

to excludea numberof marketswhich weresened nonstopseasonallyfwinter or summer
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only), andthosewhich were sened for only a few monthsbeforebeingabandoned123

marketswhich metthe criteriawerefound.

4.5 FrequencyCalculation

The numberof nonstopflights wastrivially determinedithe numberof flight legs which
left from the onecity of the pair andarrived at the otherwas counted. Determiningthe
numberof one-stopandconnectinglights requiredexaminingall pairsof flight legswhich
leadfrom onecity of the pair to the other by way of arny intermediatecity (onecarrieris
examinedat atime). If theflight numberis the same theflight legsarecountedasa one-
stopflight. If theflight numbersarenotthe sametheflight legsareexaminedfor potential
inclusionasa connectinglight. To be countedasa connectinglight, the secondeg must
departatleast30 minutes,but not morethan120 minutes,afterthe arrival of thefirst leg.
Using thesefixed valuesfor connectingimesgreatlysimplified the problemcomparedo
enteringthe actualconnectiontimesfor eachcarrierand eachairport, andis unlikely to
significantlyskew theresults.

Frequenciesvere calculatedoy quarter;the limiting factorwasthe 10%ticket sample

databaseyhich provided datawith a quarterlygranularity

4.6 CoefficientCalculation

Two methodswereusedfor determiningthe coeficientsb andc. A linearregressiornpro-
videddetailederrorinformationwith « constrainedo 1; a nonlinearsolutionalloweda to

vary but did not provide coeficient-specificerrorinformation.

4.6.1 Linear Solution

Linearregressiori‘'solves; in aminimum-errorsensefEquation4.3.

Y=X-¢ (43)
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cisan N x 1 matrix of coeficients;it is thedesiredresult. Yis an M x 1 matrix,and X
isanM x N matrix. WhenM = N, this equationhasanexactsolution;whenM > N,
linearregressions usedto find the c which minimizestheerror.

To performalinearregressiontheY and X matricesmustbe generatedin this case,
Xwill bean M x 2 matrix, astherearetwo coeficientsin ¢. Rows in thesematricesare

generatedisingEquationd.4,whereonerow is generatedor eachcarrieri in eachmarket.

- (Z MSZ : FTeqinonstop - FTeQinonstop) =

J

b : (Z MSZ : F?’.eq’ionestop - F/reqionestop) + (44)

J

J

° (Z MSZ ’ F/reqioneconnect - FTeqioneconnECt)

Equatiord.4resultsfrom straightforvardalgebraiomanipulationof Equation4.1when
a is 1. Rows which wereentirely zero(representing carrierwhich hasno flights andno

passenger® a particularmarket) werenotincludedin the generateanatrices.

4.6.2 Nonlinear Solution

Theadwantageof thenonlinearsolutionis thatit removestherequirementhata beexactly
1. The disadwantageis that only an overall erroris provided for the solution,andnot a
perparameteerrorasis providedby alinearregression.

Generalnonlinearoptimizationalgorithmsgenerallytake the form of maximizingor
minimizing anobjectivefunction. In this casetheobjectveis afunctionof «, b, andc. For
eachcarrierin eachmarket, the differencebetweenthe calculatedmarket sharefrom the
givena, b, andc valuesandthe actualhistoricalvaluewasfound;the root meansquareof
this errorvalueis the objective functionto be minimized.

The specificalgorithmusedwas the NelderMead algorithm. This algorithm, which
is general-purposeut not particularly efficient, was chosenfor simplicity. Becausehis

problemwas a relatively tractableone, the slow running speedwas not important. The
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Table4.1: Connecting-light ValueLinearFit Results

Value Standard t-statistic
error

b (one-stop) | 0.1748 0.0063 27.7
c (connection)| 0.0129 0.0003 43.0

specificalgorithmusedshouldnot affect the final result.

4.7 Results

4.7.1 Linear Results

Thelinearresultswith anassumedv=1, arepresentedn Table4.1. The principal purpose
of thenonlinearmodelis to examinethe significanceof the coeficients,andit canbeseen
thatthefit is quitegoodandboth coeficientsaresignificant.

Thevalueof connectinglightsis muchlowerthanthatof non-stoplights, eventhough
it is not clearthattheseflights take longerto complete.Part of this is undoubtedlydueto
thefactthatinfeasibleconnections thosewhich go acrosghe countryandthenback- are
included,eventhoughit is unlikely thata significantnumberof passengerwill fly them.
The presencef one-stofflights beforeconnectinglights on the CRSmenusundoubtedly

explainspartof this aswell.

4.7.2 Nonlinear Results

The nonlinearresultsare presentedn Table4.2. The nonlinearsolutiondoesnot provide
perparameteerrorsstatisticdik e alinearregressiordoes;thetotal rootmeansquareerror,
calculatedasdescribedn section4.6.2,was0.144.

The nonlinearresultsprovide highervaluesfor the b andc coeficientsthanthe linear
solution. Thisis likely a consequencef therestrictionson o presentn thelinearsolution.

Becausecarrierswith nonstopflights alsotendto be the oneswith high market shares,
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Table4.2: Connecting-light ValueNonlinearFit Results

Parameter| Value

o} 1.107
b 0.233
c 0.048

the nonlinearitywhich is an effect of o wasatrtificially capturedaslow valuesof b ande,
which alsosenedto furtherincreasehe market shareof thosecarrierswith above-average

marketshares.
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Chapter 5

The MIT ExtensibleAir Network

Simulation

The MIT ExtensibleAir Network Simulation(MEANS) is anevent-basedimulationtool
which canbe usedto analyzecurrentandhypotheticahetwork configurationsaandrules.
The discussionof MEANS is divided into three sections: data sources,calculation

methodsandresults.

5.1 Data Sources

Severaltypesof dataarerequiredby the simulation. Theseinclude a scheduleof flights,
airborneratesandtimes, arrival anddepartureratesat airports,andtime requiredfor taxi

andothergroundevents.Eachof theses addressetielow.

