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S T Remerciements te tiens tout d9ord à remerier eux qui me sont le plus herD qui m9ont toujours omE pgné et qui je l9espère m9ompgneront toujoursD mes prohesF won mourD elexndrF w fmilleD ghristine et tenEprnçoisD quillume imeline et wloD imilie inent et fptisteD nnD wireille et tquesD eineD ghristopheF w elleEfmilleD prédérique et tenEvesD ilsD gorentinD pienne et égisD ghntlD ulF te tiens ensuite à remerier mes endrntsD ylivierD tenEhilippe et odrigoD pour m9voir ompgné et guidé dns mes trvuxD pour leur temps et leur ptieneD leur intelligene et leur on(neD leur soutien et leur sympthieF rviller quotidiennement ve des gens ussi rillnts et ienveillnts fut réel un plisir et fut très enrihissntD ussi ien huminement que sienti(quementF t9espère que mes trvux sont à l huteur de l qulité de l9endrement que j9i eu l hne d9voir durnt es trois nsF te ne seris jmis rrivé u out de e hemin sns eux et je souhite à tout thésrd d9être ussi ien endré que je l9i étéF te tiens églement à remerier emdeusD et prtiulièrement emi et odrigoD pour voir ru en moi dès le déut et m9voir o'ert l9opportunité de fire es trvuxD pour m9voir fit on(ne et lissé une totle liertéF te suis onsient qu9une telle lierté est une hne inouïeD j9i insi eu l9opportunité d9explorer des horizons diversD prfois très éloignés des pplitions que reherhent souvent les industrielsF te onsidère que l mixité entre théorie et pplition est l plus grnde rihesse de mes trvuxF ille est le fruit de l on(ne et de l lierté qui m9 été ordéesD meri in(nimentF te tiens ussi à remerier qérldine pour son ueil à l tour de ontrôle de l9éroport de vyonD et or et imon pour leur ueil à l9éroport de gopenhgueD pour leur onseils visés insi que leurs explitionsF te tiens à remerier xdiD vurent et rdrien pour m9voir donné l9opportunité d9enseignerF inseigner l9informtique et l reherhe opértionnelle sous votre tutelle fut une expériene très enrihissnte et très gréleD j9espère qu9une telle opportunité se représenter un jourF U te tiens en(n à remerier tous mes mis et ollèguesD pour leur soutien et pour tout les ons moments pssés ensemleD indispensles à l réussite de l9épreuve qu9est l thèseF wes misD elexndreD fstienD glément et wrieD imilie et wrtinF wes ollègues et mintennt mis de qEgyD que je ne peux ps tous iterD mis je tiens à remerier prtiulièrement forisD vuile et qeo'reyD ghloé et qrielD vuie et enneEvure m seonde mmnF wes ollègues d9emdeusD mon déprtement @sxA et prtiulièrement mon équipeF và enoreD une liste exhustive serit trop longueD mis je tiens à remerier fptisteD wourdD hniD hierryD rnvD elexndreD lentinD elejndro et izequielF our (nirD je tiens à remerier tous eux qui m9ont ueilli et héergé pendnt es trois ns d9itinérne entre ophi entipolis et qrenoleF V Chapitre 1 Introduction in iuropeD les éroports sont de plus en plus ongestionnésF sls sont ujourd9hui responsles de WDT7 du retrd des vols et optimiser leur pité n9 jmis été ussi ruilF hns e hpitre d9introdutionD nous présentons le tr( érien européen et l ple de premier ordre qu9oupe ujourd9hui les éroportsF xous dérivons ensuite les di'érentes infrE strutures qu9un vion utilise entre l9tterrissge et le déollgeF xous verrons que l gestion des vions soulève des prolèmes d9optimistion omplexesF gette thèse orde les prolèmes d9'ettion ux points de sttionnementD de routge u sol et d9ordonnnement à l pisteF xous proposons en(n un résumé des ontriutions et présentons l struture de e mnusritF gette thèse est une ollortion ve l soiété emdeusD dont le ÷ur de métier est le développement de solutions pour l9industrie du trnsport et du tourismeF emdeus propose ujourd9hui un portefeuille de solutions pour les éroportsF n e'ort prtiulier été porté sur le rélisme de nos modélistionsD insi que sur le développement de méthodes su0smment e0es pour pouvoir être utilisées en prtiqueF v9ensemle de nos pprohes pu être testé et vlidé ve des données réelles d9éroports européensF W 1.1 Les aéroports : goulet d'étranglement du trac aérien européen ve trnsport érien est un pilier de l9éonomie mondile moderneF ge seteur d9tivité regroupe SDI millions d9emplois dns l9nion iuropéenne @iA et représente PDR7 du produit intérieur rutD ve un revenu totl de QTS millirds d9euros 1 F in PHIQD WDR millions de vols ont trnsporté VRP millions de pssgers et IQDR millions de tonnes de fret et de ourrier 2 F ve tr( érien s9est onsidérlement ru es dernières nnées et il est prévu que ette tendne ontinue X une husse nnuelle de PDS7 du nomre de vols est prévue jusqu9en PHPI et une ugmenttion totle de SH7 est estimée d9ii à PHQSD soit IRDR millions de vols @iuroontrol PHIQD PHISAF n tel tr( devient de plus en plus di0ile à gérer X un retrd moyen de WDU minutes pr vol été enregistré en PHIRD soit un suroût nnuel à l9industrie estimé entre I et P millirds d9euros @fF gook nd nner PHIIAF eules des infrstrutures dptées insi qu9une gestion e0e du tr( peuvent permettre un développement sûr de l9industrie érienneF ves éroports oupent une ple de premier ordre dns le tr( érienD ils servent de psseE relle entre l terre et l9espe érienF sl y près de PHHH éroports en iuropeD mis seulement SPV ouvrent WV7 du tr( et les QS plus importnts en regroupent environ l moitié 3 F ves éroports deviennent un goulet d9étrnglement du tr( de plus en plus importntF sls sont ujourd9hui responsles de WDT7 du retrd totl enregistréD rrivnt en troisième position près les omE pgnies ériennes @QI7A et le retrd rétionnire @RR7D 9est à dire l propgtion du retrdAF gonstruire de nouvelles infrstrutures éroportuires étnt très outeuxD prfois impossile et n9étnt ps une solution à ourt voire moyen termeD une meilleure gestion de l pité existnte devient ruileF 1.2 Le projet Airport Collaborative Decision Making ndis que l9espe érien se moderniseD notmment grâe u projet ie 4 D les éroports ont été identi(és omme un hînon mnqunt de l irultion d9informtions entre les di'érents teurs du réseuD notmment à use du mnque de préditiilité de l9heure de déprtF ve projet Airport Collaborative Decision Making @eEghwD iuroontrol PHHWA été réé pr le gestionnire du réseu érien européen iuroonrol à et e'etF sl pour ut d9méliorer l qulité d9éhnge d9informtions sur les rrivées et les déprts ve l9ensemle des teurs du tr( érien européen pr le iis du entre des opértions du gestionnire de réseu @Network Manager Operations Center, NMOCD niennement ppelé Central Flow Management Unit, CFMU AF ve ÷ur de l9eEghw est un prtge trnsprent d9informtions entre hque teur d9un éroportD dns le ut d9voir une vision préise et ommune de l9vnement de hque proessusF sl en résulte une estimtion de l9heure de (n de préprtion d9un vol à l fois plus préise et plus en mont dns le tempsD o'rnt insi l possiilité d9ntiiper dvntge et de prendre des déisions glolement plus ppropriéesF ge projet s9ppuie sur un suivi minutieux de hque étpe de l rottion d9un vion @fF etion IFQAF iuroontrol PHIP propose une méthodologie et un pln d9implémenttion détillé pour tteindre es ojetifsF eu déut de l9nnée PHISD IS éroports ont entièrement (ni leur trnsition vers l9eEghwF sl v de soi que le prtge de es informtions ne peut se fire que pr un système informtique entrlisé ou pr des systèmes interEonnetésF he tels systèmes rendent possile l9utilistion d9outils d9ide à l déision (n d9optimiser l pité des éroportsF hns ette optiqueD le ut de ette thèse est de proposer des modèles mthémtiques ussi rélistes que possileD insi que des méthodes de résolution e0esD permettnt d9optimiser l gestion de di'érentes infrstrutures utilisées pr un vion lors de s rottion u solD que nous présentons mintenntF 1.3 La rotation d'un avion au sol hns ette prtieD nous présentons l rottion d9un vion dns un éroportD 9est à dire son séjour u sol entre l9tterrissge et le déollgeD insi que les priniples infrstrutures qu9il utiliseF xous mentionnons églement les di'érenes mjeures ve les éroports mériinsF v9nglis étnt l lngue o0ielle du trnsport érienD l9ppelltion nglise de nomreux termes tehniques et propres u domine érien est préisée dns ette prtie (n de pouvoir situer ette thèse dns un ontexte interntionlF sl existe pr illeurs ertins mots qui n9ont ps d9équivlent en frnçisF 1.3.1 De l'atterrissage au décollage hns les opértions éroportuiresD le terme de rottion @turnaroundA se réfère à l période entre l9tterrissge et le déollge d9un vionF ne rottion peut être grossièrement déoupée en S phsesD omme illustré pr l pigure IFIF Figure IFI ! v rottion d9un vion u sol IF etterrissge @landingA X l9vion entre en phse d9pprohe et se pose sur une piste d9tterE rissge @runawayAF PF oulge @taxi-inA X près voir tterriD l9vion roule jusqu9à son point de sttionnement @standA à trvers un réseu de routes ppelées taxiwaysF QF ypértions u point de sttionnement @ground handlingA X une fois que l9vion est gréD l phse d9opértions u point de sttionnement ommene et l9vion est prépré pour son prohin volF gette phse inlut le dérquement et l9emrquement des pssgersD des gges et de l nourritureD le nettoyge de l9intérieur de l9ppreilD le rvitillement en kérosèneD l9pprovisionnement en eu sine et utres opértions de mintenneF IP RF oulge @taxi-outA X une fois que l9vion est prêt et utorisé à quitter son point de sttionE nementD il est repoussé @push backA et roule vers une piste pour le déollgeF SF héollge X l9vion déolle et quitte l9espe érien de l9éroportF 1.3.2 Les infrastructures vors de s rottionD un vion utilise de nomreuses infrstrutures qui sont gérées pr divers teursF Pistes de décollage et atterrissage (runways) ves pistes de déollge et tterrissge font le lien entre l9espe érien et le solF veur longueur est souvent omprise entre R et S kilomètresF sl rrive qu9elles soient plus ourtes uquel s ertins ppreils ne peuvent ps les utiliserF illes sont délimitées pr deux lignes ltérles ontinues et une ligne entrle disontinue sur lquelle le trin de roues vnt roule lors du déollge et de l9tterrissgeF ne même piste peut être utilisée dns deux diretions @depuis hque extrémitéA mis pour des risons de stilité érodynmiqueD les vions déollent ou tterrissent toujours fe u ventF einsiD une seule diretionD ppelée on(gurtionD est utilisée à l foisF ne on(gurtion est nommée pr les deux premiers hi'res du degré d9ngle qu9elle fit ve le nord dns le sens ntiEhorire @pr exemple PU orrespond à un ngle de PUH¦AF sl rrive fréquemment que deux ou trois pistes soient prllèles dns un même éroportD elles sont lors distinguées pr les lettres v@eftAD g@enterA ou @ightA @fF pigure IFPAF Figure IFP ! ves pistes de l9éroport de vondres rethrow @vrA sl existe deux types de gestion d9une piste X le mode mixteD où des tterrissges et des déollges peuvent être opérés sur l pisteD et le mode sépréD où soit des tterrissges soit IQ des déollges ont lieuF heux pistes trop prohes l9une de l9utre interfèrent et ne peuvent être opérées en mode mixte indépendmment 5 F hns e s une piste est souvent dédiée ux rrivées et l9utre ux déprtsD e qui les rend qusiment indépendntesF ves pistes de déollgeD d9tterrissge et l9espe érien voisinnt l9éroport sont sous l responsilité d9un ontrôleur érien @Air Trac Controller, ATC A situé dns l tour de ontrôle du tr( @Air Trac Control Tower, ATCT AF sl est ppelé ontrôleur de piste @runway controllerA et il rrive qu9il y it un ontrôleur de piste pour les déprts et un utre pour les rrivéesF ne des préouptions premières des ontrôleurs de piste est d9ssurer l séurité des vions u trvers des règles de séprtionF n vion génère des tourillons de sillge @wake vortexA lorsqu9il vole de pr l renontre de msses d9ir de pression di'érentes en out d9iles @fF pigure IFQAF Figure IFQ ! ourillons de sillge ne séprtion minimle est don néessire entre deux vions pour que es turulenes se dissipent et que le seond vion soit en séuritéF lus un vion est lourdD plus il génère de tourillons de sillgeF lus un vion est légerD plus il est sensile ux turulenesF v9yrgnistion snterntionle de l9evion givile @ysegD ICAO en nglisA tégorisé les di'érents ppreils et l séprtion minimle entre deux vions dépend de leur tégorie respetiveF v oneption même de l9ile d9un vion des onséquenes sur l9importne des tourillons de sillge et ertines tehnologiesD telles que les winglet @voir pigure IFRAD permettent de les diminuerF in outreD des séprtions dditionnelles peuvent être néessires si deux vions empruntent l même route dns l9espe érien de l9éroportF 5. Moins de 2500 pieds (≈ 760m) d'après [START_REF] Balakrishnan | Scheduling aircraft landings under constrained position shifting[END_REF] IR ve réseu de routes u sol d9un éroport relie les pistes ux points de sttionnementF ve terme de route se réfère générlement à l9espe érien et l9ngliisme taxiway est utiliséF ne taxiway est délimitée pr deux lignes ltérles et une ligne entrle indiqunt l trjetoire que le trin de roues vnt d9un ppreil doit suivre @voir pigure IFSAD e qui est prtiulièrement utile pour les virgesF ghque segment de taxiway ne se voit ps ttriuer un nom préisD le réseu est déoupé en seteurs de tille vrile dénommés pr une lettre et prfois pr un hi're supplémentireF Figure IFS ! ne prtie du réseu de taxiway de l9éroport de gopenhgue @grA ve réseu de taxiways est sous l responsilité d9un ontrôleur érien lui ussi situé dns l tour de ontrôle du tr( @egA et ppelé le ontrôleur de sol @ground controllerAF sl supervise le roulge des vions (n d9éviter les ollisionsF sl doit gérer qutre types de mouvement X les rrivéesD les déprts prêts pour le repoussgeD les déprts ynt été repoussés et les remorquges des vionsF IS ! ne rrivée doit être routée dès l9tterrissge (n de liérer l pisteF v9vion roule ensuite en diretion de son point de sttionnementF ! n déprt ne peut ommener à rouler sns l9ord du ontrôleur de solD il lui fut l9utoE ristion d9llumer les moteurs @start-up approvalA et de quitter le point de sttionnement @push back clearanceAF x9étnt ps équipé de mrhe rrièreD il est lors repoussé pr un trteur @voir pigure IFTAF in prllèleD le pilote e'etue un ensemle de ontrôles sur l9pE preil @check listAF v9ensemle de l proédure dure plusieurs minutesF ille dépend du type d9ppreil et de l9genement du point de sttionnementD qui rend prfois l mn÷uvre très déliteF ! ne fois l proédure de repoussge terminéeD l9vion peut ommener à roulerF ! ves vions remorqués n9ont générlement ni pilote ni pssger à ordF ve remorquge permet de trnsférer un ppreil vers un utre point de sttionnement ou vers un hngrF und deux vions veulent utiliser une même ressoure @segment de route ou intersetionA u même momentD le ontrôleur de sol doit gérer un on)itD 9est à dire déider quel vion v utiliser l ressoure en premierF v9utre vion est lors soit mis en ttente soit routé pr un utre heminF Points de stationnement ves points de sttionnement sont des zones sur lesquelles les vions sont sttionnés lors des opértions u solF ve premier rtère de leur nom orrespond en générl u terminl uquel ils sont rtthés @un hi're ou une lettreAD les utres rtères sont ritriresF sls sont déliE mités pr une ligne entrle indiqunt l position que doit prendre l9vionF sl peut églement y voir deux lignes ltérles délimitnt leur lrgeurF sl rrive fréquemment que ertins points de sttionnement se hevuhent pour o'rir l possiilité de grer soit deux petits vions soit un lrge @voir pigure IFU@AAF IT in iuropeD on distingue deux types de points de sttionnementD les sttionnements dits en ontt @contact standA et les sttionnements dits en ire éloignée @remote standAF ves sttionE nements en ontt sont physiquement reliés à une ou plusieurs portes d9emrquement @gateA pr des psserelles ou des rmpesF ves pssgers rejoignent don l9vion diretement en mrE hnt @voir pigure IFU@AAF e l9inverseD les sttionnements en ire éloignée ne sont ps reliés ux terminux et un trnsfert en us est néessire @voir pigure IFU@AAF ves points de sttionnement sont gérés pr les utorités éroportuires mis il rrive que l gestion de ertins points de sttionnementD voire de terminux entiersD soit déléguée à une ompgnie érienneF 1.3.3 Diérences majeures avec les aéroports américains v forte roissne du tr( érien et l modernistion des systèmes de gestion des infrstruE tures ne sont ien sûr ps limitées à l9iurope et e ontexte est similire ux eF gependntD l9orgnistion des éroports mériins est générlement di'érente de elle de l9iuropeF ve déE rquement de pssgers en ire éloignée est très peu prtiqué et l pluprt des éroports n9ont que des points de sttionnement en onttF he plusD les utorités éroportuires ont moins d9emprise sur l gestion du tr( quotidienF ves terminux ou les points de sttionnement sont en grnde prtie loués ux ompgnies ériennes pour plusieurs nnéesD il rrive même prfois qu9elles en soient propriétiresF illes gèrent diretement leurs terminux insi que les taxiways voisinntes @ramp areaAF illes sont don responsles du repoussge et du roulge des vions jusqu9à ertines zones ppelées spotsD où l9vion psse sous l diretion du ontrôleur de sol et IU vie vers pour les rrivéesF ne plus mple desription de e mode de gestion et des spots été fite pr wlik et lF PHIHF 1.4 De multiples problèmes d'optimisation he pr leur ntureD les pistesD les taxiways et les points de sttionnement sont souvent onsidérés omme les ressoures les plus ritiques des éroportsF ge sont des infrstrutures (xes qui ne peuvent être grndies à ourt terme et sns investissement lourdF gei explique leur rreté et pourquoi elles sont fortement solliitéesF v onne gestion de es ressoures est ruile pour l )uidité du tr( dns l9éroport et l pontulité des volsF gette gestion soulève des prolèmes d9optimistion omplexes et interEonnetésF gette thèse s9intéresse prtiulièrement u prolème d9'etion ux points de sttionnementD u prolème de routge u sol et u prolème d9ordonnnement à l pisteD qui sont dérits iEdessousF v gestion des opértions ux points de sttionnement soulève églement des prolèmes d9optimistionF sls sortent du dre de ette thèseD mis un perçu de e type de prolèmes est proposé à l (n de ette prtieF 1.4.1 Le problème d'aectation au point de stationnement ve prolème d9'ettion ux points de sttionnement @Stand Allocation Problem, SAPA onsiste à 'eter des opértions d9vion @rrivéeD ttente intermédiire et déprtA ux points de sttionnementD de mnière à optimiser ertins inditeurs tout en respetnt des ontrintes opértionnelles et ommerilesF ve pln d9'ettion est souvent déidé l veille des opértionsD voire plus en montF ve séjour d9un vion u point de sttionnement peut se diviser en trois opértions mrosoE piques X l9rrivéeD l9ttente intermédiire et le déprtF v9opértion d9rrivée regroupe toutes les opértions ux points de sttionnement liées à l9rrivée d9un volD notmment le dérquement des pssgers et des ggesF he mêmeD l9opértion de déprt regroupe toutes les opértions liées u déprt d9un volF hurnt l9opértion d9ttente intermédiireD l9vion peut être remorqué vers un utre point de sttionnementD e qui permet de liérer ertins points de sttionnement intéressnts omme eux en onttF v9vion peut églement être remorqué vers un hngr pour use de mintenneF uivnt l durée de l rottionD l9vion peut être remorqué plusieurs foisD pr exemple pour dérquer les pssgers en onttD ttendre en ire éloignée et (nlement emrquer les pssgers en onttF gependnt le remorquge néessite un remorqueur qui est IV oûteux et disponile en quntité limitéeD le nomre de remorquges doit don rester risonnleF ghque opértion ne peut ps être 'etée à n9importe quel point de sttionnement et des ontrintes de omptiilité doivent être respetéesD notmment à use de l tille respetive des vions et des points de sttionnement ou de l9ès ux servies gouvernementux omme les dounesF hes on)its d9djene sont églement à prendre en onsidértion X suivnt l on(gurtion des points de sttionnementD il n9est prfois ps possile de grer deux vions lrges ôte à ôte @voir pigure IFU@AAF v qulité d9un pln d9'ettion est dé(nie pr de nomreux inditeursD omme pr exemple le nomre de pssgers ou d9opértions 'etés en onttD le respet des préférenes des ompgnies ériennesD l filité de onnexion pour les pssgers et le nomre de remorqugesF sl est ussi importnt que le pln soit rouste ux perturtions rrivnt le jour des opértionsF in s de trop fortes perturtionsD le pln d9'ettion doit être répré et un prolème de ré'ettion doit être résoluF 1.4.2 Le problème de routage au sol ve prolème de routge u sol @Ground Rounting Problem, GRPA onsiste à plni(er les mouvements des vions u sol entre les di'érentes infrstrutures à trvers le réseu de taxi-waysD de l mnière l plus e0e possile tout en respetnt des ontrintes opértionnellesF ne rrivée doit être routée entre l piste d9tterrissge où l9vion se pose et le point de stE tionnement préllement 'etéF n déprt doit être routé entre le point de sttionnement où il est tuellement gré et l piste où il v déollerF e use des forts lés uxquels est sujet le routgeD notmment sur les heures d9entrée des vions dns le réseu de taxiwayD e prolème est purement opértionnel et le ontrôleur de sol route les vions sur un horizon de typiquement IH à RH minutesF n des ojetifs premiers du ontrôleur de sol est de grntir un routge sûr des vionsD 9est à dire sns ollisionF our elD une séprtion minimle doit être respetée entre hque vion et à hque instntF gertines règles de omptiilité entre vions et taxiways doivent églement être prises en ompteF in prtiulierD ertines taxiways ne peuvent supporter le poids des plus gros ppreilsF h9utres règles de routge élémentires doivent églement être respetéesD telles que des régultions de vitesse et d9élértion insi que le degré d9ngle d9un virgeF v qulité d9un plnning de routge dépend de nomreux inditeursD omme l9e0ité du routgeD le temps de roulge et l pontulité telle qu9elle est dé(nie dns l9industrieF ve temps de roulge @taxitimeA mesure le temps qu9un vion psse ve les moteurs llumésD entre l9tterE IW rissge et le sttionnement pour une rrivée et entre le repoussge et le déollge pour un déprtF sl est représenttif de l onsommtion de rurnt et joue don un rôle prépondérnt dns l9impt environnementl de l9éroportF sl ne omptilise ps uniquement le temps pssé en mouvement mis onsidère ussi tout temps d9ttente à l9rrêt @notmment le temps d9ttente à l pisteA r les moteurs ne peuvent être éteints près leur llumgeF v9e0ité du routge est souvent mesurée pr l durée totle du routge dns l littértureD 9est à dire l somme des dtes de (n de roulgeD e qui orrespond u déollge pour les déprts ou u sttionnement pour les rrivées @total completion time dns l théorie de l9ordonnnementAF hns l9industrieD l pontulité est mesurée pr rpport à l9heure plni(ée d9rrivée et de déprt du point de stE tionnementF ves inditeurs mjeurs sont le retrd totl @ou moyenA et l9On Time Performance @yAD 9est à dire le pourentge de vols ynt moins de IS minutes de retrdF 1.4.3 Le problème d'ordonnancement à la piste ve prolème d9ordonnnement à l piste @Runway sequencing problem, RSPA onsiste à plni(er les opértions de pistes @déollgeD tterrissge et trverséeA de mnière à utiliser u mieux l pité de pisteF i l9infrstruture de l9éroport omprend plusieurs pistesD l9'ettion de piste peut églement fire prtie du prolèmeF gomme pour le routgeD du fit des forts lésD e prolème est purement opértionnel et le ontrôleur de piste plni(e les opértions sur un horizon de typiquement IH à RH minutesF n des ojetifs premiers des ontrôleurs de piste est d9ssurer l séurité des vionsD 9est à dire le respet de séprtions minimles entre les di'érents ppreils (n d9éviter les ollisions et l trversée de turulene @tourillon de sillgeD voir etion IFQFPAF ge sont es ontrintes qui limitent priniplement l pité des pistesF v qulité d9une séquene de piste est dé(nie pr de nomreux inditeursF ves prinipux inditeurs sont liés à l9e0ité et à l onne utilistion de l pitéD souvent mesurées dns l littérture pr le déitD l somme des dtes de (n ou l dévition à une heure de déollge ou tterrissge ileF v9équité entre les di'érents vions est églement un ritère importntF 1.4.4 Autres problèmes d'optimisation liés à la rotation d'un avion gomme mentionné en etion IFQD de nomreuses opértions ont lieu sur un vion lorsqu9il est gré à son point de sttionnement X l9vion ommene pr se sttionnerD les pssgers dérquentD les gges et l nourriture restnte sont déhrgésD l ine est nettoyéeD l9vion est rvitillé en kérosène et rpprovisionné en nourriture et en eu sineD les pssgers emrquent et l9vion PH est en(n repousséF sl est églement prfois néessire que l9vion soit dégivréF he plus mples informtions et une desription préise de hque étpe sont fournies pr vn veeuwen PHHU et xorin PHHVF v gestion de es opértions impliquent des prolèmes d9optimistionF illes sont souvent très ontrintes pr le plnning d9'ettion ux points de sttionnementD qui dé(nit des fenêtres de temps (xes et reltivement ourtesF v pluprt des opértions néessite des opérteurs et des véhiules spéi(quesD impliqunt des prolèmes de plni(tion des fores de trvil @workforce scheduling problemA et des prolèmes de tournées de véhiules ve fenêtre de temps @vehicle routing problem with time window, VRPTW AF ves véhiules sont prfois oligés de retourner à des dépôts ou ux terminux entre deux vions e qui implique plutôt des prolèmes d9ordonE nnement ve fenêtre de tempsF v9emrquement est l9une des étpes les plus longues des opértions u sol et l9ordre dns lequel les pssgers montent à ord in)ue grndement sur s duréeF in e'etD les ouloirs entre les sièges étnt étroitsD les pssgers hrgent leur gge ine dns les o'res prévus à et e'et loquent les pssgers souhitnt ller plus loin dns l ineF ne revue de l littérture de es prolèmes liés à l9emrquement est proposée pr tehn PHISF in(nD l réprtition des gges dns l9ppreil est ontrinte notmment pr l9équilire de l hrgeF ve hrgement des soutes soulève don des prolèmes d9optimistion prtiulièrement pour les vions rgos @voir pr exemple wongeu nd fes PHHQAF 1.5 Résumé des contributions xous llons mintennt résumé nos ontriutions sur les trois prolèmes que nous étudionsF Le problème d'aectation aux points de stationnement xos ontriutions priniples sur e prolème sont une modélistion pr un progrmme liE néire en nomre entier @vxi ou MIPA insi que di'érentes tehniques visnt à élérer le temps de résolution de eluiEiD omme l reformultion de ertines ontrintesD le hngement de ertines vriles ou enore le ssge de ertines symétries du prolèmeF xous proposons églement des heuristiques de déomposition sptile et temporelle où notre modèle est ppliqué sur hque sousEprolèmeF xous montrons pr une étude numérique pprofondieD sée sur des données réelles d9éroports mjeurs européensD que notre modèle peut être résolu extement en un temps risonnleD su0smment ourt pour pouvoir être utilisé en l9étt dns l9industrieF xous montrons églement que nos heuristiques permettent de réduire signi(tivement le temps PI de lul tout en fournissnt des solutions très prohes de l9optimlF in(nD une omprison ux méthodes de l littérture montre que nos méthodes fournissent des plns d9'ettion signi(tiE vement meilleursF v omplexité théorique du prolème est églement ordée et nous montrons que trouver une solution rélisle u prolème est un prolème xEompletF ge résultt est utilisé pour montrer l xEdi0ulté de plusieurs s prtiuliers du prolème d9optimistion non ouverts pr l littértureF ges trvux ont été puliés dns European Journal of Operational Research @quépet et lF PHISAF sls ont ontriué u développement d9un produit à emdeus qui été ommerilisé en PHIR 6 F Le problème de routage au sol xos priniples ontriutions sur e prolème sont une nlyse des reltions entre les di'érents inditeurs de l littérture @temps de roulge et e0itéA et de l9industrie @retrd et yA à trvers une expérimenttion sée sur l9éroport de gopenhgue @grAF our elD nous modélisons les inditeurs de l9industrie dns un progrmme linéire en nomre entier issu de l littérture dns lequel les vions sont routés selon un hemin prédéterminéF ge modèle est générlisé pour onsidérer des hemins lterntifsF xos expérimenttions révèlent que les inditeurs de l9industrie sont en ontrdition ve l9ojetif de réduire le temps de roulge des déprtsF hns ette optiqueD nous proposons de nouveux inditeurs de pontulitéD qui sont à l fois plus éologiques mis ussi plus logiques pour hque teurF illes révèlent églement que onsidérer des hemins lterntifs n9 que peu d9intérêtD en sus d9roître signi(tivement l di0ulté de résolution du modèleF xous montrons en(n que l piste de déollge et les taxiways voisinnt les points de sttionnement sont les prinipux goulets d9étrnglement de l9éroport de gopenhgueD prtiulièrement pendnt les pis de déprtsF ges trvux ont été puliés dns European Journal of Operational Research @quépet et lF PHITAF Le problème d'ordonnancement à la piste v revue de l littérture révèle que le prolème d9ordonnnement à l piste onsidéré omme isolé été très lrgement étudié et que de nomreuses modélistions et tehniques de résoluE tion ont été investiguéesF xotre ontriution sur le prolème isolé est une reformultion des 6. http://www.amadeus.com/web/binaries/blobs/924/195/14AMIT009-CR-BR-Sales-Sheet-11-FixedRMS-V6,0.pdf PP ontrintes de séprtion d9un modèle de l littértureD réduisnt signi(tivement le temps de résolution de eluiEiF xotre priniple ontriution sur e prolème est l9étude de son intégrtion ve le prolème de routge u solF xous dressons le prolème intégré pr une méthode heuristique séquentielle X dns un premier tempsD les vions sont séquenés à l pisteD puis routés u solF v9ordonnnement à l piste est fit pr le iis d9une formultion en vxi innovnte et intégrnt les prinipux on)its du routge que nous vons identi(és X les on)its dns les zones voisinnt les points de sttionnementF xous proposons diverses tehniques visnt à méliorer le temps résolution de notre modèleF xous évluons notre méthode pr une étude expérimentle sée sur l9éroport de gopenhgue @grAF xous l omprons à deux méthodes proposnt une intégrtion moins élorée et à une modélistion en vxi issue de l littérture intégrnt diretement les deux prolèmesF sl en ressort deux résultts prinipuxF remièrementD une meilleure intégrtion de l9ordonnnement à l piste et du routge u sol présente un réel intérêt X le temps de roulge et l9e0itéD mesurée pr l somme des dtes de (nD sont signi(tivement mélioréesF heuxièmeE mentD notre méthodeD ve les méliortions pportéesD o're des solutions de hute qulité en des temps de lul risonnlesD ontrirement à l formultion exte issue de l littértureF 1.6 Plan du manuscrit gette thèse est struturée de l fçon suivnteF ve hpitre P présente nos trvux sur le prolème d9'ettion ux points de sttionnementF ve hpitre Q trite du prolème de routge des vions ux solsF ve hpitre R introduit le prolème d9ordonnnement à l piste et le hpitre S présente nos trvux sur son intégrtion ve le prolème de routge u solF ne onlusion insi que les perspetives de l thèse sont proposés dns le hpitre TF PQ PR Chapter 2

