
EFFECTS OF I NCREASED NONSTOP

ROUTI NG ON A I RL I NE COST AND

PROFI T

TerranMelconianandJohn-PaulBarringtonClarke

ReportNo. ICAT-2001-4
September2001

MIT International Center for Air Transportation
Department of Aeronautics and Astronautics

Massachusetts Institute of technology
Cambridge, MA 02139 USA



2



EFFECTS OF INCREASED NONSTOP ROUTING ON A IRLINE COST AND

PROFIT

BY

TERRAN MELCONIAN AND JOHN-PAUL BARRINGTON CLARKE

Abstract

Delaysin theUnitedStatesair transportationindustryareincreasingevery year, with cor-
respondinglyincreasingcosts.Delaysareparticularlybadat hubairports,dueto theextra
demandplacedontheseconnectingpoints.Thispaperaddressesoneapproachto helpalle-
viate this problem,thatof shifting capacityfrom hub-and-spoke flights to nonstopflights.
In orderto evaluatetheeffectsof sucha change,we analyzethemarket shareandrevenue
benefitsof addingnew nonstopflights to a market previously served only by connecting
service,andexaminethe actualcost of delays. The MIT ExtensibleAir Network Sim-
ulation, developedin supportof this work, is alsopresented.For a sampleanalysisfor
ContinentalAirlines, it is found that over $550,000per day in additionalprofit could be
obtainedby reassigningflightsaway from thecongestedhubs.

This documentis basedon the thesisof Terran Melconiansubmittedto the Depart-
mentof AeronauticsandAstronauticsattheMassachusettsInstituteof Technology in par-
tial fulfillmentof therequirementsfor thedegreeof Masterof Sciencein Aeronauticsand
Astronautics.
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Chapter 1

Intr oduction

1.1 Moti vation

Delaysin theUnitedStatesair transportationindustryareincreasingevery year. In 1995,

19% of the domesticUS flights of the 10 Major airlines weredelayedaccordingto the

FAA’scriterionof arriving 15 minuteslateor more.By 1999,this figurehadrisento 26%.

Thesituationat congestedhubairportsis evenworse. In 1995,18%of Continental’s do-

mesticflightsweredelayed,and20%of flights throughits Newarkhubweredelayed- lev-

elscomparableto thenationwideaverage.By 1999,35%of Continental’s flights through

theextremelycongestedNewarkhubweredelayed,while only 26%of Continental’sother

flights weredelayed.Table1.1 shows a comparisonfor thosemajorairlineswith enough

of bothhubandnonstopflights for acomparisonto bemeaningful.

Table1.1: Changein Delaysfor HubandOtherFlights

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 problemhaspresenteditself, andnoneappearsto bewaiting

in thewings.However, severalapproacheshave thepromiseof incrementallyameliorating

delays,andif enoughof theseapproacharecombined,they couldsignificantlyimprovethe

situation.

This paperaddressesonesuchapproach,thatof shifting capacityfrom hub-and-spoke

flightsto nonstopflights. Fundamentally, theimprovementis achievedby reducingdemand

at hubs,wheredemandalreadyexceedscapacity, andrelocatingthis demandto less-used

airportswhereexcesscapacityis available.

1.2 Organization

Chapter2 presentsanoverview of thekey concepts.This includesa brief explanationof

thehistory leadingto thecurrentsituation,aswell asanintroductionto key requirements

for theanalysisanddecisionsmadefor themodelling.

Chapter3 examinesdelaycostsin detail,andprovidesa framework for their calcula-

tion whichprovidesreasonablefidelity while minimizingcomputationaldifficulty anddata

requirements.

Chapter4 presentseconomicmodelsfor thecalculationof revenuefrom nonstopflights

in a market otherwiseservedonly by connectingflights. This is anextensionof previous

modelswhich wereableto treatonly thosemarketswhereall significantcompetitiontook

theform of nonstopflights.

Chapter5 describesMEANS, theMIT ExtensibleAir Network Simulation. MEANS

wasdevelopedin supportof this work, andprovidesdetailedinformationaboutsimulated

flight informationwhich is critical for delayestimation.

Chapter6 presentsthe overall approach.This includesthe synthesisof the work ex-

plainedin the previous chapters,andmethodsrelatedto the overall analysis,suchasthe

selectionof connectingflights to eliminateandnonstopflights to introduce.

Chapter7 describestheresultsof this analysis.Thoseflightswhich couldbeimproved

by being switchedfrom hub serviceto nonstopserviceare identified, and the expected

economicresultsof suchaswitcharepresented.

16



Chapter8 suggestspossibledirectionsfor futurework, basedondataavailability, com-

putationalcomplexity, andplannedimprovementsto theMEANS model.
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Chapter 2

Overview

2.1 Historical Network Development- Hub and Spoke

Airline networkschangeddramaticallyin theUnitedStatesin theearly1980s,in thewake

of removal of regulationsfrom theairline industryin 1978. Undertheold system,flights

wouldtakepassengersdirectlyfrom onemajorcity to another, with smallercitiesservedby

connectionsfrom a nearbymajorcity. In thecurrentsystem,mostpassengersreachtheir

destinationby takingoneflight from their origin city to a “hub”, wheremany flightsmeet.

Fromthis hub,they thentakeasecondflight to theirdestination.

The reasonsfor this changein network topologyarenumerous,but all arefundamen-

tally relatedto the ideaof economiesof scale. It is importantto understandthat under

theregulatedsystem,airline faresweresetin partbasedon airline expenses- if anairline

showedhigh expenses,it would beallowedto raiseits fares.Thus,theincentive to reduce

costswasnotwhatit wouldhavebeenin a free-market situation.

Thesimplestmanifestationof theseeconomiesof scaleappearin areassuchasmainte-

nance,wherestaff andinventorycostscanbereducedby having onecentralmaintenance

facility. A subtlerandmoreimportantreasonfor hub andspoke arrangements,however,

hasto do with economiesof scaleappliedto frequency andpassengerpreference.
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2.1.1 Supply and Demand

Demandin theair transportationmarket takestheform of transportationbetweenonecity

andanother. However, the productwhich is actuallysuppliedtakesthe form of seatson

flight legs, which may not directly connectthe origin anddestinationof interestto cus-

tomers. Becauseof this, the organizationof a network (point to point or hubandspoke)

canhave a significanteffect on therelationshipbetweensupplyanddemandobservedby

theairline.

2.1.2 Frequencyand Mark et Share

An airlineproductis generallyviewedasaround-tripticket from anorigin to adestination;

non-round-tripticketsaresufficiently uncommonthatmany analysesignorethem. Every

airline offering servicebetweentwo cities is competingin that market; the fraction of

passengerstravelling betweenthecitieswho purchaseticketsfrom a certainairline is the

market shareof theairline in question.

Market shareis largely a function of flight frequency. Thus,a carrierwith ten flights

perdaybetweentwo citieswill havesignificantlymorepassengersthanacarrierwith 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 canbeeconomicallyoperated,andthusfor a certaindemandthereis an

upperboundon thenumberof flightswhich canbeoffered.

A hubandspoke network topologyhasa consolidatingeffect which makesit possible

to justify moreflightsto eachcity. Supposethatthetraffic betweencitiesA andB, A andC,

andA andX is enoughto justify two flights eachperdaywith 100-seataircraft. Suppose

we introducea hub at X, suchthat passengersgoing from A to B go via X. However,

passengersfrom A to C will alsobe going via X, andof courseso will the onesgoing

straightto X. This is shown in Figure2-1. Thus,insteadof having flights with 100-seat

aircraft from A to B, we have flights from A to X. Thenumberof flights will bethesame,

namelysix. However, insteadof having two flights to B, two to C, andtwo to X, therewill

simply besix identicalflights to X. Thus,thepassengerat A who wantsto go to B will no

20
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Figure2-1: SimpleNonstopandHub Networks

longerseetwo flights,he’ll seesix. Exactlythesamehappensonthesecondflight segment,

from X to thedestinationcity. This increasedfrequency providesa competitiveadvantage

to thecarrierwith thehub-basedflights,whichrealizesahighermarketshareandincreased

revenue.Alternatively, thecarriercoulduselargeraircraftandreducethenumberof flights

from eachcity. Thiswouldstill providehigherfrequenciesthantheinitial nonstopsystem,

andit wouldalsoreducethetotal numberof legs,cuttingcosts.

2.2 The Costsof Hub and Spoke

Theadvantageof hubandspokenetworksis thatthey concentratetraffic. Thedisadvantage

of hub and spoke networks is that they concentratetraffic. Considerthe examplefrom

above. Supposein thenon-hubcase,theretherewasenoughtraffic from A to X to justify

two flights perday, andthesamefor B-X andC-X. This is a total of six flights perdayat

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 airport at X startsrunningout of capacity. Today,

airportsarerunningout of capacity, andhubairportsarerunningout first dueto thecon-

21



centratingeffectdescribedabove.

Forexample,in 1999,therewere14,900,000enplanedpassengersatNewarkand12,500,000

at Orlando. However, becauseNewark is a hub, therearemany operationswhich arenot

reflectedin the passengerscounts,as they refer to connectingpassengers- Newark had

457,000operations,whereasOrlandohad366,000operations.Furthermore,Orlandohad

only 0.6%delayedflights,but Newarkhadover tentimesasmany.[1]

2.3 The Return to NonstopFlights

In a world of uncongestedairports, the traffic-concentratingeffect of the hub designis

highly desirable. It would be foolish to remove a flight througha hub in order to adda

nonstopflight betweentwo non-hubcities,asthis would reduceall of theadvantagesthat

madethehubdesirablein thefirst place.