5.1.1 Scheduleof Flights

The scheduleof flights for historical daysis obtainedfrom the Airline ServiceQuality
PerformancéASQP)databaseThisdatabas&asselectedversourcesuchastheOfficial
Airline Guide (OAG) databecausat hasthe highly desirablepropertyof including the
registrationnumberof theaircraft. Theaircraftregistrationnumberis crucialfor following

anaircraftthroughits flights andcorrectlymodelingthe propagatiorof delays.
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Themajorlimitation of the ASQP databasés thatit includesinformationonly for do-
mesticjet flights operatedoy the ten US Major airlines. The OAG databasencludesall
scheduledcommercialflights, but still doesnot includefreight or generalaviation traffic.
To addresghesedatalimitations, a countof all operationsn 15-minuteperiodswas ob-
tainedfrom the FAA’s ConsolidatedOperationsand Delay Analysis Systemdatabase([2].
This countenabledilights to be generatecdindaddedto theflights in the ASQP database,

bringingthetotal level up to the historicalvalue.

5.1.2 Airbor ne Performance

In the US, the principal causeof delaysis a lack of capacityat airports,not in the air.
MEANS thereforeusesa simplemodelbasedon historicalinformation. The averageair-
bornetimes betweentwo cities is usedwhen historicalinformationis available. Where
historicalinformationis unavailable,an approximateairbornetime is calculatedrom dis-
tanceandscheduledime usingaformuladevelopedasa “bestfit” from thosecasesvhere
actualdatawasavailable.

It is also possibleto vary airbornetimes aroundthe average,but the resultsof the
simulationare generallyquite insensitve to small changesn airbornetime. It might be
possibleto obtainbetterresultsby segregatingtheresultsby aircrafttype,but thisapproach

wasnot pursuedor reason®f tractability.

5.1.3 Ground Operations

Timesrequiredfor groundoperationsaredeterminedn a mannersimilar to thoseusedfor
airbornetimes,describedibove. Timesarecalculatedy airport,but notby aircrafttype or

configuratiorfor reason®f dataavailability andnumericalcompleity. [11]

5.1.4 Weather

Historical weatherinformationfrom the CODAS databasés usedasweatherinput. His-
torical datahasthe advantagethat it captureshe correlationsbetweenproximatecities;

alternatve approachesuchas a Markov-chain generatedveathermodel do not capture
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this. The CODAS dataprovideswind andvisibility datafrom whichit is possibleto deter
mine the operatingconditionof the airport, aswell asa noteasto whetherthe conditions

werelnstrumentor VisualMeteorologicalConditions.

5.1.5 Airport Arri val and Departure Rates

The calculationof the arrival and departurerateshasbeenone of the mostdifficult and
involved partsof the MEANS development. As a resultof this, several differentsources
of datahave beenused.Historical datafrom tower logs at the BostonLoganairportwere
usedin theinitial developmentof the simulation,astheseprovided the mostdetailedand
accurateinformation. Thesewere later replacedwith capacityernvelopesfrom the FAA

Benchmarkeport.[1]

5.2 Calculation Methods

Thecentraldatastructurein MEANS is theflight leg. Flight legsareupdatedandmodified
asflights arerescheduledr delayed andarepassedetweerdifferentpartsof theprogram
asthe flight moves. Therearea numberof statesin which a flight leg canbe. It canbe
inactive (anotherflight leg with the sameaircraftis still in progress)at the gate,taxiing
out, waiting to depart,in the air, waiting to arrive, andtaxiing in. Timing is controlled
througha queueof events;arny of themodulescanscheduleaneventto occurlater. Having
aroutinewhich handlesoneeventandschedulesnotheffor lateris the mostcommonway

of having recurringactions.

5.2.1 Flight Data Structure

For eachflight leg, anairline, flight number tail number departingandarriving city, and
scheduledrescheduledandcontrolleddeparturendarrival timesarestored.Additionally,
the actualtime of all statetransitionsis recordedasthe flight leg changestates.Time is
recordedas secondsafter a definedpoint. For a single-daysituation,this canbe seconds

after midnight; for multiple day runs,secondssincethe Unix epoch(midnightJanuaryl,
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Figure5-1: MEANS Flight Progression

1970,GMT) is a corvenientchoice. Figure 5-1 shaws the statesthroughwhich a flight

passes.

5.2.2 ScheduleLoading and Generation

Becausesomeflights do not have full informationin the ASQP dataand mustbe added
basedonly on operationcounts,a specialcasefor the format must exist to mark these
flights. Specialsymbolsfor airline anddeparture/arval airportsareusedto identify these
“padding”flights, andallow themto be processegroperly

The schedulds readfrom a custom-formatiatafile, which includesexactly theinfor-
mationrequired andwritten to anothersimply formattedfile which includesthe originally
schedulednformationplustheinformationaboutactualtimes. Thisis the principaloutput
of the simulation,andmostresultsareobtainedby postprocessinthisfile.

For the flight legs without completeinformation, however, a full scheduldfile is not
availableto the simulation.Instead anabbreviateddescriptionis used which specifieghe
numberof arrivalsanddepartureso beaddedn agiventime periodatagivencity. Several

methodsareavailablefor specifyingthis information. The additionscanbe specifiedasa
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total numberof legsto add,atotal targetnumber(in which casethe numberto addwill be
calculatedbasedon the numberof flights alreadypresenin the schedule)pr a percentage
of the scheduledlights which shouldbe added.

Onepieceof informationwhich cannotbe left out, evenfor theseflights, is the aircraft
tail number This is vitally importantto obtain properdelay propagation. Furthermore,
assigningeachleg a uniguetail numberis an inadequateapproach. In a grounddelay
program,only arrivalsarecontrolled.Sincearrivals becomedeparturesthe numberof de-
parturesnustbereducedvhenthearrivalsarereduced However, this cannot be achieved
if someof the departuresare not recognizedas being the sameaircraft as the arrivals.
Thus,the algorithmwhich inserts‘f ake” flights attemptg¢o matchincomingandoutgoing

tail numberspasedon assumptionsn the minimumturntime of theaircratft.

5.2.3 Taxi and Airbor ne

Historical information for taxi and airbornetimesis readfrom a datafile. The datafile
presentsnformationby percentile andanappropriatepercentileor distributionis selected
by the simulation. Taxi datawill alwaysbe available, but airbornedatamay needto be
calculated. In this case,information aboutthe distancebetweenthe two cities and the
scheduledlurationareusedto calculateanapproximateairbornetime.