Exact and heuristic approaches to the airport stand allocation problem Abstract he tnd ellotion rolem @eA onsists in ssigning irrft tivities @rrivlD deprture nd intermedite prkingA to irrft stnds @prking positionsA with the ojetive of mximizE ing the numer of pssengersGirrft t ontt stnds nd minimizing the numer of towing movementsD while respeting set of opertionl nd ommeril requirementsF e (rst prove tht the prolem of ssigning eh opertion to omptile stnd is xEomplete y reduE tion from the irulr r grph oloring prolemF es orollryD this implies tht the e is xEhrdF e then formulte the e s wixed snteger rogrm @wsA nd strengthen the formultion in severl wysF edditionllyD we introdue two heuristi lgorithms sed on sptil nd time deomposition leding to smller wssF he methods re tested on relisti senrios sed on tul dt from two mjor iuropen irportsF e ompre the perforE mne nd the qulity of the solutions with stteEofEtheErt lgorithmsF he results show tht our wsEsed methods provide signi(nt improvements to the solutions outlined in previously pulished pprohesF woreoverD their low omputtion mke them very prtilF 2.1 Introduction ivery dyD irports del with di'erent deisions relted to irrft movementsF hese deE isions usully involve the use of (xed nd limited resoures suh s runwysD stnds @prking positionsA nd pssenger gtesF hue to the growing )ow of pssengersD these resoures re flling short of needs while tivity plnning is inresingly ruil nd omplexF gonsequentlyD some irports hve experiened deteriortion in servie qulityF sn one of our prtner irportsD the numer of pssengers lloted to remote stnds hs inresed in the lst yersF his 'ets pssenger onnetion timesD inreses us trnsfer osts nd dereses irport revenue given tht irlines usully py lower fees for )ights lloted to remote stndsF ine uilding new terminl gtes is expensive nd does not provide shortEterm solutionD vlue n only e gined from etter mngement of irport resouresF sn this hpterD we del with the tnd ellotion rolem @eAF his onsists in ssignE ing irrft opertions to ville stnds in line with opertionl requirements nd di'erent ojetivesF his prolem is losely relted to the qte ellotion rolem @qeAF yur work results from lose ollortion etween the lortory qEop nd the ompny emdeusF sn wht followsD we provide detiled desription of the stndsD irrft opertionsD opertionl requirements nd the di'erent ojetives to e tken into ount for solving the eF e stnd is n irrft prking positionF pigure PFI illustrtes the two types of possile stndsX ontt stnds @iFeFD stnds touhing n irport terminl gteA nd remote stnds @iFeFD stnds where us is needed to reh the terminlAF eirports nd irlines usully prefer ontt stnds s they re more onvenient for pssengers nd no us trnsfer is neessryF

ZĞŵŽƚĞ ƐƚĂŶĚ

ŽŶƚĂĐƚ ƐƚĂŶĚ pigure PFIX eirport stnds PT he stnd opertions of n irrft turnround n e roughly divided into three prtsX disemrktion of the rrivl )ightD witingD nd emrktion of the deprture )ightF hisemE rktion onerns pssengers nd luggge nd lso involves irrft ground hndling opertions @refuelingD in serviesD teringD etFA linked to the irrft9s rrivlF imilrlyD emrktion onerns pssengers nd luggge nd other relted ground hndling opertionsF he witing period n e null if the turnround is shortF huring the witing periodD irport opertors my deide to tow @moveA irrft to other stndsF his n e for severl resons ut usully trgets etter utiliztion of vlule stnds @eFgF ontt stndsAF roweverD these opertions require n expensive towing trtor @see pigure PFPA nd inrese irport ongestionF he dt provided y our prtner irports shows thtD t mostD two towing opertions re performed during turnroundX one fter disemrktion nd one efore emrktionF gonsequentlyD we ssume tht turnrounds re split into three opertions t mostF pigure PFPX e towing trtor sn order to de(ne opertionsD we need to distinguish etween three situtions depending on the witing period length @see pigure PFQAF sf the witing period is too short to move the irrft @se @AAD then we onsider tht we only hve to shedule single opertion sine disemrktionD witing nd emrktion will neessrily tke ple t the sme stndF sn order to mke the ssignment pln roust in the fe of smll disruptions suh s short delys or erly rrivlsD we dd u'er time t the eginning nd end of this single opertionF sf the witing period is long enough to move the irrft twie @se @AAD then we split the turnround into three opertions sine n irrft n potentilly disemrk t one stndD wit t seond stnd nd emrk t third stndF e dd u'er time efore nd fter emrktion nd disemrktion opertionsF sf the durtion of the witing period is only long enough to move the irrft one ut not twie @se @AAD then the turnround is split into two opertions with the PU witing time eqully distriuted etween oth opertions nd providing of u'er timeF xote tht di'erent distriution of the witing time is possileD ut the one desried ove seems to e the most nturlF e lso dd u'er time efore the emrktion opertion nd fter the disemrktion opertionF hen towing is llowed @ses @A nd @AAD the towing time is muh shorter thn the disemrktion nd emrktion timesF rene these n e inluded in the opertionsD whih simpli(es modeling even if it results in slight overestimtion of proessing timesF sndeedD this pproh gives )exiility for tully performing the towing during the opertionsF sn wht followsD the set of opertionsD with (xed strt nd end timeD is onsidered n input of the prolem nd is given y the irportF he ssignment of irrft opertions to stnds must tke into ount irrftEstnd omptE iilityF sndeedD not ll irrft n e ssigned to ll the stnds euse of size omptiility ut lso euse of irrft )ight requirementsF por exmpleD some stnds re foridden to internE tionl )ights euse they do not o'er ess to governmentl inspetion filitiesF purthermoreD two overlpping opertions must not e ssigned to the sme stndF pinllyD djeny on)itsD lso lled shdow restritionsD must e tken into ountD eFgF two lrge irrft nnot e ssigned to djent stnds simultneouslyF he qulity of n ssignment pln n e de(ned using severlD often ompeting riteriD suh s the numer of unssigned opertionsD the numer of pssengers t ontt stndsD ompline with irline preferenesD pssenger onnetion onveniene or the numer of towing opertionsF PV sn prtieD n unssigned opertion hs to e hndled mnullyD either overstepping ertin requirements or delying )ightF yne option is to ssign n opertion to non omptile stnd nd to trnsfer pssengers to omptile terminl re y usF enother option is to keep the irrft witing on the trmF sn the litertureD severl uthors onsider the ojetive of minimizing pssengers9 wlking distne or onnetion time @see etion PFPAF roweverD this is not lwys suitle pproh for irports sine lrge shre of their revenue omes from the shops hosted in the terminlF he more pssengers wlkD the more likely they re to go into shop nd uy something thus oosting the irport9s revenueF por our prtner irportsD the ssignment of irrft tivities is generlly deidedD t the ltestD the dy efore the opertionsF sn this phseD omputtion time is not overly prolemtiF roweverD on the dy the opertions re sheduledD disruptions n hppenF wny rndom events my ourD leding to delys nd )ight nelltionsF xew )ights @eFgF generl vitionA nd diversions n lso impt plnningF reneD the ssignment must e roust in the sense tht smll disruptions must not olige irport uthorities to hnge the whole ssignment plnF figger disruption my olige the irport to ressign irrftF sn this seD omputtion times need to e very shortF he tnd ellotion rolem @eA is losely relted to the qte ellotion rolem @qeAF e gte is the ording desk where pssengers9 tikets re heked y the irline nd stnd is the position where the irrft is prkedF sn mny irportsD emrking nd disemrking pssengers t remote stnds is foriddenF gonsequentlyD there is perfet mth etween stnds nd gtesD nd therefore etween the e nd the qeF sn iuropeD this is not often the se sine emrking nd disemrking n e done t remote stnd tht n e ssoited with di'erent gtes @lled us gtesAF es we work with iuropen irportsD we will use e terminologyF o explore the eD this hpter hs een orgnized in severl setionsF e review of the literture nd summry of our ontriutions re presented in etion PFPF sn etion PFQD we formlly introdue the e nd ssoited fesiility prolemF etion PFR proves the xE hrdness of e nd the xEompleteness of the ssoited fesiility prolemF etion PFS presents mixed integer progrmming formultion nd numer of improvements designed to strengthenF etion PFT presents two ws sed heuristi lgorithmsF gomputtionl experiE ments re presented in etion PFU to show the e0ieny of the model nd the performne of heuristi lgorithms for relisti instnesF e onlusion is (nlly given in etion PFVF PW 2.2 Literature review his literture review fouses on deterministi pprohes relted to mthemtil progrmE ming for the qeF wore referenes to stohsti nd expert system pprohes n e found in the survey y horndorf et lF PHHUF he qe hs een widely studied sine IWVHF wny models im t minimizing pssenger wlking distnes or onnetion timesD whih nturlly leds to HEI qudrti integer progrm @sA lose to the udrti essignment rolemF hi'erent methods n e found for solving itF wngoui nd wthisel IWVS propose using the verge distne of gte to other gtes nd greedy lgorithm to solve the integer progrm @sA thus otinedF n nd ghng IWWV use the sme ssumption for modeling wlking distne nd propose multiEommodity network )ow modelF hey propose vgrngin relxtion solved y suEgrdient lgorithm nd heuristisF rghni nd ghen IWWV use the lssil lineriztion of the produt of inry vriles nd propose heuristi lgorithm tht onsists in iterting greedy lgorithmF u nd filey PHHI onsider the sme model nd solve it using u erh lgorithmF hing et lF PHHS dd the ojetive of minimizing ungted )ights nd diretly solve the qudrti model using hyrid u erh nd imulted ennelingF n nd ruo PHHI onsider di'erent s model minimizing wlking distnes nd onnetion timesF hey propose sensitivity nlysis to redue the numer of vrilesF winimizing wlking distne tends to onentrte tr0 t the est loted gtesD whih n led to non roust solutionsF sndeedD if )ight is delyedD its ground time is inresed nd it my overlp with the next opertion ssigned to the sme gteF he roustness of n ssignment pln is n importnt ojetive in the litertureF folt PHHH proposes model minimizing the vrine of idle times etween two onseutive )ights ssigned to the sme gteF re proposes rnhEndEound lgorithm nd heuristi lgorithms for solving the modelF vim nd ng PHHS propose stohsti progrmming model tht is trnsformed into inry progrmming model to minimize the expeted numer of gte on)itsF hey propose hyrid metEheuristi for solving their modelF n nd ng PHHU propose heuristi pproh for minimizing )ight delys due to gte lokges nd ressignmentsF heir pproh onsists in iterting etween two stgesX plnning stge sed on multiEommodity )ow network nd relEtime stge sed on simultions nd ressignment rules for updting the plnning stgeF hiepen et lF PHIP suggest olumn genertion pproh in order to estlish roust ssignment pln for emsterdm eirport hiphol @eeAF hey identify gte typesD iFeF groups of similr gtesD nd QH proeed in two phsesF hey (rst ssign )ights to the gte type through olumn genertion proess iming t generting good gte plnsF hen gte pln is ssigned to eh physil gteF xew ojetives hve ppered more reently in the litertureF horndorf et lF PHHV tke into ount towing opertions nd shdow restritionsF hey model the qe s glique rtitioning rolemF heir model ims t simultneously mximizing the totl )ightEgte 0nityD minimizing the numer of towing opertionsD minimizing the numer of ungted )ights nd mximizing roustness y minimizing low u'ers @idle time shorter thn given limitAF e liner omintion of these ojetives is onsidered nd the prolem is solved y n ejetion hin lgorithmF horndorf et lF PHIH extend this model to minimize the devition from referene sheduleF hey suggest method for uilding referene shedule over multiEperiod time horizonF tehn PHIH proposes dynmi progrmming pproh to solve prtiulr se of horndorf et lF PHHV where only )ightEgte 0nities re onsideredF re lso proves the prolem xEhrdness with redution from the optiml ost hromti prtition prolemF uim et lF PHHW propose new HEI s model for minimizing push k on)its nd txi lokingF he model is further extended y uim et lF PHIQ to inlude the minimiztion of psE senger trnsit times nd ggge trnsport distnesF hey propose tu serh nd ompre it to lineriztion of the s nd to geneti lgorithm for di'erent irport on(gurtions @prllel nd horseshoe terminlsA with rndomly generted opertionsF qenç et lF PHIP onsider new qeD the ojetive of whih is to mximize the totl gte ouption timeF ime is disretized in time slots of S or IH minutes nd the ojetive is to mximize the numer of gte time slots usedF hey use fig fng fig grunh method for solving instnes from sstnul ettürk snterntionl eirportF xote tht mximizing gte ouption time tends to redue idle time t gtesD whih n led to nonEroust ssignment plnsF sn this hpterD we onsider the prolem introdued y horndorf et lF PHHVF he prolem is referred to s the e sine we onsider oth ontt nd remote stndsF prom theoretil point of viewD the e nd qe re equivlentF yur ontriutions to the e re summrized in wht followsF e (rst prove tht ssigning eh opertion to omptile stnd is xE omplete sed on redution from the irulr r grph oloring prolemF es this orollryD it provides lterntive proof for e xEhrdness ompred with the proof given y tehn PHIHF e lso prove the xEhrdness of prtiulr ses left open y tehn PHIHF hile the literture onsiders heuristi lgorithmsD we propose strong mixed integer progrmming @wsA QI formultion tht solves to optimlity relEsize instnes in resonle omputtion timesF e lso introdue two heuristi lgorithms sed on sptil nd time deompositionsF sn numeril studyD we ompre our wsEsed pprohes to the ejetion hin lgorithm desried y horndorf et lF PHHV nd to simple greedy lgorithm tht mimis industril prties @see etion PFTAF ell methods re tested on rel instnes from two mjor iuropen irportsF wsEsed pprohes re signi(ntly etter while omputtion times remin short enough for industril purposesF 2.3 The stand allocation problem sn this setion we formlly introdue the tnd ellotion rolem @eA nd the tnd ellotion pesiility rolem @epAF he ingredients for e n e summrized s followsX ! O = {1, .., m} the set of opertionsF ypertion i ∈ O is de(ned y strt time a i nd n end time d i D where a i < d i F a i nd d i re ssumed to e integersF trt nd end times will often e referred to s the rrivl nd deprture timesF ! S = {1, .., n, n+1} the set of stndsF tnd n+1 is dummy stnd modeling unssignmentD iFeF eing ssigned to stnd n + 1 is equivlent to eing unssignedF e will lso use the nottion S = S\{n + 1} for the set of rel stndsF ! S i ⊂ S the set of omptile stnds for opertion i ∈ OF yviouslyD n + 1 elongs to S i for eh opertion i ∈ OF e will lso use the nottion Si = S i \{n + 1}F ! U : O → O ∪ {0} the suessor funtionF U (i) is the diret suessor of opertion i for given irrftY iFeFD if turnround is divided in two opertions i nd i D then U (i) = i F gonventionllyD if opertion i does not hve suessor then U (i) is equl to 0F he end time d i of n opertion i ∈ O is supposed to e equl to the strt time a U (i) of its suessor if there is oneF ! Q ⊆ O 2 × S 2 the set of shdow restritionsF sf (i, i , j, j ) ∈ Q nd opertion i is ssigned to stnd j then opertion i nnot e ssigned to stnd j nd reiprollyF ! c = (c ij ) O×S the 0nity mtrixD iFeF c ij is the 0nity relized if opertion i ∈ O is ssigned to stnd jF hdow restritions represent djeny on)its @eFgF two lrge irrft nnot e simulE tneously ssigned to djent stnds due to spe limittionsAF st should e noted tht the dummy stnd n + 1 is not onerned y either overlpping or shdow restritionsF QP en ssignment n e seen s mpping A from the set of opertions O to the set of stnds SF he evlution f (A) of n ssignment A is de(ned s

f (A) = αf 1 (A) -βf 2 (A)
@PFIA where α nd β re non negtive nd f 1 (A) nd f 2 (A) re the totl opertionEstnd 0nity nd the numer of towing opertionsD respetivelyF ithout loss of generlityD we set α = 1 in wht followsF he ojetive is to (nd n ssignment mximizing f (A) while respeting opertionEstnd omptiilitiesD shdow restritions nd overlpping onstrintsF sn order to void ssignment to the dummy stndD the 0nity of n opertion i for the dummy stnd n + 1 n e set to high negtive vlueF pinlly the tnd ellotion pesiility rolem @epA is the prolem of determining whether there is fesile solution not using the dummy stndF 2.4 Complexity of the stand allocation problem sn this setionD we fous on speil se without suessor reltions @U(i) = 0, ∀i ∈ O nd β = 0A nd without shdow restritions @Q = ∅AF en instne of the e n thus e denoted s I(O, S, S i , c)F en instne of the ssoited fesiility prolem ep is denoted s I(O, S, Si )F e (rst present the urrent omplexity sttus of the e nd highlight numer of open speil sesF henD we show how to formulte the ep s grph oloring prolem nd prove its xEompleteness y polynomil redution from the irulr r grph oloring prolemF pinllyD we show the xEhrdness of numer of speil e ses y polynomil redutions from epF 2.4.1 Current complexity status and contributions tehn PHIH proves tht the e is xEhrdF ris proof is sed on speil se without omptiility onstrints nd where opertions hve the sme 0nity for eh stnd @c ij = c j ∈ NAF his se is proven xEhrd y polynomil redution from the yptiml gost ghromti rtition rolem @yggA in intervl grphsF uroon et lF IWWU prove tht the ygg in intervl grphs is polynomil when c j tke t most P di'erent vlues @eFgF c j ∈ {0, 1}AF hey lso show tht it is xEhrd when c j tke t lest R di'erent vlues @eFgF c j ∈ NA while the prolem is left open when c j tke extly Q di'erent vlues @eFgF c j ∈ {0, 1, 2}AF QQ sn the omputtionl experiments @see etion PFUAD we onsider three 0nity funtions tht model di'erent relisti situtions X c ij ∈ {0, 1}D c ij ∈ {0, 1, 2} nd c ij ∈ NF tehn9s proof does not provide onlusion with respet to the omplexity sttus when c ij ∈ {0, 1} or c ij ∈ {0, 1, 2}F e will show tht these speil ses re lso xEhrdF e will lso prove tht the e with omptiility onstrints is xEhrdD for ny of the ove 0nity funtionsF le PFI summrizes the results from the literture nd our own ontriutionsF e0nity ithout omptiility onstrins ith omptiility onstrints Proof. sf G I n e nEoloredD then fesile solution of I n e uilt from ny nEoloring of G I F sndeedD we ssign eh opertion of given olor to the stnd of the sme olorF fsed on the onstrution of G I D opertions with the sme olor do not overlp nd opertions re omptile with the stnd of the sme olorF gonverselyD if I is fesile instneD then nEoloring n e uilt from ny fesile solution of IF e di'erent olor is ssigned to eh stnd nd eh opertion is olored with the olor of the stnd it is ssigned toF fsed on the onstrution of G I D two djent nodes do not hve the sme olorF his property implies tht the ep nd nEoloring prolem of ep grphs hve the sme omplexity sttusF 2.4.3 The circular arc graph coloring problem he girulr er qrph goloring rolem @geqgA ws introdued nd proven xEomplete y qrey et lF IWVHF e rief overview of this prolem is given elowF e irulr r A is pir of positive integers (e, f ) where e nd f re di'erentF vet F = {A 1 , .., A p } e set of irulr rs nd k the mximum of ll e i nd f i @k = max{e i , f i | A i = (e i , f i ), i ∈ {1, .., p}}AF gonsider geometri rrngement of irulr rs s followsF e irle n e regrded s divided into k prts de(ned y k eqully sped points numered lokwise s 1, 2, .., kF sn suh irleD eh irulr r A i previously de(ned n e regrded s representing QS n r from point e i to point f i gin in lokwise diretionF he spn Sp(A i ) of n r

c ij ∈ {0, 1} xEhrd @BA xEhrd @BA c ij ∈ {0, 1, 2} xEhrd @BA xEhrd @BA c ij ∈ N xEhrd tehnD PHIH xEhrd tehnD PHIH c ij = c j ∈ {0, 1} tehnD PHIHD uroon et lFD IWWU xEhrd @BA c ij = c j ∈ {0, 1, 2}
v j v j ∈ E ∀j, j ∈ S suh tht j = j D ! w i w i ∈ E ∀i, i ∈ O suh tht i = i nd [a i , d i [ ∩ [a i , d i [ = ∅D iFeF if opertions i nd i overlpD ! v j w i ∈ E ∀i ∈ O, j ∈ S\ Si D iFeF
A i = (e i , f i ) isX Sp(A i ) =    {e i + 1, .., f i } if e i < f i {f i + 1, .., k, 1, .
., e i } if e i > f i wo rs interset if the intersetion of their spns is not emptyD iFeF Sp(A i ) ∩ Sp(A j ) = ∅F xote tht rs do not interset if they only shre end points sine the (rst point does not elong to the spnF e n de(ne grph G = (F, E)D where

A i A j ∈ E if nd only if A i nd A j intersetsF G is the irulr r grph indued y the set of irulr rs F F pigure PFS presents di'erent representtions of irulr r grphF 7 8 1 2 3 4 5 6 A 3 (3,6) A 2 (2,4) A 1 (1,3) A 4 (4,8) A 5 (5,7) A 6 (8,2) A 7 (7,2) A 3 A 5 A 6 A 1 A 2 A 4 A 7 A 4 A 7 A 5 A 3 A 1 A 6 A 2
pigure PFSX hree representtions of irulr r grph geqg is the prolem of (nding nEoloring for irulr r grphF e will now show the reltionship etween this lss of grph nd our prolemF Proof. he ep is in x s it represents speil se of nEoloring prolemF vet F = {A i , .., A p } e set of irulr rs nd G = (F, E) the irulr r grph indued y F F st is esy to show tht the sugrph indued y 

K = {A i ∈ F |e i > f i } is lique nd the sugrph indued y L = {A i ∈ F |e i < f i } is n intervl grphF es K is liqueD G nnot e
G I is nEolorleD so is G s G is suEgrph of G I F he reiprol is vlid euse n nEoloring of G I n e uilt from n nEoloring of G y ssigning the n -|K| olors not used in K to the n -|K| lst stnds of G I F o onludeD G is nEolorle if nd only if G I is nEolorleF rene oloring G I is
S = S ∪ {| S| + 1}D iFeF | S| + 1 is the dummy stndD ! S i = S @no omptiility onstrintsAD ! c ij =    I ∀i ∈ O, j ∈ Si H otherwise F I(O, S, Si ) hs fesile solution if nd only if I(O, S, S i , c
) hs solution of vlue |O|F his proves the orollryF gorollries I nd P imply the new results presented in le PFIF hey lso provide lterntive proof to the results of tehn PHIHF he xEhrdness of the speil ses onsidered in this setion does not men tht ll instnes re hrd to solveF here my e onstrints in industril prolemsD mking them esier to solveF xeverthelessD we did not identify suh suEstrutures in the instnes onsidered in etion PFUF 2.5 A mixed integer programming formulation sn this setionD (rst mixed integer progrm @wsA formultion is presentedF his model is then strengthened y reformulting numer of onstrints nd introduing new vrilesF pinllyD n e0ient proess to rek symmetries is presentedF 2.5.1 A natural MIP formulation vet us introdue the following deision vrilesX

! x ij =    I if opertion i ∈ O is ssigned to stnd j ∈ S i H otherwise ! y i =          I if towing opertion is performed etween opertion i ∈ O nd its suessor U (i)
if there is one H otherwise xote tht for the ske of simpliityD we de(ne vriles x ij = 0 for eh opertion i ∈ O nd eh non omptile stnd j ∈ S\S i F sing these vrilesD the e n e formulted s followsX

QV max i∈O j∈S i c ij x ij -β i∈O y i @PFPA s.t. j∈S i x ij = 1 ∀i ∈ O @PFQA x ij + x i j 1 ∀i, i ∈ O, a i a i < d i ∀j ∈ S i ∩ S i @PFRA x ij + x i j 1 ∀(i, i , j, j ) ∈ Q @PFSA x ij -x U (i)j y i ∀i ∈ O, U (i) = 0, ∀j ∈ S i @PFTA x ij ∈ {0, 1} ∀i ∈ O, ∀j ∈ S i @PFUA y i 0 ∀i ∈ O @PFVA
ws PFIX e nturl formultion for e gonstrints @PFQA ensure the ssignment of eh opertion to one nd only one stndF gonE strints @PFRA prevent two overlpping opertions from eing ssigned to the sme stndF gonE strints @PFSA gurntee tht shdow restritions re respetedF gonstrints @PFTA ensure tht for eh opertion i towing is needed if the opertion is ssigned to stnd j nd not its suessor U (i)F xote thtD ording to their de(nitionD y i ∈ {0, 1} should e imposedF roweverD sine β 0 nd sine the ojetive funtion is mximizedD we n simply impose y i 0 @PFVAF sndeedD in ny optiml solutionD vrile y i will e set to the smllest vlueD iFeF H or I ording to onstrints @PFTA nd @PFVAF 2.5.2 A better MIP formulation e will now strengthen this nturl formultion y reformulting numer of onstrintsD introduing new vriles nd disrupting the ojetive funtion to rek symmetriesF Strengthening overlapping and shadow constraints yverlpping onstrints @PFRA re wekly formulted nd n e reformulted s followsF e introdue overlpping sets O t s the set of opertions overlpping time line t

O t = {i ∈ O | a i t < d i } QW yverlpping onstrints @PFRA n e repled y i ∈Oa i x i j 1 ∀i ∈ O, ∀j ∈ S i @PFWA
his formultion n e proven to e is idelD iFeF desries the onvex hull of integer solutions tht stisfy overlpping onstrintsF he sme priniple n e pplied to strengthen shdow onstrintsF gonstrint @PFIHA is vlid for ny pir of stnds (j, j ) ∈ S 2 nd ny set of opertions H nd H suh tht IF eh pir of opertions

(i, k) ∈ H overlpD PF eh pir of opertions (i , k ) ∈ H overlpD QF there is shdow restrition (i, i , j, j ) etween eh opertion i ∈ H nd eh opertion i ∈ H on stnds j nd j F i∈H x ij + i ∈H x i j 1 @PFIHA
xeverthelessD the numer of pirs of sets (H, H ) su'ers from omintoril explosionD even if only mximl sets re onsideredF e n heuristilly ggregte the shdow onstrints with the following lgorithmF hile there re unovered shdow restritions (i, i , j, j ) ∈ QX

IF vet H = {i} nd H = {i }F PF gomplete set HX for eh opertion k ∈ O @y inresing order of strt timeAD dd k to H if (k, i , j, j ) ∈ Q nd if k overlps eh opertion in HF QF gomplete set H X for eh opertion k ∈ O @y inresing order of strt timeAD dd k to H if for eh opertion k ∈ HD (k, k , j, j ) ∈ Q nd k overlps every opertion in H F H jj denotes the set of ouples (H, H ) generted y our lgorithm for stnds j ∈ S nd j ∈ SF Improving towing formulation he liner relxtion n e strengthened y introduing vriles

y ij =    I if opertion i ∈ O is ssigned to stnd j ∈ S i nd not its suessor @if there is oneAD H otherwiseF he ojetive funtion eomes i∈O j∈S i c ij x ij -β i∈O j∈S i y ij RH nd towing onstrints @PFTA eome x ij -x U (i)j y ij ∀i ∈ O, ∀j ∈ S i , U (i) = 0
@PFIIA sndeedD it n e seen tht the liner relxtion of oth formultions hs the sme fesile domin in x = (x ij ) O×S i F purthermoreD for given xD the optiml vlues of y vriles in the liner relxtion re ! y i = max

j∈S i (x ij -x U (i)j ) for the (rst formultionD ! y ij = max{0, x ij -x U (i)j } for the seond formultionF gonsequentlyD y i = max j∈S i y ij nd i∈O y i = i∈O max j∈S i y ij i∈O j∈S i y ij
herefore the formultion using vriles y ij is strongerF Summary o onludeD the prolem n e reformulted s ws PFPF

max i∈O j∈S i c ij x ij -β i∈O j∈S i y ij s.t. j∈S i x ij = 1 ∀i ∈ O i ∈Oa i x i j 1 ∀i ∈ O, ∀j ∈ S i i∈H x ij + i ∈H x i j 1 ∀j, j ∈ S, ∀(H, H ) ∈ H jj x ij -x U (i)j y ij ∀i ∈ O, U (i) = 0, ∀j ∈ S i x ij ∈ {0, 1} ∀i ∈ O, ∀j ∈ S i y ij 0 ∀i ∈ O, ∀j ∈ S i
ws PFPX en improved formultion for the e Breaking symmetries sf oe0ients c ij elong to smll set of vluesD this implies high multipliity of optiml solutions limiting the e0ieny of rnhEndEound lgorithmsF por instneD some irports set c ij to I for eh ontt stnd nd to H for eh remote stndF e RI simple wy to rek symmetries is to distur oe0ients c ij F e propose the following disruption tht does not 'et the optiml solutionF Property 2. Assume that coecients β and c ij are integer (for all i ∈ O and j ∈ S i ). Let γ ij be arbitrary real numbers in [0, 1) and δ ij = γ ij (m+1) . Thus, any optimal solution of the SAP with coecients c ij = c ij + δ ij is also optimal for the SAP with coecients c ij .