However, in the real world of very congestedairports,congestionmeansdelays,and

delayscostmoney. While it might not be desirableto replacea ideal hub flight with an

idealnonstopflight, it canbeverydesirableto replaceadelayedandcostlyhubflight with

a nondelayednonstopflight. Thecostsof delaycanoutweightheadvantagesprovidedby

routingtheflight throughthehub.

The purposeof this work is to motivatejust sucha changeby analyzingits costand

revenueeffects.

2.4 Requirementsfor Analysis

An analysisof the differencesin revenueandcostbetweenhub andnonstopflights does

not necessarilyrequirea full costandrevenueanalysisof both situations.However, if a

full analysisis not performed,revenueandcostmustbeassessedfor at leastthoseflights

which changebetweenthe two situations,andtheeffect of thechangeson the remainder

of thenetwork mustalsobeexamined.

Thus,the choicebetweena cost/revenueevaluationof the entirenetwork in both sit-

uationsor of only the differencesdependson the extent of the coupling betweenthe
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added/removedflightsandtherestof thenetwork.

2.4.1 DelayPropagation

Oneof thedifficultieswith delayanalysisandsimulationis thatdelayfrom adelayedflight

propagatesto subsequentflights. Eachflight, in orderto depart,requiresanairframe,flight

crew, andcabincrew. In the worst case,the airframe,flight crew, andcabincrew from

an incomingflight will be assignedto threedifferentsubsequentflights. One incoming

flight canthereforedelaythreeoutgoingflights. If crews arenot assignedasa group,this

becomesevenworse.[8]

Becausehistoricalcrew schedulescannotbeobtainedfrom airlines,thiswork considers

only thepropagateddelaysfrom airframe,assumingthatreservecrewsareavailableto staff

theaircraftshouldtheregularlyscheduledcrews beunavailable.

2.4.2 AnalysisTime Window

The majority of air transportationoccursduring the daytime. Thus, excesscapacityis

almostalwaysavailableat night,evenat majorhubs.It is thereforealmostalwaysthecase

thatany delaysdueto reducedcapacitycanbemadeup at night, allowing thenext dayto

starton schedule.Thus,analysisof a singledayis adequateto captureall directeffectsof

propagateddelays;i.e. delaysfrom onedaywill not continueinto thenext day.

Thereare additionaleffects, however, which cannotbe capturedwith a single day’s

worthof information.If aflight is cancelled,theaircraftwhichwasto haveflown will start

thenext dayin adifferentplace.Theaircraftmustberepositionedto whereit’ ssupposedto

bebeforeits first scheduledflight, or anotheraircraftmustbesubstituted.Therearecosts

associatedwith bothoptions,andthesecostscanbeexaminedonly by looking at a period

significantlylongerthanoneday.

Algorithms for optimizing this recovery arethemselvescurrentlya significantareaof

research.In orderto focuson the hub vs. nonstoptradeoff, the analysishereinhaslim-

ited itself to time windows of oneday, to avoid influencingtheresultsby betteror worse

methodsof long-termdisruptionrecovery.
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2.4.3 Costand RevenueAnalysis

Becauseof the propagatednatureof delays,it is extremelydifficult to isolatethe costof

delaysdueto anindividual flight. Thecostof delaysarethereforeanalyzedon a network

level. TheMEAN simulation,explainedin detail in chapter5, providesthetoolsrequired

to examinethedelaysover theentirenetwork.

Revenueis alsodifficult to isolate. Considerthe simplecaseof a linear relationship

betweenfrequency andmarket share. If airline Q hastwo flights from A to B eachday,

andairline R hasoneflight, airline Q will get
�� of the passengers.However, if airline Q

cancelsoneof its flights, it will not losehalf of its passengers.Assumingthe flights are

not full, airline Q will gethalf of thetotal passengerswith oneflight. This is a lossof only

25%of its previousrevenue,nothalf. As a resultof thiseffect,passengerrevenue(a linear

functionof thenumberof passengers)is alsocalculatedat anetwork level.
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Chapter 3

DelayCost Analysis

It haslongbeenknown thatit is notpossibleto calculatetherevenuefromor costof asingle

flight leg. In thecaseof revenue,this is becausedemandis generallymeasuredin termsof

anOrigin-Destinationmarket;any flight leg will carrypassengersfrom many originsgoing

to many destinations,andit is not at all clearhow muchof therevenuefrom thepassenger

in questionshouldbeallocatedto theparticularleg. In thecaseof costs,therearenumerous

costsassociatedwith thenetwork whicharedifficult to assignto asingleleg. For example,

thecostof crew is highly dependenton thenumberof hoursthatthey areableto work in a

month,andthis is in turn highly dependenton thedetailsof theschedule.It is extremely

difficult to assignthesecoststo individualflights.

Thecostsof delayscomefrom lost revenuesandadditionalcosts;aswe alreadyhave

difficulties assigningrevenuesand coststo flight legs, it is clear that we will also have

difficulty determiningthe cost of delaysfrom a single leg. If, for example,a flight is

delayedlong enoughthatcertainpassengersmisstheir connection,what is theadditional

costor lost revenuefrom this? Thesepassengersmustbeaccommodatedon otherflights,

eitherby finding spaceon otherflights or buying themticketswith anothercarrier. The

former is usually lesscostly than the latter, but the extent to which passengerscan be

accommodatedon otherflights is dependenton whenthenext flights betweenthecitiesin

questionarescheduledto occur, andhow many seatsareavailable.Alternatively, consider

thedelayof oneflight dueto the latearrival of theaircraft requiredto fly it. In theworst

case,one late-arriving flight can delay threemore, if the cockpit crew, cabincrew, and
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aircraft are to be usedin threedifferentoutgoingflights andno replacementsor spares

are available. However, the extent to which this occursdependsentirely on the timing

of subsequentflights andthe resourcesavailableat the airport at which the flight is late

to arrive. Thus,we seethat the costof delayon a singleflight is dependentnot only on

that flight but on otherflights aswell. This dependenceis at theheartof thedifficulty in

modelingandestimatingthecostof delays.

3.1 Prior Work in Delayand Cost Assessment

A greatdealof work is currentlybeingdoneto modelandimprove thedelaysin theNa-

tionalAir System.Oneof themostinterestingof theseis theApproximateNetwork Delay

model,which attemptsto modelthe propagationof delaythroughouta network, thereby

capturingpart of the dependencethat makes delay modelingdifficult.[8] However, this

modeldoesnot assigndollar valuesto thecosts,but simply reportsdelaysastimes.

Thosemodelswhichassignadollarvalueto thecostof delaytendto useafixedamount

perhour, possiblydependingon the locationof theaircraftduring thedelay(air, ground,

etc.)[7]Thesevaluesdonot take into accountthedifferingcostsof differentaircraft.Some

work is currentlybeingdoneusingtheDepartmentof TransportationForm 41 data,which

provides informationon the costof aircraft dependingon the aircraft type, but no work

usingthis methodologyappearsto havebeenpublishedyet.

3.2 Fixed Hourly CostModeling

Fixedhourlycostsarethecurrentstateof theart in modelingcosts.In additionto theirsim-

plicity of calculation,thereareadvantagesto usinga linearcostrepresentationstemming

from the fact that a linear objective function makescertainoptimizationsmoretractable.

Thetwo sortsof fixedhourly costswhich areusedareanaircraft-independentcostandan

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

“Form 41” is a form on which UnitedStatesairlinesreportoperatingcoststo theDepart-

mentof Transportationonayearlybasis.This informationis brokendown by categoryand

madeavailablein adatabase.Thesectionof costsof themostinterestis theFlight Operat-

ing Costsection.Thecostsarereportedin theDirect Flying Operations(containingPilots

andFuel),Maintenance(containingDirectAirframe,DirectEngine,andMaintenanceBur-

den),andEquipmentOwnership(containingDepreciation,Rentals,andInsurance).All of

thesecostsarereportedon a per-block-hourbasis;a block hour is thetime from whenthe

wheelblocksareremovedfrom theaircraftprior to its departureto whenthey arereplaced

after its arrival. Someof thesecostsaretruly incurredon anhourly basis.Fuel,for exam-

ple, is clearlya costwhich is directly relatedto thenumberof hoursthat theaircraft is in

use.Others,suchasownershipcosts,arenotdependenton thenumberof hourstheaircraft

in use,andit is somewhatartificial to reportthemon ablock-hourbasis.[9]

Dependingon the type of delay in question,the categoriesof costswhich shouldbe

includedin its estimationdiffer. If a delayoccursregularly, andis essentiallypermanent,

thenit seemsmostreasonableto considerthisdelayasasimplelengtheningof theamount

of timerequiredfor aparticularflight. In thiscase,it is reasonableto includethefull hourly

costreportedon theForm 41 dataasthecostof thedelay- aspermanentdelaysoccur, it

will likely be necessaryto qualitatively changethe schedule,andadditionalaircraft may

be requiredto serve the samecities with the samefrequency. In the caseof a one-time

temporarydelay, however, it doesnot make senseto include the ownershipcostsof the

aircraftin thecostof thedelay- noextraaircraftarerequired;if theaircraftis delayedby an

hour, it is simply usedfor anhourlongeron thatday. Table3.1summarizesthecategories

in which costsarereported,andindicatesto which typeof delaysthey areapplicable.