Whenanaircraftis passedo thetaxi or airbornehandlerthehandlercalculateshetime
requiredandschedulesn eventat the appropriatdime in the futureto passthe aircraftto

thenext state.

5.2.4 Tower Controller

Thetower controller which passesircraftfrom the departurequeueinto the air andfrom
the arrival queueonto the ground,is one of the mostcomplex partsof the simulation. It
is responsiblefor meteringthe flow of aircraft and ensuringthat appropriateseparation
standardsirenotviolated.

In its mostbasicimplementationthetoweris suppliedwith afixedarrivalanddeparture

rate,from asourcesuchashistoricaldata.It schedulearrival anddepartureaventsto occur
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attimesevenly spacedhroughoutthe hour, andwhenever thereis a slot for anaircraftto
departor arrive, the next aircraftin the queuess processedNo tradingbetweerdepartures
andarrival is possible.

A moresophisticatedmplementatiorof the tower usesa Paretofrontier shaving the
numberof possiblearrivals for a givennumberof departuresin this case the tower con-
troller mustperiodicallyselectanoperatingpoint on the curve (anactionnotionally corre-
spondingo selectingaconfiguratioror runway allocation). Thealgorithmusedo calculate

this operatingpoint hassignificanteffectson the behaior of the system.

Presentlythe operatingpointis choserusinginformationaboutboth scheduledlights
in thefuture andflights currentlywaiting. The numberof departuresndarrivalsexpected
in the next period (often onehour) are calculated andaddedto the numberof departures
and arrivals currently waiting in the queue. An operatingpoint is selectedsuchthatthe
ratio of the actualdeparturego arrivals is the sameasthe ratio of desireddepartureso
arrivals. This hasworkedwell in practice.

A givenairportwill have datafor multiple Paretofrontiers,correspondingo operating
statesuchasVisualor Instrumenflight Rules(correspondingo theVisualandinstrument
MeteorologicalConditionweatherconditions).Otherspecializedocal configurationsnay
alsosometimeoccut suchasdiffering capacitiesasa function of wind direction. Some-
how the simulationmustselectoneof theseto bein effect atany giventime. The simplest
way of doingthis againrequiresthe configurationof all airportsto be directly specifiedn
adatafile; thisis mostusefulfor modellingexacthistoricalsituationsvheresuchinforma-
tion is available. An alternatve approachwhichis capableof selectingbetweerVFR and
IFR configurationgor eachairport,calculateghe conditionsbasedn visibility andceiling

informationfrom the weatherattheairportin question.

5.2.5 The FAA and Ground Delay Programs

Whendelaysbecomeparticularlybadatanairport,a GroundDelayPrograms putin place
to hold aircrafttravelling to that airporton the ground,aswaiting on the groundis safer

and lessexpensve thanwaiting in the air. Thus, MEANS hasa grounddelay program
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implementatiorwhich modelsthe FAA in institutinggrounddelayprograms.

In its simplestform, a datafilecanbe provided with historicalgrounddelay program
information. This specifieghe beginningandendof the grounddelayprogram thearrival

rates,andthetime at which the programis announced.

A more sophisticatedapproachusespredictedairport capacitiesbasedon predicted
weather)to automaticallyinstitute a GDP when demandexceedscapacityby a certain

amount.

Oncea GDPhasbeeninitiatedthrougharny of theabove methodsit mustbeperformed.
Thisinvolvesgeneratingandassigningslotsto flights. Thealgorithmusedoy MEANS is a
simplifiedimplementatiorof theration-by-schedulalgorithmwith compressiongutlined

below.

First,alist of flightsis generateavith originally scheduledhrrival timesin thewindow
overwhichthe GDPis operatings generatedthislist is sortedby arrival time. A tableof
slotsis thengeneratedthasednthe predictedarrival rate. Theslotsareallocatedo airlines
in the sameorderasthe originally-scheduledlights, up to the numberof slotsin thetable
(therewill obviously be fewer slotsthan original flights). This is the ration-by-schedule

algorithm.

Eachslotthenhasaflight assignedo it. Thisis doneby findingthenext availableflight
from theairline to whomthe slot belongsandassigningt to the slot. This examinationof
the scheduleof flights includesary delaysthe airline hasalreadymadeto the schedule,
unlike the original slot assignment.Thus, it is possiblethatit will not be possibleto fill
a slot with a flight from the desiredairline, if the only candidateflight hasbeendelayed
until afterthetime of theslot. In this case a flight from anotherairline is shiftedforward,
with the displacedairline gettingpriority for the slot openedup by the move. This s the

compressiomlgorithm.

Oncetheinitial assignmentbave beermade theairline agentsarenotified,andallowed
to swap andcancelflights. Whena flight is cancelledandthe airline cannotfind another

flight to assignto its slot, the compressiomlgorithmis rerun.
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5.2.6 The Airline

In practice,an airline will decidewhich flights shouldsuffer the mostbasedon criteria
suchasloads,missedconnectionspr maintenanceequirementsHowever, datafor these
considerationss not availableto MEANS. At presenttherefore the airline agentssimply
cancelflights which will be delayedmorethana specifiedmaximumamountby the GDP.

Two hourshasbeenusedasthis maximumfor work doneto date.

5.3 Results

In testing, MEANS was evaluatedin two scenarios onein which heary delaysat one
airportmadethe restof the systemirrelevant (for which Bostonon January28, 1999was
anexample),anda summerdaywhenthe overallloadwashigh but no particularlocations
hada dominantdelay(anexampleof whichwasJuly 30,1999). The simulationperformed
well in theformercaseandreasonablyn thelatter.

Figure5-2shavstheaircraftin thearrival anddeparturgueuest BostonLoganairport
onJanuary28,1999.Bostonhadsevereinclementweatheron this day, anda grounddelay
programwas in effect mostof the day. As describedin section5.1.1, the flights with
information obtainedfrom the ASQP databasevere supplementeavith generatedlights
from the ETMS data. In orderto allow for a valid comparisorwith the historical ASQP
gueuesizes,thesegeneratedlights were not includedin the countof the aircraftin the
gueue As canbeseenfrom thefigure,the MEANS resultstrackthe historicalresultsfrom
the ASQPdataquitewell.