Proof. vet f nd f e the ojetive funtions of the originl nd disrupted prolemF st should e noted tht oth prolems hve the sme fesile solutions s they only di'er y their ojetive funtionsF vet x e fesile solutionD then

f (x) = f (x) + ε(x) with ε(x) = i∈O j∈S i δ ij x ij F e hve 0 ≤ ε(x) < 1F ine oe0ients β nd c ij re integersD f (x) is lso n integer nd f (x) = f (x) + ε(x) = f (x)F vet x * e n optiml solution for f F por eh fesile solution x we hve f (x) = f (x) f (x * ) = f (x * ) nd x * is lso optiml for f F
sn the numeril experimentsD γ ij is hosen rndomly in HDIA ording to uniform distriE utionF 2.6 Heuristic approaches egrdless of how improved n ws formultion n eD there exists instnes tht nnot e solved in resonle timeF sn this setionD we present four heuristi lgorithms tht will e numerilly ompred to the ext ws method in etion PFUF he (rst two lgorithms onsist in splitting the prolem into smller suEprolems for whih the ws n e solved more quiklyF he third lgorithm is greedy lgorithm re)eting wht ws oserved in prtie in one of our prtner irportsF he fourth lgorithm is the ejetion hin lgorithm designed y horndorf et lF PHHVF 2.6.1 Spatial (or stand) decomposition sn the irports we work withD setting the 0nity c ij to H for remote stnds is resonle ssumptionF his is not true for ll irports sine some remote stnds might e preferle to others @eFgF short driving distneD stnds tht n e rehed without us trnsferD etAF he stnd deomposition method onsists in splitting the set of stnds into two disjuntive susetsF uset B 1 ontins stnds with positive 0nity for t lest one opertion @typilly RP ontt stndsAF uset B 2 ontins the other stnds with zero 0nity for ll opertions @typiE lly remote stndsAF pormllyD we hve

S = B 1 ∪ B 2 with B 1 = {j ∈ S : ∃i ∈ O, c ij > 0} nd B 2 = {j ∈ S : ∀i ∈ O, c ij = 0}F
e relx the ssignment onstrint @PFQA y

j∈S i x ij 1 ∀i ∈ O
he relxed prolem provides n upper ound for the originl prolemF por the relxed prolemD not every opertion my e ssigned ut ny opertion nnot e ssigned more thn oneF he ontriution of the stnds in B 2 ∪ {n + 1} is null or negtiveF es opertions n e unssigned in the relxed prolemD this implies the following propertyX Property 3. The relaxed problem can be solved by considering the stands in B 1 only.

his property redues the size of the relxed prolemF e de(ne the stnd deomposition method in two phsesX ! hse sX solve the relxed prolem y onsidering stnds in B 1 onlyD ! hse ssX (x the ssignments de(ned in phse s nd solve the e for the remining opertions nd the stnds in B 2 ∪ {n + 1}F he upper ound provided in hse s n e used to gurntee the solution posterioriF he following property presents su0ient onditions under whih the solution provided y the stnd deomposition method is optiml for the originl prolemF Property 4. Conditions of optimality for the stand decomposition method.

In Phase II, if each operation is assigned to a stand in B 2 without towing, the solution provided by the stand decomposition method is optimal for the original problem.

Proof. nder these onditionsD the hse ss solution hs the vlue H sine the oe0ient c ij re ll null for stnds in B 2 nd no towing opertion is performedF hereforeD the glol solution vlue is equl to the upper ound provided in hse sF roperty R n e used for solving hse ss in more e0ient wyF sndeedD hse ss solution with H vlue is optiml @for hse ssAF gonsequentlyD if heuristi lgorithm provides suh solutionD it is not neessry to solve seond wsF sn prtieD we (rst pply the greedy lgorithm presented in etion PFTFQ nd then solve the ws only if the greedy lgorithm fils to (nd H vlue solutionF RQ 2.6.2 Time decomposition he time deomposition onsists in splitting the dy into smller intervls nd itertively solving the ws for eh suEprolem from the eginning of the dy to the end of the dyF essignments deided in previous itertion re not questioned in the urrent one exept if the opertion is still in progressF o redue the totl omputtion timeD we split the dy suh tht eh suEprolem hs lmost the sme sizeF 2.6.3 Greedy algorithm he proess of one of our prtner irports is performed mnully nd is lose to the following greedy lgorithmF IF ort opertions y inresing numer of omptile stndsF PF stertively ssign eh opertion to the omptile nd ville stnd tht mximizes the ojetive funtionF sn se of multipliityD hoose the stnds in lexiogrphi orderF he omplexity of suh n lgorithm is in O(m log m + nm)F yne eh opertion hs een ssignedD the irport sheduler improves the solution y perE forming lol hngesF his proess is similr to desent lgorithm using two types of moves X simple move @swith the ssignment of n opertion to nother omptile nd ville stndA nd swap move @swp the ssignment of two opertionsAF ynly moves improving the ojetive re performedF uh n lgorithm ends very quikly in prtie ut it tends to fll into lol optimum tht nnot e overome s only improving moves re onsideredF 2.6.4 Ejection chain algorithm en ejetion hin lgorithm is lol serh metEheuristi where neighorhoods re de(ned not only y one move ut y sequeneD or hinD of lolly optiml movesF erforming more moves with eh itertion is supposed to ontriute to esping the lol optimumF horndorf et lF PHHV pplied n ejetion hin lgorithm to the stnd llotion prolemF e refer the reder to their pper for further detils out their lgorithmF sn the next setionD we ompre our pprohes to this lgorithmD whih hs een replited extlyF RR 2.7 Computational experiments sn this setionD we ompre the performne of the lgorithms on relisti instnes generted from the tul dt of two mjor iuropen irportsF por the ske of privyD these irports will e noted I nd JF

Instances and tests environment

Computer he results of mixed integer progrms presented in this setion were otined using gplex IPFR solver with defult prmeter tuning on personl omputer @sntel gore iSEPRHH QFIHqhzD Rqo ewA operting with untu IPFHR v operting systemF tv gonert es ws used to de(ne the modelsF Instances ih instne orresponds to n opertionl dyF por the lrgest irportD we hve single instne IF por the other irportD we hve test set le PFPX ghrteristis of the instnes @ypsaypertionsA Operation-stand anity riing poliies nd performnes mesurements re omplex suE stntilly di'erent from one irport to notherF roweverD the opertionEstnd 0nities c ij n pture mny prtil situtionsF e will onsider three 0nity funtions tht represent difE ferent prtiesF ! Passenger anity: wximize the numer of pssengers ssigned to ontt stnds

J = {J 1 , • • • , J 83 } of
c ij =     
numer of pssengers for opertion i if stnd j is ontt stnd H otherwise RS ! Operation anity: wximize the numer of opertions ssigned to ontt stnds

c ij =                   
P if opertion i is whole turnround nd stnd j is ontt stnd I if opertion i is n rrivl or deprture opertion nd stnd j is ontt stnd H otherwise ! Bus anity: winimize the numer of usesD whih is equivlent to mximize the numer of voided uses

c ij =     
xumer of neessry uses for opertion i if stnd j is ontt stnd H otherwise he numer of uses required is equl to the eiling of the numer of pssengers involved in n opertion divided y the pity of us @VH in our numeril studyAF xote tht we set 0nity of witing opertion t ontt stnd to HF e use susript opD bus nd pax to indite whih 0nity funtion is under onsiderE tionF por exmpleD Iop orresponds to instne I with the opertion 0nity funtionF Weighting of objectives goe0ient c i,n+1 is set to -10 6 to mke the ssignment of ll opertions the (rst priorityF xote tht ll instnes llow fesile solution without using the dummy stndF goe0ient β is respetively set to I for the optimiztion of opertions t ontt stndsD P for optimiztion of uses nd IHH for optimiztion of pssengersF sn this se oth prts of the ojetive funtions hve similr weightsF Buer time e inlude u'er times of IH minutes following the proedure presented in etion PFIF 2.7.2 MIP 2.1 versus MIP 2.2 sn this setionD we evlute the e'et of strengthening onstrintsD towing reformultion nd symmetry rekingD with respet to memory onsumptionD qulity of the viner rogrmming @vA relxtion nd omputtion timesF le PFQ shows tht reformulting overlpping nd shdow onstrints sustntilly redues the numer of onstrintsF xote tht the numer of inry vriles is the sme sine only ontinuous vriles re dded in ws PFPF RT le PFRX qp with the v solution nd omputtion time @yyw a yut of memoryD v @HFH %A a ime limit of I hour rehedD n optiml solution hs een found ut it nnot e proven euse of remining integrlity gpA e (rst disuss the results for the lrge instne @IA tht nnot e solved with ws PFI sine the model de(nition phse exeeds the omputer9s memoryF eformulting overlpping nd shdow onstrints redues memory onsumption enough to e le to de(ne the modelF st lso tightens the liner relxtionF eformulting towing @iFeF repling y i y y ij A further strengthens the liner relxtion nd yields zero integrlity gp for most instnesF ws PFP RU without towing reformultion provides the optiml solution for ll ojetives within S to QH minutesF owing reformultion redues the omputtion time to I minute nd QH seondsF he symmetry reking method further redues the omputtion time to pproximtely QH seondsF e now disuss the results for the mediumEsized irport (J)F ws PFI does not exeed the ville memory sine the VQ instnes re muh smller thn IF he results with respet to the qulity of the v relxtion re similr to those of IF purthermoreD reformulting the onstrints signi(ntly improves the integrlity gpD ut there is little impt on omputtion times @proly euse gplex lso uses n ggregtion method sed on liquesAF hile towing reformultion redues omputtion times in systemti nd signi(nt wyD symmetry reking hs no e'et on themF hese (rst numeril experiments show tht the di'erent reformultions strengthen the model nd o'er resonle omputtionl times for ll instnes nd 0nity funtions under onsidertionF sn wht followsD only ws PFP with symmetry reking will e onsidered nd will e simply referred to s ext wsF 2.7.3 Comparison of algorithms sn this setionD we ompre the ext ws method with the ws deomposition methods @time nd stndAD the ejetion hin lgorithm nd the greedy lgorithmF por the time deomE position methodD we split the dy into three intervls for the lrge irport @IA nd into two intervls for the mediumEsized irport @JAF e hve tested other splits nd found tht these hoies o'er good trdeEo' in terms of solution qulity nd omputtion timesF le PFS presents the gp to optimlity nd the omputtion time for the three ojetive funtionsF he minimumD mximum nd verge vlues re presented for instne set J @VQ instnesAF yn the one hndD le PFS revels tht ws sed pprohes provide signi(ntly etter solutions thn the ejetion hin nd the greedy lgorithmsF he ext ws lwys (nds n optiml solution @nd proves its optimlityA in less thn RH seondsF he stnd deomposition heuristi provides n optiml solution most of the time for oth irports nd the mximum gp is 0.3%F he time deomposition heuristi provides very good solutions with gps of less thn HFU7F he greedy lgorithm o'ers poor performne for ll instnes nd 0nity funtionsD with gp of up to PUFQ % for the lrge irport @IAF he ejetion hin lgorithm outperforms the greedy lgorithm with gp of up to UFT % nd n verge gp of PFH % to RFH % for the mediumEsized irport @JAF RV le PFSX gomprison of the di'erent methods @wsawsPC symmetry rekingD hatnd heompositionD h a ime heompositionD iga ijetion ghinA yn the other hndD le PFS shows tht the greedy lgorithm nd the ejetion hin re fster thn the ws sed pprohesF xeverthelessD the ws sed pprohes o'er resonle omputtion times for industril pplitionsF hey solve ll instnes of the mediumEsized irport @JA in less thn IS seonds nd in less thn RH seonds for the lrge irport @IAF egrding instnes I nd JD the stnd deomposition method generlly outperform ext ws with respet to omputtion timeD ut its e'et is sometimes more mixedF ime deomposition is the fstest ws method with omputtion times pproximtely hlved with respet to the ext ws methodF he di'erenes etween the ext ws nd the deomposition methods will e more signi(nt when onsidering instnes with more opertions @see etion PFUFRAF yur experiments led us to onlude tht ws sed pprohes re suitle for solving the stnd llotion prolem for the set of instnes onsideredF sndeedD they o'er optiml or nerEoptiml solutions while ensuring resonle omputtion timesF he time deomposition method in prtiulr o'ers the est trdeEo' etween solution qulity nd omputtion timeF 2.7.4 Feasibility sn etion PFRD we show tht deiding whether there is fesile solution without the dummy stnd is xEompleteF sn this next setionD we illustrte how importnt this result is from RW prtil point of view nd ompre the ility of eh method to (nd fesile solution when there is oneF yviouslyD ny lgorithm (nding fesile solution leds to the onlusion tht n instne is fesileF rowever only ext methodsD suh s our ws formultionD re le to gurntee tht there is no fesile solutionF ell the instnes onsidered so fr dmit fesile solutionsF sn order to test the ility of eh lgorithm to (nd fesile solutionD we dd given numer s of opertions hosen rndomly from the VP other instnes in J to the lrgest instne of J @SSQ opertionsAF hen n opertion is ddedD we lso dd ll the opertions involved in the sme turnround while omptiility nd ojetive oe0ients re not hngedF por eh s = 10, 20, • • • , 300D we simulte QH instnesF e then run the S lgorithms for eh of the WHH instnes with the pssenger 0nity funtionF xote tht the optimiztion is llowed to run to the endD iFeF it is not stopped when fesile solution is foundF pigure PFT presents the numer of instnes for whih fesile solution is foundD the totl numer of unssigned opertions nd the g time for eh lgorithmF sn pigure PFT@AD we oserve tht the greedy lgorithm egins to fil to (nd fesile solutions with only PH dditionl opertionsF he ejetion hin lgorithm nd the stnd deomposition method hndle ll instnes with up to IIH opertions dded while the ext ws nd the time deomposition method n go up to ITH opertionsF pigure PFT@A shows tht the numer of unssigned opertions with the time deomposition method is very lose to the ext ws methodF yn the ontrryD the ejetion hins fils for pproximtely twie s mny opertionsF he numer of unssigned opertions grows very quikly for the greedy lgorithmD whih is why it hs not een plottedF sn pigure PFT@AD we oserve tht the ws omputtion times grow exponentilly with the numer of opertions ut remin resonle up to the ddition of PSH opertionsF he time nd stnd deomposition methods su'er less from this phenomenon sine the wss solved re smllerF o onludeD the ext ws or time deomposition methods re preferle for hndling the most ongested instnesF yne ginD the time deomposition lgorithm o'ers the est trdeEo' in terms of omputtion timeF 2.7.5 Passengers at contact stand versus number of towing operations wximizing opertionEstnd 0nity ontrdits the ide of minimizing the numer of towing opertionsF e trdeEo' n e found y tuning oe0ient βF roweverD hoosing the vlues my prove to e hllenging tskF his is why we propose to use reto urves to support the deision mkerF reto urves trnslte the hoie of strt oe0ients in terms of usiness mesuresF sn this setionD we onsider the pssenger 0nity funtion sine it provides smoother urvesF pigure PFU plots the reto urve linking the numer of towing opertions to the perentge of pssengers ssigned to ontt stndsF his urve ws otined y solving snstne I for IHH vlues of βD from HFI to IH with step of HFIF ih point is reto optimlD iFeF not dominted y ny other solutionF e solution is sid to dominte nother one if it is etterD or t lest equlD for ll ojetives simultneouslyF lotting suh urve might e time onsuming s the prolem hs to e solved severl timesF roweverD ir tr0 is minly repetitive in the sense tht it does not signi(ntly hnge from one week to the nextF herefore the oe0ient vlues do not need to e disussed everydy nd n e previously set with the help of reto urves for referene opertionl dysF pigure PFUX ssengers t ontt stnd versus numer of towing opertions for I he extreme leftEhnd point indites the miniml numer of towing opertionsF es it is reto optimlD it lso provides the est possile perentge of pssengers ssigned to ontt stnds with this given numer of towing opertionsF yn the other hndD the extreme rightEhnd point indites the mximl perentge of pssengers tht n e ssigned to ontt stnds nd the ssoited minimum numer of towing opertionsF e oserve tht the (rst three towing opertions enle 0.6% gin in pssengers t the ontt stnd wheres fourteen dditionl towing opertions re needed to gin the lst 0.4% of pssengers t the ontt stndF 2.8 Conclusion and future prospects sn this hpterD we prove tht (nding fesile solution for the stnd llotion prolem is xEompleteF es orollryD this proves the xEhrdness of the optimiztion prolemF e then propose strong ws formultion nd two heuristi lgorithmsF yur heuristi lgorithms re sed on the deomposition of the prolem @sptil nd temporlA where the suEprolems re solved using the ws formultionF fsed on instnes from two iuropen irportsD we ompre our pprohes with the ejetion hin method proposed y horndorf et lF PHHV nd greedy lgorithm representing the urrent prtie of prtner irportF gomputtionl experiments show tht our ws sed pprohes provide signi(ntly etter solutions thn the other methods tested ut need more omputtion timeF xeverthelessD the omputtion times re short enough for n industril pplitionF he instnes onsidered in this hpter ome from lrge iuropen irportsF roweverD this SP does not neessrily men tht the proposed methods n e pplied to the iggest irports in the worldF gonsidering the reported omputtion timesD the methods should e le to del with igger instnesD nd when this is not the seD our deomposition n e hyridized to hndle the iggest instnesX time deomposition n e pplied to oth phses of the stnd deomposition heuristiF he stnd deomposition n lso e generlized in terminl deompositionD s mny )ights re lredy preElloted to terminls in most irportsF puture reserh might fous on the ggregtion of shdow onstrints through lique onE strintsF he liques used in this hpter were generted heuristilly ut theoretil study might led to etter ones eing found nd onsequently stronger onstrintsF puture reserh might lso tke roustness into more detiled onsidertionF fu'er times might e mnged s n ojetive nd not s onstrintD s horndorf et lF PHHV proposeF tohsti optimiztion nd simultion n lso e onsidered s proposed y vim nd ng PHHS nd n nd ng PHHUF st would lso e interesting to study lterntive ojetives suh s minimizing risky onE netions or the totl wlking distne of pssengersF pinllyD nother topi to e reserhed further is the integrtion of irports9 deision mking prolemsD in prtiulr the integrtion of the stnd llotion prolem together with other key irport resoures suh s runwys @iFeF sequening prolemA nd trm spe @iFeF routing prolemA s uim et lF PHIQ proposeF Appendix 2.A Signicant tow times sn this ppendixD we explin how to extend our ws formultion to the se where tow times re signi(nt nd nnot e resonly inluded in opertion proessing timesF vet τ jj e the tow time from stnd j to stnd j F por the ske of simpliityD we ssume tht the tow time does not depend on the irrft typeF his ssumption n e esily relxedF gonsider n opertion i tht hs predeessor U -1 (i)D whih implies tht i is the suessor of U -1 (i)F hen the tow time is negletedD the strt time of opertion i is equl to the end time of its predeessor opertion X a i = d U -1 (i) F ith positive tow timesD the strting time of opertion i is equl to

a jj i = d i + τ jj if opertion U -1 (i)
is ssigned to stnd j nd opertion i is ssigned to stnd j F fsed on thisD onsider two opertions i nd i suh tht d i d i F e distinguish the se SQ where i does not hve predeessor @U -1 (i ) = 0A nd the se where i hs predeessor @U -1 (i ) = 0AF

Case 1 : U -1 (i ) = 0 sn this seD opertion i does not sueed ny other opertionF ypertions i nd i overlp if nd only if a i < d i F rene the overlpping onstrint is the sme s @SFQA in ws I X

x ij + x i j 1 ∀i, i ∈ O, U -1 (i ) = 0, ∀j ∈ S i ∩ S i , a i < d i d i Case 2 : U -1 (i ) = 0
sn this seD opertion i sueeds opertion U -1 (i )F ypertions i nd i nnot e ssigned to stnd j if U -1 (i ) is ssigned to stnd j nd a j j i < d i D whih leds to following overlpping onstrints X

x ij + x i j + x U -1 (i )j 2 ∀i, i ∈ O, U -1 (i ) = 0, ∀j ∈ S i ∩ S i , ∀j ∈ S U -1 (i ) , a j j i < d i d i SR Chapter 3
The aircraft ground routing problem :