Someof theclassificationsshown in Table3.1arenotentirelyclear-cutandareworthy

of note. The direct maintenancecost is partly dependenton hoursflown (for the 100-

hourchecks)andpartly independent(thecalendar-timebasedchecks).It is shown asbeing

includedin thecostof anairbornedelay, but it couldbearguedthatit shouldnotbeincluded

in its entirety. Fuel is not shown asbeingpartof thecostof a grounddelay, althoughthe
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Table3.1: CostCategoriesIncludedin DelayCostEstimations

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

aircraft is usingsomefuel while it is idling on the ground. It seemsthat the amountof

fuel usedwhile on thegroundis sufficiently smallerthanto theamountof fuel usedwhile

airbornethat it canbeneglected,but this classificationcouldbeargued.Finally, it maybe

worthy of notethatdirectmaintenancecostsarenot includedfor a grounddelay, but crew

costsare.This is becausecrew hoursarecalculatedbasedon block time, whereasaircraft

duty hoursarecalculatedbasedon airbornetime. Therefore,a delayon thegroundcounts

astime for thepilotsbut not for theairframe.

Anotheritem of noteis the lack of cabincrew costs,which areincludedin theoverall

costdatareported,but not in thedatabrokendown by aircrafttype.Becausethecabincrew

onanaircrafttypically costssignificantlylessthanthecockpitcrew, historicalpracticehas

beento ignorecabincrew costs.

Someexamplecostsfor commonaircraft types,usingthecategorizationspresentedin

Table3.1,aregivenin Table3.2. It canbeseenfrom this thatthecostof a one-timedelay

on the groundis a fractionof the total costof operatingan aircraft of the sametype. By

usingthetotal hourly costfrom theForm 41 datato modelthecostof delays,we maybe

significantlyoverestimatingthem.

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

which maybecausedby the initial delay. Thesecostscanbeestimatedby 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 modeldelaypropagationin conjunctionwith anhourlycostmodel.

3.3 Nonlinear CrewCosts

Thehourly crew costsreportedin theForm 41 dataaresimply the total amountspenton

crew onayearlybasisdividedby thenumberof hoursthatthecrew worked.This includes

itemssuchastrainingexpenses,andpayingthecrew for their minimumguaranteedtimes

evenif they haven’t workedthem.Thesecostsmaynotbeapplicablein thecaseof delays,

asthepilots aren’t gettingany extra vacationtime, for example,asa resultof working an

extra half anhour. On theotherhand,it mayalsobethecasethatthepilots aredelayedso

long that they arenot ableto fly their original schedule,andthusmustbe replaced.The

costsof this will behigherthananhourlycostmultiplied by thepilots’ time.
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3.3.1 Restrictionson Pilot Schedule

Therestrictionson theschedulea pilot is ableto work comefrom theFAA’s FederalAvi-

ation Regulations(FAR) andfrom the pilots’ contractwith their airline. Therearethree

typesof limitations on the crew’s schedule,any of which could be violated by delays,

forcing thecrew to reschedule.Theselimitationsare:

1. Restrictionson thenumberof hoursthatacrew canfly betweenbreaks

2. Restrictionson theamountof time thatacrew canbeon-duty, regardlessof whether

this time is spentflying or waiting

3. Restrictionsonthelengthof breakthatacrew musthave in orderto beableto return

to duty

Theserestrictionsarediscussedin moredetail in the following sections,with details

from the FARs and from the NorthWest/ALPA contract,examinedasan example.[3, 5]

Thefocusis on thecockpitcrew, ashasbeendonein muchof theliterature,dueto a lack

of informationaboutcabincrew costsandscheduling.[6]

Restrictionson Hours Flown

Most of the restrictionson the numberof hoursthat a crew can fly comefrom section

121.471of theFederalAviationRegulations.TheFARs requirethatapilot not fly:

1. More than1,000hoursperyear

2. More than100hourspermonth

3. More than30 hoursin any 7 consecutivedays

4. More than8 hoursbetweenrestperiods

It is the last of thesewhich is of the mostinteresthere. If the extra flight time intro-

ducedby a delaywould causea crew to exceedtheir monthlyallowedtime, for example,

they canstill completetheir currentduty period,andberescheduledto reducetheir flying
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time for later in themonth. However, the requirementthata crew not fly for morethan8

hourswithout restis moreimmediate,andis therequirementmostlikely to forceacrew to

abandontheir original schedule.

The wording of the regulation is significant. It reads“No certificateholder... may

scheduleany flight crewmemberandno flight crewmembermayacceptanassignmentfor

flight time... if that crewmember’s total flight time in all commercialflying will exceed

[conditions].” The significanceof this is that it restrictsassignmentand acceptanceof

assignment,notactualflight. Therefore,onceaflight hasbegun,thecrew neednotabortit

andlandat analternateairport,evenif finishingtheflight will causethemto exceedeight

hoursof flight time.

A crew will usually, in domesticoperations,be scheduledto fly morethanoneflight

duringadutyperiod.As indicatedabove, if thelastleg of thisseriesis delayed,thereis no

effectbeyondpayingthecrew extrafor theextratimethey’veflown, andpossiblyadjusting

their schedulefor subsequentdays. However, if any of the previous legs aredelayed,it

maynotbepossiblefor thecrew to fly thelastleg, asat thetimeof departuretheexpected

lengthof theflight wouldput themover theeight-hourlimit.

Restrictionson Break Length

TheFARsalsoproviderequirementson thelengthof abreakwhichmustbegivenin order

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

1. 9 hoursof restfor lessthan8 hoursof flight

2. 10hoursof restfor 8 to 9 hoursof flight

3. 11hoursof restfor morethan9 hoursof flight

However, theserestperiodscanbefurther reduced(to 8, 8, and9 hours,respectively)

if longerbreaks,of lengthsspecifiedby anevenmorecomplicatedsetof rules,aregiven

for thenext rest.

If any delaysareencounteredduringa seriesof flights, thecrew will arrive later than

anticipatedandbegin theirrestlaterthananticipated.If theamountof restavailableto them
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is sufficiently shortened,it may be impossiblefor themto departon their first scheduled

flight thenext day, asthereducedamountof restthey obtainedasa resultof thedelayno

longermeetstheminimumrequirementsfor themto fly again.

Additional requirementson restperiodlengthcancomefrom theairline/pilot contract.

In the NorthWestcase,it is specifiedthat all breaksshall be at least9 hours(not 8), and

aftermorethan8.5hoursof actualflight time,thepilotsmustreceiveat leasta12-hourrest.

In this case,it is possiblethatany of theflights in a seriesmight bedelayedsufficiently to

increasethetotalflying timefrom under8 hoursto above8.5hours- in whichcasethetotal

resttimerequiredwouldactuallybeincreased,in additionto theactualtimereceivedbeing

reduced.This couldresultin thecrew beingunableto fly their planneddepartingflight on

thenext day.

Restrictionson On-Duty Time

The FARs do not provide any restrictionon the total amountof time that a crew canbe

on-duty, but contractsbetweenindividual airlines and pilot unionsdo. The NorthWest

contract,whichwasexaminedasasample,providesthefollowing basicrestrictions:

1. No duty scheduledto startbetween0501and2159(local time) maybescheduledto

lastlongerthan13 hours.

2. No duty scheduledto startbetween2200and0500maybescheduledto last longer

than12 hours.

3. No dutymayactuallylast longerthanthescheduledmaximumplusonehour.

Therearefurther complicationsandrefinements.If a 6-hourbreakis given during a

dutyperiodwhichstartswithin certainhours,thelengthof thedutyperiodcanbeextended

to 14 hours. If a breakof lessthan10 hoursis givenbeforea duty period,themaximum

scheduledlengthof theduty periodis reducedto 11 hours.Furtherspecificationsexist for

redeyes,internationalflights,andothercases.
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3.3.2 Examination of Effectson Schedule

SampleSchedule

Ideally, an actualhistorical crew schedulewould have beenusedto examinethe effects

of delaysat variouspoints on the ability of the crew to completetheir plannedflights

without violating any of the requirementson their working andresttimes. Regrettably, it

did notprovepossibleto obtainsuchaschedule,astheseschedulesareconsideredvaluable

competitive informationby theairlinesandarenot availablefor researchpurposes.It was

thereforenecessaryto useahypotheticalscheduleinstead.

To examinethe costsof a crew’s inability to completetheir scheduledsetof flights,

a hypotheticalschedulewas thereforegeneratedmanuallyusinga simplified setof con-

straints.Theconstraintsusedwere:

1. No scheduledflight timeslongerthan8 hoursperdutyperiod

2. No dutyperiodslongerthan13hoursscheduledor 14hoursactual

3. No restsshorterthan9 hours,scheduledor actual

Theseconstraintsobviouslydo not capturetheentiretyof theproblem.It seemslikely,

however, that they will provide a schedulewhich is similar in natureto thatactuallyused,

andwhich will exhibit thesamebehavior in responseto delays.Theactualschedulegen-

eratedwas for a historical schedulewith 7 aircraft and 40 flight legs. This scheduleis

believedto belargeenoughto givea representativeestimationof theeffectof delayswhile

remaininga tractableproblemfor manualcrew scheduling.

Resultsof Delay in SampleSchedule

Theeffectsof delayon theschedulewereexaminedby looking at eachleg of eachflight

anddeterminingthelargestdelaywhich couldbeabsorbedwithout forcing a replacement

crew to beused,assumingthatall otherlegsrun at their plannedduration.

Threetypesof delayswhich could prevent a crew from completingtheir originally

scheduledflights wereexamined;thesearean increasein flight time, an increasein duty
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Figure3-1: Percentageof DelaysCausingCrew Disruption

time,andadecreasein rest.All threeof thesetypesappearedin thesampleschedule.The

majority of inabilitiesto completetheplannedscheduleresultedfrom expectedflight time

exceeding8 hoursdueto delayin oneof thelegswhichwasnot thelastone.