Figure5-3 showvs the simulatedandactualarrival timesof flights arriving at Bostonon
thisday.

Figure5-4shavsresultsfor afew samplecitiesfor thecaseof July 30,1999, ,whenthere
wasgoodweatherandgenerallyheavy traffic acrosghe system.Theresultsarebetterfor
somecitiesthanothers.Particularly thosecitieswith morestraightforvardoperationsand

fewer operatingconditionsarebettersimulated.
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Chapter 6

Approach

It is not possibleto calculatethe effect of all possibleschedulelterationsn full detaildue
to the computationatompleity of sucha task. Thereforea two-stageapproachs used,
in which preliminary calculationsof lower accurag are performedto identify plausible
flightsfor replacementandthenafull calculationis performedusingthis setof candidates.
Thepreliminarycalculationggnorethe network-wide effectsof changesin orderto avoid
recalculatinghe entirescenario.

This calculationprocedurds shavn in Figure6-1. Eachstepis describedelow.

6.1 CostCalculations

6.1.1 Determination of Hourly Costs

Thehourly costfor anaircrafttypeis calculatedrom Form 41 data,asdescribedn section
3.2.1. Two valuesare calculated for time spenton the groundandtime spentin the air,
usingcostsasshown in table 3.1. Becausedhe purchaseandsaleof aircraftis not being

consideredownershipcostsarenotrequired.

6.1.2 Determination of Air craft Type

Thetype of aircraftis not actuallyincludedin the ASQPdata. It mustbelooked up sepa-

rately TheJPFleetdatabasevasusedto dothis.
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Preliminary Calculations
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Figure6-1: InformationFlow

However, the ASQP datacontainssomeerrorsin its reportedtail numbersandsome
aircraftaremissingfrom the JPFleetdatabaseWhenthe tail numberof anaircraftcould
not be found, an attemptwas madeto determinethe aircraft type by looking at aircraft
which flew the sameeg on otherweeksin the samemonth. Of the 9.4% of the datawhich
could not originally be looked up, over % were amenabléo this technique Jeaving only

2.7%unknown. For thesefew, anaveragevaluefor the carriers known fleetwasused.

6.1.3 Preliminary CostCalculations

Thecostof operatingaflight, from the point of view of preliminaryanalysisjs takento be
only the direct operatingcostsof the flight, calculatedrom the amountof time it spends
in variousstates.Theindirect effect of changedcostsin otherflights dueto delayswhich

would be reducedor increasedy changedo the flight in questionwere not taken into
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account.

For the caseof an existing flight which is beingconsideredor removal, the operating
costof theflight is calculatedrom the simulatedtimesit spendn thegroundandin the
air, includingdelays.This will causehearily-delayedflights to be favoredfor removal, as
desired.

For the caseof a flight which hasnot beenflown historically or simulatedandis being
consideredor addition,no delayinformationis available,so the flight is analyzedbased
onthescheduleBecausehefocusis onaddingflights which will notbesererelydelayed,
the costdueto delayis smallcomparedo the basecostcalculatedrom thescheduldime.

Delayswill betakeninto accountin thefinal analysis.

6.1.4 Final CostCalculations

For thefinal costcalculationsthetotal costof two completescenariosrebeingcompared.
Thesecostsare calculatedoy summingthe costsof all flights for all operationsnot just
thoseflights which differ betweernthe scenariosThis fully capturegheindirecteffectsof
delayreduction,whereincancellingoneflight cause®therflights at the sameairportto be
delayedessdueto reduceddemand.

This calculationis moreaccuratehanthe preliminary calculationbecauset captures
the network-wide effects. However, it alsomakesit difficult to analyzethe effectsof in-
dividual flights. Thus,while the final calculationproducesetteroverall results,it is less

usefulin providing anintuitive understandingf the phenomena.

6.2 RevenueCalculations

6.2.1 FrequencyCalculation

Frequenciearecalculatedusingthefundamentahpproactdescribedn Chapte# for com-
paringnonstopfrequenciesvith thoseof one-stopandconnectinglights. Connectingand
one-stopflights areweighedas describedn sections4.6.2and4.7.1,which describethe

nonlinearsolutionprocedure Oneadditionalconsiderations the perceved devaluationof
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flightsbasedndelay Previouswork hasshovn thatpassengergerceve flights asbecom-
ing lessvaluableby 2.5 divided by the length of the flight in minutesfor eachminute of
meandelay [10] Thisis shavnin Equation6.1

NormalDuration

lue = 6.1
varue NormalDuration + 2.5 - Delay (6.1)

The effect of this is to causepassengerso favor flights with lessdelay over flights
with moredelay Therelative valueof connectingflights versusnonstopflights is largely
unchangedasthis effect is alreadycapturedoy the generalweighting of connectingand
one-stopversusnonstopflights, describedn section4.6.2. The significanceof this delay-
basedevaluationis thatit cause$eavily delayedconnectinglightsto bepercevedasless
valuablethanless-delayeanes,an effect which is not capturedby the generalweighting
appliedto all connectingflights. This decreasén effective frequeng reducegherevenue
obtainedrom delayedlightsin thebasecasedueto decreasegassengepreferenceThis
causeghe revenueloss from cancellingconnectingflights throughextremely congested
andheaily delayedhubsto decreasehecausehesdlights wereworthlessin thebasecase

andthushadlessto lose.

6.2.2 Preliminary RevenueCalculations

Revenuels calculatedoy assigningmarket shareusingfrequenciesasdescribedn section
4.1.Whenaflight is consideredor cancellationthe effect onthe carriers frequeny in all
marketssened by thatflight is calculated.The costof cancellingtheflight is takento be
thedifferencein therevenueobtainedrom the setof frequenciesvhich includestheflight
in questionandthe setof frequenciesvhich doesnot.