Analysis of industry punctuality indicators in a sustainable perspective Abstract he ground routing prolem onsists in sheduling the movements of irrft on the ground etween runwys nd prking positions while respeting opertionl nd sfety requirements in the most e0ient wyF e present wixed snteger rogrmming @wsA formultion for routing irrft long predetermined pthF his formultion is generlized to llow severl possile pthsF yur model tkes into ount the lssil performne inditors of the literture @the verge txi nd ompletion timesA ut lso the min puntulity inditors of the ir tr0 industry @the verge dely nd the on time performneAF hen we investigte their reltionship through experiments sed on rel dt from gopenhgen eirport @grAF e show tht the industry puntulity inditors re in ontrdition with the ojetive of reduing txi times nd therefore pollution emissionsF e propose new inditors tht re more sustinleD ut lso more relevnt for stkeholdersF e lso show tht lternte pths nnot improve the performne inditorsF 3.1 Introduction yver the lst yersD the iuropen ir tr0 kept growing nd iuroontrol PHIP predits n nnul inrese of the numer of )ights of Q7 etween PHIR nd PHIVF he tr0 is expeted to doule etween PHIH nd PHQH @iuroontrol PHIHAF hue to this eseless inrese of the numer of )ights in iuropeD irports re eoming n importnt ottlenek of ir tr0F reneD using deision support systems nd optimiztion tools is more nd more ritilF he irrft ground movements ply n importnt role in the irport emissionsF vondon rethrow PHHVEHW irport estimtes tht SR7 of the irport N O x emissions re produed y irrft on the groundF he ground routing is lso key omponent of the irports ron footprintF iuroontrol PHHW estimtes tht RUSDHHH tonnes of CO 2 emissions ould e erned if only one minute of txi time per )ight ould e erned in SH mjor iuropen irportsF st lso represents non negligile prt of irlines fuel ostF vizz et lF PHIR demonstrte tht etter routing optimiztion llows to ern 6WFT millions of fuel yer in urih irportF he qround outing rolem @qA onsists in sheduling the movements of irrft eE tween irport filities without on)its nd in the most e'etive wyF en rriving irrft hs to e routed from its lnding runwy to its stnd or hngrF e deprting irrft hs to e routed from its urrent prking position to its deprture runwyF he ground movements our on network of rods lled txiwys whih link irport filities @see pigure QFIAF sn prtie this prolem is issued y eir r0 gontrollers @egsA on n opertionl window of typilly IH to RH minutesF he min onstrints of the prolem re relted to the sfety of irrftX s in irspeD irrft hve to e seprted from eh other to void ollisionsF everl other routing onstrints must lso e tken into ount suh s txi speeds nd elertion for pssengers omfortD turning ngle nd irrft G txiwy segment omptiility due to weight or widthF he qulity of routing shedule is de(ned y severl uey erformne snditors @ussAF sn this hpterD we fous on four of them X the verge txi timeD the verge ompletion timeD the verge dely nd the yn ime erformne @yAF he txi time mesures the time n irrft spends on the ground with engines onD etween push k @iFeF leving the prking positionA nd tkeEo' for deprtures nd etween lnding nd prkEin for rrivlsF st inludes ny witing time @eFgF runwy queuing timeA nd not just the time spent movingD s engines nnot e turned o' one strted upF ollution emission is ST pigure QFIX xiwy network in gopenhgen eirport@grA diretly relted to the fuel onsumptionF he irrft fuel onsumption is not urtely known for the txi proess nowdysD ut vrious sttistil studies onlude tht it minly depends on the txi time @see eFgF uhdilkr nd flkrishnn PHIID xikoleris et lF PHII nd vizz et lF PHIPAF yther in)uening ftors hve een identi(edD suh s the numer of stopsD turns nd elertions ut their e'ets re less ler nd of minor importne in omprison to the txi timeF e re lso interested in minimizing the ompletion timesD iFeF the tkeEo' times for deprting )ights nd the prkEin times for rriving )ightsF sn pek hoursD the runwy is often the min ottlenek of the irport @sdris et lF IWWVAF winimizing tkeEo' times redues the risk of runwy strving nd ensures good use of its pityF winimizing prkEin times redues the strting time of pssengers derktionD whih inreses the qulity of servieF sn the ir tr0 industryD the min inditors of puntulity re the verge dely per )ight nd the y @see iuroontrol PHIP nd iuroontrol PHIQAF he dely is mesured with respet to the sheduled times of prkEin nd push kD whih re oth printed on pssenger tiketsF por exmpleD n rriving )ight is S minutes lte if the irrft rrives t the stnd S minutes fter the sheduled time nd deprting )ight is S minutes lte if the irrft is pushed k from its stnd S minutes fter the sheduled timeF he y L is the perentge of )ights hving dely less thn L minutesF he most ommon vlue of L in the industry is IS minutes nd y IS is simply lled yF SU pigure QFPX unwy queue t vondon rethrow @vrA holding point e ommon prtie in irports is to push k irrft s soon s possile nd to txi to the runwy @see etkin et lF PHII for vondon rethrow irport @vrA nd meltink et lF PHHR for emsterdm hiphol irport @ewAAF st redues the risk of runwy strving nd is ene(il for the deprture dely nd yF roweverD espeilly during pek hoursD the runwy pity is often exeeded nd push k s soon s possile poliy results in tkeEo' queue @see pigure QFPA in whih irrft engines remin turned onF ollution emissions n e redued y trnsferring the runwy queuing time @with engines onA to the stnd @with engines o'AF his proess is lled stand holding. xeverthelessD if n irrft is held too longD it my not reh the runwy in time for tkeEo' nd some runwy pity n e wstedF st my lso prevent n rriving irrft from using the stnd @stnd lokgeAF eurte estimtions of irrft redy times nd txi times re required to shedule push k dequtelyD iFeF holding stnd s muh s possile in order to redue txi timesD ut without wsting the runwy pityF eurte estimtions of redy times re not lwys ville in irportsX egs re often informed of n irrft redy time only when the pilot lls the ontrol tower for push k nd strt up pprovlF ht is why iuroontrol designed the eirport gollortive heision wking @eEghwA projetF he min gol of eEghw projet is preisely to improve preditility nd informtion shring etween ll stkeholdersF sn eEghw irportD irlines nd ground hndlers re required to ommunite nd updte n urte redy time @typilly QH to RH minutes in dvneAF he redy time is lled the rget y'Eflok ime @yfA nd orresponds to n estimtion of the time t whih the irrft will e redy to SV push k @ll doors losedD ording ridge removedD etAF sn the ir tr0 industryD the push k sheduling is lled often the preEdeprture sequeningF sn the litertureD it hs een shown tht stnd holding n redue txi times signi(ntly without impting the runwy pity @see etion QFPAF xeverthelessD the impt of stnd holding on the uss of the industry @y nd delyA hs not een investigtedF sn this hpterD we propose model inluding the y nd dely inditorsF yur model llows severl possile pths in the txiwysF e then ddress the following questions through numeril study sed on relisti instnes from gopenhgen eirport @grAF row do the performne inditors ompete c ere the key inditors of the industry onsistent with sustinle development c gn we propose etter inditors c gn we redue txi times y onsidering lternte pths c ht is the ottlenek in ground routing opertions c his work is the result of ollortion with emdeus ompnyF he reminder of this hpter is orgnized s followsF e review of the literture nd summry of our ontriutions re presented in etion QFPF sn etion QFQD we propose model for the q nd formulte it s wixed snteger rogrm @wsAF e provide detils on the dt set nd instnes from gr in etion QFRF hen the results of our numeril study re given in etion QFSF pinllyD onlusion nd disussion of our results re presented in etion QFTF 3.2 Literature review sn this setionD we present literture review of the q nd relted worksF wore detils n e found in survey y etkin et lF PHIHF e lso present our ontriutionsF 3.2.1 The ground routing problem he min di'erenes etween the q models re the routing optionsD the link with the tkeEo' shedule nd whether the time is disretized or notF hree di'erent routing options existsX single pthD lternte pths nd pth freeF sn the single pth pprohD eh irrft n e routed long one nd only one predetermined routeF sn the lternte pths pprohD eh irrft n e routed long route hosen etween set of predetermined routesF sn the pth free pprohD ny route n potentilly e ssigned to n irrftF sn most of ppersD tkeEo' shedule is given s n input nd the ojetive is SW to minimize its devitionF he xwyg slot ompline 1 is lso often onsidered with high penlty for missed slots nd liner ost for devition inside the slotF Single path he single pth ws (rst studied y meltink et lF PHHR who propose mixed integer progrm formultionF he @vergeA txi time is minimized nd the respet of tkeEo' shedule is fored y onstrintsF thinm et lF PHHV simplify this formultion nd improve sfety y dding seprtion onstrintsF Alternate path qottelnd nd hurnd PHHQ ddress the lternte pth pproh with geneti lgorithm whose solutions re evluted with frnh 8 found lgorithmF eirrft re llowed to stop one while txiing nd stnd holding is not possileF heir ojetive is to minimize the routing timeF qottelnd et lF PHHQ dpt this pproh to inlude tkeEo' preditions nd xwyg slotsF hey linerly penlize devitions from tkeEo' preditions nd dd lrge penlty for missed slotsF flkrishnn nd tung PHHU propose disrete time integer progrmF heir model minimizes the txi time nd the dely to the tkeEo' sheduleF e lrge penlty is dded for eh irrft rehing the runwy fter its trget timeF heu et lF PHHV nd heu et lF PHHW propose two stges method for optimizing runwy sheduling nd ground routing in order to minimize the delyF pirstlyD the runwy sheduling prolem is solvedD whih provides rget keEy' imes @ysA for deprting irrftF hey re used s n input for the ground routing whih is solved with the pproh of qottelnd et lF PHHQ in the seond phseF Path free wrin PHHT models the pth free pproh with n integer progrm formultion of the pitted multiEommodity )ow prolem in speEtime network @time is disretizedAF eirrft re ssumed to txi with onstnt speedF he weighted routing time @ompletion timeA is minimizedF he model is extended y wrin nd godin PHHV to inlude other oE jetives suh s the numer of ontroller interventionsD the worst txi timeD the dely nd the irport throughputF ueith nd ihrds PHHV propose n integer progrm for the pth free TH pproh optimizing oth the runwy sheduling nd the ground routingF hey minimize weighted omintion of the mkespnD the verge txi time nd the verge distneF he model is slightly dpted y glre nd ihrds PHII to improve omputtionl e0ienyF xeverthelessD omputtion times re still too importntX their model needs more thn minute to hndle instnes with V irrft on smll network with only the runwy holding pointF vesire PHIH presents n itertive lgorithm for the pth free pprohF heir method is sed on n A * lgorithm nd ims to minimize the ompletion timeF viu et lF PHII present hyrid geneti lgorithm nd simulted nneling lgorithm sed on the mutliEommodity )ow model of wrin PHHTF he ide of their method is to reple usul seletion riteri y simulted nneling temperture prinipleF etkin et lF PHII nd vizz et lF PHIR propose n iterE tive pprohF eirrft re routed y uikest th rolem with ime indow @A lgorithmF keEo' preditions re tken into ount y using kwrd version of lgorithmF he method is tested on urih irport nd show potentil txi time redution of up to PQFT7 for etkin et lF PHII nd QHFQ7 vizz et lF PHIRF he method o'ers omputtion times of less thn SHms y irrftF vizz et lF PHIR propose swp sed method for hnging the ssignment orderD whih llows to slightly improve the results while still o'ering very short omputtion timesF 3.2.2 The push back scheduling problem he literture on the ground routing prolem revels tht most of ine0ienies of the txi proess ome from runwy ongestion nd n e redued y stnd holding @see eFgF flkrishnn nd tung PHHU or vizz et lF PHIRAD iFeF y sheduling push k time ltterF fsed on this resultD some ppers fous on the sheduling of push k times nd do not onsider detiled routingF Deterministic models wlik et lF PHIHD tung et lF PHIHD PHII nd etkin et lF PHIP use similr deomposition to heu et lF PHHWX they (rst optimize the tkeEo' sequene nd then llote push k times to meet this tkeEo' sequeneD while trying to sor s muh dely s possile t the stndF sn ftD wlik et lF PHIHD tung et lF PHIHD PHII spot relese times re issued nd not push k timesD whih requires further ollortion with rmp re to trnsfer the dely TI to the gte 2 F qupt et lF PHIP present the onepts of suh ollortionF he min drwk of this prtie is tht the omplexity of the rmp re struture is hidden nd some more pproprite spot relese sequenes my e missedF yn the ontrryD etkin et lF PHIP expliitly onsider rmp re ontentionF e fesile push k time is ssigned to irrft while omputing the tkeEo' sequeneF e sequene is rejeted if suh push k times n not e foundF ush k times re then reEoptimize to improve stnd holdingF xote tht the prolem of onsidering only push k times is tht it requires n urte txi time estimtion in order not to wste the runwy pity nd not to exessively wit t the runwyF he ground routing prolem n e used for solving the push k sheduling prolemD whih my lessen the impt of the txi time preditionF Queuing models en irport n e seen s network of queues nd the push k sheduling prolem hs een (rst modeled s queuing prolem y ujet et lF IWWWF he whole txiwy network is modeled s server of in(nite pity with stohsti proessing timesF hey propose simple threshold poliy tht regultes the numer of irrft txiing or witing t the runwyF grr et lF PHHP dpt this model to tke into ount deprture (x losuresF furgin et lF PHIP re(ne the modeling of the txiwy network nd propose sequentil queues networkF st llows to tke dvntge of reent surfe surveillne tehnologyF e omprison to the threshold poliy of ujet et lF IWWW highlights tht this tehnology n e ene(il when the runwy is operted t intermedite pityF pinllyD imikis et lF PHIR propose push k rte ontrol poliyD whih dvises push k frequeny for the next IS minutesF he method ws tested in rel sitution in foston vogn irport @fyA over IT demo period nd V periods with signi(nt gteEholds were kept for the nlysisF hey estimte n verge erning of one minute nd hlf in txiEout timesF 3.2.3 Our contributions e present ws formultion of the single pth q tht follows the ontinuous time models of meltink et lF PHHR nd thinm et lF PHHVF e extend their pproh to inlude lternte pthsF his requires to formulte seprtion onstrints temporlly s in glre nd 2. In most US airports, particularly in Dallas Fort Worth International airport (DFW) which is considered in these studies, the push back is not managed by the ground controller. Indeed, the ramp area, i.e. the areas around the gates, is managed by ight operators (airlines) or a ramp controller (airport authorities). Their responsibility is to push back aircraft and bring them to predetermined spots (exit point of the ramp area and entry points of the taxiway area), where responsibility is handed over to the ground ATC.
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yur model di'ers in severl other spetsF pirstD we inlude the puntulity inditors of the industry @y nd delyA in the ojetive funtionD in ddition to the txi time nd ompletion time inditorsF e seond di'erene is the link with the runwyF he input of our model is the tkeEo' sequene while the input of most of the models is the tkeEo' shedule with trgeted tkeEo' timesF e mde this hoie euse mnipulting sequenes is more onvenient thn shedules for egsF sn tht wyD our model n e used s tool for supporting runwy sequening deisionsX it provides optiml tkeEo' times from sequeneD while urtely tking into ount routing onsidertionsF pinlly we dd stnd lokge onstrintsF o the est of our knowledgeD the pertinene of the y nd dely inditors hve not een questioned in the ontext of the qF sn numeril studyD we nlyze the impt of inluding these uss in the optimiztionF e show tht they re in ontrdition with the ojetive to redue txi times nd pollution emissions in irportsF e propose new inditors tht re more sustinleD ut lso more relevnt for stkeholdersF yur experiments show tht intermedite txiwysD etween rmp res nd runwysD re not ottlenek in grF st explins why the lternte pths pproh does not sueed in improving the uss signi(ntlyF 3.3 Ground routing problem formulation sn this setionD we introdue the min nottions nd formulte the q s wsF e (rst present the model with single route for eh )ightF hen the model is generlized to onsider set of possile pths for eh )ight @lternte pths pprohAF por oth modelsD the min inputs re the runwy llotionD the tkeEo' sequeneD the lnding shedule nd the stnd llotion pln @inluding the sequene of irrft for every stndAF

Single path model

Taxiway network he txiwy network is modeled s grph G = (V, E) with V the set nodes nd E the set of edgesF here is node for eh txiwy intersetion nd dditionl nodes for stndsF en edge represents n elementry segment of txiwyF he set of rriving nd deprting )ights is F = F arr ∪ F dep F por )ight iD the single pth from its origin o i to its destintion d i is Flight characteristics e )ight i is redy to leve its origin o i t time T o i F por n rriving )ight i ∈ F arr D it orresponds to the rget vnhing ime @TLDTA estimted y egsF por deprting )ight i ∈ F dep D it orresponds to the rget y'Eflok ime @TOBTA estimted y the irline nd the ground hndlersF he sheduled time for )ight i is SB i D this time is used to mesure the dely nd the yF por n rriving )ightD it is the heduled snEflok ime @SIBTAD iFeF the time the irrft is supposed to rrive t its stndF por deprting )ightD it orresponds to the heduled y'Eflok ime @SOBTAD iFeF the time the irrft is supposed to push k from its stndF e )ight i n spend minimum @mximumA time T min iuv @T max iuv A on edge uv ∈ E i F hese times n e diretly omputed from the minimum nd mximum speeds llowed on edge uv for irrft i nd from the edge length @see etion QFRAF he tkeEo' sequene is n input of our modelF he position of deprture i ∈ F dep in the tkeEo' sequene is Γ(i)F

P i = (o i , u 2 , .., u |P i |-1 , d i )F vet V i ⊂ V nd E i ⊂ E
Interactions between ights plights i nd j must hve minimum seprtion time t eh node u ∈ V i ∩ V j X if )ight i rrives (rst t node u t time tD then j nnot ross node u efore t + S iju F vet G ⊂ F dep × F arr the set of possile stnd lokgesF e pir of )ights (i, j) elongs to G if deprture i nd rrivl j re ssigned to the sme stnd nd i is sheduled efore j @in the stnd llotion plnAF sn this seD deprture i must leve the stnd efore rrivl j prks inF Decision variables sn the single pth pprohD the min deisions re the time tht irrft reh eh node of their pthF yur formultion uses the following vrilesX ! t iu X the time when )ight i rehes node u ∈ V i F he origin time t io i orresponds to the lnding time for n rrivl nd to the the push k time for deprtureF he destintion time t id i orresponds to the tkeEo' time for deprture nd to the prkEin time for n rrivlF ! δ i X the dely of )ight i to its sheduled referene time SB i F he dely is max(0, t id i -SB i )

for n rrivl nd max(0,

t io i -SB i ) for deprtureF ! β i = 1 if )ight i is delyed y more thn L 0 with respet to the sheduled referene time SB i @if δ i > LAD H otherwiseF ! z iju = 1 if )ight i rrives efore )ight j in node u ∈ V i ∩ V j D H otherwiseF

TR

Objective function e re interested in minimizing the following performne inditorsF ! i∈F β i X xumer of )ights delyed y more thn L ! i∈F δ i X otl dely ! i∈F (t id i -t io i ) X otl txi time ! i∈F (t id i -T o i ) X otl ompletion time xote tht minimizing the numer of )ights delyed y more thn L is equivlent to mximizing the y L @perentge of )ights with dely less thn LAF yur ojetive funtion is liner omintion of these four inditors using non negtive oe0ients c OT P D c delay D c taxi nd c ct F st n e extended to inlude the xwyg slot ompline ojetive @see eppendix QFeAF MIP formulation he single pth prolem n e formulted y ws QFIF gonstrints @QFPA ensure tht deprtures nnot push k efore they re redy to nd gonE strints @QFQA ensure tht rrivls strt txiing s soon s they lndD in order to free the runwyF gonstrints @QFRA ensure tht n rrivl does not prkEin until the previous deprture hs left @stnd lokge onstrintsAF gonstrints @QFSA ensure the respet of minimum nd mximum time spent on every edge @speed onstrintsAF he mximum time spent on n edge llows to prevent irrft from stopping in ertin txiwy segments @eFgF runwy rossingAF st lso enE sures tht the pity of the edge is not exeeded @iFeF no more irrft tht its length llows itAF xote tht in ll the solutions in our experimentsD irrft never txi t the miniml speedF gonstrints @QFTA ensure the de(nition of sequening vriles z iju D iFeF either )ight i rrives efore )ight j in node u ∈ V i ∩ V j or the oppositeF gonstrints @QFUA ensure tht the tkeEo' sequene is respetedF gonstrints @QFVA nd @QFWA prevent the three kinds of on)it illustrted in pigure QFQF gonstrints @QFVA prevent irrft from umping into eh other t every node @see pigure QFQ@AAD where M is supposed to e high enough vlue @eFgF IH times the time window is lrgely su0ientD it remins in foring every irrft to end txiing in less thn IH times the time window whih is resonleAF gonstrints @QFWA prevent two irrft from using n edge in opposite diretions simultneously @see pigure QFQ@AAF gonstrints @QFWA lso prevent n irrft from overtking nother one on n edgeD whih is physilly impossile @see pigure QFQ@AAF gonstrints @QFIHA to @QFIPA ensure the de(nition of dely vriles δ i nd y vriles β i F pinllyD onstrints @QFIQA to @QFITA speify the domins of the vrilesF

TS min c OT P i∈F β i + c delay i∈F δ i + c taxi i∈F (t id i -t io i ) + c ct i∈F (t id i -T o i ) @QFIA t io i T o i ∀i ∈ F dep @QFPA t io i = T o i ∀i ∈ F arr @QFQA t io i t jd j ∀(i, j) ∈ G @QFRA T min iuv t iv -t iu T max iuv ∀i ∈ F, ∀uv ∈ E i @QFSA z iju + z jiu = 1 ∀i, j ∈ F, ∀u ∈ V i ∩ V j @QFTA z iju = 1 ∀i, j ∈ F dep , u = d i = d j , Γ(i) < Γ(j) @QFUA t ju t iu + S iju -M (1 -z iju ) ∀i, j ∈ F, ∀u ∈ V i ∩ V j @QFVA z iju = z ijv ∀i, j ∈ F, ∀uv ∈ E i ∩ E j @QFWA δ i t io i -SB i ∀i ∈ F dep @QFIHA δ i t id i -SB i ∀i ∈ F arr @QFIIA δ i L + M β i ∀i ∈ F dep @QFIPA t iu 0 ∀i ∈ F, ∀u ∈ V i @QFIQA δ i 0 ∀i ∈ F @QFIRA β i ∈ {0, 1} ∀i ∈ F @QFISA z iju ∈ {0, 1} ∀i = j ∈ F, ∀u ∈ V i ∩ V j @QFITA
ws QFIX ingle pth pproh xote tht it is possile to di'erentite )ights for ll ojetives through slight hnge in the ojetive funtion @indexing the oe0ientsAX

i∈F c OT P i β i + i∈F c delay i δ i + i∈F c taxi i (t id i -t io i ) + i∈F c ct i (t id i -T o i )
st prtiulrly mkes sense for the txi time s ig irrft will onsume more fuel @nd thus pollute moreA thn smll oneF 

V i = ∪ p∈P i V p i F imilrlyD the set of edges tht n e used y )ight i is E i = ∪ p∈P i E p
i F he im of this model is to hoose pth for every )ight nd to shedule the moves long this pthF gonsequentlyD we need to de(ne the following pth seletion vriles nd sheduling vrilesX ! x p i = 1 if irrft i uses pth p ∈ P i D H otherwiseF ! t p iu 0 the time )ight i rehes node u ∈ V i through pth p ∈ P i if )ight i uses pth pD H otherwiseF riles β i D δ i D z iju D t io i nd t id i re de(ned s previouslyF he lternte pths model n e formulted y ws QFPF founding onstrints @QFPA nd @QFQAD stnd lokge onstrints @QFRAD runwy sequening onstrints @QFUA nd vriles de(nition onstrints @QFIHA to @QFIPA nd @QFIRA to @QFITA re still vlid in this formultionF yther onstrints need to e dptedF xote tht

p∈P i u∈V p i x p i = 1 if )ight i uses node uD H otherwiseF imilrlyD p∈P i uv∈E p i x p i = 1 if )ight i
uses edge uvF gonstrints @QFIUA ensure tht one nd only one pth is hosen for every )ightF gonstrints @QFIVA to @QFPPA ensure the de(nition of sheduling vrilesF peed onstrints @QFSA must e repled y onstrints @QFPQAF eprtion onstrints @QFVA must e reple y onstrints @QFPRAF xote tht if )ight i or j does not use the node u ∈ V i ∩ V j then z iju = 0 nd the onstrints is disledF equening onstrints @QFTA must e repled y onstrints @QFPSA to @QFPVAF xote

TU min c OT P i∈F β i + c delay i∈F δ i + c taxi i∈F (t id i -t io i ) + c ct i∈F (t id i -T o i ) s.t.
(3.2 -3.4), @QFUA, (3.10 -3.12), (3.14 -3.16)

p∈P i x p i = 1 ∀i ∈ F @QFIUA t io i = p∈P i t p io i ∀i ∈ F @QFIVA t id i = p∈P i t p id i ∀i ∈ F @QFIWA t p io i T o i x p i ∀i ∈ F dep , ∀i ∈ P i @QFPHA t p io i = T o i x p i ∀i ∈ F arr , ∀i ∈ P i @QFPIA t p iu M x p i ∀i ∈ F, ∀p ∈ P i , ∀u ∈ V p i @QFPPA T min iuv x p i t p iv -t p iu T max iuv x p i ∀i ∈ F, ∀p ∈ P i , ∀uv ∈ E p i @QFPQA p∈P j u∈V p i t p ju p∈P i u∈V p i t p iu + S iju -M (1 -z iju ) ∀i, j ∈ F, ∀u ∈ V i ∩ V j @QFPRA z iju + z jiu p∈P i u∈V p i x p i + p∈P j u∈V p i x p j -1 ∀i, j ∈ F, ∀u ∈ V i ∩ V j @QFPSA z iju + z jiu 1 ∀i, j ∈ F, ∀u ∈ V i ∩ V j @QFPTA z iju p∈P i u∈V p i x p i ∀i, j ∈ F, u ∈ V i ∩ V j @QFPUA z iju p∈P j u∈V p i x p j ∀i, j ∈ F, u ∈ V i ∩ V j @QFPVA z iju -z ijv p∈P i uv∈E p i x p i + p∈P j uv∈E p i x p j -2 ∀i, j ∈ F, ∀uv ∈ E i ∩ E j @QFPWA z ijv -z iju p∈P i uv∈E p i x p i + p∈P j uv∈E p i x p j -2 ∀i, j ∈ F, ∀uv ∈ E i ∩ E j @QFQHA t p iu 0 ∀i ∈ F, ∀p ∈ P i , ∀u ∈ V p i @QFQIA t io i , t id i 0 ∀i ∈ F @QFQPA x p i ∈ {0, 1} ∀i ∈ F, ∀p ∈ P i @QFQQA
ws QFPX elternte pths pproh TV tht onstrints @QFPSA nd @QFPTA re equivlent to onstrints @QFTA if )ight i nd j uses node uF ytherwise these onstrints hve no e'etF elso note tht onstrints @QFPUA to @QFPVA re not neessry s the optimiztion will nturlly verify them to disle ssoited seprtion onstrints if neessryF yvertke nd hedEon onstrints @QFWA re equivlent to onstrints @QFPWA nd @QFQHA if )ight i nd j uses edge uvF ytherwiseD the right hnd side is less or equl to EI or EP nd the onstrints hve no e'etF snluding the option of hoosing pth inreses drstilly the numer of onstrints nd inry vrilesD espeilly if high numer of pths is possileF glre nd ihrds PHII hd the sme prolem in their modelF hey designed n itertive pprohD lose to onstrints genertion proessD to tkle itF st onsists is solving the ws without suset of onstrints @nd the inry vriles tht pper only in these onstrintsAF sf the optiml solution of the otined ws does not stisfy some onstrints not tken into ountD they re dded to the ws @with the involved inry vrilesAD whih is then solved ginF he proess is repeted until the urrent optiml solution stis(es ll onstrints of the prolemD even those tht hve een relxedF es shown y glre nd ihrds PHIID for this kind of prolemD solving smller nd simpler wsD even severl timesD is more e0ient thn solving the whole wsF st is lso the se for our formultionF he onstrints tht we hve hosen to relx re those involving sequening vriles z iju D iFeF seprtion onstrints @QFPRAD sequening onstrints @QFPSA to @QFPVA nd overtking G hedEon onstrints @QFPWA nd @QFQHAF his method redues the omputtion times signi(ntlyD the mximum omputtion time ws divided y pproximtely QF e do not present omprison s it hs lredy een shown y glre nd ihrds PHIIF e tried to pply the sme pproh for the single pth modelD ut no improvement were oservedF 3.4 Data set and instances sn this setion we present our instnes nd how they were genertedF ih instne repreE sents n opertionl dy in gopenhgen eirport @grAF Runway conguration he most frequent runwy on(gurtion in gr is the PP mode @220 • with the northAD with tkeEo's on runwy PP @aightA nd lndings on runwy PPv @vaveftAF sn the month of eptemer PHIPD we hve seleted V usy dys @with more thn UHH )ightsA in whih more thn WV7 of )ights were operted in this runwy on(gurtionF he V TW instnes hve similr tr0 pro(leF he verge numer of rrivls nd deprtures y hour is presented in pigure QFRF winimum runwy seprtion times used t gr re presented in le QFIF Taxiway network pigure QFS presents the grph of the txiwy network with the PP runwy on(gurtionF en edge represents n elementry txiwy segmentF e node needs to e de(ned for eh txiwy intersetionF here is lso node for eh stndF he grph is omposed of WQ nodes nd PQS edgesF he stndrd pth etween eh stnd nd eh runwy ws provided y the irportD s well s the stndrd push k sheme nd its durtionD for eh stndF e oserved on ground rdr dt tht stndrd pths were used for more thn VQ7 of )ightsF qround rdr dt lso provides n estimtion of the mximl speedsF fsed on these dtD we ssume mximl speed of IS mGs for the txiwys round the runwy @in lue in pigure QFSAD of S mGs for the txiwys round the stnds @in red in pigure QFSA nd of IH mGs for the other txiwysF e minimum speed of P mGs is ssumed on every edgesF he minimum nd mximum times spent on n edge @T min iuv nd T max iuv A n e diretly omputed from the minimum nd mximum speeds llowed on this edge nd from the edge lengthF he minimum seprtion time @S iju A etween two irrft is ssumed to e RH seonds for every nodes @exept the runwysD see le QFIAD whih gurntees minimum seprtion of VH meters etween irrftF pigure QFSX he txiwy network when runwys re operted in PP mode Flights he ground rdr dt does not ontin informtion on )ights ut only reords omE posed of irrft identi(erD position in the irport nd time stmpF he irport opertionl dtse provides other useful dt for eh )ightF st gives the heduled snEflok ime @sfA or the heduled y'Eflok ime @yfAD denoted y SB i in our modelF por eh rriving )ightD it lso provides the etul vnhing ime @evhA whih n e used to de(ne the relese dte T o i F roweverD we did not hve ess to the relese dte @or redy timeA for deprting )ightsD s gr ws not eEghw irport in PHIPF es push k s soon s possile poliy is used in gr most of the timeD we hve deided to tke the etul y'Eflok ime @eyfA to de(ne the relese dte T o i for deprting UI )ightsF pinllyD the tkeEo' sequene is the tul one whih n e derived from the etul keEy' imes @eysAF Average performance indicators ell results re verged mong the V dys nd the irrftF por instneD n verge txi time of V minutes mens tht it tkes on verge V minutes for n irrft to txiD mong the V dysF e hoose the y IS inditor @L = 15A whih is one of the min puntulity inditors in the ir tr0 industryF

Numerical results

he results re presented for the single pth prolemD exept in etion QFSFQ where we study the e'et of the numer of pthsF e set c taxi = 1 without loss of generlityD s we vry the other weights c ct D c delay nd c OT P F esults of mixed integer progrms were otined with gplex IPFR solver using defult prmeter tuning on personl omputer @sntel gore iSEPRHH QFIHqhzD Rqo ewA under untu IPFHR v operting systemF tv gonert es ws used to de(ne the modelsF 3.5.1 Sliding window optimization es there re mny stohsti eventsD it is not possile to shedule the movements of irrft for the entire dyF rene the q is usully solved dynmilly with sliding window pprohD in oth literture nd prtieF he longer the time window is the etter the solutions reD ut the higher the omputtion times reF he optimiztion does not need to e performed ontinuously ut only when new irrft enters the systemF yne n irrft hs strted txiingD hnging its shedule is not llowed in the next time windowsD ut it hs to e tken into ount to ensure on)it free routingF sn the rest of the numeril study we set time window of QH minutesF his ssumption seems resonle in the ontext of eEghw projet in whih irlines nd ground hndlers re required to ommunite urte redy times QH to RH minutes in dvneF ith QH minutes time windowD omputtion times were lwys elow two seonds for the single pth pprohF st ppers tht time window of IS minutes is su0ient in our test seD iFeF longer time windows do not provide etter solutionsF his vlue my e irport dependent nd nnot e generlized without experiments in other irportsF pigure QFTX i'et of inluding the dely inditor in the optimiztion for rrivls @dshed linesA nd deprtures @solid linesA @c taxi = 1D c OT P = 0A por rrivlsD we oserve tht uss re not muh impted y c delay D whih n e explined s followsF he ontriution of delyed rriving )ight i ∈ F arr @t id i > SB i A to ojetive UQ funtion @QFIA isD within onstnt nd euse lnding time t io i is (xed @see onstrints @QFQAA (c delay + c taxi + c ct )t id i + c OT P 1 {t id i >SB i +L} @QFQRA st lerly ppers tht uss re sed only on vriles t id i F herefore inluding the dely dds redundny nd there is no trdeEo' to e done etween the txi time nd the delyF yn the ontrry for deprturesD inresing c delay redues delys ut inreses txi timesF yne n even oserve threshold e'et etween the dely nd the txi time when c delay = c taxi F st is explined y the ontriution of delyed deprture i ∈ F dep @t io i > SB i A to the ojetive funtionD whih isD within onstntD