Using this information, it was possibleto calculatethe likelihood that a delay of a

certainlengthwouldresultin arequiredschedulechange.Theseresultsassumethatdelays

areequallylikely atall airportsin theschedule.With a largerschedule,it wouldhavebeen

usefulto examinethedelaystatisticsof eachof the individual airports,but giventhesize

of thesamplescheduleavailable,theseresultswouldnothavebeenstatisticallyuseful.

Theresults,assumingdelaysareequallylikely everywhere,arepresentedin Figure3-1.

Costsof ScheduleDisruption

Theactualcostof a crew beingunableto completetheir originally scheduledflights is of

coursehighly dependenton how thedisruptionis handled.Thedetailsof how this is done

aregenerallynot available,for thereasonsdiscussedin 3.2.1,requiringsomeassumptions

to bemade.Here,it is assumedthatthecrew whichwasnotableto fly theiroriginalflights

will bedeadheaded(flown aspassengers)backto theirbase,while anothercrew is sentout

to takeover for them.

TheNorthWestcontractindicatesthatpilotsbeingdeadheadedarepaidattheirfull rate,
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Table3.3: SampleNorthWestHourly Crew Rates

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

asif they wereflying theaircraft. Thecostof deadheadingfour crew members(two back

to baseandtwo from thebaseto wherethey musttake over) is thereforequitesignificant.

Somehourlycrew ratesfor full-seniority crew aregivenin Table3.3.

3.4 ComparisonsBetweenLinear and Nonlinear Model

In order to comparethe cost estimatesprovided by the linear cost-per-hour modelwith

thoseprovidedby thenonlinearcrew-schedule-disruptionmodelpresentedabove,we look

at theaveragecostof a delayin thelatter. Theprobabilityof a delayresultingin schedule

disruptionis multiplied by anaveragescheduledisruptioncost,takenfrom calculatingthe

averagestagelengthof theschedulein question.This is addedto a linearhourly costfor

thecaptainandfirst officer, usingtheratesindicatedin Table3.3.

Figure3-2 presentsa comparisonbetweenthe modelpresentedabove andthe fixed-

hourly-costmodelusingonly crew costs,for a767.

3.5 Conclusions

As canbeseenfrom Figure3-2, theagreementbetweenthenonlinearschedule-disruption

model and the fixed hourly cost model using Form 41 dataagreesurprisinglywell for

crew costs. It maybereasonableto conclude,therefore,that thefixed-hourly-costmodel

is suitablefor themajority of purposes,andthat thenonlinearschedule-disruptionmodel

haslittle to offer withoutspecificinformationabouttheactualcrew schedulein placeat the

time of a particulardelay. Sucha modelwould bemostappropriatefor useat theairlines

themselves,wheredetailedinformationabouttheactualcrew schedulesis available.
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Chapter 4

New NonstopAnalysis

Whenthe expectedprofitability of a new nonstopflight in a market not currentlyserved

by nonstopserviceis considered,oneof themostimportantfactorsis theexpectedmarket

sharewhich will beobtainedby thecarrierintroducingthenonstopflight. Currentmarket

sharemodels,whicharedesignedfor marketsservedprimarily by nonstopservice,include

exclusively nonstopflights; the numberof passengersflying on otherflights is generally

lessthan20%andis considerednegligible for mostpurposes.Thesemarket sharemodels

arethereforeinapplicableto situationswherethemarketshareof carrierswho do notoffer

nonstopservicemustbeconsidered,anda modelwhich takesinto accountothertypesof

serviceis required.

4.1 Models

Themostcommonmarketsharemodelgivesmarketshareasafunctionof frequency share.

This relationis givenin Equation4.1.

������� 	�

��������� 	�

��� �� (4.1)

�����
is themarket shareof Carrier � for a particularmarket; 	�
���� � is thenumberof non-

stopflights (or flights per time) of Carrier � in themarket. � is anexponentrepresenting

theadvantageof carrierswith higherfrequency shares.This nonlinearityis sometimesex-
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plainedby thefactthatmosttravelersplanround-tripitineraries,andarelikely to fly onthe

samecarrierin bothdirections.Becauseof this round-tripplanning,carriers’market share

dependsto someextent on the numberof combinationsof departingandreturningflight

combinationsthey offer (thesquareof thefrequency). Ultimately, theexponentis present

in themodelbecausethedatajustifiesit; it typically hasvaluesbetween1 and2.

Thismodelcanbeextendedto includethroughandconnectingflightsby modifyingthe

meaningof 	�
���� � to includenot only nonstopflights, but a weightedsumof all available

flights. Themodelusedhereincludesa termfor flights with onestopandflights with one

connection;flights with morethanonestop,morethanoneconnection,or botha stopand

a connectionarenot includedin themodel.This is shown in Equation4.2. Theparameter�
is thevalueof one-stopflights,andtheparameter� is thevalueof one-connectionflights.

Thesearefractionsof thevalueof a non-stopflight, andshouldin all casesbebetween0

and1. 	�

��� ��� 	�

��� �������! #"$�&%(' �*) 	+
���� �$�,��-& &"$�&%.' � ) 	�
���� �/���!-10#���!��-#0&" (4.2)

4.2 Methodology

Themodelgivenby Eq. 4.1and4.2hasbeenusedhistorically, with coefficients
� �325476

and� �328419
. However, thesevalueshavenotbeenverifiedin decades,andtheirapplicabilityto

thecurrentmarket is questionable.It wasthereforedesirableto determinenew valuesfor

thesecoefficientsusingrecentmarket data.

An overview of thecalculationsis presentedhere.

4.3 Data Requirements

Two sourcesof datawererequired,oneto provide informationon theflights availableand

oneto provide informationon thepassengerswho flew on eachcarrier. For theflight data,

therequiredinformationfor eachflight is:

1. Departurecity
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2. Departuretime

3. Arrival city

4. Arrival time

5. Carrier

6. Flight number

TheAirline ServiceQuality Performance(ASQP)dataprovidedtherequiredinforma-

tion. Otherdatasources,suchasthe Official Airline Guide(OAG) electronicdatacould

alsohavebeenused;theASQPdatawasselectedasamatterof convenience.

For the passengerdata,the requiredinformationis the numberof passengerscarried,

brokendown by OD market,carrier, andtime. This informationwasprovidedby theO&D

Plus10%ticketsampledatabase,whichprovidesinformationon1 outof 10 ticketsissued,

randomlyselected.Both the O&D PlusandASQPdatabasesprovided only information

for domesticflightsby the10 Major carriers.

4.4 Mark et Selection

Thefirst operationwastheselectionof marketssuitablefor inclusionin thecalculations.

Becausethe principal usefor the model is to predict the effects of addingor removing

nonstopservice,thosemarketsin which nonstopservicewasaddedor removedwerese-

lected.Themarketsselectedarethosewhich gainedor lost nonstopservicebetween1995

and1999,theyearsfor which datawasavailable.Themarketsmustalsohave hadat least

onefull yearbothwith andwithout nonstopserviceduring theperiodfor which datawas

available,to reduceskewing of theresultsdueto seasonalvariations.Themarketsselected

werealso requiredto have hada total of 40 nonstopflights (both directions)during the

periodthey wereconsideredto have nonstopservice;marketswith a very small number

of nonstopflights (suchasoneper week)werethereforeexcluded. Thesecriteria served

to excludea numberof marketswhich wereservednonstopseasonally(winter or summer
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only), andthosewhich wereserved for only a few monthsbeforebeingabandoned.123

marketswhich metthecriteriawerefound.

4.5 FrequencyCalculation

The numberof nonstopflights wastrivially determined;the numberof flight legs which

left from the onecity of the pair andarrived at the otherwascounted. Determiningthe

numberof one-stopandconnectingflights requiredexaminingall pairsof flight legswhich

leadfrom onecity of thepair to theother, by way of any intermediatecity (onecarrieris

examinedat a time). If theflight numberis thesame,theflight legsarecountedasa one-

stopflight. If theflight numbersarenot thesame,theflight legsareexaminedfor potential

inclusionasa connectingflight. To becountedasa connectingflight, thesecondleg must

departat least30 minutes,but not morethan120minutes,after thearrival of thefirst leg.

Usingthesefixedvaluesfor connectingtimesgreatlysimplifiedtheproblemcomparedto

enteringthe actualconnectiontimesfor eachcarrierandeachairport, andis unlikely to

significantlyskew theresults.

Frequencieswerecalculatedby quarter;the limiting factorwasthe10%ticket sample

database,whichprovideddatawith aquarterlygranularity.

4.6 CoefficientCalculation

Two methodswereusedfor determiningthecoefficientsb andc. A linearregressionpro-

videddetailederrorinformationwith � constrainedto 1; anonlinearsolutionallowed � to

varybut did notprovidecoefficient-specificerrorinformation.

4.6.1 Linear Solution

Linearregression“solves,” in aminimum-errorsense,Equation4.3.

: ;=< >@?
(4.3)
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� is an ACB 9
matrix of coefficients;it is thedesiredresult.

:
is an

� B 9
matrix,and

<
is an

� BDA matrix. When
� � A , this equationhasanexactsolution;when

� E A ,

linearregressionis usedto find thec whichminimizestheerror.

To performa linearregression,the
:

and
<

matricesmustbegenerated.In this case,<
will bean

� BGF matrix, astherearetwo coefficientsin � . Rows in thesematricesare

generatedusingEquation4.4,whereonerow is generatedfor eachcarrier � in eachmarket.

