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❞❵ ❞❤❢✐ ❥ ❢❝❪ ✈ ❣❝❪ ♦ ❢❝❪ ❢❴♠❵ ❜ ❭❢♠❦❤❣❝❧ ❞❬❭ ❣❜❛❢❥❞
❵❡ ❵❛ ❭❝❣❝❧ ❢ ❝❭✈ ❞❢t❣✈❢♥ ❵❤ ❥❴❵♠❣❝❧ ❢❝ ❭t❣♠❞❣❝❧ ❞❢t ❣♣
✈❢♥r ❩❬❭ ❛❤❵✉❴❭❜ ❣♠ ❣❝❞❤❵❪❦❥❭❪ ❢❝❪ ❜❵❪❭❴❴❭❪ ❣❝ ❞❬❭
➜❤♠❞ ❛❢❤❞ r ❩❬❭ ❪❣➇❭❤❭❝❞ ❢❴❧❵❤❣❞❬❜ ♠ ❦♠❭❪ ❞❵ ♠❵❴❫❭ ❞❬❭

➝➞➟➠➡➢➤➥➟➦➧ ➨➦➩➫➢ ➭➯➥➥➲ ➳➵➵➸➸➸ ➺➤➥➤➻ ➺➻➦➠ ➵➼➟➠➠➦➩➵➽
➾➚➫➩➫➪➤➢ ➶➹➟➤➥➟➦➧ ➶➩➠ ➟➧➟➼➥➪➤➥➟➦➧
➘ ➞➡➪➴➤➻➫ ➨➦➹➫➠ ➫➧➥ ➶➩➹➟➼➫➪
➭➯➥➥➲ ➳➵➵➼➡➪➴➤➻➫ ➺➤➪➻ ➺➧➤➼➤ ➺➷➦➹➵➼➠ ➤➵➽
➬➮➤➥➟➦➧➤➢ ➶➫➪➦➧➤➡➥➟➻➼ ➤➧➩ ➞➲➤➻➫ ➶➩➠ ➟➧➟➼➥➪➤➥➟➦➧
➱✃➫➲➤➪➥➡➪➫ ❐➢➤➧➫➪
❒❮➦➥➤➢ ➶ ➟➪➼➲➤➻➫ ➤➧➩ ➶➟➪➲➦➪➥ ➨➦➩➫➢➢➫➪
❰❮➤Ï➟ ➤➧➩ Ð➤➠➲ ➨➤➧➤➷➫➠ ➫➧➥ ➶➧➩ Ñ➦➧➥➪➦➢
➭➯➥➥➲ ➳➵➵➩➹ ➺Ò➼ ➺➩➢➪ ➺➩➫➵Ó ➵Ô ➵ÕÖ➵➥➤➪➠ ➤➻➼×➤➼➽
Ø✃➫➡➥➼➻➯➫➼ Ù➫➧➥➪➡➠ ➴➡➪ Ú➡➴➥ ➡➧➩ Ð➤➡➠ ➴➤➯➪➥
Û➶ ➟➪ ❮➪➤Ü ➻ Ñ➦➧➥➪➦➢



❛❤❵✉❴❭❜ ❢❤❭ ❪❭❞❢❣❴❭❪ ❣❝ ❛❢❤❞ Ý r ❩❬❭ ❴❢♠❞ ❛❢❤❞ ❧❣❫❭♠
❞❬❭ ❤❭♠❦ ❴❞♠ ❵❡ ❢ ❡❦❴❴ ♠❣❜❦❴❢❞❣❵❝ ❵❝ ❢ ❵❝❭ ❪❢♥ ❞❤❢✐ ❥ ❵❝
③❵❣♠♠♥ ②❣❤❛❵❤❞ r