(c delay -c taxi )t io i + (c taxi + c ct )t id i + c OT P 1 {t io i >SB i +L} @QFQSA
st lerly highlights n opposition of the txi time nd the dely for deprturesF hen c delayc taxi > 0D pushing k irrft erlier @whih redues t io i A is preferle s it redues delysF fut it leds to longer txi times when the runwy is ongestedF hen c delay -c taxi < 0D holding irrft t stnds s muh s possile @whih inreses t io i A is more pro(tle nd voids runwy queuingF st onsequently dereses txi timesD ut implies lrger delysF o further illustrte the opposition etween the txi time nd the dely for deprturesD pigure QFU detils the results long the dy with QH minutes time window nd S minutes stepF por instneD t ThHSD QFU@A plots the numer of deprtures in the time intervl ThHSDThQSF pigure QFU@A plots the dditionl txi time nd the dditionl dely when we set c delay = 2 insted of c delay = 0F e oserve di'erenes minly during the peksF sn lowsD irrft push k s soon s possileD go to the runwy in the shortest time nd tkeEo' immeditelyF reneD ll performne inditors re optimizedF sn pek hoursD the runwy is sturted nd )ights nnot tkeEo' s soon s they reh the runwyF hey must either wit t stnds or t the runwyF hen c delay = 0D stnd holding is preferred sine it redues the txi timeF hen c delay = 2D pushingE k erlier is preferred in order to redue delys to the sheduled push k timeF sn onlusionD delys nnot e signi(ntly redued without degrding txi times in pek hoursF UR pigure QFV presents the e'et of the weight c OT P on ll uss for rrivls @dshed linesA nd deprtures @solid linesA nd for di'erent vlues of c ct F he results hve some similrities with the previous setionD s the y IS is highly orrelted to the verge delyF roweverD there re some di'erenes to e highlightedF e oserve tht it is possile to signi(ntly improve the y without degrding muh the txi timeF woreoverD there is no thresholdF rere ginD the issue is to deide for eh deprture if the witing timeD due to runwy ongestionD my e spent t the stnd or t the runwyF y IS is )exile s it provides mrgin of IS minutesD ontrry to the dely for whih every minute mttersF his IS minutes mrgin n e used to hold irrft t stnds nd onsequently to redue the witing time t the runwyF US pigure QFVX i'et of inluding the y inditor in the optimiztion for rrivls @dshed linesA nd deprtures @solid linesA @c taxi = 1D c delay = 0A 3.5.2.3 Eect of reducing the network capacity pigure QFU@A revels tht the mximl runwy pity is not exeeded even in deprture peks @≈ PH irrft vs mximl pity of QH irrftAD whih mens tht the irport is not overEongestedF o simulte higher ongestionD we fous on the morning pek @from S to UA nd redue network pity y inresing the minimum seprtion times t eh nodeD inluding the runE wyF ell seprtion times re multiplied y ftor γF pigure QFW presents the e'et of γ on the performne inditorsD for three di'erent ojetive funtions @without dely nd y indiE torsD with dely inditor nd with y inditorAF e oserve tht the lrger γ isD the more there is n opposition etween the txi time nd the puntulity inditorsF por instneD the UT deprture txi time is inresed y U minutes @respF P minutesA if we inlude the dely @respF yA in the ojetive funtionD when γ = 2F c delay = c OT P = 0 c delay = 2 ; c OT P = 0 c delay = 0 ; c OT P = 1800 pigure QFWX i'et of inresing seprtion times during the morning pek @from S to U mA for rrivls @dshed linesA nd deprtures @solid linesA @c ct = 2 nd c taxi = 1A

3.5.2.4 New departure punctuality indicators tnd holding sueeds in reduing the txi time signi(ntly y trnsferring runwy queuing time with engines on to the stnds with engines o'F e oserved in (gures QFU nd QFW tht it is prtiulrly e0ient during deprture peksF xeverthelessD our nlysis lso shows tht this prtie degrdes the puntulity inditorsF rene irports nd irlines my e relutnt to use stnd holding nd my prefer push k ee poliy to ensure good deprture inditorsF sn this setionD we question the relevne of y nd dely inditors for irlines nd irports nd propose new puntulity inditorsF UU fritish eirwys PHHVEHW propose to se the mesure of deprture puntulity for irlines on the redy time nd not on the push k timeF st seems more pproprite sine irlines re not ountle for the dely etween the redy time nd the push k timeF wesuring the puntulity with respet to push k times is lso very rti(il for irports s dditionl delys our during the txi proess nd prtiulrly in the runwy queueF husD it would e muh more nturl to se the mesure of the puntulity on tkeEo' timesF roweverD heduled keEy' ime @yA does not exist neither in eEghwD nor @to our knowledgeA in the industryF e propose to de(ne y s yf plus onstnt depending on the irportD for instne the verge deprture ompletion time @ATOT -T OBT AF yur models n esily e dpted to mesure the dely nd the y with respet to yF gonstrints @QFIHA n e merged with onstrints @QFIIA s follows X

t id i SB i + L + M β i ∀i ∈ F δ i t id i -SB i ∀i ∈ F
where SB i is the heduled snElok ime @SIBTA for rrivls nd the hedule keEy' ime @STOTA for deprturesF y onstrints @QFIPA re unhngedF pigure QFIH presents the e'et of the ongestion ftor γ with the new de(nition of the dely nd the yF e oserve tht inluding the dely to sf G y in the ojetive funtion does not impt the ussF st n e explined y the ontriution of delyed deprture i ∈ F dep @t id i > SB i A to the ojetive funtion @within onstntAX

c taxi t io i + (c taxi + c ct + c delay )t id i + c OT P 1 {t id i >SB i +L}
foth the ompletion time nd the dely re now sed on tkeEo' times nd re thus redundntF he ontrdition etween the txi time nd the dely is tkledF prom prtil point of viewD it mens tht optimizing the ompletion times nd the txi times is su0ient to optimize the new delyF e performed the sme study for the y nd the sme onlusions were otinedF he new de(nition of the deprture puntulity inditors will e used in the rest of this hpterD iFeF the dely nd the y will e mesured with respet to yF UV pigure QFIHX i'et of inresing seprtion timesD with the new puntulity inditorsD during the morning pek @from S to U mA for rrivls @dshed linesA nd deprtures @solid linesA @c ct = 2 nd c taxi = 1A

3.5.3 Eect of the number of paths sn this setionD we ompre the single pth pproh to the lternte pths one through n nlysis of the e'et of the numer of pthsF he lternte pths were generted with kE shortest pths lgorithm @s proposed y qottelnd et lF PHHIA with k = 10F hen unrelisti pths were (ltered to respet si routing logi @no ylesD turningEnglesD etFFFAF he (nl numer of pths etween stnd nd runwy is etween Q nd W in our dtF he (rst pth of the set is lwys the one used in the single pth pproh @provided y the irportAF pigure QFII shows tht the numer of pths hs limited e'et on uss ut inreses lot the omputtion timeF yne n lso notieD tht onsidering more thn two pths does not improve the resultsF gonsequentlyD omputtion times n e redued y restriting the numer UW of pthsD whih rings the mximum omputtion time from TI seonds to PUD ut the method is still di0ult to implement in pek hoursF xeverthelessD experiments were performed with stndrd omputer nd simply inresing omputing power my e enough to (t industril requirementsF he lk of gin provided y the lternte pth n e explined y the struture of the txiwy networkX there re two min prllel txiwys serving the stnds nd eh one is used in di'erent diretion in the single pth pprohD onsequently voiding most of hedEon on)its etween deprtures nd rrivlsF yn the ontrryD the re round the stnds is muh more intrite nd generlly o'ers single txiwyF his mens tht the lternte pths do not llow to void muh more on)its tht the single pth pprohF his intuition is further explored in the next setion through n nlysis of the irport ottleneksF 3.5.4 Bottleneck analysis he txiwy network n e divided in three distint prtsX the runwyD the rmp re @the re round the stndsA nd the txiwy reF sn this setionD we evlute the impt of eh re on the routingD y relxing its onstrints in the optimiztionF pigure QFIP presents the results of this nlysisF All constraints mens tht ll onstrints re tken into ountF Taxiway mens tht sfety onstrints of the txiwy re re relxedF Ramp mens tht sfety onstrints of the rmp re nd stnd lokges onstrints re reE lxedF Runway mens tht seprtion onstrints of the runwy re relxedF fesides no tkeEo' VH sequene is foredF No constraint is the se where ll the ove onstrints re relxed nd irE rft txi t mximl speeds without stopping nywhereF he dely nd the y re mesured with respet to sf G y @s de(ned in etion QFSFPFRAF pigure QFIP shows tht the txiwy re hs limited impt on inditorsD whih join the onlusion of previous setionF yn the ontrryD the rmp re nd the runwy hve more signi(nt impt on inditorsF pigure QFIPX fottlenek nlysis @c ct = 2, c taxi = 1, c OT P = c delay = 0D new y nd delyA

Conclusion

sn this hpterD we formulte the ground routing prolem s wsF e present formultion with single pth nd generlize it to inlude lternte pthsF e onsider n ojetive funtion tht inludes the puntulity inditors used in industry @verge dely nd y ISAF sn numeril study sed on dt from grD we (rst show how the industry puntulity inditors re in ontrdition with sustinle mngement of irportsF he puntulity of deprtures is urrently mesured with respet to push k timesD whih enourges to push k s soon s possile nd results in lrge txi times in pek hours euse of runwy ongestionF snluding the dely in the ojetive funtion leds to txi time inrese of I minute in verge for deprtures t grF sn more ongested situtionsD this inrese n reh T minutesF snluding the y IS in the ojetive funtion hs less impt in urrent tr0 situtionsF roweverD in more ongested situtionsD it lso leds to longer txi timesF VI e propose to mesure the puntulity of irports with respet to tkeEo' times nd not with respet to push k timesF e show tht this new mesure of puntulity do not prevent stnd holding nd limit pollution emissionsF fesides they re more pproprite sine they pture dditionl delys etween push k nd tkeEo'F e lso show tht intermedite txiwys re not ottlenek of gr eirport nd tht onsidering lternte pths do not improve the performne inditors signi(ntlyF xumeril experiments were performed in gr nd we my wonder to wht extent our results n e generlized to other irportsF sn ongested irportsD the dely nd y inditors will intuitively not e dequte to mesure puntulityD s they enourge to push k s soon s possile nd led to long txi timesF sn non ongested irportsD it will not mtter s push k s soon s possile poliy should e nerly optimlF he min prllel txiwys serving the rmp res in gr prevent most of hedEon on)its in the txiwy reF uh struture is very ommon nd is present in the (ve most frequented irports in the world 3 F sn suh on(gurtionsD the lternte pth pproh will proly not ring muh with respet to the single pth pprohF roweverD the lternte pth pproh is ertinly more ene(il in irports with more omplex txiwy lyoutD typilly with runwy rossing s shown y flkrishnn nd tung PHHUF VP where c N M OC i 0F pollowing onstrints re neessry to ensure the de(nition of vriles

β i F t id i CT OT i + 10 * 60 + M β i ∀i ∈ F reg dep t id i CT OT i -5 * 60 -M β i ∀i ∈ F reg dep β i ∈ {0, 1} ∀i ∈ F reg dep
he devition inside the slot n lso e onsideredD it n e modeled in similr wy tht the devition to the tkeEo' sheduleF ! e hose not to use the devition to y s n ojetive ut it n esily e modeled s it is often used in the litertureF e need to de(ne new ontinuous vriles δ i for every deprture i ∈ F dep whih will mesure the devitionF he devition to ys is

i∈F dep c T T OT i δ i
where c T T OT i 4.1 Introduction sn ghpter QD the runwy hs een identi(ed s n importnt ottlenek of the deprture tr0 in gopenhgen eirport @grAD espeilly during peksF uh (nding is lssilX in oth the literture nd the industryD runwys re reognized s one of the most ritil resoures due to their srity @see eFgF sdris et lF IWWV or etkin et lF PHHUAF es uilding new runwys is not short term solution nd is often not possileD n e0ient use of urrent runwy pity is ruilF sn this hpterD we fous on the unwy equening rolem @AF st onsists in sequening runwy opertions while ensuring sfetyD iFeF in deiding in whih order @nd whenA eh irrft tkes o'D lnds on or rosses runwyD while respeting minimum seprtion requirementsF hepending on the irport lyoutD runwy ssignment n e lso prt of the prolemF his prolem is issued y eir r0 gontrollers @egA on n opertionl window of typilly IH to RH minutesF vonger time windows n hrdly e onsidered euse of perturtions ourring the dy of opertionsF rene sliding time window sheme is implied nd is used in oth the literture nd the prtieF gonsequentlyD the prolem hs to e solved very often nd omputtion times re ritilF he qulity of runwy sequene is de(ned y di'erent riteriF he min riterion is the e0ieny nd the good use of the runwy pityF sn the litertureD it is often modeled y the runwy throughput @mkespnAD the totl @weightedA ompletion time or the totl @weightedA devition to trgeted tkeEo' or lnding timesF iquity is nother importnt riterionD it is often mesured y the devition to the pirst gome pirst erve order @pgpD the firest orderA or the mximum delyF winimum seprtion requirement is the min limiting ftor of runwy pityF feuse of wke vortexD n irmss is pertured when it is rossed y n irrft nd minimum seprtion time must e respeted etween two irrft to ensure the sfety of the seond oneF he hevier the leding irrft isD the igger the wke vortex is nd thus the longer the seprtion isF he lighter the triling irrft isD the more it is sujet to turulene nd the longer the seprtion time isF eirrft re lssi(ed in wke vortex tegories y the snterntionl givil evition yrgniztion @sgeyA nd the minimum seprtion etween two irrft depends on their respetive lsses @see eFgF le RFIAF edditionl seprtion my e neessry to prevent on)its in irspe segment of routes linking entry nd exit points of the erminl wneuvering ere @weA to the runwysD lso VT known s tndrd snstrument heprture routes @shsA nd tndrd erminl errivl outes @esAF winimum seprtion requirements re lso required for runwy rossingsF VU on the djent runwy tooF sn tht seD one runwy is used for deprtures nd the other one for rrivlsF ome ommon on(gurtions re presented in pigure RFIF his hpter is orgnized s followsF e literture review of relted works is presented in etion RFPF wo models with some improvements from the literture re presented in etion RFQ with our new reformultionF hen omprison of these pprohes is presented in etion RFRF etion RFS drws the key onlusions of this hpterF 4.2 Literature review es one of the min prolems of irport resoure mngementD the unwy equening roE lem @A hs een rodly studied nd mny tehniques hve een proposed for ddressing itF here tully re mny vrints of the D depending on the runwy on(gurtionF hey minly di'er in tr0 typeX some vrints fous on tkeEo's with or without runwy rossingD some vrints fous on lndings nd some other ones del with mixed modeF hese vrints re not fundmentlly di'erent ut do not involve the sme seprtion stndrdsF he onsidertion of multiple runwysD nd thus runwy ssignmentD is nother signi(nt distintionF fennell et lF PHII present detiled desription of the prolem vrints nd n extensive literture reviewF hey notie tht lnding sequening prolems reeived greter interestF ine PHIID the interest in mixed mode prolems hs inresedF unwy ssignment hs lso roused reent works due to its hllenging omputtionl di0ultyF fsed on their extensive lssi(tion y solving tehniquesD we rie)y rell the most in)uening works prior to PHII nd omplete the lssi(tion with reent worksF Problem complexity es shown in fesley et lF PHHHD even the simpler vrints of the @single runwy nd single tr0 typeA re xEhrd for most of the ojetives euse of redy times nd sequene dependent seprtion requirements @similrities to jo shop sheduling prolem with redy times nd sequene dependent proessing or setEup timesAF xeverthelessD prtiulr ses n e solved in polynomil time using the struture of the seprtionsD whih re sed on wke vortex tegoriesF essuming tht irrft of the sme tegory re similar llows to sequene them in the pirst gome pirst erve order @pgpA inside eh lss without loss of optimlity 2 F his property llows to design polynomil lgorithms 2. see [START_REF] Briskorn | Aircraft landing problems with aircraft classes[END_REF] for a rigorous denition of similar VV in the numer of irrftD ut nonEpolynomil in the numer of tegories @see friskorn nd tolletz PHIRAF hese lgorithms re not lwys dpted to tkeEo' sequening prolems sine dditionl seprtion times n e neessry for sfety in shs nd euse of gpw slots whih di'erentite irrftF woreoverD it lso forids ny other di'erentitionD suh s the weighted ompletion times where weights n e the numer of pssengers on ord to minimize the totl pssengers witing timeF yther prtiulr ses n e solved in polynomil time without ny ssumption on the seprtions ut using the soElled gonstrined osition hifting @gAD where eh irrft n only e shifted y limited numer of positions from the pgp order @see flkrishnn nd ghndrn PHIHAF hese pprohes re polynomil in the numer of irrft ut exponentil in the mximum numer of position shiftingF hey dditionlly ensure firnessF Dynamic programming (DP) fsed on the ssumption of lssi(tion in wke vortex tegoriesD srftis IWUV proposes h for mximizing runwy throughput in lnding sequening prolem where redy times re not tken into ountF frentnll PHHT extend the pproh to inlude redy times nd model the totl ompletion timeF friskorn nd tolletz PHIR further extend the pproh to multiple runwy operted in mixed mode for pieewise liner ojetive funtionsF xevertheless the lgorithm presented is not trtleD even if polynomilF vieder et lF PHIS present dominne riterion to redue the serh spe nd onsequently mke the lgorithm trtleF thinm et lF PHHW onsider holding point onstrints in tkeEo' sequening prolem on single runwyF eirrft re preEssigned to runwy entry queues nd (rst ome (rst serve order hs to e respeted inside eh queueF sing this strutureD the prolem is e0iently solved y h tht minimizes the totl irrft delyF flkrishnn nd ghndrn PHHTD PHHUD PHIH propose polynomil h under g for mixed modeF he pproh is sed on the soElled g grph nd they onsider severl ojetives suh s the runwy throughput or the totl delyF hey lso onsider ritrry irrft dependent osts through time disretiztion @timeEspe networkAF Integer Programming (IP) and Mixed Integer Programming (MIP) he referene ws model is presented y fesley et lF PHHHF he model minimizes the devition to trget lnding times on multiple runwys not neessrily independentF st uses inry vriles for sequening irrft nd ontinuous vriles for sheduling themF edditionl inry VW vriles re used to del with runwy ssignmentF hey lso propose disrete time modelF olveling et lF PHII use similr model for lose prllel runwys operted in segregted mode with runwy rossingF heir ojetive funtion gthers severl di'erent ojetives whih re onverted into dollrs for homogeneityF friskorn nd tolletz PHIR lso use similr model nd onsider rrivls nd deprtures on multiple mixed mode runwysF eirrft lsses re ssumedD whih llows to (x sequening vriles inside eh lssF qhoniem et lF PHIR propose similr model for minimizing the mkespn for rrivls nd deprturesF hey propose severl tehniques for strengthening the liner relxtion @preproessing nd proing proeduresD vlid inequlitiesFFFAF hey lso derive two heuristi lgorithms whih onsist in (xing some sequening vriles in their modelF uim et lF PHIH extend the ws of fesley et lF PHHH to onsider entry nd exit points of the erminl wneuvering ere @weD the irspe round the irportA nd gtesF heir model ims t minimizing totl emissions in the we through runwy ssignment nd tkeEo' nd lnding shedulingF imissions inlude txi phseD tkeEo'Glnding phseD limEoutGdesent phse nd queuing timeF purini et lF PHIP propose n lterntive ws formultion minimizing the totl dely for oth rrivls nd deprtures on single runwyF st uses inry vriles inditing the position of irrft in the runwy sequeneF pye PHIS onsiders the sme prolem thn fesley et lF PHHHF ime is disretized whih llows to model severl di'erent ojetivesF he pproh is sed on pproximting the seprtion mtrix y rnk two mtrixF hepending on the hoie of pproximtionD it provides n upper or lower oundF hese ounds re used in onstrint genertion lgorithm for solving the prolem extly or heuristillyF Greedy algorithms and metaheuristics everl geneti lgorithms hve een proposed for solving the lnding sequening prolemD more detils n e found in fennell et lF PHIIF rnerliogullri et lF PHIQ minimize the totl weighted trdiness on multiple runwys operted in mixed modeF hey propose three greedy lgorithms nd two metheuristisF heir simulted nneling lgorithm is shown to provide good solutions in resonle omputtion timesF WH Other approaches etkin et lF PHIP onsider single runwy tkeEo' sequening prolem tking into ount stnd ontentionF heir pproh ims t providing simultneously tkeEo' nd push k timesF hey proeed in two phsesX they (rst ompute n optimized runwy with fesile push k timeF henD push k times re reoptimized to redue runwy queuing timeF he runwy optimiztion lgorithm is omplex heuristi whih ore lgorithm is frnh 8 found @f8fA emedded in rolling windowF fosson et lF PHIR ddress lnding sequening nd irspe movements sheduling under unertintyF fosson et lF PHIR dditionlly onsider ground movement in the pprohF hey onsider stohsti relese times nd due dtes @estimted time of rrivl nd deprtureA through smpling @mple everge epproximtionA emedded in QEphses deompositionF h9erino et lF PHIS trets runwy sequening prolem tking irspe segment into ount nd minimizing dely propgtionF heir pproh is sed on elternte qrphs from jo shop sheduling litertureF hey propose heuristi lgorithms nd n ext f8fF purini et lF PHIS emed the ws of fesley et lF PHHH nd the ws of purini et lF PHIP in rolling horizon pproh for minimizing the totl weighted dely on single runwy operted in mixed modeF hey lso propose tu serh lgorithmF hey ompre di'erent riteri for splitting the optimiztion time windowF qhoniem et lF PHIS present olumn genertion pproh for minimizing the totl weighted ompletion time on multiple runwys operted in mixed modeF he mster prolem is set prtitioning prolem nd olumn represents n ssignment pln to runwy @iFeF gthers group of irrft ssigned to the sme runwyAF golumns re evluted with h ssuming wke vortex tegoriesF Summary of our contributions he literture review revels tht the hs een rodly studied nd tht mny solving tehniques hve een investigted for the isolted prolemD while only few works hve studied its integrtion with other resouresF gonsequentlyD our min ontriution is the integrtion of the with the qround outing rolem @qAD treted in ghpter SF xeverthelessD this hpter ontriutes in improving model from the literture through the reformultion of seprtion onstrintsF yur reformultion is sed on wke vortex tegoriesD ut it does not rely on ny ssumption implying loss of generlityF WI 4.3 The single runway take-o sequencing problem sn this setionD we ddress the minimiztion of the totl ompletion time on single runwy prolemF he presented models re vlid for segregted tkeEo'sD segregted lndings or mixed modeD inluding runwy rossingF e fous on the se of segregted tkeEo'sF qiven set of )ights FD the im is to shedule tkeEo' times suh tht the totl ompletion time is minimizedF ivery pir of )ights i, j ∈ F must e sfely seprtedX minimum seprtion time S ij is required etween )ights i nd jD if i preedes jF e )ight i ∈ F is sujet to time window restrition de(ned y n erliest nd ltest tkeEo' time e i nd l i F irliest tkeEo' time e i re due to the rediness of irrftF vtest tkeEo' times l i intend to prevent exessive delysF keEo' time windows [e i , l i ] will e referred to s tkeEo' slotsF es mentioned in etion RFPD this prolem is xEhrd due to similrities to jo shop sheduling prolem with redy times nd sequene dependent proessing times @see fesley et lF PHHHAF e present ws nd n s formultion tht hve originlly een proposed y fesley et lF PHHH for sequening lnding while minimizing the devition to some trgeted lnding timesF wny other ojetives n e onsidered nd irrft n e distinguished from eh other @y weightingA thnks to the )exiility of liner progrmmingF smprovements from the literture re lso presented for oth modelsF e dditionlly present new formultion of seprtion onstrints for the sF sn ghpter SD we fous on the integrtion of the with the qD whih indues di'erenes etween irrft elonging to the sme wke vortex tegoryF gonsequentlyD the models we present herefter do not ssume ny similritiesD even if it ould llow to design more e0ient lgorithmsF 4.3.1 Continuous time MIP 4.3.1.1 Original model [START_REF] Beasley | Scheduling aircraft landings -the static case[END_REF] he model uses ontinuous vriles for sheduling )ights nd inry vriles for sequening themX

! t i ∈ [e i , l i ] the tkeEo' time of )ight i ∈ FF ! z ij = 1 if )ight i ∈ F tkes o' efore )ight j ∈ FD H otherwiseF WP he prolem n e formulted s followsF min i∈F t i @RFIA s.t. e i t i l i ∀i ∈ F @RFPA (M IP ) z ij + z ji = 1 ∀i, j ∈ F @RFQA t j t i + S ij -M ij (1 -z ij ) ∀i, j ∈ F @RFRA z ij ∈ {0, 1} ∀i, j ∈ F @RFSA
yjetive funtion @RFIA is the totl ompletionF gonstrints @RFPA ensure the respet of tkeEo' slotsF gonstrints @RFQA ensure tht either i tkes o' efore j or the oppositeF gonstrints @RFRA ensure minimum seprtion requirementsD where essuming tht irrft of the sme wke vortex tegories re similr llows to (x mny vriles in the model @the length of slots l i -e i must e equl for every )ight of given tegoryAF sndeedD there exists n optiml solution suh tht irrft tke o' in pgp order in eh lss @see friskorn nd tolletz PHIRAF st llows to (x ll vriles z ij linking two )ights of the sme wke vortex tegories @z iju = 1 if e i < e j AD whih signi(ntly redues the numer of inry vrilesF xonethelessD it lso redues the model generlity nd it n hrdly e generlized to integrte ground routingF roweverD vriles (xing is signi(nt improvement from the literture nd we will evlute its e'et in etion RFRF his model is herefter referred to s MIP var xF 4.3.2 Discrete time IP sn this setionD we present disrete time modelF sn prtieD estimtion of redy times t the runwy re t preision of I minute nd seprtion stndrds of le RFI re t preision of QH seondsF hereforeD disretiztion step of QH seonds is enough to ensure optimlityF WQ 4.3.2.1 Original model [START_REF] Beasley | Scheduling aircraft landings -the static case[END_REF] e denote s T i the disrete set of possile tkeEo' timesD iFeF the disretiztion of the intervl [e i , l i ] @T i = {e i , e i + 30, . . . , l i }AF he model uses inry vriles x it = 1 if )ight i ∈ F tkes o' t time t ∈ T i nd H otherwiseF he prolem n e formulted s followsF

min i∈F t∈T i c it x it @RFTA (IP ) s.t. t∈T i x it = 1 ∀i ∈ F @RFUA x it + x ju 1 ∀i, j ∈ F, ∀t ∈ T i , ∀u ∈ T j , t u < t + S ij @RFVA x it ∈ {0, 1} ∀i ∈ F, ∀t ∈ T i @RFWA
where c it = t for modeling the totl ompletion time in ojetive funtion @RFTAF xote tht oe0ients c it n e used to model mny other ojetives nd prtiulrly non liner ojetivesD unlike the ws formultionF gonstrints @RFUA ensure tht )ights tkeEo' one nd only one in their slotF gonstrints @RFVA ensure minimum seprtion requirementsX his model is herefter referred to s IPF xote tht if l i = +∞D IP ontins n in(nite numer of vriles nd nnot e diretly solved with solverF his prolem is tkled in etion RFQFPFRF 4.3.2.2 Reformulation of separation constraints [START_REF] Fahle | The aircraft sequencing problem[END_REF] his model is not further explored y fesley et lF PHHHD ut phle et lF PHHQ propose to reformulte seprtion onstrints @RFVA using lique onstrints s follows

x it + u∈T j t-S ji <u<t+S ij x ju 1 ∀i, j ∈ F, ∀t ∈ T i @RFIHA
IP with suh onstrints reformultion will e referred to s IP FahleF 4.3.2.3 Reformulation of separation constraints using wake vortex categories e propose stronger reformultion sed on wke vortex tegoriesF st must e understood tht wke vortex tegories re used only to design vlid inequlitiesD whih does not lessen the generlity of the modelX eh irrft is still di'erentited from eh otherF elsoD dditionl seprtions n still e dded with either gonstrints @RFVA or @RFIHAF WR eformultion re presented for the minimum tkeEo' seprtions of le RFID ut similr pproh n e used for other seprtion stndrdsF e respetively denote HD MD L the set of )ights operted y hevyD medium nd light irrftF Clique of 60 seconds st n e remrked tht every irrft must e seprted y t lest TH seondsF gonsequently following inequlities re vlid nd over the minimum seprtion of ouples wGrD wGwD vGrD vGwD vGvF

i∈F t∈T i t 0 t<t 0 +60 x it 1 ∀t 0 ∈ ∪ i∈F T i @RFIIA
Clique based on medium aircraft category he minimum seprtion etween two mediumD two lightD nd one medium nd one light irrft is respetively THD TH nd WH seondsF gonsequentlyD following inequlities re vlid ndD with inequlities @RFIIAD they dditionlly over ouples wGvF

i∈M t∈T i t 0 t<t 0 +60 x it + i∈L t∈T i t 0 +30 t<t 0 +90
x it 1 ∀t 0 ∈ ∪ i∈F T i @RFIPA Clique based on heavy aircraft category he minimum seprtion etween two hevyD one hevy nd one mediumD one hevy nd one light irrft is respetively WHD IPH nd IPH seondsF gonsequentlyD following inequlities re vlid ndD with inequlities @RFIIAD they over minimum seprtion of ouples rGrD rGwD rGvF

i∈H t∈T i t 0 t<t 0 +90 x it + i∈M∪L t∈T i t 0 +60 t<t 0 +120 x it 1 ∀t 0 ∈ ∪ i∈F T i @RFIQA
everl other inequlities n e derived from le RFID ut only those presented ppered to e signi(ntly e'etive in our experimentsF ell togetherD inequlities @RFIIERFIQA form reformultion of seprtion onstrints @RFVAF IP with this reformultion is herefter referred to s IP catF WS 4.3.2.4 The case of innite take-o slots es remrked y phle et lF PHHQD the performne of this model highly depends on the width of the tkeEo' slotsX the longer [e i , l i ] isD the more vriles nd onstrints there reF por n rrivl )ightD slots re reltively resonle euse of restritions due to the remining fuelF yn the ontrryD tkeEo' n priori e delyed endlesslyD sine witing n e done t stnd with engine o'F fesley et lF PHHH explined how to strengthen the slots without loss of optimlity sed on fesile solution @eFgF otined with simple pgp poliyAF roweverD the slots remin rther long wheres every irrft tkes o' with only resonle dely in prtieF gonsequentlyD slots n potentilly e further redued without disrding ll the optiml solutionsF e propose to ritrrily trunte slots without sri(ing optimlity thnks to dummy inry vriles y i whih indites if further delying n irrft n e more interestingF vet ssume tht every slot is restrited to length τ D iFeF T i (τ ) = {t ∈ T i , t e i + τ }F he formultionD whih will e lled the τ Erestrited formultion nd denoted s IP τ D eomes

min f τ (x, y) = i∈F t∈T i (τ ) c it x it + i∈F ci y i @RFIRA (IP τ ) s.t. t∈T i (τ )
x it + y i = 1 ∀i ∈ F @RFISA

x it + x ju 1 ∀i, j ∈ F, ∀t ∈ T i (τ ), ∀u ∈ T j (τ ), t u < t + S ij @RFITA x it ∈ {0, 1} ∀i ∈ F, ∀t ∈ T i (τ ) @RFIUA y i ∈ {0, 1} ∀i ∈ F @RFIVA
sf τ = +∞D the τ Erestrited formultion simply is the initil formultion @IPAD whih nnot e solved with solver if l i = +∞ sine it ontins n in(nite numer of vrilesF sf ojetive oe0ients ci re hosen dequtelyD n optiml solution of the τ Erestrited formultion not using ny dummy vriles is optiml for IPD s stted in roposition IF Proposition 1. If ci c it for all aircraft i ∈ F and for all t > e i + τ , an optimal solution of IP τ not using the dummy variables is optimal for IP.