Whena flight is consideredor addition, the expectedrevenuegainis calculatedn a
similar manner However, the new flight is not consideredor partof a connection;only
theincreasedrequeny in the nonstopmarket seneddirectly is considered Becausdhe
delaysarenot recalculatedor hypotheticalcancellationsn the preliminary analysis,the
delay-weightedrequenciexannotbe updated.

For simplicity, eachaircraftis assignedo exactly onecity-pair, flying backandforth
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throughouthe day Becausanostcity-pairsselecteddo not have existing nonstopservice,
it is not possibleto use historical times; theoreticaltimes calculatedfrom distanceare
thereforeused.In additionto the airbornetimescalculatedrom the distance averagetaxi
timesareadded.

The city pairsconsiderecherearetoo closefor a “red eye” overnightflight to be of
interest,soit is assumedhata 14-hourwindow is availablein which to scheduldlights.
Fromtheleg lengthcalculatedasdescribedabore, the numberof legswhich canbe flown
in onedayis calculatedauniversald0-minutetime onthegroundbetweeregsis assumed.
This numberof flights is usedto generataew frequencieswhichin turn producea market
share.Thismarketshards combinedwith thetotal demandandaveragefarefor themarket
to producearevenue.A checkis performedto ensurehatthe capacityof the aircraftata

reasonabléoadfactoris notexceeded.

6.2.3 Final RevenueCalculations

In the final revenuecalculations,a new set of weightingsis calculatedfrom the actual
delaysof runningthe new scenario.Thesearethenusedin therevenuecalculationgor the
new scenariofully capturingthe network-wide effectsof thedelays.Theexpectedmarket-
share-basetkvenueis thencalculatedor all flights in the original andnew scenariosnot
justthosewhich weremodified.

This network-wide approachncludesthe effectsof new delayweightingsfor flights.
This meanghatadditionalrevenuerealizedby reducingdelayson thosehubflights left in
placeasa consequencef reduceddemandat the hubis included. Sois ary revenuefrom
connectionsvhich may have beenintroducedasa sideeffect of thenew nonstopflights.

Like thefinal costcalculationsthe final revenuecalculationsprovide a moreaccurate

result,but alsomake it impossibleto examinethe effect of anisolatedchange.

6.3 ScenarioGeneration

In orderto performthefinal calculationsMEANS mustberun on a hypotheticalscenario

generatedrom the preliminary calculations. The generatiorof this scenarioconsistsof
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removing thoseflightswhicharebeingreplacedandinsertingthosewhicharebeingadded.
Flight durationsarecalculatedasdescribedn section6.2.2.Flightsarestartedn aneasto
westdirectiondueto time zoneconsiderationsandsimply fly backandforth betweerthe
designateditieswith the specifiednumberof flights.

MEANS is rerunwith thisreplacemenscheduleandall of theresultswhich depencn
the MEANS outputarerecalculatedto allow thefull network-wide effectsto beincluded

in thefinal calculations.

62



Chapter 7

Results

Continentals flights in the Newark and Houstonhubswere consideredor replacement
usingthe methodologydescribedn Chapter6. Becauseamary flights visit bothhubsin the
sameday;, it wasnot possibleto isolateonehuh Resultsarethereforepresentedor both
hubs.

7.1 Preliminary Results

In thepreliminarycalculationsasetof 59flightsto bereplacedvereidentified,with amore
profitablereplacementor each.Table 7.1 shavs the averageeffect of thesereplacements.
All valuesarein dollars,calculatedbn adaily basis.For comparisonresultswhichinclude
the effectsof delaysandresultswhich do not includethe effectsof delaysare presented,
to shov how much of the improvementis possibleonly becausef delaysin the current
situation.

The revenuelossis the amountof revenuewhich is lost from the cancellationof the
existing legs; the revenuegainis the revenueobtainedfrom the additionof the new legs.
Thecasewhich doesnotincludethe effect of delaysignoresthe perceveddecreasén fre-
gueny dueto thedevaluationof delayedflights; the casewhich considersielaysincludes
this effect.

The operatingcostchanges the differencein costbetweenthe old andnew scenarios.

In thecasewhichdoesnotincludetheeffectof delaystheoperatingcostis calculatedbased
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Table7.1: AverageResultsof PreliminaryCalculationfor Continental

Without effect of delays
Revenueloss 13015
RevenueGain 20726
OpCostincrease | 2206
NetProfitincrease 5504

Including effect of delays
Revenueloss 12128
RevenueGain 23004
OpCostincrease | 1886
Net Profitincrease 8990

onthescheduledimes;thecasewhich considersheeffectof delaysincludestheextracost
arisingfrom delays.The positve numberindicatesa highercostin the new flights thanthe
old. Thisis dueto theincreaseditilizationwhichis obtainedasa consequencef nolonger
needingto time flights to meetbanksof connectionsCompletedatais givenin Appendix

A.

Someof the flights which are suggestedor replacementvould have beendesirable
(althoughlessso) to replaceeven without delays,but mary flights becomedesirableto
replaceonly dueto delayeffects. Approximately1/3 of the replacementsvould have had
a detrimentaleffect wereit not for the increaseccostsanddecreasedevenuescausedoy

delaysin the currentsituation.

The total expectedbenefitfrom the preliminarycalculations from both reducedcosts
andincreasedevenuesjs approximately$530,000.Whenwe examinethe original situa-
tion without delays the situationis betterandallows for lessimprovement.In this casea
profit improvementof $325,000could have beenobtained.The differencebetweerthese,
over $200,000per day, represents delay-inducedossin the currentsituationwhich can

berecoveredby increasinghonstopflights.
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Table7.2: Comparisorof Delaysin Original andimproved Casefor Continental

Original Case| ReplacemenCase
EWR Operations 450 399
EWR Total OutgoingDelay, Minutes 1030 832
EWR Total IncomingDelay, Minutes 651 530
EWR AverageOutgoingDelay 4.6 4.2
EWR AveragelncomingDelay 2.9 2.6
EWR Flights Delayed15 Min 17 18
IAH Operations 595 502
IAH Total OutgoingDelay, Minutes 1553 1067
IAH Total IncomingDelay, Minutes 754 448
IAH AverageOutgoingDelay 5.2 4.4
IAH AveragelncomingDelay 2.5 1.7
IAH FlightsDelayedl5 Min 35 26
SystemwideAverageOutgoingDelay 4.9 4.5
SystemwideAveragelncomingDelay 2.0 2.0

7.2 Final Results

A hypotheticalscheduledwvas generatedbasedon the flight replacementsuggestedy
the preliminarycalculationsanda full calculationbasedon a MEANS run usingthe new
schedulevasperformed.