H I J5K � ����� ) 	+
���� � �����! &"7�L% H 	�

��� � ������ &"$�&%NMO �
�P) IJQK � ����� ) 	+
���� �$�,��-& &"$�&% H 	�

��� �/���!-& &"7�L%NMOR'

(4.4)

� ) IJ K � ����� ) 	+
���� � �,��-#0#�����!-#0#" H 	+
���� � ����-#0#���!��-#0&"SMO
Equation4.4resultsfrom straightforwardalgebraicmanipulationof Equation4.1when� is 1. Rows which wereentirelyzero(representinga carrierwhich hasno flights andno

passengersin aparticularmarket)werenot includedin thegeneratedmatrices.

4.6.2 Nonlinear Solution

Theadvantageof thenonlinearsolutionis thatit removestherequirementthat � beexactly

1. The disadvantageis that only an overall error is provided for the solution,andnot a

per-parametererrorasis providedby a linearregression.

Generalnonlinearoptimizationalgorithmsgenerallytake the form of maximizingor

minimizinganobjectivefunction. In thiscasetheobjective is a functionof � , b, andc. For

eachcarrier in eachmarket, the differencebetweenthe calculatedmarket sharefrom the

given � ,
�
, and � valuesandtheactualhistoricalvaluewasfound;theroot meansquareof

this errorvalueis theobjective functionto beminimized.

The specificalgorithmusedwas the Nelder-Meadalgorithm. This algorithm,which

is general-purposebut not particularlyefficient, waschosenfor simplicity. Becausethis

problemwasa relatively tractableone, the slow runningspeedwasnot important. The

41



Table4.1: ConnectingFlight ValueLinearFit Results

Value Standard t-statistic
error

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

specificalgorithmusedshouldnotaffect thefinal result.

4.7 Results

4.7.1 Linear Results

Thelinearresults,with anassumed� =1,arepresentedin Table4.1.Theprincipalpurpose

of thenonlinearmodelis to examinethesignificanceof thecoefficients,andit canbeseen

thatthefit is quitegoodandbothcoefficientsaresignificant.

Thevalueof connectingflights is muchlowerthanthatof non-stopflights,eventhough

it is not clearthat theseflights take longerto complete.Part of this is undoubtedlydueto

thefactthatinfeasibleconnections- thosewhichgo acrossthecountryandthenback- are

included,eventhoughit is unlikely thata significantnumberof passengerswill fly them.

Thepresenceof one-stopflights beforeconnectingflights on theCRSmenusundoubtedly

explainspartof this aswell.

4.7.2 Nonlinear Results

Thenonlinearresultsarepresentedin Table4.2. Thenonlinearsolutiondoesnot provide

per-parametererrorsstatisticslikealinearregressiondoes;thetotal rootmeansquareerror,

calculatedasdescribedin section4.6.2,was0.144.

Thenonlinearresultsprovide highervaluesfor the
�

and � coefficientsthanthe linear

solution.This is likely aconsequenceof therestrictionson � presentin thelinearsolution.

Becausecarrierswith nonstopflights also tend to be the oneswith high market shares,
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Table4.2: ConnectingFlight ValueNonlinearFit Results

Parameter Value

� 1.107
b 0.233
c 0.048

thenonlinearitywhich is aneffect of � wasartificially capturedaslow valuesof
�

and � ,
whichalsoservedto furtherincreasethemarketshareof thosecarrierswith above-average

marketshares.
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Chapter 5

The MIT ExtensibleAir Network

Simulation

TheMIT ExtensibleAir Network Simulation(MEANS) is anevent-basedsimulationtool

whichcanbeusedto analyzecurrentandhypotheticalnetwork configurationsandrules.

The discussionof MEANS is divided into threesections: datasources,calculation

methods,andresults.

5.1 Data Sources

Several typesof dataarerequiredby thesimulation. Theseincludea scheduleof flights,

airborneratesandtimes,arrival anddepartureratesat airports,andtime requiredfor taxi

andothergroundevents.Eachof theseis addressedbelow.

5.1.1 Scheduleof Flights

The scheduleof flights for historical daysis obtainedfrom the Airline ServiceQuality

Performance(ASQP)database.ThisdatabasewasselectedoversourcessuchastheOfficial

Airline Guide (OAG) databecauseit hasthe highly desirablepropertyof including the

registrationnumberof theaircraft.Theaircraftregistrationnumberis crucialfor following

anaircraftthroughits flightsandcorrectlymodelingthepropagationof delays.

45



Themajor limitation of theASQPdatabaseis that it includesinformationonly for do-

mesticjet flights operatedby the ten US Major airlines. The OAG databaseincludesall

scheduledcommercialflights, but still doesnot includefreight or generalaviation traffic.

To addressthesedatalimitations, a countof all operationsin 15-minuteperiodswasob-

tainedfrom the FAA’s ConsolidatedOperationsandDelay AnalysisSystemdatabase[2].

This countenabledflights to begeneratedandaddedto theflights in theASQPdatabase,

bringingthetotal level up to thehistoricalvalue.

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. Theaverageair-

bornetimesbetweentwo cities is usedwhenhistorical information is available. Where

historicalinformationis unavailable,anapproximateairbornetime is calculatedfrom dis-

tanceandscheduledtimeusinga formuladevelopedasa “bestfit” from thosecaseswhere

actualdatawasavailable.

It is also possibleto vary airbornetimes aroundthe average,but the resultsof the

simulationaregenerallyquite insensitive to small changesin airbornetime. It might be

possibleto obtainbetterresultsby segregatingtheresultsby aircrafttype,but thisapproach

wasnotpursuedfor reasonsof tractability.

5.1.3 Ground Operations

Timesrequiredfor groundoperationsaredeterminedin a mannersimilar to thoseusedfor

airbornetimes,describedabove. Timesarecalculatedby airport,but notby aircrafttypeor

configurationfor reasonsof dataavailability andnumericalcomplexity. [11]

5.1.4 Weather

Historicalweatherinformationfrom theCODAS databaseis usedasweatherinput. His-

torical datahasthe advantagethat it capturesthe correlationsbetweenproximatecities;

alternative approachessuchasa Markov-chaingeneratedweathermodeldo not capture
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this. TheCODAS dataprovideswind andvisibility datafrom which it is possibleto deter-

mine theoperatingconditionof theairport,aswell asa noteasto whethertheconditions

wereInstrumentor VisualMeteorologicalConditions.

5.1.5 Air port Arri val and Departure Rates

The calculationof the arrival anddeparturerateshasbeenoneof the mostdifficult and

involvedpartsof the MEANS development.As a resultof this, severaldifferentsources

of datahave beenused.Historicaldatafrom tower logsat theBostonLoganairportwere

usedin the initial developmentof thesimulation,astheseprovidedthemostdetailedand

accurateinformation. Thesewere later replacedwith capacityenvelopesfrom the FAA

Benchmarkreport.[1]

5.2 Calculation Methods

Thecentraldatastructurein MEANS is theflight leg. Flight legsareupdatedandmodified

asflightsarerescheduledor delayed,andarepassedbetweendifferentpartsof theprogram

asthe flight moves. Therearea numberof statesin which a flight leg canbe. It canbe

inactive (anotherflight leg with the sameaircraft is still in progress),at the gate,taxiing

out, waiting to depart,in the air, waiting to arrive, and taxiing in. Timing is controlled

throughaqueueof events;any of themodulescanscheduleaneventto occurlater. Having

aroutinewhichhandlesoneeventandschedulesanotherfor lateris themostcommonway

of having recurringactions.

5.2.1 Flight Data Structure

For eachflight leg, anairline, flight number, tail number, departingandarriving city, and

scheduled,rescheduled,andcontrolleddepartureandarrival timesarestored.Additionally,

theactualtime of all statetransitionsis recordedastheflight leg changesstates.Time is

recordedassecondsaftera definedpoint. For a single-daysituation,this canbe seconds

aftermidnight; for multiple dayruns,secondssincetheUnix epoch(midnightJanuary1,
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Figure5-1: MEANS Flight Progression

1970,GMT) is a convenientchoice. Figure5-1 shows the statesthroughwhich a flight

passes.

5.2.2 ScheduleLoading and Generation

Becausesomeflights do not have full information in the ASQPdataandmustbe added

basedonly on operationcounts,a specialcasefor the format must exist to mark these

flights. Specialsymbolsfor airline anddeparture/arrival airportsareusedto identify these

“padding”flights,andallow themto beprocessedproperly.

Thescheduleis readfrom a custom-formatdatafile, which includesexactly theinfor-

mationrequired,andwritten to anothersimply formattedfile which includestheoriginally

scheduledinformationplustheinformationaboutactualtimes.This is theprincipaloutput

of thesimulation,andmostresultsareobtainedby postprocessingthis file.

For the flight legs without completeinformation,however, a full schedulefile is not

availableto thesimulation.Instead,anabbreviateddescriptionis used,whichspecifiesthe

numberof arrivalsanddeparturesto beaddedin agiventimeperiodatagivencity. Several

methodsareavailablefor specifyingthis information. Theadditionscanbespecifiedasa
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total numberof legsto add,a total targetnumber(in which casethenumberto addwill be

calculatedbasedon thenumberof flights alreadypresentin theschedule),or a percentage

of thescheduledflightswhichshouldbeadded.