Proof. vet f e the ojetive funtion of IP nd f τ e the ojetive funtion of the IP τ F vet x * e n optiml solution of IP nd (x τ , 0) e n optiml solution of IP τ not using dummy vrilesF xote tht x τ is fesile for IP nd

f τ (x τ , 0) = f (x τ )F WT essume tht f (x * ) = f (x τ )D then x τ is optiml for s sine it is fesileF essume now tht f (x * ) < f (x τ )F por ll i ∈ FD let t * i suh tht x * it * i = 1D
we uild fesile solution (x, y) of IP τ from x * s follows

x it =    x * it if t * i ∈ T i (τ ) H otherwise nd y i =    I if t * i / ∈ T i (τ )
H otherwise vet ompute the vlue of (x, y) for IP τ

f τ (x, y) = i∈F t * i ∈T i (τ ) c it * i + i∈F t * i / ∈T i (τ ) ci i∈F t * i ∈T i (τ ) c it * i + i∈F t * i / ∈T i (τ ) c it * i = f (x * ) sine ci c it for ll i ∈ F dep suh tht t / ∈ T i (τ )F husD x is fesile solution of IP τ suh tht f τ (x, y) f (x * ) < f τ (x τ , 0) whih is ontrdition sine (x τ , 0) is optiml for IP τ F herefore f (x * ) = f (x τ ) nd x τ is optiml for IPF
sf the optiml solution of the τ Erestrited formultion uses dummy vrilesD one n try the 2τ Erestrited formultion nd iterte this priniple until the solution is proven optiml for sF xote tht this method is not gurnteed to onvergeX in se of multiple optiml solutionsD nothing emphsizes the solutions not using dummy vrilesF hereforeD it is preferle to set ci s high s possile @iFeF ci = min t>e i +τ c it if it existsAF sn prtieD oe0ients c it re often inresing with t @or t lest inresing from given tA sine tking o' erly is generlly preferredF sn this seD ci = c i(e i +τ +1) is dvisedF 4.4 Experiments sn this setionD we present the set of instnes nd we ompre the performnes of oth formultions @ws nd sA nd their improvementsF e (nlly study the e'et of in(nite tkeEo' slotsF 4.4.1 Instances and test environment ih instne represents deprture pek of I hour on whih redy times t the runwy e i re uniformly distriuted with preision of I minuteF vtest tkeEo' times l i re set to e i + 30 minutes in usetion RFRFP nd to +∞ in usetion RFRFQF snstnes with RH nd TH deprtures re onsideredD whih respetively represents ongested nd very ongested situtionsF le RFI is used s seprtion stndrds nd irrft tegories re rndomly distriuted ording to WU two di'erent mixesF he (rst )ight mix ontins respetively S7D WH7 nd S7 of lightD medium nd hevy irrftF st will e referred to s SEWHESF st is lose to iuropen irports )ight mixD like gopenhgen irport @grAF he seond )ight mix ontins respetively IH7D UH7 nd PH7 of lightD medium nd hevy irrftF st will e referred to s IHEUHEPHF st is more diverse nd loser to igger irports )ight mix @see eFgF vee nd flkrishnn PHIPAF e generted IH instnes for eh )ight mix @SEWHES nd IHEUHEPHA nd eh size @RH nd TH deprturesAF es explined in etion RFID rel opertions imply sliding time window shemeF he length of the optimiztion time window is set to QH minutes in our experimentsF he optimiztion time windows must not e onfused with the tkeEo' slotsF keEo' restriE tions im to ensure minimum of equity nd prevent exessive ompletion timesD s disussed t the end of the experimentsF yn the ontrryD the optimiztion time windows de(ne the prolems to solveF foth re illustrted in pigure RFPF en exmple of the sliding window optimiztion is given in pigure RFP@AF he (rst time window strts t time HD insted of time e 1 -30 minutesD in order to mke it onsistent with the other ones @iFeF it ontins s muh irrft s the othersAF henD the optimiztion window is slid over time nd prolem hs to e solved for every new irrftF xote tht the time xis is limited to TH minutes sine redy times re distriuted over I hour in our instnesF xeverthelessD irrft n tkeEo' fter TH minutes if neessryF ht is why slots of )ights U nd V exeed TH minutes in pigure RFP@AF (a) Take-o times windows (b) Optimization times windows pigure RFPX keEo' times windows vs optimiztion times windows ell prolems were solved with gplex IPFR through tv gonert es on personl lptop @sntel gore iSERQHHwD PFTHqrzD Rqo ewA under indows U rofessionl operting systemF hefult prmeter tuning with time limit of S minutes ws usedF WV 4.4.2 Comparison le RFP presents omprison of the performnes of the models on oth )ight mixesF golumns Max CPU nd Avg CPU re the mximum nd verge omputtion times @in seondsA over every itertion of the sliding window pprohF golumns Nb TL indite the numer of itertions tht rehes the time limit of S minutesF hen the time limit is rehedD optimlity is not gurnteed nd golumn Gap presents the gp to the optiml vlueF le RFPX gomprison of ws nd s formultions (a) Flight mix 5-90-5 st must e remrked tht disrete time formultions @IPD IP Fahle nd IP catA re generlly more e0ient nd more stle thn ontinuous time formultions @MIP nd MIP var xAD whih often rehes the time limitF he experiments lso revel tht the reformultion of phle et lF PHHQ is less e0ient thn the originl formultion of fesley et lF PHHHF e elieve tht this is n e'et of the solverD whih lredy integrte reformultions sed on liqueF st seems tht their reformultion hides some structure to gplexD whose routines eome less e0ientF yn the ontrryD our reformultion signi(ntly redues oth the verge nd mximum omputtion timesF ell itertions of ll instnes re solved efore the time limitF he mximum WW omputtion time over instnes with TH deprtures for )ight mix IHEUHEPH is still long ut inresing omputtionl power should e enough to overome this prolemF sing shorter time limit is n nother optionD ut the pproh eomes heuristiF 4.4.3 Innite take-o slots e re now interested in evluting the ehvior of our model in the se of in(nite tkeEo' slots @l i = +∞AF he following study is sed on the sme instnesD the only di'erene is tht ltest tkeEo' times l i re ssumed to e +∞F MIP nd MIP var x models re not expeted to hve good performnes sine they lredy o'er poor performnes on the ounded se @in(nite slots led to greter M ij D weker liner relxtion nd thus longer omputtion timesAF gonsequentlyD we fous on disrete time models nd ording to the results of the previous setionD we onsider only IP cat nd pply the priniple of τ Erestrition presented in etion RFQFPFRF xote tht τ is reset to its originl vlue for eh itertionF pigure RFQ presents the performnes of this prinipleD in terms of mximum nd verge omputtion times over ll instnes @pigures RFQ@A nd RFQ@AAF he verge numer of times tht douling τ ws neessry to gurntee optimlity is lso presentedF he experiments revel tht whtever τ D the time limit of S minutes is never rehed nd the verge omputtion times do not exeed S seondsF por instnes with RH deprtures @rown nd lue urvesAD ll vlues of τ led to very short omputtion times nd di'erenes re hrdly notieleF xeverthelessD hoosing ppropritely τ is more importnt for instnes with TH deprtures nd n led to signi(nt svingsF he most pproprite vlue of τ ppers to e the shortest one not requiring ny doulingD iFeF respetively RH nd SH minutes for )ight mixes SEWHES nd IHEUHEPHF st lessens the prtil dvntges of the τ Ereformultion priniple sine it mens tht preliminry study is dvised to void douling τ F he lk urves of pigures RFQ@A nd RFQ@A n seem strnge euse setting τ to QH minutes is more e0ient thn RH minutesF etullyD it is logil for the mximum omputtion times sine some itertions require to doule τ for oth vluesF hereforeD some itertions re (nlly solved with tkeEo' slots of TH minutes for τ = 30 minutes ginst VH minutes for τ = 40 minutesD whih implies more vriles nd longer omputtion timesF sn vergeD it ppers tht τ = 30 minutes is slightly fsterD even if more itertions require to doule τ F IHH hese experiments revel tht limiting tkeEo' slots is neessry to ensure minimum of firnessF sndeedD ompletion times of up to RU minutes hve een oserved in the se of in(nite tkeEo' slotsF pigure RFR show the distriution of ompletion times over wke vortex tegories on instnes with TH deprtures with )ight mix IHEUHEPHF st shows tht minly hevy irrft su'er from exessive ompletion timesF st is tully logil sine their seprtions re the longest @see le RFIAF husD they re shifted until the end of the instneD when their longer seprtions do not penlize other )ight tegoriesF roweverD it is not eptle for these )ights nd highly unfirF vimiting the tkeEo' slots to QH minutes llows to prtilly overome this drwkD sine ompletion times of more thn QH minutes re not possileF fut pigure RFR@A revels tht hevy irrft re still disdvntgedD even if the shring is more equitleF xeverthelessD IHI limiting tkeEo' slots to QH minutes impts e0ieny nd the totl ompletion time is inresed y PFP 7D whih represents V seonds y irrft in vergeX there is trdeEo' etween equity nd e0ienyF xote tht hevy irrft generlly trnsports more pssengersD thus the totl pssenger ompletion times my e more ppropriteF 

Conclusion

sn this hpterD we hve presented the unwy equening rolemF e reviewed the litE ertureD whih highlighted tht this prolem hd een rodly studied nd tht mny solving tehniques hd lredy een investigtedF e foused on the se of single runwy opertE ing only tkeEo's nd ompred two models nd some improvements from the litertureF e propose new formultion of seprtion onstrints for one of themF e illustrted through omputtionl experiments tht this reformultion llows to signi(ntly redue omputtion timesD mking the model dpted to n industril pplition while providing optiml solutionsF yur experiments lso revel tht firness hs to e onsidered to void exessive delysF pirness ws onsidered through limittion of tkeEo' slotsD ut there my e more dpted pprohesD suh s onstrined position shifting @see flkrishnn nd ghndrn PHIHAD penliztion of lrge shifting @see eFgF etkin et lF PHIHA or y onsidering the totl pssengers ompletion timeF e study on firnessD inluding its trdeEo' with e0ieny nd omprison of its di'erent modelingD is one of the min perspetives of this hpterF IHP enywyD these models my not e the est wy to optimize the runwy pityF he min drwk of the pprohes onsidered is tht they rely on estimtions of the erliest redy times t the runwy @e i AF sn prtieD it onsists in estimting the txi timesD whih n led to ine0ienies when it omes to opertionF sndeedD if txi times re underestimtedD some )ights will not e le to reh the runwy in time for their optimized tkeEo' times nd exessive idle time will pper etween tkeEo'sD onsequently wsting the runwy pityF yn the ontrryD if txi times re overestimtedD irrft will reh the runwy efore their trgeted tkeEo' time nd some fuel will e exessively urntF fesidesD irrft will not neessrily reh the runwy in the expeted orderD nd the desired sequene my not e hievle @depending on the holding point strutureAF hese resons suggests tht lrger point of view is more dpted to mnge the runwy pityF his ide is developed in the next hpter through n integrtion of the with the qF uh n integrtion trgets etter synhroniztion of ground movements nd runwy opertionsD hopefully resulting in inresed runwy pity nd redued txi timesF IHQ IHR Chapter 5

Integration of runway sequencing and ground routing Abstract his hpter fouses on the mngement of the deprture proessD from push k to tkeEo'D through n integrtion of the qround outing rolem @qA nd the unwy equening rolem @AF he im is to shedule tkeEo's nd ground movements suh tht the totl ompletion nd txi times re minimizedD while respeting opertionl requirements nd onE sidering intertions with the rrivl tr0F e propose heuristi sequentil pproh lose to eEghw prtie nd sed on n innovtive formultion of the inluding the on)its of the rmp reF e explore severl diretions to improve the solving of this modelF e show through numeril experiments tht etter integrtion of oth prolems llows to signi(ntly redue the totl ompletion nd txi timesF e lso show tht our heuristi sequentil pproh provides high qulity solutions in resonle omputtion timeD unlike n ext formultion from the literture diretly integrting oth prolemsF 5.1 Introduction sn prtieD two di'erent mngements of the deprture proess n e oserved nowdysF he (rst one relies minly on pirst gome pirst erve prties @pgpAF eirrft re pushed k s soon s possile nd txi to the runwy where they n potentilly e reordered for inresing the runwy e0ienyF he seond prtie proeeds sequentilly in three stepsF pirstD n erliest time t the runwy is estimted for every irrft through n estimtion of txi timesF henD the tkeEo' sequene is optimizedF pinllyD ground movements @or only push kA re sheduled to mth the predited tkeEo' sequeneF his pproh is reent nd promoted y eEghw projetF st trgets etter synhroniztion of ground movements nd runwy opertionsF st prtiulrly llows to redue runwy queuing times through etter sheduling of push ksX irrft n e held t their stnd with engines o' insted of witing t the runwy with engines on @see ghpter QAF he im of etter integrtion of the q nd the is to further improve this synhroE niztionF he motivtions re twofoldX inresing runwy e0ieny nd reduing txi timesF eEghw pproh rely on estimtions of txi timesD whih re prtiulrly di0ult to forestF xeverthelessD the ury of these estimtions is ruilF sf txi times re underestimtedD irrft re held too longD onsequently reting idle time etween tkeEo's nd wsting runwy pityF yn the ontrryD if txi times re overestimtedD irrft re not held long enoughF husD n exessive queue will pper t the deprture runwy nd fuel will e wstedF purtherE moreD inurte txi times n mke the irrft reh the runwy in di'erent order thn the desired oneF eirrft n e reordered t the runwy ut etkin et lF PHHW show tht this reordering is onstrined y the holding point lyout nd tht not ll sequenes re fesileF e etter synhroniztion leds to less reordering nd potentilly enles more e0ient sequenesF e ddress two min reserh questionsF ss etter integrtion of runwy sequening nd ground routing vlule c row n the integrted prolem e solved e0iently c sndeedD s explined in ghpters Q nd RD omputtion times re ritil sine the q nd the re onsidered on n opertionl horizon of typilly IH to RH minutes rolling over timeF e sliding window sheme is used in oth prtie nd the litertureF o nswer these questionsD this hpter is orgnized s followsF e literture review is preE sented in etion SFP with summry of our ontriutionsF he prolem is desried in etion SFQ with formultion from the litertureF e sequentil pproh is proposed in etion SFRF sts priniple is the sme tht the sequentil pproh of eEghwD ut new runwy sequening IHT pproh is presentedF he di'erent methods re tested on gopenhgen eirport @grA lyout in etion SFTF e onlude nd highlight some diretions for future works in etion SFUF 5.2 Literature review he works gthered in this setion fous on the intertions etween runwy opertions nd ground movementsF wore referenes on isolted prolems n e found in ghpters Q nd RF he is generlly reognized s more ritil prolem thn the qD most of works onsequently integrte ground routing perspetives in F he q is either prtilly or ompletely integrtedF sn the seond seD omplete routing prolem is solved ut not in the (rst oneF Partial integration etkin et lF PHHRD PHHUD PHHW onsider routing onstrints in the holding point while optiE mizing tkeEo' sequene on single runwyF hey propose tu serh lgorithm in whih fesiility in the holding point is heuristilly heked when sequene is evlutedF snfesile solutions re disrdedF thinm et lF PHHW lso onsider holding point onstrints in tkeEo' sequeneing proE lem on single runwyF eirrft re preEssigned to runwy entry queues nd (rst ome (rst serve order hs to e respeted inside eh queueF sing this strutureD the prolem is e0iently solved y hynmi rogrm @hA minimizing the totl irrft delyF uim et lF PHIH extend the referene wixed snteger rogrm @wsA of the @see fesley et lF PHHHAF heir model ims t minimizing totl emissions in the erminl wneuvering ere @weD the irspe round the irportA through runwy ssignment nd sheduling of tkeEo' nd lndingF gonstnt txi times @depending on gte G runwyA re ssumedD ene(t in fuel onsumption on the ground would thus e lessened if routing optimiztion pproh ws onsidered @eFgF through stnd holdingAF wlik et lF PHIH lso ssume onstnt txi timesF hey ompute tkeEo' sequene with the referene ws of the @see fesley et lF PHHHAF henD they dedue spot relese times y sutrting the onstnt txi timesD whih redues runwy queuing timeF tung et lF PHIHD PHII use the sme pproh ut reple the runwy optimiztion y n dpttion of the h of thinm et lF PHHWF etkin et lF PHIP use similr sequentil pproh ut do not ssume onstnt txi times nd onsider stnd ontention during the design of the tkeEo' sequeneX sequenes not llowing IHU fesile push k times re prunedF ush k times re then reoptimized in seond phseF he tkeEo' sequene is optimized with omplex heuristi whih ore lgorithm is frnh 8 found lgorithm @f8fA emedded in rolling horizon shemeF Complete integration heu et lF PHHVD PHHW propose sequentil pproh to eEghw oneF e tkeEo' sequening prolem is solvedD whih provides rget keEy' imes @ysA to routing modelF he tkeEo' sequening lgorithm is f8f minimizing deprture dely nd devition from xwyg slots 1 F ueith nd ihrds PHHV propose ws diretly integrting the nd the q in single modelF e weighted omintion of the mkespnD the verge txi time nd the verge txi distne is minimizedF he model is slightly dpted y glre nd ihrds PHII to improve omputtionl e0ienyF xeverthelessD omputtion times re still too importntX their model needs more thn minute to hndle instnes with V irrft on smll network modeling only runwy holding pointF vee nd flkrishnn PHIP propose simpli(ed version of the model of glre nd ihrds PHII y restriting the routing possiility @(x pth pprohD see ghpter QAF xeverthelessD omputtion times re still too long nd they propose sequentil pprohF he tkeEo' sequening is performed with the lgorithm of flkrishnn nd ghndrn PHIHF he soE otined ys re provided to routing model minimizing liner omintion of devition to ys nd the totl txi timeF he tkeEo' sequene n still e hnged in their routing model nd severl minutes re often neessry to solve time windowF fosson et lF PHIR propose three phse deomposition for sequening tkeEo's nd lndE ings nd sheduling irspe movements under unertintyF fosson et lF PHIR dditionlly involve ground movementsF hey onsider stohsti relese times nd due dtes @estimted time of rrivl nd deprtureA through smpling @mple everge epproximtionA emedded in QEphses deompositionF he pproh is omputtionlly demnding sine n importnt numer of senrios hs to e onsideredF en instne of less thn IS irrft is solved in R 1. When an air sector of an aircraft ight plan is congested or when the destination airport is facing adverse conditions, the Network Manager Operations Center (NMOC, previously called the Central Flow Management Unit, CFMU) assigns a Calculated Take-O Time (CTOT). It generally results in delaying the take-o to prevent the situation from NMOC worse in the perturbed sector. The take-o is allowed within the interval [CT OT -5 min; CT OT + 10 min], called a NMOC slot. Otherwise, the aircraft has to wait for another slot from the NMOC.

IHV minutesF fesidesD routing in the rmp re is not onsideredF Summary of our contributions sn this hpterD we ddress the integrtion of the nd the q on single deprture runwyD with the ojetive of minimizing the totl ompletion nd txi timesF yptimiztion of lndings is not inludedF xeverthelessD rrivls re onsidered in the ground routing nd on)itEfree routing shedule is omputed for eh )ightF vnding times re ssumed to e (xed inputs ut our model n esily e generlized nd inludes other runwy opertionsF he literture review revels tht it does not exist n e0ient pproh for solving this prolemF he existing methods re not omputtionlly e0ient enough @glre nd ihrds PHIID vee nd flkrishnn PHIP or fosson et lF PHIRAF equentil pprohes hve een proposed ut the integrtion is rudimentry sine ground routing is not onsidered during the design of the tkeEo' sequene @heu et lF PHHVD PHHWAF he soEotined sequenes n e inonvenient for ground movements nd more e0ient glol solutions my e missedF yn the ontrryD etkin et lF PHIP onsider intertions through stnd ontention ut do not use it to minimize fuel onsumption during the runwy sequeningD potentilly missing more fuel e0ient solutionsF yur min ontriution is to propose n e0ient heuristi sequentil lgorithm sed on n innovtive formultion of the inluding on)its of the rmp reF everl diretions re explored for improving its solvingF hought numeril experiments sed on gopenhgen eirport @grA lyoutD we highlight tht etter integrtion of oth prolems is highly vlule nd signi(ntly redues the totl ompletion nd txi timesF yur pproh is shown to provide high qulity solutions in resonle omputtion timesD unlike n ext formultion from the literture diretly integrting oth prolem in single wsF 5.3 The integrated runway sequencing and ground routing prolem he integrted runwy sequening nd ground routing prolem @sEGqA merges the q nd the presented respetively in ghpters Q nd RF he im is to simultneously shedule ground movements nd runwy opertions suh tht the totl ompletion nd txi times re minimizedD while respeting opertionl requirements of the q nd the F e deprture hs to e routed from its stnd to the runwy nd its tkeEo' time must e optimizedF en rrivl IHW hs to e routed from the runwy it lnds on to its stndF yptimiztion of lnding times is not onsidered nd they re ssumed to e (xed inputs of the prolemD s well s stnd llotion nd runwy ssignmentF eording to the onlusions of ghpter QD irrft re routed long predetermined pthF Notations he sEGq is generliztion of the q nd uses most of its nottionsF hey re rie)y reminded hereD more detils n e found in ghpter QF ! he txiwy network is modeled s grph G = (V, E) withD V the set of nodes nd E the set of edgesF ! he set of rriving nd deprting )ights is F = F dep ∪ F arr F ! e )ight i must e routed from its origin o i to its destintion d i while using preEdetermined pth

P i = (o i , u 2 , . . . , u |P i |-1 , d i AF ! V i ⊂ V nd E i ⊂ E
re the set of nodes nd edges tht )ight i se useF ! e )ight i n spend minimum @mximumA time T min iuv @T max iuv A on edges uv ∈ E i F ! wo )ights i nd j must hve minimum seprtion time S iju t eh node u ∈ V i ∩ V j @if i uses node u (rstAF st inludes wke vortex seprtion t the runwyF ! G ⊂ F dep × F arr is the set of stnd lokgesF ! e )ight i is redy to leve its origin t time T o i nd must reh its destintion efore L d i F L d i is neessry to prevent exessively unfir ompletion times @see ghpter RAF ! e iu nd l iu re the erliest nd ltest time of )ight i t node u ∈ V i @see elowAF sntervls 

T o i + k-1 k =1 T min iu k u k +1 @SFIA
euse of the speed restritionsF elso note tht )ight i must hve left node u k ∈ P i efore

L d i - |P i |-1 k =k T min iu k u k +1
@SFPA IIH to meet ltest time t destintion L d i F elsoD rrivl i hs to free the runwy s soon s the lnding is overD thus it neessrily leves node u k ∈ P i efore

T o i + k-1 k =1 T max iu k u k +1 @SFQA
hereforeD )ight i is sujet to slot restritions [e iu , l iu ] t every node u of its pthD where

e iu = @SFIA ∀i ∈ F, ∀u ∈ V i nd l iu =    @SFPA ∀i ∈ F dep , ∀u ∈ V i min{@SFPA, @SFQA} ∀i ∈ F arr , ∀u ∈ V i por deprture iD note tht e io i = T o i nd l id i = L d i F por n rrivl iD note tht e io i = l io i = T o i nd tht l id i L d i F
Direct formulation e diret wy to integrte the q nd the is to gther oth prolems in single wsD whih onsists in relxing runwy sequening onstrints @QFUA in the formultion of the q presented in ghpter QF he soEotined formultion is presented in ws SFIF st uses following vriles ! t iu ∈ [e iu , l iu ]X the time when