Thetotal numberof flights at boththe HoustonandNewark hubssignificantlyreduced,
andsowasthe delay Table7.2 shavs several statisticscomparingthe original and nev
scenarios.

Theoverallresultsjn theform of operatingcostandrevenuefor Continentalareshovn
in Table7.3. The netimprovementwas$551,000which is very closeto the preliminary

estimateof $530,000.

7.3 Conclusions

It appeardhat thereare significantmonetarygainsto be obtainedfrom cutting back on
hub flights in favor of nonstops,and that additional costsand lost revenuefrom delays

contribute significantly to this effect. As hub congestionincreasesdelayswill increase,
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Table7.3: Final CalculationResults

Historical | Proposed
Scenario| Scenario| Change
OperatingCost 3538102 3766285| 228183
Revenue 6373835 7152746 778911
OperatingContribution | 2835733| 3386461| 550728

andthemotivationto addnonstopswill alsoincrease.

A savingsof $550,000per daytranslatego over $49 million perquarter For compar
ison, Continentalreporteda netincomeof $42 million for the secondquarterof 2001.[4
Thus,while it unlikely thatthe entirety of the savings predictedwill be realizabledueto
additionalconstraintdeyond the scopeof the model,the potentialimprovementfrom in-

creasedonstoproutingsclearly meritsseriousconsideration.
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Chapter 8

Dir ectionsfor Futur e Work

Thereareseveraldirectionsin which the work doneherecould be extended.Theserelate
primarily to additional capabilitiesin the MEAN simulationand additionalcalculations

relatingto thereplacedlights directly.

8.1 Other Airlines

A samplecasefor Continentalwascalculatedhere. A similar approachcould be usedto
calculateimprovementdfor several of the othermajor carrierswith a significanthub and

spole network. Thiswould allow for a comparisorof hubsamongstarriers.

8.2 MEANS additions

Thereareseveral plannedadditionsto MEANS which would allow additionalwork to be
done. In additionto generalimprovementsin accurag, MEANS is looking to integrate
with outsidedecision-supportools which will improve the decisionsmadeby the hypo-
theticalairlinesin the simulation.Additionally, the capabilityto routeaircraftintelligently
for prolongedperiods,including maintenanceand disruptionrecovery, shouldallow the
simulationto berunfor anentireseasoror entireyearinsteadof a smallsetof representa-

tivedays.
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8.3 More SophisticatedScenarios

The replacemenscenariogeneratecererequiredthat eachnew flight go backandforth
betweentwo cities. A more sophisticatecpproachwith greaterflexibility might provide
superiorresults. Thisis particularlythe caseif alongerrun of MEANS including mainte-

nanceandcrew schedulingequirementss alsoincluded.

8.4 EnhancedCalculations

The presentcalculationsdentifieda setof flights in the preliminarystageandconsidered
ascenariaeplacingthesdflightsin thefinal stage A moresophisticateaalculationmight
beableto generatexscenaridor all possiblecombination®f flights. If afew of theflights
wereactuallyunprofitablan thefinal analysign spiteof beingprofitablein thepreliminary

one,this approachwould eliminatethem,providing anoptimumanswer

8.5 SharedHubs

Someairportsarehubsto multiple largeairlines. ChicagoO’Hare,for example,is a signif-
icanthubfor bothAmericanAirlines andUnited Airlines. At theseairports the situationis
morecomple&, becauséf onecarrierremovestraffic, the othercarriermay addadditional
flights to fill up the space.This could ultimately leadto the carrierattemptingto reduce
its hub operationgeingshutout of thehubentirely A game-theoretianalysisappliedto
this casecould answerthe questionof whetherit would be desirableto reduceflights ata

sharechub, or whetheronly hubswith onedominantairline benefitfrom suchareduction.
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Appendix A

Formulae, Values,and Data

A.1 Fits to Historical Data

A.1.1 Actual Flight Time

Two differentformulaefor flight time areavailable,onefor the casewherea “scheduled
time” is available(usedin MEANS to calculateflight time for city pairswithout historical
data),andonefor the casewhereit is not. EquationA.1 shaws the calculationof actual
airbornetime from publishedyateto gatetimes;valuesarein minutes.EquationA.2 shavs
the calculationfrom distancevhena scheduledime is not available. Distanceis in miles;

timesarein minutes.

Actual Airborne = Scheduled - 0.934 4+ 16.3 (A.1)

Actual Airborne = Distance - 0.1129 + 29.6 (A.2)

Figure A.1.1 shaws the actualairbornetimes and thosecalculatedfrom distancefor

citieswherebothareknown. Thesecitiesarethe datasetith whichthefit wasperformed.
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FigureA-1: Airborne Time Calculatedrom Distance
A.2 Detailed Continental Results

Detailedresultsfrom theflight replacement$or Continentaldescribedn section7.1,are
shovn below. Table A.1 shaws the flights which were replacedand their replacements.
Table A.2 shows the perflight resultsof the preliminary calculationsusing theseflights.