Onepieceof informationwhich cannotbeleft out,evenfor theseflights, is theaircraft

tail number. This is vitally importantto obtainproperdelaypropagation.Furthermore,

assigningeachleg a uniquetail numberis an inadequateapproach. In a grounddelay

program,only arrivalsarecontrolled.Sincearrivalsbecomedepartures,thenumberof de-

parturesmustbereducedwhenthearrivalsarereduced.However, this cannotbeachieved

if someof the departuresare not recognizedas being the sameaircraft as the arrivals.

Thus,thealgorithmwhich inserts“f ake” flights attemptsto matchincomingandoutgoing

tail numbers,basedonassumptionson theminimumturn timeof theaircraft.

5.2.3 Taxi and Airbor ne

Historical information for taxi andairbornetimes is readfrom a datafile. The datafile

presentsinformationby percentile,andanappropriatepercentileor distribution is selected

by the simulation. Taxi datawill alwaysbe available,but airbornedatamay needto be

calculated. In this case,information about the distancebetweenthe two cities and the

scheduleddurationareusedto calculateanapproximateairbornetime.

Whenanaircraftis passedto thetaxi or airbornehandler, thehandlercalculatesthetime

requiredandschedulesaneventat theappropriatetime in thefutureto passtheaircraft to

thenext state.

5.2.4 Tower Controller

Thetower controller, which passesaircraft from thedeparturequeueinto theair andfrom

the arrival queueonto the ground,is oneof the mostcomplex partsof the simulation. It

is responsiblefor meteringthe flow of aircraft and ensuringthat appropriateseparation

standardsarenotviolated.

In its mostbasicimplementation,thetoweris suppliedwith afixedarrivalanddeparture

rate,from asourcesuchashistoricaldata.It schedulesarrival anddepartureeventsto occur

49



at timesevenly spacedthroughoutthehour, andwhenever thereis a slot for anaircraft to

departor arrive, thenext aircraft in thequeueis processed.No tradingbetweendepartures

andarrival is possible.

A moresophisticatedimplementationof the tower usesa Paretofrontier showing the

numberof possiblearrivals for a givennumberof departures.In this case,thetower con-

troller mustperiodicallyselectanoperatingpoint on thecurve (anactionnotionallycorre-

spondingto selectingaconfigurationor runwayallocation).Thealgorithmusedto calculate

this operatingpoint hassignificanteffectson thebehavior of thesystem.

Presently, theoperatingpoint is chosenusinginformationaboutbothscheduledflights

in thefutureandflights currentlywaiting. Thenumberof departuresandarrivalsexpected

in thenext period(oftenonehour)arecalculated,andaddedto thenumberof departures

andarrivals currentlywaiting in the queue. An operatingpoint is selectedsuchthat the

ratio of the actualdeparturesto arrivals is the sameasthe ratio of desireddeparturesto

arrivals.Thishasworkedwell in practice.

A givenairportwill havedatafor multiple Paretofrontiers,correspondingto operating

statessuchasVisualor InstrumentFlightRules(correspondingto theVisualandInstrument

MeteorologicalConditionweatherconditions).Otherspecializedlocal configurationsmay

alsosometimesoccur, suchasdiffering capacitiesasa functionof wind direction. Some-

how thesimulationmustselectoneof theseto bein effect at any giventime. Thesimplest

way of doingthis againrequirestheconfigurationof all airportsto bedirectly specifiedin

adatafile; this is mostusefulfor modellingexacthistoricalsituationswheresuchinforma-

tion is available.An alternativeapproach,which is capableof selectingbetweenVFR and

IFR configurationsfor eachairport,calculatestheconditionsbasedonvisibility andceiling

informationfrom theweatherat theairport in question.

5.2.5 The FAA and Ground DelayPrograms

Whendelaysbecomeparticularlybadatanairport,aGroundDelayProgramis put in place

to hold aircraft travelling to that airport on the ground,aswaiting on the groundis safer

and lessexpensive than waiting in the air. Thus,MEANS hasa grounddelayprogram
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implementationwhich modelstheFAA in institutinggrounddelayprograms.

In its simplestform, a datafilecanbe provided with historicalgrounddelayprogram

information.This specifiesthebeginningandendof thegrounddelayprogram,thearrival

rates,andthetimeat which theprogramis announced.

A more sophisticatedapproachusespredictedairport capacities(basedon predicted

weather)to automaticallyinstitute a GDP when demandexceedscapacityby a certain

amount.

OnceaGDPhasbeeninitiatedthroughany of theabovemethods,it mustbeperformed.

This involvesgeneratingandassigningslotsto flights. Thealgorithmusedby MEANS is a

simplifiedimplementationof theration-by-schedulealgorithmwith compression,outlined

below.

First,a list of flights is generatedwith originally scheduledarrival timesin thewindow

overwhich theGDPis operatingis generated;this list is sortedby arrival time. A tableof

slotsis thengeneratedbasedonthepredictedarrival rate.Theslotsareallocatedto airlines

in thesameorderastheoriginally-scheduledflights,up to thenumberof slotsin thetable

(therewill obviously be fewer slots thanoriginal flights). This is the ration-by-schedule

algorithm.

Eachslot thenhasaflight assignedto it. This is doneby findingthenext availableflight

from theairline to whomtheslot belongsandassigningit to theslot. This examinationof

the scheduleof flights includesany delaysthe airline hasalreadymadeto the schedule,

unlike the original slot assignment.Thus,it is possiblethat it 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 thedisplacedairline gettingpriority for theslot openedup by themove. This is the

compressionalgorithm.

Oncetheinitial assignmentshavebeenmade,theairlineagentsarenotified,andallowed

to swapandcancelflights. Whena flight is cancelledandtheairline cannotfind another

flight to assignto its slot, thecompressionalgorithmis rerun.
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5.2.6 The Airline

In practice,an airline will decidewhich flights shouldsuffer the mostbasedon criteria

suchasloads,missedconnections,or maintenancerequirements.However, datafor these

considerationsis not availableto MEANS. At present,therefore,theairline agentssimply

cancelflights which will bedelayedmorethana specifiedmaximumamountby theGDP.

Two hourshasbeenusedasthis maximumfor work doneto date.

5.3 Results

In testing,MEANS wasevaluatedin two scenarios- one in which heavy delaysat one

airportmadetherestof thesystemirrelevant(for which Bostonon January28, 1999was

anexample),andasummerdaywhentheoverall loadwashigh but no particularlocations

hadadominantdelay(anexampleof whichwasJuly30,1999).Thesimulationperformed

well in theformercaseandreasonablyin thelatter.

Figure5-2showstheaircraftin thearrivalanddeparturequeuesatBostonLoganairport

onJanuary28,1999.Bostonhadsevereinclementweatheron thisday, andagrounddelay

programwas in effect most of the day. As describedin section5.1.1, the flights with

informationobtainedfrom the ASQPdatabaseweresupplementedwith generatedflights

from the ETMS data. In orderto allow for a valid comparisonwith the historicalASQP

queuesizes,thesegeneratedflights werenot includedin the countof the aircraft in the

queue.As canbeseenfrom thefigure,theMEANS resultstrackthehistoricalresultsfrom

theASQPdataquitewell.

Figure5-3 shows thesimulatedandactualarrival timesof flightsarriving at Bostonon

this day.

Figure5-4showsresultsfor afew samplecitiesfor thecaseof July30,1999,whenthere

wasgoodweatherandgenerallyheavy traffic acrossthesystem.Theresultsarebetterfor

somecitiesthanothers.Particularly, thosecitieswith morestraightforwardoperationsand

feweroperatingconditionsarebettersimulated.
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Figure5-2: MEANS QueueSizes,Boston,January28,1999
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Figure5-4: MEANS Results,BOS,IAH, andPHX, July30,1999
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Chapter 6

Approach

It is notpossibleto calculatetheeffectof all possibleschedulealterationsin full detaildue

to thecomputationalcomplexity of sucha task. Therefore,a two-stageapproachis used,

in which preliminarycalculationsof lower accuracy areperformedto identify plausible

flightsfor replacement,andthenafull calculationis performedusingthissetof candidates.

Thepreliminarycalculationsignorethenetwork-wideeffectsof changes,in orderto avoid

recalculatingtheentirescenario.

Thiscalculationprocedureis shown in Figure6-1. Eachstepis describedbelow.

6.1 Cost Calculations

6.1.1 Determination of Hourly Costs

Thehourlycostfor anaircrafttypeis calculatedfrom Form41data,asdescribedin section

3.2.1. Two valuesarecalculated,for time spenton the groundandtime spentin the air,

usingcostsasshown in table3.1. Becausethe purchaseandsaleof aircraft is not being

considered,ownershipcostsarenot required.

6.1.2 Determination of Air craft Type

Thetypeof aircraft is not actuallyincludedin theASQPdata.It mustbelookedup sepa-

rately. TheJPFleetdatabasewasusedto do this.
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Figure6-1: InformationFlow

However, the ASQPdatacontainssomeerrorsin its reportedtail numbers,andsome

aircraftaremissingfrom theJPFleetdatabase.Whenthetail numberof anaircraftcould

not be found, an attemptwasmadeto determinethe aircraft type by looking at aircraft

whichflew thesameleg on otherweeksin thesamemonth.Of the9.4%of thedatawhich

could not originally be looked up, over
�� wereamenableto this technique,leaving only

2.7%unknown. For thesefew, anaveragevaluefor thecarrier’s known fleetwasused.

6.1.3 Preliminary CostCalculations

Thecostof operatingaflight, from thepointof view of preliminaryanalysis,is takento be

only thedirectoperatingcostsof theflight, calculatedfrom theamountof time it spends

in variousstates.Theindirecteffect of changedcostsin otherflights dueto delayswhich

would be reducedor increasedby changesto the flight in questionwere not taken into
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account.