)ight i rehes node u ∈ V i F ! z iju = 1 if )ight i rrives efore )ight j t node u ∈ V i ∩ V j D H otherwiseF min i∈F c taxi i (t id i -t io i ) + i∈F c ct i (t id i -T o i ) @SFRA e iu t iu l iu ∀i ∈ F, ∀u ∈ V i @SFSA t io i t jd j ∀(i, j) ∈ G @SFTA T min iuv t iv -t iu T max iuv ∀i ∈ F, ∀uv ∈ E i @SFUA z iju + z jiu = 1 ∀i, j ∈ F, ∀u ∈ V i ∩ V j @SFVA z iju = z ijv ∀i, j ∈ F, ∀uv ∈ E i ∩ E j @SFWA t ju t iu + S iju -M iju (1 -z iju ) ∀i, j ∈ F, ∀u ∈ V i ∩ V j @SFIHA z iju ∈ {0, 1} ∀i = j ∈ F, ∀u ∈ V i ∩ V j @SFIIA
ws SFIX gomplete nd diret integrtion of runwy sequening nd ground routing uh formultion hs een proposed y vee nd flkrishnn PHIP nd is prtiulr se of the formultion of glre nd ihrds PHIIF III wost of onstrints of ws SFI omes from the q nd the reder is referred to ghpter Q for more informtionF pormul @SFRA is the ojetive funtion gthering the totl ompletion nd txi times in liner omintionD where c ct i , c taxi i 0F gonstrints @SFSA ensure the respet of the slot t eh nodeF xote tht it fores rrivl i to strt txiing s soon s the lnding is ompleter sine e io i = l io i = T o i F gonstrints @SFTA prevent stnd lokgesF gonstrints @SFUA ensure the respet of speed limittionsF gonstrints @SFVA ensure tht either i uses node u efore j or the oppositeF st ensures the de(nition of vriles z iju F gonstrints @SFWA prevent overtke nd hedEon on)its on single edgeF gonstrints @SFIHA ensure the seprtion of irrft t every node of the txiwy networkD inluding the runwyD where M iju n e de(ned s l iu + S iju -e ju F xote tht for two )ights i nd jD if l iu e ju t node u ∈ V i ∩ V j D then z iju hve to e equl to IF hese onstrints n e dded to strengthen the model nd one of the two seprtion onstrints @SFIHA n e removedF purthermoreD if l iu + S iju e ju D then the seprtion is nturlly foredF he ssoited vriles z iju D z jiu nd onstrints involving them n e removedF ws SFI is herefter referred to s Full in etion SFTF xote tht it is n ext formultion of the sEGqF yne my remrk tht it is not only generliztion of the q @y relxing runwy sequening onstrints @QFUAA ut lso of the sine it extends the ontinuous time ws presented in ghpter R @see etion RFQFIAF e sw in etion RFR tht this model lredy o'ers poor performnesF he min soure of ine0ienies is wek liner relxtion euse of the soElled big M constraints modeling the seprtion requirements @gonstrints @SFIHAAF M iju nnot e further redued without loss of generlity nd we did not sueed in strengthening this modelF gonsequentlyD we propose heuristi pproh in the next setionF 5.4 Sequential approach he priniple of the sequentil pproh is explined y vee nd flkrishnn PHIPD it proeeds in three stepsF IF istimte the rrivl time t the runwy for deprturesF PF equene tkeEo's using these redy timesF QF oute irrft in the txiwy network sed on the tkeEo' sequene of tep PF IIP his sequentil sheme is onvenient for irports sine it deomposes the whole prolem in three modulesD whih n e hnged independently from eh otherF gonsequentlyD existing systems n e reusedF wost of ig irports lredy hs runwy optimiztion dvisory systemF fesidesD it respets urrent irport orgniztion sine n eir r0 gontroller @egA mnges the txiwy network @the ground ontrollerA nd nother eg mnges the runwy @the runwy ontrollerAF pinllyD this sequentil sheme is lose to eEghw pprohD whih mens tht it is lredy epted in the industryF hree di'erent pprohes re onsidered for tep PF hey will e ompred in etion SFTF @A FCFSX irrft re sequened ording to the pirst gome pirst erve order on the estimtion of rrivl time t the runwy provided y tep IF @A IPX irrft re sequened with the disrete time s formultion of the presented in ghpter R @see etion RFQFPAF @A IP RampX irrft re sequened with new formultion of the presented in the next setionF his model is innovtive nd is one of the min ontriutions of this hpterF tep Q will e solved with the single pth formultion of the q presented in ghpter Q @ws QFIAF st provides detiled shedule of ground movementsD iFeF time t eh node for every irrftF he rel interest of tep Q is tht it provides n urte estimtion of push k nd tkeEo' timesD whih n e di'erent from the tkeEo' times omputed in tep P when uilding the sequeneF 5.5 Integer program considering the conicts of the ramp area sn this setionD we present new s formultion of the tht onsiders on)its of the rmp reF ghpter Q revels tht the runwy nd the rmp re re the two min ottleneks of the ground tr0 in grD espeilly during deprture peksF fsed on this resultD our pproh onsists in sheduling tkeEo' nd push k times simultneously in tep PF rkEin times re lso sheduled for rrivlsF his formultion is prtil integrtion of the q nd the sine the min on)its of the routing re tken into ount during the design of the tkeEo' sequeneF st ims t pturing the min )ututions of the txi timesD whih re thus simply estimted y the unimpeded txi timesF IIQ 5.5.1 Formulation he new formultion generlizes the s formultion of the presented in ghpter RF riles re dded to shedule push k nd prkEin timesF he on)its of the rmp re re modeled y seprtion onstrints on the push k nd prking timesF his ide ws originlly proposed y etkin et lF PHIPD they lled it stnd ontentionF roweverD they did not propose n s formultion nd use omplex heuristi sed on f8f lgorithm @see etion SFPAF fesidesD they do not explin how to ompute the stnd ontentionF etion SFSFR presents two simple lgorithms for identifying on)its of the rmp reD they ompute the minimum seprtion etween push k nd prkEin timesF e )ight is sid to e in on)it with nother one @in the rmp reA if its push k G prkEin prevents the other one from pushing k G prking inF 

c r it = tc ct i + tc taxi i ∀i ∈ F dep , ∀t ∈ T r i c s it = -T o i c ct i -tc taxi i ∀i ∈ F dep , ∀t ∈ T s i
imilrlyD for rrivlsD ojetive oe0ients re de(ned s follows

c r it = -T o i c ct i -tc taxi i ∀i ∈ F arr , ∀t ∈ T r i c s it = tc ct i + tc taxi i ∀i ∈ F arr , ∀t ∈ T s i
The model he prolem n e formulted s ws SFPF

min i∈F t∈T r i c r it x r it + i∈F t∈T s i c s it x s it @SFIPA s.t. t∈T r i x r it = 1 ∀i ∈ F @SFIQA t∈T s i x s it = 1 ∀i ∈ F @SFIRA t∈T r i tx r it - t∈T s i tx s it EXOT i ∀i ∈ F dep @SFISA t∈T s i tx s it - t∈T r i tx r it EXIT i ∀i ∈ F arr @SFITA t∈T s i tx s it t∈T s j tx s jt ∀(i, j) ∈ G @SFIUA x r it + x r ju 1 ∀i, j ∈ F dep , ∀t ∈ T r i , ∀u ∈ T r j , t u < t + S ij @SFIVA x s it + x s ju 1 ∀i, j ∈ F, ∀t ∈ T s i , ∀u ∈ T s j ∩ [t + a ij , t + b ij ] @SFIWA x r it ∈ {0, 1} ∀i ∈ F, ∀t ∈ T r i @SFPHA x s it ∈ {0, 1} ∀i ∈ F, ∀t ∈ T s i @SFPIA
ws SFPX unwy sequening model integrting rmp ongestion IIS gonstrints @SFIQA nd @SFIRA ensure tht one nd only one runwy time nd stnd time is ssigned to every )ightF gonstrints @SFISA nd @SFITA ensure tht minimum txiEout nd txiEin times re respetedF gonstrints @SFIUA prevent stnd lokgesF gonstrints @SFIVA nd @SFIWA ensure tht minimum runwy nd rmp seprtion requirements re respetedF yther onstrints ensure the de(nition of the vrilesF xote tht ording to our ssumptionsD T r i is singleton if i is n rrivlD vrile x r it nd onstrints involving it n thus e removed from the model @for rrivls onlyAF imilrlyD if deprture i pushes k efore the urrent time window of the sliding window shemeD T s i eomes singletonF heprture i n e removed from the instne one its tkeEo' is ompleted efore the urrent time windowD iFeF when seprtions with other )ights re neessrily respetedF yptimiztion of lndings n e esily dded to this formultion y onsidering lrger set nd y dding runwy seprtion onstrints similr to @SFIVAF 5.5.2 Constraints reformulation and ltering gonstrints hve een expressed in nturl wyD whih is not neessrily strongF e propose reformultions tht will e shown to improve omputtion times in etion SFTF e (rst rell the reformultion of runwy seprtion onstrints @SFIVA presented in ghpter RF he seond type of reformultions fouses on onstrints involving time in the oe0ients @gonstrints @SFISAE@SFIUAAF pinllyD we propose heuristi (ltering of rmp seprtion onstrints @SFIWAF Reformulation of runway separation constraints unwy seprtion onstrints @SFIVA n e reformulted using lique onstrints sed on wke vortex tegories presented in etion RFQFPF hey re relled here nd dpted to the new nottionsF ! glique of TH seonds

i∈F t∈T r i t 0 t<t 0 +60 x r it 1 ∀t 0 ∈ ∪ i∈F T r i @SFPPA ! glique sed on medium irrft tegory i∈M t∈T r i t 0 t<t 0 +60 x r it + i∈L t∈T r i t 0 +30 t<t 0 +90 x r it 1 ∀t 0 ∈ ∪ i∈F T r i @SFPQA IIT ! glique sed on hevy irrft tegory i∈H t∈T r i t 0 t<t 0 +90 x r it + i∈M∪L t∈T r i t 0 +60 t<t 0 +120 x r it 1 ∀t 0 ∈ ∪ i∈F T r i @SFPRA
Reformulation of taxi time and stand blockages constraints xiEout time onstrints @SFISA n e reformulted s follows

t∈T s i t t 0 x s it + t∈T r i t<t 0 +EXOT i x r it 1 ∀i ∈ F dep , ∀t 0 ∈ T s i @SFPSA
iFeF if deprture i pushes k fter t 0 then it nnot tke o' efore t 0 +EXOT i nd reiprollyF he interest of suh reformultion n e illustrted with simple exmple with only one deprtureX ssume )ight i suh tht

EXOT i = 600D T s i = {0, 30, 60} nd T r i = {600, 630, 660}F
he originl formultion of its txiEout time onstrint is

600x r i600 + 630x r i630 + 660x r i660 -0x s i0 -30x s i30 -60x s i60 600
he reformultion of its txiEout time onstrint is

( )          x s i0 + x s i30 + x s i60 1 for t 0 = 0 x s i30 + x s i60 + x r i600 1 for t 0 = 30 x s i60 + x r i600 + x r i630
1 for t 0 = 60 st n e remrked tht the frtionl solution x s i0 = 0.5D x s i60 = 0.5 nd x r i630 = 1 @x s i30 = x r i600 = x s i660 = 0A respets the originl formultion ut violtes onstrints @ A for t 0 = 60F he sme reformultion n e done for txiEin time onstrints @SFITAF

t∈T r i t t 0 x r it + t∈T s i t<t 0 +EXIT i x s it 1 ∀i ∈ F arr , ∀t 0 ∈ T r i @SFPTA
he sme ide n e used for reformulting stnd lokges onstrints @SFIUA

t∈T s i t t 0 x s it + t∈T s j t<t 0 x s jt 1 ∀(i, j) ∈ G, ∀t 0 ∈ T s i ∩ T s j @SFPUA
iFeF if deprture i pushes k fter t 0 D then rrivl j nnot prkEin efore t 0 nd reiprollyF IIU Filtering ramp separation constraints xot ll the rmp seprtion onstrints @SFIWA my e neessry nd some my e nturlly respetedF piltering them llows to redue the size of the model nd omputtion times n potentilly e improvedF sn ghpter QD we sw tht irrft txi t the mximum speed most of the timeF e rely on this (nding to heuristilly (lter the rmp seprtion onstrints tht re shorter thn the runwy seprtion onstrintsF por exmpleD let onsider two medium irrftF heir runwy seprtion is TH seonds @see le SFIAF sf they oth txi t mximl speedD they will e seprted y TH seonds on txiwys @ssuming the sme mximl speed for oth irrftAF gonsequentlyD rmp seprtion onstrints shorter thn TH seonds re nturlly respeted nd n e (lteredF his priniple is heuristi sine slower speeds my e neessry euse of on)its with other irrftF roweverD the sequentil pproh is lredy heuristiD so its generlity is not lessenedF his (ltering ppers to e e0ient in mny ses without degrding the qulity of the (nl solutionD iFeF fter the q of tep Q whihD nywy ensure the respet of these seprtionsF 5.5.3 Using the dynamic nature of the problem e n exploit the ft tht the prolem is ddressed ontinuously through sliding time window pprohF st seems resonle to think tht push ks sheduled in the ner future during the previous time window will still e sheduled in the ner future in the urrent oneF his ide n e used to heuristilly redue slots [e iu , l iu ] s followsF vet i ∈ FD )ight tht ws present in the previous time windowF vet t * io i nd t * id i the time t origin nd destintion tht ws omputedF e redue slots [e io i , l io i ] nd [e id i , l id i ] s follows

e io i ← max{e io i , t * io i -∆ i } e id i ← max{e id i , t * id i -∆ i } l io i ← min{l io i , t * io i + ∆ i } l id i ← min{e id i , t * id i + ∆ i }
whereD ssuming tht urrent time window strts t time H @within trnsltionAD

∆ i =                        I minutes if 0 t s i * k-1 < 5 minutes Q minutes if 5 t s i * k-1 < 10 minutes S minutes if 10 t s i * k-1 < 15 minutes IH minutes if 15 t s i * k-1
< 20 minutes +∞ otherwise IIV his prinipleD whih is illustrted in pigure SFID remins in lmost (xing the )ights with the erliest sheduled push k G prkEin while giving more )exiility to further )ightsF xote tht tkeEo' time windows re lso redued ording to the proximity of the sheduled push k timeF st llows to redue the numer of vriles nd onstrints ut the qulity of the solution n e deteriortedF pigure SFIX sing previous solution to redue intervls [e iu , l iu ] 5.5.4 Conicts of the ramp area here re mny di'erent on)its in the rmp reF emong themD the push k on)its nd the hedEon on)its etween deprtures nd rrivls re the most ommon ones @see pigure SFPAF mp re on(gurtions re very diverse nd (nding literl formul for every se is not onvenientF gonsequentlyD we propose two e0ient lgorithms for omputing on)iting intervlsF pigure SFPX gommon on)its of the rmp re gonsider two )ights i nd jD we will determine if they re in on)it in the rmp reD iFeF ompete for the sme txiwy segment@sA or node@sAF sn tht seD we will determine on)iting intervlD iFeF two ounds a ij nd b ij suh tht if i pushes k G prks in t time t then j nnot push k G prk in during the intervl [t + a ij , t + b ij ]F he intervl must e s lrge s possile in order to pture the whole on)it @the lrgest in the sense of the inlusionAF IIW st must e remrked tht a ij nd b ij do not depend on time t sine seprtions S iju neitherF reneD we ssume tht i pushes k G prks in t time H in wht followsF elgorithms I nd P omputes respetively a ij nd b ij F hey use four methodsX ! buildSchedule(i, t) omputes the shortest shedule in the rmp re suh tht )ight i pushes k G prks in t time tF wore preiselyD for deprture iD let (o i , u 2 , .., u k i ) the pth of i in the rmp re @iFeF u k i is the lst node of P i of the rmp reAD it returns the shedule (t io i , t iu 2 , .., t iu k i ) suh tht (tsX it is ler tht if j pushes k G prks t this timeD it uses the rmp re (rst nd does not interfere with i @pushing k G prking in t time HAF xote tht ny other lower ound n e usedF ! imilrlyD ub(i, j) is n upper ound of b ij D eFgF duration(i) + duration(j) + u SijuF he priniple of elgorithm I is to look for the erliest time of on)it a ij itertively from lb(i, j) to ub(i, j)F sf upper ound ub(i, j) is rehedD )ights i nd j re not in on)it in the rmp reF sn the other seD elgorithm P is lled for omputing the ltest time of on)it b ij F sts priniple is similr to elgorithm IF xote tht depending on the struture of the rmp reD there ould e omptile times in the intervl [t + a ij , t + b ij ]D ut they would require n urte nd tight synhroniztionD whih is not roust nd explin why we do not onsider themF elgorithm I nd P n e dpted to (nd these times nd ompute multiple on)iting intervlsF IPH Algorithm 1: Computing a ij Data: ights i and j Result: a ij schedule i = buildSchedule(i, 0) a ij = lb(i, j) schedule j = buildSchedule(j, a ij ) while isF easible(schedule i , schedule j ) and a ij ub(i, j) do

t io i = t t iu k = t iu k-1 + T min iu k-1 u k ∀k = 2, ..,
a ij = a ij + 1 schedule j = buildSchedule(j, a ij ) end Algorithm 2: Computing b ij Data: ights i and j, a ij Result: b ij schedule i = buildSchedule(i, 0) b ij = ub(i, j) schedule j = buildSchedule(j, b ij ) while isF easible(schedule i , schedule j ) and b ij a ij do b ij = b ij -1 schedule j = buildSchedule(j, b ij )
end 5.6 Experiments 5.6.1 Instances and test environment o test the ehvior of the modelsD we generte rndom tr0 in the lyout of gopenhgen irport @grA presented in ghpter Q @see etion QFRAF snstnes of I hour with RH or TH deprtures nd H or PH rrivls re generted to represent intense nd very intense deprture peks with or without rrivlsF edy times re uniformly distriuted with preision of I minuteF eirrft type re rndomly generted ording to the )ight mixes of ghpter RX SEWHES nd IHEUHEPH @S7D WH7D S7 nd IH7D UH7D PH7 of lightD medium nd hevy irrftAF he minimum tkeEo' seprtion times re lso the smeD they re reminded in le SFIF tnds re rndomly lloted for deprtures (rst nd suh tht two deprtures do not use the sme stnd @whih is rrely the se on one hourAF hen stnds re rndomly lloted to rrivls suh thtD on eh stndD there re t lest QS minutes etween n rrivl nd es in ghpters Q nd RD rel onditions re simulted with sliding time window pprohF sts length is set to PH minutesF goe0ients c ct i nd c taxi i re respetively set to P nd I to emphE size e0ieny ginst txi timesD while not mking txi times negligileF he sme oe0ients re used in the q of tep Q of the sequentil pprohes for the ske of onsisteny @with c OT P i = c delay i = 0 ording to the onlusions of ghpter QAF por the sequentil pprohesD it must e rememered tht the results presented re the (nl results of the sequentil shemeD iFeF the results of the q solved in tep QF ell wss were solved with gplex IPFR through tv gonert es on personl omputer @sntel gore iSEPRHH QFIH qhzD Rqo ewA under untu IPFHR vF hefult prmeter tuning ws used with time limit of S minutesF 5.6.2 Algorithm comparison sn this setionD we ompre the performnes of the di'erent pprohes presented previouslyF es reminderD Full refers to ws SFI @iqutions @SFRAE@SFIIAA whih diretly nd ompletely integrtes oth prolemsF FCFSD IPD IP Ramp refer to the sequentil pproh presented in etion SFR where the tkeEo' sequene @tep PA is omputed with respetively simple pgp lgorithmD the s onsidering only the runwy presented in ghpter R @iqutions @RFTAD@RFUAD@RFWA nd @RFIIAE@RFIQAA nd our new s integrting the on)its of the rmp re @iqutions @SFIPAE @SFIUAD @SFIWAE@SFPRAAF xote tht the reformultion of runwy seprtion onstrints is inluded in IP nd IP Ramp sine its e0ieny hs een proven in ghpter RF yther reformultions re the sujet of etion SFTFQFI nd re not used hereF les SFP nd SFQ ompres the performnes of the lgorithmsF le SFP presents the verge nd mximum gps to the est known solutions over ll instnesF xote tht est IPP 

Max= maximum computation time over all iterations

Avg= average computation time over all iterations % solved= percentage of iterations solved before the time limit le SFQX gomprison of the omputtion times of the di'erent pprohes known solutions re not neessrily provided y Full euse of the time limitF sndeedD when the time limit is rehedD the solution provided is not neessrily optiml nd IP Ramp sometimes provides etter solutionsF elsoD euse of the sliding windowD even n ext formultion is not IPQ gurnteed to (nd the est (nl solution @over ll the instneAF le SFQ presents the verge nd mximum omputtion times over ll itertionsF st lso presents the perentge of instnes tht were solved efore the time limitF wo min results ome out from these tlesF pirstlyD le SFP shows tht Full nd IP Ramp perform signi(ntly etter thn IP nd FCFSF st leds to onlude tht etter integrtion of ground routing nd runwy sequening is vluleF xeverthelessD le SFQ revels tht the omputtion times of Full nd IP Ramp re long nd do not mth the requirements of n industril pplition for ll instnesF Full prtiulrly su'ers from long omputtion timesX the time limit is rehed very often on instnes with TH deprturesF eondlyD IP Ramp o'ers high qulity solutionsF st even (nds etter solutions for some inE stnes with TH deprturesF st highlights tht most of the on)its of the routing re suessfully ptured in our runwy sequening pprohF purthermoreD it performs highly etter in terms of omputtion timesF everge omputtion times re short enough on instnes with RH deprE turesD ut they re too long on instnes with TH deprturesD prtiulrly for )ight mix IHEUHEPHF woreoverD mximum omputtion times re not eptle for instnes with TH deprtures nd the time limit is sometimes rehedF pigure SFQ dditionlly presents the results in terms of verge ompletion nd txi timesF st revels tht verge ompletion times re signi(ntly improved y Full nd IP RampX pE proximtely QH seonds re erned on instnes with RH deprtures nd I minute on instnes with TH deprturesF smprovements in verge txi time re less importnt ut still signi(ntF sn onlusionD signi(nt ene(t rises from etter integrtion of the q nd the F xeverthelessD the proposed methods re not suitle for diret pplitions euse of exessive omputtion timesF sn the next setionD we evlute the di'erent improvements proposed for IP Ramp iming t tkling this prolemF 5.6.3 Improving computation times of IP Ramp 5.6.3.1 Constraints reformulations and ltering sn etion SFSFPD we proposed some tehniques iming t improving the solving of IP RampF e proposed reformultion for txi time nd stnd lokges onstrints @SFISAE@SFIUA nd heuristi (ltering of rmp seprtion onstrints @SFIWA tht hve strong hnes to e nturlly respetedF IPR pigure SFQX gomprison of lgorithms performnes sn pigure SFRD IP Ramp is the sme model thn in previous setion @iqutions @SFIPAE@SFIUAD @SFIWAE@SFPRAAF Taxi time & stand blockage refers to IP Ramp where txi time nd stnd lokE ges onstrints @SFISAE@SFIUA hve een reformulted y onstrints @SFPSAE@SFPUAF st ims t evluting the isolted e'et of these reformultionsF Filter short refers to IP Ramp where short rmp seprtion onstrints hs een (ltered @see etion SFSFP for detiled explnE tion of short AF st ims t evluting the isolted e'et of the (lteringF Taxi time & stand blockage + Filter short uses oth tehniquesF pigure SFR presents the e'et of the di'erent improvements on the mximum nd the verge omputtion timesF he (gures ove the rs rehing the time limit re the numer of itertions ended premturelyF por instnes with RH deprturesD using oth tehniques is the fstest pproh for )ight mix SEWHESD ut their e'et is more mitigted for )ight mix IHEUHEPHF xeverthelessD it rings the mximum omputtion times elow IH seonds nd verge omputtion times elow I seondF hese instnes n now e solved in resonle omputtion timesF roweverD this is not the se of instnes with TH deprtures nd prtiulrly for )ight mix IHEUHEPHF he time limit is still rehed for some itertions nd the verge omputtion times re still exessiveF xonethelessD our improvements signi(ntly redue omputtion timesF por )ight mix SEWHESD verge omputtion times fll elow S seondsD whih is resonleF fut mximum omputtion times re too long nd the e'et of the di'erent tehniques is mitigtedX using only the onstrints reformultions is more e0ient for instnes with PH rrivls thn using oth tehniques @PP vs TV seondsAD ut not on instnes without rrivls @PHR vs IHH seondsAF Remark on gaps ivery itertion n llow severl optiml solutionsF hereforeD using ext reformultionsD suh s @SFPSAE@SFPUAD does not gurntee to (nd the sme solutionF elsoD our (ltering of rmp seprtion onstrints is heuristi nd (nding the sme solution is not gurnteed tooF feuse of the dynmi nture of the prolem implying sliding time window pprohD it n potentilly led to signi(nt di'erenes in the (nl solutionsF e oserved tht solutions re tully IPT di'erentD ut the verge gps of every pproh re HFP 7 loseF fesidesD no generl trend omes outD iFeF no pproh ppers to e generlly etter thn the othersF sn onlusionD these experiment highlight tht using oth our onstrints reformultions nd our (ltering is generlly preferle nd signi(ntly redues omputtion timesF nfortuntelyD not enough for diret pplitionF 5.6.3.2 Using the previous time window es explin in etion SFSFQD the solution of the previous time window n e used to heurisE tilly redue the numer of vriles nd onstrintsF st is supposed to speed up the solvingD ut it n deteriorte the qulity of the solutionF le SFR presents the performnes of suh priniple @see etion SFSFQ for more detilsAF he gp re omputed with respet to the est known solutions so frF e lso rell the results of s mp with our oth improvementsD referred to s IP Ramp + D for the ske of omprisonF he omputtion times presented do not ount for the (rst itertion sine no previous solution is villeD thus they re not representtive of the methodF hey re not ounted for le SFRX sing the solution of previous itertion le SFR highlights tht this proess is very e0ientF pirstlyD lmost ll test sets re solved with n verge gp elow I 7F xote tht the gps re sometimes less thn the gps of IP Ramp + F st is gin due to the sliding time window shemeF eondlyD the verge omputtion times re pproprite to n industril pplition nd the time limit is never rehedF he IPU mximum omputtion time over the instnes with TH deprtures nd PH rrivls re still it long for )ight mix IHEUHEPHD ut it remins resonleF xote tht (ne tuning of ∆ i n llow to etter ontrol omputtion timesD ut it my further deteriorte the qulity of the solutionsF 5.7 Conclusion his hpter fouses on the mngement of the deprture proessD from push k to tkeE o'D through n integrtion of the q nd the X the sEGqF he min onlusion of this hpter is tht etter integrtion of oth prolems tully results in etter synhroE niztion of ground movements nd tkeEo'sD leding to n inresed e0ieny nd deresed txi timesF yur min ontriution is n e0ient heuristi sequentil lgorithm sed on n innovtive s formultion of the tht tkes on)its of the rmp re into ountF e lso propose di'erent tehniques iming t improving its solvingF sn numeril study sed on gopenhgen eirport @grA lyoutD we show tht our pproh provides high qulity solutionsD while o'ering signi(ntly shorter omputtion times thn n ext pproh from the literture diretly integrting oth prolems in single wsF yur pproh (rst su'ered from exessive omputtion timesD preventing n industril pplitionD ut further experiments reveled tht the improvements we proposed tkle this prolemF yur pproh (nlly (ts the industril requirementsF e diret perspetive of our works is to strengthen rmp seprtion onstrintsF nfortuE ntelyD the lyouts of the rmp re n e very diverse nd we did not sueed in identifying generl struture llowing to design e0ient uts or reformultionsF xeverthelessD we elieve tht some frequent situtions n e identi(ed nd used for suh purposeF enother hllenging diretion for future works is to onsider the optimiztion of lndings in the pprohF e explined how dpting our new s formultion of the to del with rrivlsD ut omputtionl omplexity will e inresedF e nnot ssert whether or not our pproh will still e fst enough without experimentsF xumeril experiments were performed on gopenhgen eirport @grA lyout nd one my wonder to wht extents our results n e generlizedF yur pproh is tully sed on the result tht the rmp re nd the runwy re the two min ottleneks in gr during deprture peksF iven if it is the se of other irports @eFgF vondon rethrow eirport @vrAD see etkin et lF PHIPAD it my not e vlid nywhereF unwys re generlly reognized s n importnt IPV ottlenek of irports @see eFgF sdris et lF IWWVA ut the ritility of the rmp re proly my depend on its lyoutF roweverD the methodology we followed to design our method n e pplied to ny irportsF e (rst nlyze the ottleneks of the tr0 through n nlysis of ground movementsF henD we proposed simpli(ed model of integrtion fousing on these ottleneksF st is onsequently more likely to e trtle thn glol nd diret integrtionF purthermoreD our lgorithms identifying the on)its in the rmp re @elgorithms I nd PA n e pplied to other irport resD sine they re only sed on uilding shortest shedulesF he rmp seprtions introdued in the model n lso onern other irport resF IPW IQH Chapitre 6 Conclusion hns ette thèseD nous nous intéressons à trois prolèmes d9optimistion des opértions éroportuires X l9'etion ux points de sttionnement @hpitre PAD le routge u sol @hpitre QAD l9ordonnnement à l piste @hpitre RA et son intégrtion ve le prolème de routge u sol @hpitre SAF xos prinipux résultts sont rppelés dns e hpitreF xous présentons églement les persE petives gloles de nos trvux insi que les diretions de reherhes futures qu9ils indiquentF