TableA.3 is alist of city abbreviationsusedin the othertables.
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TableA.1: Replaced-lightsfor Continental

Flight ReplacemenCities | Original Cities
N76073 | LAX-MDW HNL,IAH

N19072 | MCO-MDW HNL,IAH

N29124 | MCO-SJU IAH,LAX,SFO
N14121 | DEN-MDW EWR,IAH,SEA
N33132 | MCO-MKE EWR,IAH

N17122 | MDW-SFO ANC,EWR,IAH,LAX,SEA
N17104 | LGA-MKE EWR,SEA

N68047 | JFK-STT EWR,IAH,LAX
N78005 | BOS-RDU EWR,IAH

N18112 | FLL-MDW EWR,PBI

N17326 | LGA-RDU BOS,IAH

N29717 | BOS-MKE EWR,SNA

N16884 | DFW-MKE EWR,IAH,SFO
N13891 | EWR-MKE IAH,MIA, TPA
N21108 | DFW-MDW EWR,FLL,IAH,LAX
N16703 | LAX-MKE EWR,SNA

N14381 | LIH-SFO DCA,EWR,IAH
N17233 | MKE-PHL EWR,SAN

N69602 | MDW-PHX BNA,EWR,IAH
N14115 | DCA-MKE EWR,LAX

N14818 | MDW-RSW IAH,MIA,PHX
N24706 | DTW-RSW EWR,IAH,PDX,SJU
N12225 | LGA-MDW CLE,EWR,IAH
N17663 | DFW-LGB BNA,CHS,EWR,IAH
N14653 | DEN-MKE BWI,CLE,LAX
N13720 | SEA-SNA ABQ,IAH

N33817 | CVG-PHL DCA,EWR,IAH
N14102 | IND-RSW EWR,LAX

N10801 | FLL-JFK DTW,EWR,PBI
N511PE | BUF-LGA ATL,BWI,IAH
N12327 | CVG-EWR IAH,MSY,SEA
N72825 | LGA-STL BOS,DTWEWR,IAH
N70353 | CVG-LGA ATL,IAH,TUS
N14219 | BWI-SAN EWR,IAH,SJU
N13227 | KOA-SFO EWR,IAH,SAN
N38727 | LAX-MRY EWR,IAH

N14346 | LGA-MCI DFW,EWR,IAH
N16642 | MKE-SFO DCA,IAH,RIC
N14106 | CMH-LGA IAH,LAX,MCO,MSY
N57837 | HOU-LAX IAH,MIA,MSY ,SAN
N14668 | IND-LAS ELPIAH,RDU
N26210 | FAT-LAX EWR,IAH,LAX
N72830 | DTW-FLL DTW,EWR,TRA
N12811 | LAX-OGG EWR,IAH, TPA
N14601 | DCA-HSV AUS,EWR

N24715 | BWI-SFO DCA,IAH,SAT
N33608 | PSP-SEA ATL,COS,IAH
N33785 | CLE-MKE IAH,LAS,ORD
N16217 | LAS-MDW BUF,EWR,SEA
N16806 | DTW-TPA DEN,EWR,MIA
N47332 | JFK-MDW BDL,CLE,IAH,LAS,MFE
N69803 | ORD-RSW EWR,IAH, TPA
N12218 | FLL-ORD IAH,LGA, TPA
N69351 | MIA-TPA EWR,IAH,IND,RSW
N26232 | MIA-TLH BOS,CLE,EWR,IAH,SEA
N17644 | BWI-OAK BNA,EWR,MSP
N14662 | OGG-SFO IAH,RNO,SNA
N27722 | CMH-MDW CLE,EWR,IAH,SFO,SJU
N19382 | JAX-LGA IAH,MSY
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TableA.2: PreliminaryCalculationResultsby Flight

Without Delay Effects With Delay Effects
Existing New Op. Cost Rev. Rev. Total Op. Cost Rev. Rev. Total Difference
Flight Cities Change Loss Gain Change Change Loss Gain Change | dueto Delays
N76073 LAXMD W 8952 3423 38861 26485 8797 3121 43973 32055 5414
N19072 MCOMDW 3539 3423 39385 32423 3523 3434 43232 36274 3835
N29124 MCOSJU 1717 16444 40413 22251 760 12023 42197 29414 6205
N14121 DENMDW -1380 9869 30950 22461 -1562 9912 32112 23762 1118
N33132 MCOMKE 11839 1033 28313 15440 11794 957 31734 18982 3497
N17122 MDWSFO -8294 28306 28465 8453 -9225 26975 30688 12937 3553
N17104 LGAMKE -3995 15191 26384 15188 -4240 16042 29685 17882 2449
N68047 JFKSTT -5141 33482 28934 593 -5850 30481 29510 4879 3576
N78005 BOSRDU 4242 8329 25273 12701 4114 8308 29489 17067 4237
N18112 FLLMDW 15006 1844 28134 11284 14980 1560 29086 12546 1235
N17326 LGARDU 412 6773 22747 15562 283 6308 26672 20080 4389
N29717 BOSMKE 4605 5755 24275 13914 4582 5642 26373 16148 2211
N16884  DFWMKE -639 14103 23713 10249 -1115 12288 26343 15170 4445
N13891 EWRMKE 5129 7192 24125 11803 4685 5047 26323 16590 4343
N21108 DFWMDW -3220 27120 23923 23 -4707 21845 25400 8262 6752
N16703 LAXMKE 823 12896 20087 6368 684 12227 23956 11045 4537
N14381 LIHSFO 7742 6330 23347 9273 7590 4914 23896 11391 1965
N17233 MKEPHL 2822 6991 21627 11813 2768 7224 23753 13760 1892
N69602 MDWPHX 6549 6174 20994 8269 6310 5274 23610 12024 3515
N14115 DCAMKE 3221 10841 21005 6943 3196 12129 23316 7990 1022
N14818 MDWRSW 3508 14211 22270 4550 2762 10361 22855 9731 4434
N24706 DTWRSW -3336 15790 20266 7812 -3434 15810 22556 10180 2269
N12225 LGAMDW 3089 8485 20359 8784 3016 8322 22056 10717 1859
N17663 DFWLGB 5431 9361 20672 5879 5335 8898 21848 7614 1639
N14653 DENMKE -2068 15513 18409 4964 -2399 13832 20691 9257 3962
N13720 SEASMNA 5777 6198 17084 5107 5733 6496 20670 8440 3288
N33817  CVGPHL 4568 6999 15850 4283 4401 7025 20559 9132 4682
N14102 INDRSW -4214 24631 18917 -1500 -4704 23617 20417 1503 2513
N10801 FLLIFK 3845 12858 18136 1432 3316 10842 20246 6087 4126
N511PE ~ BUFLGA 587 13880 17050 2583 273 13179 20225 6773 3876
N12327  CVGEWR 2373 10199 16224 3651 2012 10167 20121 7942 3929
N72825 LGASTL 636 14868 15031 -473 -41 12953 19903 6991 6786
N70353  CVGLGA 3077 10271 15987 2637 2809 9901 19795 7085 4179
N14219 BWISAN 3476 10804 15411 1130 3410 10817 19774 5546 4349
N13227 KOASFO -1185 16225 17473 2433 -1387 16009 19750 5128 2492
N38727 LAXMRY -312 11432 18870 7749 -424 10606 19743 9561 1699
N14346 LGAMCI 6619 7875 16474 1979 6484 7996 19697 5215 3101
N16642 MKESFO 4238 13326 17260 -303 4038 13175 19676 2462 2566
N14106 CMHLGA -4150 22675 16070 -2454 -5109 22339 19399 2169 3664
N57837 HOULAX -51 20145 16656 -3436 -1006 16131 19378 4253 6735
N14668 INDLAS 7117 8446 17187 1623 7029 8736 19364 3598 1886
N26210 FATLAX -2624 12519 19243 9348 -2719 13428 19301 8592 -851
N72830 DTWFLL 5709 11642 17198 -153 5275 11111 19254 2867 2586
N12811 LAXOGG 6602 11110 17603 -109 6488 11116 19077 1472 1468
N14601 DCAHSV 5881 8490 17880 3508 5837 8946 19029 4244 692
N24715 BWISFO 7143 9590 15145 -1588 7049 9697 19028 2281 3776
N33608 PSPSEA 5706 9326 17688 2655 5633 9576 18988 3778 1050
N33785  CLEMKE -2446 21033 18103 -484 -3053 18676 18983 3360 3237
N16217 LASMDW -2600 22114 17634 -1879 -3438 20159 18958 2237 3278
N16806 DTWTPA 395 20308 15608 -5096 -368 16693 18923 2598 6931
N47332  JFKMDW -295 15318 17468 2445 -444 15692 18892 3644 1049
N69803  ORDRSW 4028 13790 17431 -387 3898 13980 18844 965 1223
N12218 FLLORD 6047 13486 17160 -2374 5846 11789 18628 992 3165
N69351 MIATPA -145 12670 17533 5008 -283 12739 18590 6134 987
N26232 MIATLH -5881 24668 17775 -1010 -6751 21012 18257 3996 4137
N17644 BWIOAK 4222 14537 17245 -1513 3940 13880 18181 360 1592
N14662 OGGSFO 3774 15196 16608 -2361 3670 13922 18147 553 2811
N27722 CMHMDW -6917 23302 17239 854 -7354 21229 18055 4180 2888
N19382 JAXLGA 8640 9072 15646 -2065 8571 8977 18051 502 2499
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TableA.3: Airport Abbreviations