For thecaseof anexisting flight which is beingconsideredfor removal, theoperating

costof theflight is calculatedfrom thesimulatedtimesit spendson thegroundandin the

air, includingdelays.This will causeheavily-delayedflights to befavoredfor removal, as

desired.

For thecaseof a flight which hasnot beenflown historicallyor simulatedandis being

consideredfor addition,no delayinformationis available,so theflight is analyzedbased

on theschedule.Becausethefocusis onaddingflightswhichwill notbeseverelydelayed,

thecostdueto delayis smallcomparedto thebasecostcalculatedfrom thescheduletime.

Delayswill betakeninto accountin thefinal analysis.

6.1.4 Final Cost Calculations

For thefinal costcalculations,thetotalcostof two completescenariosarebeingcompared.

Thesecostsarecalculatedby summingthe costsof all flights for all operations,not just

thoseflights which differ betweenthescenarios.This fully capturestheindirecteffectsof

delayreduction,whereincancellingoneflight causesotherflightsat thesameairportto be

delayedlessdueto reduceddemand.

This calculationis moreaccuratethanthepreliminarycalculationbecauseit captures

the network-wide effects. However, it alsomakesit difficult to analyzethe effectsof in-

dividual flights. Thus,while thefinal calculationproducesbetteroverall results,it is less

usefulin providing anintuitiveunderstandingof thephenomena.

6.2 RevenueCalculations

6.2.1 FrequencyCalculation

Frequenciesarecalculatedusingthefundamentalapproachdescribedin Chapter4 for com-

paringnonstopfrequencieswith thoseof one-stopandconnectingflights. Connectingand

one-stopflights areweighedasdescribedin sections4.6.2and4.7.1,which describethe

nonlinearsolutionprocedure.Oneadditionalconsiderationis theperceiveddevaluationof
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flightsbasedondelay. Previouswork hasshown thatpassengersperceiveflightsasbecom-

ing lessvaluableby 2.5 dividedby the lengthof the flight in minutesfor eachminuteof

meandelay. [10] This is shown in Equation6.1

TVUXWLY � � A[Z\
�] UXWS^_Y 
 Ua` �bZ�cAdZ�
�] UXWS^_Y 
 Ua` �eZ\c ' F 4/f ) ^ � WSUhg (6.1)

The effect of this is to causepassengersto favor flights with lessdelay over flights

with moredelay. Therelative valueof connectingflights versusnonstopflights is largely

unchanged,asthis effect is alreadycapturedby the generalweightingof connectingand

one-stopversusnonstopflights, describedin section4.6.2.Thesignificanceof this delay-

baseddevaluationis thatit causesheavily delayedconnectingflightsto beperceivedasless

valuablethanless-delayedones,aneffect which is not capturedby thegeneralweighting

appliedto all connectingflights. This decreasein effective frequency reducestherevenue

obtainedfrom delayedflights in thebasecase,dueto decreasedpassengerpreference.This

causesthe revenueloss from cancellingconnectingflights throughextremelycongested

andheavily delayedhubsto decrease,becausetheseflightswereworth lessin thebasecase

andthushadlessto lose.

6.2.2 Preliminary RevenueCalculations

Revenueis calculatedby assigningmarket shareusingfrequencies,asdescribedin section

4.1.Whenaflight is consideredfor cancellation,theeffecton thecarrier’s frequency in all

marketsservedby thatflight is calculated.Thecostof cancellingtheflight is taken to be

thedifferencein therevenueobtainedfrom thesetof frequencieswhich includestheflight

in questionandthesetof frequencieswhichdoesnot.

Whena flight is consideredfor addition,the expectedrevenuegain is calculatedin a

similar manner. However, the new flight is not consideredfor part of a connection;only

the increasedfrequency in thenonstopmarket serveddirectly is considered.Becausethe

delaysarenot recalculatedfor hypotheticalcancellationsin the preliminaryanalysis,the

delay-weightedfrequenciescannotbeupdated.

For simplicity, eachaircraft is assignedto exactly onecity-pair, flying backandforth
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throughouttheday. Becausemostcity-pairsselecteddo nothaveexistingnonstopservice,

it is not possibleto usehistorical times; theoreticaltimes calculatedfrom distanceare

thereforeused.In additionto theairbornetimescalculatedfrom thedistance,averagetaxi

timesareadded.

The city pairsconsideredherearetoo closefor a “red eye” overnightflight to be of

interest,so it is assumedthata 14-hourwindow is availablein which to scheduleflights.

Fromtheleg lengthcalculatedasdescribedabove, thenumberof legswhich canbeflown

in onedayis calculated;auniversal40-minutetimeonthegroundbetweenlegsis assumed.

Thisnumberof flights is usedto generatenew frequencies,which in turnproduceamarket

share.Thismarketshareis combinedwith thetotaldemandandaveragefarefor themarket

to producea revenue.A checkis performedto ensurethat thecapacityof theaircraftat a

reasonableloadfactoris notexceeded.

6.2.3 Final RevenueCalculations

In the final revenuecalculations,a new set of weightingsis calculatedfrom the actual

delaysof runningthenew scenario.Thesearethenusedin therevenuecalculationsfor the

new scenario,fully capturingthenetwork-wideeffectsof thedelays.Theexpectedmarket-

share-basedrevenueis thencalculatedfor all flights in theoriginal andnew scenarios,not

just thosewhichweremodified.

This network-wide approachincludesthe effectsof new delayweightingsfor flights.

This meansthatadditionalrevenuerealizedby reducingdelayson thosehubflights left in

placeasa consequenceof reduceddemandat thehubis included.Sois any revenuefrom

connectionswhichmayhavebeenintroducedasasideeffectof thenew nonstopflights.

Like thefinal costcalculations,thefinal revenuecalculationsprovide a moreaccurate

result,but alsomake it impossibleto examinetheeffectof anisolatedchange.

6.3 ScenarioGeneration

In orderto performthefinal calculations,MEANS mustberun on a hypotheticalscenario

generatedfrom the preliminarycalculations.The generationof this scenarioconsistsof
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removing thoseflightswhicharebeingreplaced,andinsertingthosewhicharebeingadded.

Flight durationsarecalculatedasdescribedin section6.2.2.Flightsarestartedin aneastto

westdirectiondueto time zoneconsiderations,andsimply fly backandforth betweenthe

designatedcitieswith thespecifiednumberof flights.

MEANS is rerunwith thisreplacementschedule,andall of theresultswhichdependon

theMEANS outputarerecalculated,to allow thefull network-wideeffectsto beincluded

in thefinal calculations.
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Chapter 7

Results

Continental’s flights in the Newark and Houstonhubswere consideredfor replacement

usingthemethodologydescribedin Chapter6. Becausemany flightsvisit bothhubsin the

sameday, it wasnot possibleto isolateonehub. Resultsarethereforepresentedfor both

hubs.

7.1 Preliminary Results

In thepreliminarycalculations,asetof 59flightsto bereplacedwereidentified,with amore

profitablereplacementfor each.Table7.1shows theaverageeffect of thesereplacements.

All valuesarein dollars,calculatedonadaily basis.For comparison,resultswhich include

theeffectsof delaysandresultswhich do not includethe effectsof delaysarepresented,

to show how muchof the improvementis possibleonly becauseof delaysin the current

situation.

The revenueloss is the amountof revenuewhich is lost from the cancellationof the

existing legs; the revenuegain is the revenueobtainedfrom theadditionof thenew legs.

Thecasewhich doesnot includetheeffectof delaysignorestheperceiveddecreasein fre-

quency dueto thedevaluationof delayedflights; thecasewhich considersdelaysincludes

this effect.

Theoperatingcostchangeis thedifferencein costbetweentheold andnew scenarios.

In thecasewhichdoesnotincludetheeffectof delays,theoperatingcostis calculatedbased
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Table7.1: AverageResultsof PreliminaryCalculationfor Continental

Without effectof delays
RevenueLoss 13015
RevenueGain 20726
Op CostIncrease 2206
Net Profit Increase 5504

Includingeffectof delays
RevenueLoss 12128
RevenueGain 23004
Op CostIncrease 1886
Net Profit Increase 8990

onthescheduledtimes;thecasewhichconsiderstheeffectof delaysincludestheextracost

arisingfrom delays.Thepositivenumberindicatesahighercostin thenew flights thanthe

old. This is dueto theincreasedutilizationwhich is obtainedasaconsequenceof nolonger

needingto time flights to meetbanksof connections.Completedatais givenin Appendix

A.

Someof the flights which are suggestedfor replacementwould have beendesirable

(althoughlessso) to replaceeven without delays,but many flights becomedesirableto

replaceonly dueto delayeffects. Approximately1/3 of thereplacementswould have had

a detrimentaleffect wereit not for the increasedcostsanddecreasedrevenuescausedby

delaysin thecurrentsituation.