Résultats principaux

Le problème d'aectation aux points de stationnement xos résultts sur le prolème d9'etion ux points de sttionnement sont à l fois théoriques et prtiquesF ur le pln théoriqueD nous montrons que trouver une solution rélisleD 9est à dire 'eter hque vion à un point de sttionnement omptileD est un prolème xEompletF xous en déduisons l xEdi0ulté de plusieurs s prtiuliers intéressnts du prolème d9optimistion lissés ouverts pr l littértureF h9un point de vue prtiqueD nous proposons une modélistion en rogrmme vinéire en xomres intiers @vxiA insi que plusieurs tehniques visnt à élérer son temps de résolution @reformultions de ontrintesD hngement de vriles et ssge de symétriesAF eu trvers d9une expérimenttion sée sur des instnes rélistes provennt de deux éroports européens mjeursD nous montrons que les méliortions pportées à notre modèle le rendent opértionnel pour une pplition industrielleF ge modèle est églement emrqué dns deux heuristiques de déomposition @une sptile et une temporelleA permettnt de réduire dvntge les temps de luls tout en onservnt un très hut niveu de qulité de solutionsF ves performnes IQI de ellesEi nous lissent penser qu9elles peuvent être ppliquées e0ement ux plus grnds éroports du mondeF ne omprison ux méthodes de l littértureD qui sont heuristiquesD révèle que l résolution exte du prolème permet d9tteindre des solutions signi(tivement meilleuresF sl en résulte une meilleure utilistion des points de sttionnementD un revenu plus importnt pour l9éroport et une meilleure qulité de servie pour les pssgersF Le problème de routage au sol xos résultts sur le prolème de routge u sol sont priniplement d9ordre expérimentlF xous e'etuons une nlyse des reltions lint les di'érents inditeurs rtérisnt l qulité d9un plnning de roulge en se snt sur l9éroport de gopenhgue @grAF our elD nous nous ppuyons sur une modélistion en vxi issue de l littérture et routnt les vions selon un heE min prédeterminéF xous lui joutons une modélistion des prinipux inditeurs de pontulité de l9industrie X le retrd mesuré ux points de sttionnement et l9On Time PerformanceF xos expérimenttions montrent que es inditeurs sont en ontrdition ve l9ojetif de réduire le temps de roulge des déprtsD grnt de l onsommtion de rurnt et don de l9impt environnementlF r onséquentD nous proposons de nouveux inditeurs de pontulité qui sont à l fois plus éologiques et plus logiques pour hque teurF ge modèle est générlisé pour onsidérer des hemins lterntifsF xos expérimenttions réE vèlent que el ne permet ps d9méliorer signi(tivement les di'érents inditeurs tndis que l di0ulté de résolution du modèle est grndement rueF in(nD nous proposons une méthoE dologie expérimentle permettnt d9identi(er les goulets d9étrnglement du tr( u solF ille révèle que l piste de déollge et les taxiways voisinnt les points de sttionnement imptent fortement l )uidité du tr(D ontrirement u reste du réseuF Le problème d'ordonnancement à la piste et son intégration avec le routage au sol xos prinipux résultts sur le prolème d9ordonnnement à l piste onernent son intégrE tion ve le routge u solF xous proposons une méthode heuristique séquentielle sée sur une formultion en vxi innovnte du prolème d9ordonnnement à l pisteF ve prinipe de ette méthode est d9optimiser l séquene de déollge dns un premier tempsD puis le routge u sol dns seond tempsF xotre formultion tient ompte des on)its du routge prohes des points de sttionnement et inlut don les prinipux goulets d9étrnglement identi(és préédemmentF xous proposons églement diverses tehniques visnt à élérer l résolution de e modèleF hns une étude numérique sée sur l9éroport de gopenhgue @grAD nous montrons qu9une IQP meilleure intégrtion des opértions de pistes et des mouvements u sol permet d9méliorer l gestion de l piste tout en réduisnt le temps de roulgeF xous montrons églement que notre heuristique fournit des solutions de onne qulité en un temps risonnleD ontrirement à une formultion exte issue de l littértureF Perspectives de recherches xous ne rppelons ps ii les perspetives liées à hque prolème qui ont été présentées à l (n de hque hpitre @fF setions PFVD QFT et SFUAD mis nous présentons des perspetives plus gloles insi que les diretions de reherhes futures indiquées pr ette thèseF Intégration du problème d'aectation aux points de stationnement ve pln d9'ettion ux points de sttionnement est une entrée importnte du prolème de routge u solF sl prît don nturel de vouloir intégrer es deux prolèmesD ou plus générlement d9intégrer les trois prolèmes ordés dns ette thèseF gependntD ils ne onsidèrent ps le même horizon de tempsF in e'etD le prolème d9'ettion ux points de sttionnement est générlement résolu u plus trd l veille des opértions pour toute l journéeF eu ontrireD les prolèmes de routge u sol et d9ordonnnement à l piste sont opértionnels et onernent u mximum l9heure à venirF ne intégrtion direte est don di0ilement envisgeleF xous voyons ii deux diretions de reherhes priniplesF v première est une intégrtion préventive dns le prolème d9'ettion ux points de sttionnement pr de l roustesseF xous vons vu que les on)its dns les zones des points de sttionnement ontrignent fortement le routgeF ge sont priniplement des on)its de repoussge et des on)its feEàEfe entre rrivées et déprts @head-on conictsAF ges on)its ont été résolus lors du routgeD mis une 'etion ux points de sttionnement di'érente ne les urit ps engendrésF sl en est de même pour les on)its de loge de points de sttionnementF v di0ulté de l9intégrtion réside don dns le fit que les on)its ne sont ps onnus de fçon préise lors de l9'ettion ux points de sttionnementsD du fit des nomreuses perturtions se produisnt le jour des opértionsF einsiD une intégrtion préventive nous prît l plus dptéeF sl est prolement préférle de réprtir u mximum les opértions ensées se dérouler en même temps dns l9éroportF v mise u point d9inditeurs ou de ontrintes grntissnt une onne réprtition est une diretion de reherhes futuresF n dimensionnement déqut des temps tmpons et des ontrintes d9djene dditionnelles sont notmment une IQQ première idée qui mériterit d9être exploréeF heuxièmementD lorsque de trop fortes perturtions pprissent le jour des opértionsD le pln d9'ettion n9est plus rélisle et un prolème de ré'ettion doit être résoluF ge prolème prend ple sur un horizon de temps euoup plus prohe des opértions et il est possile que des informtions plus préises soient exploitlesF ne intégrtion direte ve le prolème de ré'ettion prît don plus envisgele et soulève insi une utre diretion de reherhes prometteuseF Intégration des opérations aux points de stationnement ves opértions ux points de sttionnement sont ujourd9hui souvent e'etuées pr des entreE prises spéilisées et indépendntes des utorités éroportuires et des ontrôleurs ériens @fF hpitre IAF e notre onnissneD leur intégrtion dns les proessus de déision que nous vons étudiés est plus que restreinteF ourtntD les opértions ux points de sttionnement jouent un rôle déterminnt dns l pontulité des vols et prtiulièrement sur l9heure à lquelle un déprt v être prêt pour le repoussgeF ges heures étnt une des entrées priniples des prolèmes de routge u sol et de l9ordonnnement à l pisteD une intégrtion ve es prolèmes don du sens et o're de nouvelles opportunitésF ne meilleure synhronistion des opértions pourrit permettre une préprtion plus rpide des vols ritiques du routge u sol et du déollgeF sl en résulterit une e0ité rue du proessus de déprtsF in ontreprtieD el donnerit plus de )exiilité ux opérteurs de sol sur les vols moins ritiquesF sls pourrient insi mieux optimiser leurs oûtsF ges opértions sont églement fortement ontrintes pr le pln d9'ettion ux points de sttionnementD qui dé(nit des fenêtres de temps reltivement ourtesF sl prît don ussi nturel de vouloir les prendre en ompte lors de l9'ettion ux points de sttionnementD e qui à notre onnissneD n9 enore jmis été onsidéré dns l littértureF ne meilleure intégrtion pourrit églement permettre une rédution des oûts opértionnels et une e0ité rueD onduisnt insi à une rédution du temps de préprtion d9un volF Stochasticité et simulation our (nirD l9ensemle des prolèmes onsidérés dns ette thèse ont été ordés de mnière déterministe et priniplement pr l vxiF gependntD es prolèmes ont ien des spets stohstiques r de nomreuses perturtions se produisent durnt les opértionsF n vol peut être retrdé en l9ir et tterrir plus trd que prévuD pr exemple à use de muvises onditions IQR météorologiquesF sl peut églement rriver en vne s9il renontre des vents fvorlesF he mêmeD des perturtions peuvent venir des opértions ux points de sttionnement et retrder le repoussgeF ve temps de roulge est églement sujet à des lésD e qui rée de l9inertitude sur les heures de déollge et d9rrivée ux points de sttionnementF ve pln d9'ettion ux points de sttionnement peut insi devenir irrélisleD mlgré les temps tmpon onsidérésF ne étude pprofondie de es lés permettrit de les prendre en ompte plus (nementD notmment pr un dimensionnement déqut des temps tmponD et peut insi onduire à des plns d9'ettion plus roustesF ges perturtions ont églement des onséquenes sur le routge u sol et l séquene de déollgeF v9pprohe pr horizon glissntD utilisée dns ette thèseD dns l littérture et dns l prtiqueD permet de régir à es lésD puisque tout est réoptimisé à hque nouvel évènement @rrivée d9vion dns le système ou perturtionAF gependntD il est possile qu9une pprohe stohstique proEtive soit plus e0e que ette pprohe rétiveF ves solutions otenues peuvent notmment être plus stles d9une itértion à l9utre et insi plus ppropriées ux esoins de l9industrieF ges idées ont déjà susité des trvuxD notmment pour l9ordonnnement à l piste @fF pr exemple olveling nd glrke PHIR et fosson et lF PHIRDAF uoiqu9il en soitD il est di0ile d9évluer priori l performne d9une méthode déterministe dns un dre stohstiqueF he mêmeD il est rdu de omprer une méthode déterministe à une méthode stohstiqueF v simultion est un moyen de répondre à es prolémtiques et emdeus trville tuellement sur le développement d9un simulteur de tr( u solF ve développement d9un tel simulteur néessite de ien omprendre l dynmique létoire qui régit le routge u sol et l9ordonnnement à l pisteF xous vons ommené à trviller sur des modélistions simples du proessus de déprt pr des (les d9ttente dns e utF hes trvux similires ont déjà été proposésD pr exemple pr ujet et lF IWWWD grr et lF PHHP et imikis et lF PHIRF ne des diretions de reherhes priniples de ette thèse est l9emrquement de nos méE thodes d9optimistion dns un tel simulteurD (n d9évluer leurs omportements dns un dre stohstiqueF xous espérons insi une vlidtionD ou dns le s ontrire une mise en vleur des mnquements de hque méthode et don les xes de reherhes futures pour plier les éventuels défuts identi(ésF IQS IQT ÉwÉ ve dre de ette thèse est l9optimistion des opértions éroportuiresF xous nous intéE ressons à trois prolèmes de gestion des vions dns un éroport X l9'ettion ux points de sttionnementD le routge u sol entre les pistes et les points de sttionnementD et l9ordonnneE ment des déollges et des tterrissgesF ge trvil été rélisé en ollortion étroite ve l soiété emdeusF xos pprohes ont été testées et vlidées ve des données réelles provennt d9éroports européensF xous proposons une formultion en rogrmme vinéire en xomres intiers @vxiA du prolème d9'ettion ux points de sttionnementF xous montrons que trouver une 'ettion rélisle est un prolème xEgomplet et nous proposons diverses méliortions visnt à réduire le temps de résolution de notre modèleF xous otenons insi des solutions de meilleure qulité que elles de l littértureD tout en onservnt un temps de lul risonnleF ve prolème de routge u sol est modélisé en dptnt un vxi de l littértureF xous montrons que les inditeurs de l9industrie sont en ontrdition ve l9ojetif de rédution du temps de roulgeD et don des émissions de pollutionsF xous proposons de nouveux inditeurs sés sur l9heure de déollgeD et non sur l9heure de déprt du point de sttionnementF in(nD nous nous intéressons à l9intégrtion de l9ordonnnement à l piste ve le routge u solF xous montrons qu9une meilleure intégrtion permet de réduire le temps de roulge et d9méliorer l gestion de l pisteF xous proposons une heuristique séquentielle sée sur une modélistion en vxi innovnte du prolème d9ordonnnement à l pisteF xous montrons que ette heuristique fournit des solutions de onne qulité en temps risonnleD ontrirement à l9pprohe exte de l littértureF wyEgvÉ Aéroport, gestion des opérations, programmation linéaire en nombres entiers, aectation aux points de stationnement, routage au sol, ordonnancement à la piste. efeg sn this thesisD we ddress the optimiztion of irrft ground opertions t irportsD fousing on three min optimiztion prolemsX the stnd llotionD the ground routing etween stnds nd runwysD nd the sequening of tkeEo's nd lndingsF hese works result from lose ollortion with emdeusF yur pprohes hve een tested nd vlidted with rel dt from iuropen irportsF he stnd llotion prolem is formulted s wixed snteger rogrm @wsAF e show tht (nding n llotion pln respeting opertionl requirements is xEgomplete nd we strengthen our model in severl diretionsF e otin etter solutions thn the literture withing resonle omputtion times for n industril pplitionF he ground routing prolem is modeled y ws formultion dpted from the litertureF e show tht the min inditors of the industry re in ontrdition with the ojetive of reduing txi times nd therefore ir pollutionF e propose new inditors sed on tkeEo' times insted of push k timesF vstlyD we fous on the integrtion of the runwy sequening with the ground routingF e highlight tht etter integrtion llows to redue txi times while improving the mngement of the runwyF e propose sequentil heuristi sed on n innovtive ws formultion of the runwy sequening prolemF his heuristi is shown to provide high qulity solutions in resonle omputtion timesD unlike the ext pproh from the litertureF ui yh Airport, operations management, mixed integer programming, stand allocation, ground routing, runway sequencing.

Figure

  Figure IFR ! Winglet de l9eirus eQSH

Figure

  Figure IFT ! rteurs de repoussge

  Figure IFU ! oints de sttionnement en ontt et en ire éloignée

  Medium waiting time -Split in 2 operations pigure PFQX plitting turnrounds in opertions nd dding u'er times

  2.4.4 Complexity results he xEompleteness of the ep n e shown y redution from the geqgF Theorem 1. The stand allocation feasibility problem (without shadow constraints and successor relations) is NP-complete.

!

  xE ompleteF ogether with roperty ID this implies the xEompleteness of the epF es orollries of heorem ID we now show tht some speil ses of the eD left open y tehn PHIHD re xEhrdF Corollary 1. SAP with compatibility constraints and anity coecients verifying c ij = c j ∈ {0, 1}, ∀i ∈ O, ∀j ∈ S is NP-hard. Proof. ine the ep is in x nd solution n e evluted in polynomil timeD the e is in xF vet us onsider n instne I(O, S, Si ) of the epF e de(ne the instne I(O, S, S i , c) of the e s followsX ! S = S ∪ {| S| + 1}D iFeF | S| + 1 is the dummy stndD ! S i = Si ∪ {| S| + 1}D for the dummy stnd only F I(O, S, Si ) hs fesile solution if nd only if I(O, S, S i , c) hs solution of vlue |O|F purE thermoreD we de(ne I(O, S, S i , c) suh tht c ij = c j ∈ {0, 1}F his proves the orollryF Corollary 2. SAP without compatibility constraints and anity coecients c ij ∈ {0, 1} is NPhard. Proof. es in gorollry ID the e is in xF vet us onsider n instne I(O, S, Si ) of the epF e de(ne the instne I(O, S, S i , c) of the e s followsX QU !

  Computation time pigure PFTX i'et of the numer of opertions on (nding fesile solution SH

  Passengers assigned to contact stands (in %)

1.

  When an air sector of an aircraft ight plan is congested or when the destination airport is facing adverse conditions, the Network Manager Operations Center (NMOC, previously called the Central Flow Management Unit, CFMU) assigns a Calculated Take-O Time (CTOT). It generally results in delaying the take-o to prevent the situation from NMOC worse in the perturbed sector. The take-o is allowed within the interval [CT OT -5 min; CT OT + 10 min], called a NMOC slot. Otherwise, the aircraft has to wait for another slot from the NMOC.

  the set of nodes nd edges tht )ight i n useF xote tht the origin o i nd the destintion d i re TQ (xed y the runwy nd stnd llotionF

  constraints pigure QFQX fety onstrints e used y )ight i is now

  runwy seprtion time t gr (H = heavy, M = medium and L = light)

  the punctuality key performance indicators he verge dely nd the y re the min puntulity inditors for irlines nd irportsF rowever the literture fouses on txi time nd ompletion time inditorsF sn this setionD we study the impt of inluding the verge dely nd the y in the optimiztionF 3.5.2.1 Average delay pigure QFT presents the e'et of the weight c delay on ll uss for rrivls @dshed linesA nd deprtures @solid linesA nd for di'erent vlues of c ct F

  Additional taxi time and delay when c delay = 2 instead of c delay = 0 pigure QFUX i'et of inluding the dely inditor in the optimiztion long the dy @deprtures onlyD c ct = 2D c taxi = 1A 3.5.2.2 OTP 15

c

  delay = c OT P = 0 c delay = 2 ; c OT P = 0 c delay = 0 ; c OT P = 1800 (a) Average delay to SIBT / STOT (b) Average taxi time (c) Average completion time (d) Average OTP to SIBT / STOT

  Eect on CPU time pigure QFIIX i'et of the numer of pths @c ct = 2, c taxi = 1, c OT P = c delay = 0D new y nd delyA

  Appendix 3.A Other objectives ! he xwyg slot ompline n esily e inluded in our modelF wximizing the xwyg slot ompline is equivlent to minimize the numer of slots missedF e de(ne new inry vriles β i inditing if the slot is missed for every regulted deprture i ∈ F reg dep F he xwyg slot ompline ojetive is 2014 by passenger trac according to Wikipedia, Hartseld-Jackson Atlanta International Airport (ATL), Beijing Capital International International airport (PEK), London Heathrow airport (LHR), Tokyo Haneda airport (HND) and Los Angeles International airport (LAX).

  tkeEo' seprtion times @r a hevyD w a medium nd v a lightA wo di'erent runwy mngement modes existX segregted mode nd mixed modeF sn mixed modeD runwy hndles oth tkeEo's nd lndings wheres in segregted modeD only tkeEo's or only lndings n e proessedF wixed mode is known to e more e0ient sine seprtions (a) Runway operated in mixed mode (b) Runways operated in segregated mode with runway crossing (c) Runways operated in segregated mode without runway crossing pigure RFIX prequent runwy on(gurtions etween rrivls nd deprtures re shorter @see qhoniem et lF PHIRAD ut segregted mode is often used euse of irport lyoutsX two prllel runwys interfere when they re too lose to eh other 1 D iFeF minimum seprtions etween two tkeEo's or two lndings must e respeted 1. Less than 2500 ft ≈ 760m (Balakrishnan and Chandran [2006])

Flightτ

  Average number of τ doubling (c) Average number of times that doubling τ was required over all iterations pigure RFQX erformnes of the τ Erestrition priniple Remark on equity

  30 minutes take-o slots pigure RFRX histriution of ompletion times for instnes with TH deprtures with )ight mix IHEUHEPH

  IPIonseutive deprture to respet minimum turnround timesF st results in V test setsD IH instnes re generted for eh tkeEo' seprtions time (H = heavy, M = medium and L = light)

  Instances with 60 departures pigure SFRX smpt of the onstrints reformultion on omputtion times

  

  

  

  

  , .., v n } nd W = {w 1 , .., w m }F ertex v j orresponds to stnd j ∈ S nd vertex w i orresponds to opertion i ∈ OF o simplify mttersD we will spek of stnds nd opertions for verties of V nd W F he edges of the grph re de(ned s followsX !

		ypen uroon et lFD IWWU	xEhrd @BA
	c ij = c j ∈ N	xEhrd tehnD PHIH	xEhrd tehnD PHIH
	le PFIX gomplexity sttus of the stnd llotion prolemF @BA indites the new results
	estlished in this hpterF		
	2.4.2 The stand allocation feasibility problem as a graph coloring problem
	sn this setionD we show tht the ep n e modeled y grph oloring prolemF vet
	I(O, S, Si ) e n instne of epF vet G I = (V ∪ W, E) e n undireted grph where
	V = {v 1		

  if opertion i nd stnd j re inomptileF qrphs G I will e denoted s ep grphsF pigure PFR provides n exmple of suh grphF st should e noted tht the grph indued y V is the lique K n D thus G I nnot e olored with less thn n di'erent olorsF he grph indued y W is n intervl grphF hese sugrphs re linked y edges representing inomptiility onstrintsF QR There is a feasible solution to an instance I(O, S, Si ) of SAF P if and only if G I admits a n-coloring.

	Stands	Operations
	pigure PFRX e REolortion of ep grph
	Property 1.	

  olored with less thn |K| olorsF reneD deiding whether G n e nEolored is polynomil if n < |K|F goloring G is trivil if n ≥ pF reneD we ssume tht QT n ∈ {|K|, .., p -1} in order to prove the ove theoremF e now uild n instne I(O, S, Si ) of the ep suh tht it epts solution if nd only if G is nEolorleF ! por eh irulr r A i = (e i , f i ) ∈ LD we de(ne n opertion i with the strt time a i = e i nd end time d i = f i F es A i ∈ LD e i < f i nd opertion i is well de(nedF ! por eh irulr r A j of KD we de(ne stndF tnd j is omptile with opertion i if nd only if the ssoited r A j does not interset the ssoited r A i F ! e dd n -|K| stnds tht re omptile with ll opertionsF vet G I e the grph ssoited with IF st should e noted tht G nd G I only di'er y the verties ssoited with the lst n-|K| stndsF hese verties re only djent to other verties of KF st follows tht if

  VQ onseutive dysF le PFP presents hrteristis of the instnes with respet to the numer of opertionsD the numer of stnds nd the numer of stnds omptile with eh opertionF

	Inst.	Ops	Simultaneous	Contact	Remote	Compatible
			ops (peak)	stands	stands	stands (average)
	I	703	92	43	122	131.2
	Min J	397	37	60	49	34.8
	Avg J	485	43	60	49	35.9
	Max J	553	52	60	49	36.7

  the e'et of the ws formultion on the integrlity gp nd omputtion timeD for the three 0nity funtionsF e time limit of one hour is setF

					Overlapping	Shadow		
					constraints	constraints		
			Instance	Binary	MIP 2.1 MIP 2.2 MIP 2.1 MIP 2.2	
				variables					
			I	93 k	4.4 M	36 k	1.3 M	45 k	
			Avg J	17 k	315 k	10 k	146 k	6 k	
			Min J	14 k	196 k	8 k	93 k	4 k	
			Max J	20 k	415 k	11 k	195 k	7 k	
			le PFQX xumer of inry vriles nd onstrints	
	le PFR presents Gap (z * LP /z * M IP -1)		CPU time [s]
				MIP 2.2			MIP 2.2		MIP 2.2 +
	Instances	MIP 2.1 without y ij MIP 2.2	MIP 2.1	without y ij MIP 2.2 sym. break.
	I_op		OOM	2.4%	0.0%	OOM	313.0	92.8	34.3
	I_bus	OOM	3.5%	0.0%	OOM	1717.2	86.3	36.5
	I_pax	OOM	2.8%	0.0%	OOM	512.2	74.3	28.2
		Avg	3.2%	1.7%	0.0%	65.5	68.5		3.9	4.2
	J_op	Min	1.3%	0.8%	0.0%	2.7	1.6		1.0	1.3
		Max	5.8%	3.2%	0.1%	TL (0.0 %) TL (0.0 %)	22.4	12.7
		Avg	4.8%	2.5%	0.0%	10.1	7.8		3.4	3.9
	J_bus	Min	2.3%	1.2%	0.0%	3.1	1.7		1.0	1.6
		Max	6.7%	4.3%	0.1%	42.3	37.5		9.2	10.0
		Avg	4.1%	2.0%	0.0%	11.6	9.5		3.2	3.7
	J_pax	Min	1.6%	0.9%	0.0%	3.0	1.6		1.0	1.2
		Max	5.8%	3.5%	0.1%	53.3	39.4		9.3	9.7

  3.3.2 Alternate paths modelsn this setionD we generlize the previous model in order to llow multiple pthsF por eh )ight iD the pth n e hosen in set of lternte pths P i F por eh )ight i nd eh pth p ∈ P i D we denote V p i nd E p i the set of nodes nd edges used in pF he set of nodes tht n TT

  M ij is lrge enough vlueF es fesley et lF PHHH remrk itD M ij n e de(ned s l i + S ij -e j F st must e remrked tht this model is not vlid if l i = +∞D sine M ij nnot e lrge enoughF fesley et lF PHHH explin how to strengthen the slots without loss of generlity from n upper oundF uh n upper ound n e provided y ny fesile solutionsD eFgF otined with simple pgp lgorithmF his method n e used for ounding l i onsequently llowing the model to del with in(nite tkeEo' slotsF his model is herefter referred to s MIPF

4.3.1.2 Using wake vortex categories

  [e iu , l iu ] is herefter referred to s slot [e iu , l iu ]F Computing e iu and l iu e )ight i is sujet to n erliest time t origin T o i nd ltest time t destintion L d i F xote tht )ight i nnot reh node u k ∈ P i efore

  EXOT i is the estimted txiEout time of deprture i is used in tep I for estimting the erliest time t the runwyF imilrlyD EXIT i is the estimted txiEin time of rrivl iF ! T r i is the set of possile runwy times for )ight iD iFeF tkeEo' times if i is deprture nd lnding times if i is n rrivlF st is disretiztion of slots [e id i , l id i ] for deprtures nd [e io i , l io i ] for rrivlsF xote tht intervl [e io i , l io i ] is tully singleton for rrivlsF ! T s i is the set of possile stnd timesD iFeF push k times if i is deprture nd prkEin times if i is n rrivlF st is disretiztion of slots [e io i , l io i ] for deprtures nd [e id i , l id i ] for rrivlsF ! S ij is the minimum runwy seprtion time etween )ight i nd j if i uses the runwy efore jF ! o prevent on)its in the rmp re etween two )ights i nd jD we de(nea ij b ij ∈ R suh tht if i pushes k G prks in t time tD then j nnot push k G prk in during the intervl [t + a ij , t + b ij ] @see etion SFSFR for more detilsAF (t id i -t io i ) + i∈F c ct i (t id i -T o i )xote tht for deprture iD time t destintion t id i is equivlent to t∈T r

	es reminderD ojetive funtion @SFRA of ws SFI is
		c taxi i
		i∈F
		i	tx r it nd time t origin
	t io i is equivlent to t∈T s i	tx s it F yjetive oe0ients re thus de(ned s follows
	Main notations	
	yur model needs dditionl nottionsF
	! Variables and objective coecients
	yur model uses following vrilesF
	! x r it = 1 if )ight i ∈ F tkes o' G lnds on t time t ∈ T r i F
	! x s it = 1 if )ight i ∈ F pushes k G prks in t time t ∈ T s i F
		IIR

  k i he priniple is the sme for rrivls ut kwrdsF xote tht the durtion of the shortest shedule does not depend t sine minimum trvel times T min iuv neitherF his durtion is herefter referred to s duration(i)F ! isF easible(schedule i , schedule j ) indites if schedule i nd schedule j re omptile in the rmp reD iFeF respet minimum seprtion t eh node nd overtke nd hedEon onstrints on eh edge of the rmp reF ! lb(i, j) returns lower ound of a ij F por exmpleD -(duration(i)+duration(j)+ u Sjiu)

  IP Ramp + tooF

			Using previous solution	IP Ramp +
			Gap		CPU	Gap	CPU
			Max	Avg	Max Avg	Max	Avg	Max Avg
		40 dep. 0 arr.	0.86 % 0.44 % 1.1s 0.2s 1.05 % 0.52 % 5.1s 0.5s
	Flight mix	40 dep. 20 arr. 1.66 % 0.74 % 1.7s 0.3s 1.52 % 0.62%	5.6s 0.9s
	5-90-5	60 dep. 0 arr.	1.71 % 0.22 %	17s	0.8s 1.45 %	0.5%	100s 5.1s
		60 dep. 20 arr. 4.12 % 1.38 %	11s	0.9s 2.81 % 0.71 %	68s	4.1s
		40 dep. 0 arr.	0.46 % 0.11 % 2.1s 0.2s 0.46 % 0.19 % 4.1s 0.6s
	Flight mix	40 dep. 20 arr. 1.94 % 0.87 % 1.1s 0.3s 2.18 % 0.8 %	4.3s 0.9s
	10-70-20	60 dep. 0 arr.	0.56 % 0.14 %	20s	2.5s	1.11% 0.28 % 300s 32s
		60 dep. 20 arr. 3.14 % 0.88 %	45s	3.0s 2.29 % 0.91 % 300s 29s
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Le projet Single European Sky ATM Research (SESAR) est un programme visant à moderniser les systèmes de gestion du trac aérien européen, dans le but de tripler la capacité de l'espace aérien, de réduire de 10% l'impact environnemental, de diviser par 10 le risque d'accident et de diminuer les coûts du contrôle. Le projet a été lancé en 2004 et devrait s'achever à l'horizon 2020. http://www.sesarju.eu/ II