Þ ß❲❶❚ àáâ â❶❷áàà❹⑩ã

❩❬❭ ❛❤❵✉❴❭❜ ❣♠ ❞❵ ➜❝❪ ❡❵❤ ❭❢❥❬ ❢❣❤❥❤❢❡❞ ❢❝ ❵❛❞❣❜ ❢❴ ❛❢❞❬
❡❤❵❜ ❣❞♠ ❛❢❤✇❣❝❧ ❞❵ ❢ ❧❣❫❭❝ ❤❦❝✈❢♥ ❬❵❴❪❣❝❧ ❛❵♠❣❞❣❵❝ ❵❤
❡❤❵❜ ❣❞♠ ❤❦❝✈❢♥ ❭t ❣❞ ❞❵ ❣❞♠ ❛❢❤✇❣❝❧ ♦ ❢❝❪ ❤❭♠❛❭❥❞ ❢ ❧❣❫❭❝
♠❭❛❢❤❢❞❣❵❝ ✉❭❞✈❭❭❝ ❢❣❤❥❤❢❡❞ r
②❝ ❵❛❞❣❜ ❢❴ ❛❢❞❬ ❥❢❝ ❬❢❫❭ ❪❣➇❭❤❭❝❞ ❪❭➜❝❣❞❣❵❝♠ ❢♠ ❡❵❤
❭t❢❜❛❴❭ ❞❬❭ ❴❭❝❧❞❬ ❵❡ ❞❬❭ ❛❢❞❬ ❵❤ ❞❬❭ ❞❵❞❢❴ ❞❢t❣❣❝❧
❞❣❜ ❭ r ä❵❴❪❣❝❧ ❵❝ ❢ ❞❢t❣✈❢♥ ❥❢❝ ✉❭ ❜❵❤❭ ❵❤ ❴❭♠♠ ❛ ❭♣
❝❢❴❣♠❣❝❧ ❞❬❢❝ ❣❝❥❤❭❢♠❣❝❧ ❞❬❭ ❴❭❝❧❞❬ ❵❡ ❞❬❭ ❛❢❞❬ r s❞ ❥❢❝
✉❭ ❥❬❭❢❛❭❤ ❞❵ ❬❵❴❪ ❢❞ ❞❬❭ ❛❢❤✇❣❝❧ ❛❵♠❣❞❣❵❝ ❞❬❢❝ ❵❝ ❢
❞❢t ❣✈❢♥r
s❞ ❥❢❝ ✉❭ ✉❭❞❞❭❤ ♦ ❡❵❤ ❭t❢❜❛❴❭ ♦ ❞❵ ❴❭❝❧❞❬❭❝ ♠❴❣❧❬❞❴♥ ❞❬❭
❤❵❦❞❭♠ ❵❡ ❞✈❵ ❢❣❤❥❤❢❡❞ ❞❬❢❝ ❞❵ ❜ ❢✇❭ ❵❝❭ ❢❣❤❥❤❢❡❞ ✈❢❣❞
❢ ❴❵❝❧ ❞❣❜ ❭ r ❩❬❭❤❭❡❵❤❭ ❢ ❧❴❵✉❢❴ ❵❛❞❣❜❦❜ ❥❤❣❞❭❤❣❢ ✈ ❣❴❴
❬❢❫❭ ❞❵ ✉❭ ❪❭➜❝❭❪ ❣❝ ❞❬❭ ❡❵❴❴❵✈ ❣❝❧ r ä❵✈❭❫❭❤ ♦ ❞❬❭ ❛❦❤♣
❛❵♠❭ ❵❡ ❞❬❣♠ ❢❤❞❣❥❴❭ ❣♠ ❝❵❞ ❞❵ ❪❣♠❥❦♠♠ ❞❬❭ ❥❬❵❣❥❭ ❵❡ ♠❦❥❬
❥❤❣❞❭❤❣❢ ♦ ✈❬❣❥❬ ❪❭❛❭❝❪ ❵❝ ❜ ❢❝♥ ❪❣➇❭❤❭❝❞ ❡❢❥❞❵❤♠ ❤❭♣
❴❢❞❭❪ ❞❵ ❞❬❭ ❢❣❤❛❵❤❞ ❧❭❵❜ ❭❞❤♥♦ ❞❬❭ ❞❤❢✐ ❥ ♦ ❢❝❪ ❢❣❤❴❣❝❭♠
❛❤❭❡❭❤❭❝❥❭♠ r r r
å♥ ❞❬❭ ✈❢♥♦ ❣❞ ❣♠ æ❦❣❞❭ ❪❣✐ ❥❦❴❞ ❞❵ ❛❤❭❪❣❥❞ ✈ ❣❞❬ ❢
❧❵❵❪ ❢❥❥❦❤❢❥♥ ❞❬❭ ❡❦❞❦❤❭ ❛❵♠❣❞❣❵❝♠ ❵❡ ❢❣❤❥❤❢❡❞ ❵❝ ❞❢t ❣♣
✈❢♥♠ r ➔ ❣❤♠❞ ❵❡ ❢❴❴ ♦ ❞❬❭ ❭t❢❥❞ ❪❭❛❢❤❞❦❤❭ ❞❣❜ ❭ ❣♠ ❧❭❝❭❤❢❴❴♥
✇❝❵✈❝ ❵❝❴♥ ❢ ❡❭✈ ❜ ❣❝❦❞❭♠ ❣❝ ❢❪❫❢❝❥❭ ➊❜❢❝♥ ❡❢❥❞❵❤♠
❥❢❝ ❥❢❦♠❭ ❪❭❴❢♥♠➐ ♦ ❢❝❪ ❞❬❭ ❭t❢❥❞ ❴❢❝❪❣❝❧ ❞❣❜ ❭ ❪❭❛❭❝❪♠
❵❝ ❞❬❭ ❤❦❝✈❢♥ ♠❭æ❦❭❝❥❣❝❧ r ② ❜❵❪❭❴❴❣❝❧ ❞❬❢❞ ❥❢❝ ❢❡♣
❡❵❤❪ ❞❬❭♠❭ ❦❝❥❭❤❞❢❣❝❞❣❭♠ ❣♠ ❝❭❥❭♠♠❢❤♥ ❣❝ ❵❤❪❭❤ ❞❵ ✉❦❣❴❪
❢ ❤❭❢❴❣♠❞❣❥ ❞❵❵❴ r