The total expectedbenefitfrom thepreliminarycalculations,from both reducedcosts

andincreasedrevenues,is approximately$530,000.Whenwe examinetheoriginal situa-

tion without delays,thesituationis betterandallows for lessimprovement.In this case,a

profit improvementof $325,000couldhave beenobtained.Thedifferencebetweenthese,

over $200,000perday, representsa delay-inducedlossin thecurrentsituationwhich can

berecoveredby increasingnonstopflights.
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Table7.2: Comparisonof Delaysin OriginalandImprovedCasefor Continental

OriginalCase ReplacementCase
EWROperations 450 399
EWRTotalOutgoingDelay, Minutes 1030 832
EWRTotal IncomingDelay, Minutes 651 530
EWRAverageOutgoingDelay 4.6 4.2
EWRAverageIncomingDelay 2.9 2.6
EWRFlightsDelayed15Min 17 18
IAH Operations 595 502
IAH TotalOutgoingDelay, Minutes 1553 1067
IAH Total IncomingDelay, Minutes 754 448
IAH AverageOutgoingDelay 5.2 4.4
IAH AverageIncomingDelay 2.5 1.7
IAH FlightsDelayed15 Min 35 26
SystemwideAverageOutgoingDelay 4.9 4.5
SystemwideAverageIncomingDelay 2.0 2.0

7.2 Final Results

A hypotheticalscheduledwas generatedbasedon the flight replacementssuggestedby

thepreliminarycalculations,anda full calculationbasedon a MEANS run usingthenew

schedulewasperformed.

Thetotalnumberof flightsatboththeHoustonandNewarkhubssignificantlyreduced,

andso wasthe delay. Table7.2 shows several statisticscomparingthe original andnew

scenarios.

Theoverallresults,in theform of operatingcostandrevenuefor Continental,areshown

in Table7.3. Thenet improvementwas$551,000,which is very closeto thepreliminary

estimateof $530,000.

7.3 Conclusions

It appearsthat therearesignificantmonetarygainsto be obtainedfrom cutting backon

hub flights in favor of nonstops,and that additionalcostsand lost revenuefrom delays

contribute significantly to this effect. As hub congestionincreases,delayswill increase,
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Table7.3: FinalCalculationResults

Historical Proposed
Scenario Scenario Change

OperatingCost 3538102 3766285 228183
Revenue 6373835 7152746 778911
OperatingContribution 2835733 3386461 550728

andthemotivationto addnonstopswill alsoincrease.

A savingsof $550,000perdaytranslatesto over $49million perquarter. For compar-

ison,Continentalreporteda net incomeof $42million for thesecondquarterof 2001.[4]

Thus,while it unlikely that the entiretyof the savings predictedwill be realizabledueto

additionalconstraintsbeyondthescopeof themodel,thepotentialimprovementfrom in-

creasednonstoproutingsclearlymeritsseriousconsideration.

66



Chapter 8

Dir ectionsfor Futur eWork

Thereareseveraldirectionsin which thework doneherecouldbeextended.Theserelate

primarily to additionalcapabilitiesin the MEAN simulationand additionalcalculations

relatingto thereplacedflightsdirectly.

8.1 Other Airlines

A samplecasefor Continentalwascalculatedhere. A similar approachcouldbe usedto

calculateimprovementsfor several of the othermajor carrierswith a significanthub and

spokenetwork. Thiswouldallow for a comparisonof hubsamongstcarriers.

8.2 MEANS additions

Thereareseveralplannedadditionsto MEANS which would allow additionalwork to be

done. In addition to generalimprovementsin accuracy, MEANS is looking to integrate

with outsidedecision-supporttools which will improve the decisionsmadeby the hypo-

theticalairlinesin thesimulation.Additionally, thecapabilityto routeaircraftintelligently

for prolongedperiods,including maintenanceanddisruptionrecovery, shouldallow the

simulationto berun for anentireseasonor entireyearinsteadof asmallsetof representa-

tivedays.
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8.3 Mor e SophisticatedScenarios

The replacementscenariogeneratedhererequiredthat eachnew flight go backandforth

betweentwo cities. A moresophisticatedapproachwith greaterflexibility might provide

superiorresults.This is particularlythecaseif a longerrun of MEANS includingmainte-

nanceandcrew schedulingrequirementsis alsoincluded.

8.4 EnhancedCalculations

Thepresentcalculationsidentifieda setof flights in thepreliminarystageandconsidered

ascenarioreplacingtheseflights in thefinal stage.A moresophisticatedcalculationmight

beableto generateascenariofor all possiblecombinationsof flights. If a few of theflights

wereactuallyunprofitablein thefinal analysisin spiteof beingprofitablein thepreliminary

one,this approachwouldeliminatethem,providing anoptimumanswer.

8.5 SharedHubs

Someairportsarehubsto multiple largeairlines.ChicagoO’Hare,for example,is asignif-

icanthubfor bothAmericanAirlines andUnitedAirlines. At theseairports,thesituationis

morecomplex, becauseif onecarrierremovestraffic, theothercarriermayaddadditional

flights to fill up the space.This could ultimately leadto the carrierattemptingto reduce

its huboperationsbeingshutout of thehubentirely. A game-theoreticanalysisappliedto

this casecouldanswerthequestionof whetherit would bedesirableto reduceflights at a

sharedhub,or whetheronly hubswith onedominantairline benefitfrom sucha reduction.
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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 shows the calculationof actual

airbornetimefrom publishedgateto gatetimes;valuesarein minutes.EquationA.2 shows

thecalculationfrom distancewhena scheduledtime is not available.Distanceis in miles;

timesarein minutes.

i � `jYkUXW i �b
 � Z�
�c�� �l� �nm@�po YkW �po ) 2547qar
6s't9pu547r
(A.1)

i � `jYkUXW i �b
 � Z�
�c�� � ^ �ev `wU c��x� ) 25419
9 F qy' F q54$u (A.2)

FigureA.1.1 shows the actualairbornetimesand thosecalculatedfrom distancefor

citieswherebothareknown. Thesecitiesarethedatasetwith which thefit wasperformed.
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FigureA-1: AirborneTimeCalculatedfrom Distance

A.2 DetailedContinental Results

Detailedresultsfrom theflight replacementsfor Continental,describedin section7.1,are

shown below. TableA.1 shows the flights which were replacedand their replacements.

TableA.2 shows the per-flight resultsof the preliminarycalculationsusingtheseflights.

TableA.3 is a list of city abbreviationsusedin theothertables.
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TableA.1: ReplacedFlightsfor Continental
Flight ReplacementCities OriginalCities
N76073 LAX-MD W 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,DTW,EWR,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 ELP,IAH,RDU
N26210 FAT-LAX EWR,IAH,LAX
N72830 DTW-FLL DTW,EWR,TPA
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 DelayEffects With DelayEffects
Existing New Op. Cost Rev. Rev. Total Op. Cost Rev. Rev. Total Dif ference
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 SEASNA 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 FLLJFK 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 ALBUQUERQUEINTL
ANC ANCHORAGE INTL
AND ANDERSON
ATL ATLANTA HARTSFIELD
AUS AUSTIN MUELLER
BDL HARTFORDCT/SPRINGFIELDBRADLY
BNA NASHVILLE METRO
BOS BOSTON LOGAN
BUF BUFFALO INTL
BWI BALTIMORE INT’L
CHI CHICAGOCHICAGO FSS
CHS CHARLESTON MUNICIPAL
CIN CARROLL
CLE CLEVELAND HOPKINS
CMH COLUMBUSINT’L
COS COLORADOSPRINGSPETERSON
CVG CINCINNATI CIN N.KNTY
DAL DALLAS LOVE
DCA WASHINGTON NATIONAL
DEN DENVERSTAPLETON
DET DETROIT CITY
DFW DALLAS INTL
DTW DETROIT WAYNE CO
ELP EL PASOINTL
EWR NEW YORK NY/NEWARK NEWARK INL
FAL ROMA FALCON
FAT FRESNOTERMINAL
FLL FT. LAUDERDALE INTL
HAR HARRISBURGSKYPORT
HNL HONOLULU INTL
HOB HOBBSLEA COUNTY
HOU HOUSTON HOBBY
HSV HUNTSVILLE/DECATUR HUNTSVILLE
IAH HOUSTON INTERCONT
IND INDIAN APOLISINTL
INL INTL FALLS
INT GREENSBORO/H.PT/WIN-SALEMREYNOLDS
JAC JACKSONHOLE
JAX JACKSONVILLE INTL
JFK NEW YORK NY/NEWARK KENNEDY
LAS LAS VEGASMCCARRAN
LAX LOS ANGELESINTL
LGA NEW YORK NY/NEWARK LA GUARDIA
LGB LONG BEACH MUNICIPAL
LIH LIHUE
LOG LONGVIEW
MCO ORLANDO INT’L
MDW CHICAGOMIDWAY
MFE MC ALLEN
MIA MIAMI INT’L
MIT SHAFTERKERN CTY
MKE MILWAUKEE G MITCHELL
MRY MONTEREYPENINSULA
MSP MINNEAPOLIS INTL
MSY NEW ORLEANSINTL
NEW NEW ORLEANSLAKEFRONT
OAK OAKLAND INTL
OMA OMAHA EPPLEY
ORD CHICAGOO’HARE
ORL ORLANDO HERNDON
PBI WESTPALM BEACH INTL
PDX PORTLAND INTL
PHL PHILADELPHIA PA/WILM’T ON INTL
PHX PHOENIX INTL
PSP PALM SPRINGS
RDU RALEIGH/DURHAM INTL
RIC RICHMOND/WMBG INTL
RNO RENOCANNON
RSW FORT MYERSREGIONAL
SAN SAN DIEGOLINDBERG
SAT SAN ANTONIO INTL
SEA SEATTLE/TACOMA SEA/TAC
SFO SAN FRANCISCOINTL
SNA SANTA ANA WAYNE INTL
STL ST. LOUIS INTL
TLH TALLAHASSEE MUNICIPAL
TPA TAMPA TAMPA
TUS TUCSONINTL
UMB UMNAK ISLAND
VEL VERNAL
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