ABQ
ANC
AND
ATL
AUS
BDL
BNA
BOS
BUF
BWI
CHI
CHS
CIN
CLE
CMH
cos
CcVG
DAL
DCA
DEN
DET
DFW
DTW
ELP
EWR
FAL
FAT
FLL
HAR
HNL
HOB
HOU
HSV
IAH
IND
INL
INT
JAC
X
JFK
LAS
LAX
LGA
LGB
LIH
LOG
MCO
MDW
MFE
MIA
MIT
MKE
MRY
MSP
MSY
NEW
OAK
OMA
ORD
ORL
PBI
PDX
PHL
PHX
PSP
RDU
RIC
RNO
RSW
SAN
SAT
SEA
SFO
SNA
STL
TLH
TPA
TUS
UMB
VEL

ALBUQUERQUEINTL
ANCHORAGE INTL

ANDERSON

ATLANTA HARTSFIELD

AUSTIN MUELLER

HARTFORD CT/SPRINGFIELDBRADLY
NASHVILLE METRO

BOSTON LOGAN

BUFFALO INTL

BALTIMORE INT'L

CHICAGO CHICAGOFSS
CHARLESTON MUNICIPAL
CARROLL

CLEVELAND HOPKINS
COLUMBUSINT'L
COLORADOSPRINGSPETERSON
CINCINNATI CIN N.KNTY
DALLAS LOVE

WASHINGTON NATIONAL
DENVER STAPLETON

DETROIT CITY

DALLAS INTL

DETROIT WAYNE CO

EL PASOINTL

NEW YORK NY/NEWARK NEWARK INL
ROMA FALCON
FRESNOTERMINAL

FT. LAUDERDALE INTL
HARRISBURGSKYPORT
HONOLULU INTL

HOBBSLEA COUNTY

HOUSTON HOBBY
HUNTSVILLE/DECATUR HUNTSVILLE
HOUSTON INTERCONT
INDIANAPOLISINTL

INTL FALLS
GREENSBOR/H.PT/WIN-SALEMREYNOLDS
JACKSONHOLE

JACKSONVILLE INTL

NEW YORK NY/NEWARK KENNEDY
LAS VEGAS MCCARRAN
LOSANGELESINTL

NEW YORK NY/NEWARK LA GUARDIA
LONG BEACH MUNICIPAL

LIHUE

LONGVIEW

ORLANDO INT'L

CHICAGO MIDWAY

MC ALLEN

MIAMI INT'L

SHAFTERKERN CTY
MILWAUKEE G MITCHELL
MONTEREY PENINSULA
MINNEAPOLIS INTL

NEW ORLEANSINTL

NEW ORLEANSLAKEFRONT
OAKLAND INTL

OMAHA EPPLEY

CHICAGO O’'HARE

ORLANDO HERNDON
WESTPALM BEACH INTL
PORTLAND INTL

PHILADELPHIA PA/WILM'T ON INTL
PHOENIXINTL

PALM SPRINGS
RALEIGH/DURHAM INTL
RICHMOND/WMBG INTL
RENOCANNON

FORT MYERS REGIONAL

SAN DIEGOLINDBERG
SANANTONIO INTL
SEATTLE/TACOMA SEA/TAC

SAN FRANCISCOINTL

SANTA ANA WAYNE INTL

ST LOUISINTL

TALLAHASSEE MUNICIPAL
TAMPA TAMPA

TUCSONINTL

UMNAK ISLAND

VERNAL
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