❑ ◗● ✷ ✩✥✽ ✯✥✸ ✭✸✥✲✪✸✲✥✬

❩❬❭ ❢❣❤❛❵❤❞ ❣♠ ❪❭➜❝❭❪ ✉♥ ❢ ❧❤❢❛❬ ç ❴❣❝✇♠ ❤❭❛❤❭♠❭❝❞ ❞❢t ❣♣
✈❢♥ ♠❭❧❜ ❭❝❞♠ ✈❬❭❤❭❢♠ ❝❵❪❭♠ ❢❤❭ ❞❢t ❣✈❢♥ ❣❝❞❭❤♠❭❥❞❣❵❝♠
❵❤ ❥❵❝❝❭❥❞❣❵❝♠ ♦ ❛❢❤✇❣❝❧ ♦ ❬❵❴❪❣❝❧ ❛❵♠❣❞❣❵❝♠ ♦ ❢❝❪ ❤❦❝♣
✈❢♥ ❭t❣❞♠ r ➔ ❣❧❦❤❭ Ý ❤❭❛❤❭♠❭❝❞♠ ❞❬❭ ❧❤❢❛❬ ❵❡ ③❵❣♠♠♥
❢❣❤❛❵❤❞ r ❩❬❭ ❧❤❢❛❬ ❣♠ ❵✉❫❣❵❦♠❴♥ ❥❵❝❝❭❥❞❭❪ r ② ⑤ ❣q ✇♠❞❤❢
❢❴❧❵❤❣❞❬❜ ➋②➆è➍é➏ ❥❢❝ ✉❭ ❦♠❭❪ ❞❵ ❥❵❜❛❦❞❭ ❞❬❭ ❜ ❣❝❣♣
❜❦❜ ❴❭❝❧❞❬ ❡❤❵❜ ❢❝♥ ❝❵❪❭ ❵❡ ❞❬❭ ❧❤❢❛❬ ❞❵ ❭❫❭❤♥ ❛❢❤✇♣
❣❝❧ ♦ ❬❵❴❪❣❝❧ ❛❵❣❝❞ ♦ ❵❤ ❤❦❝✈❢♥ ❭t ❣❞ r ②❝ ê ë ❢❴❧❵❤❣❞❬❜
➋⑦❭❢➎ì➏ ❥❢❝ ❢♠ ✈❭❴❴ ✉ ❭ ❦♠❭❪ ❞❵ ❥❵❜❛❦❞❭ ❞❬❭ ❜ ❣❝❣❜❦❜
❴❭❝❧❞❬ ❡❤❵❜ ❢❝♥ ❝❵❪❭ ❵❡ ❞❬❭ ❧❤❢❛❬ ❞❵ ❭❫❭❤♥ ❛❢❤✇❣❝❧ ♦
❬❵❴❪❣❝❧ ❛❵❣❝❞ ❵❤ ❤❦❝✈❢♥ ❭t ❣❞ ♦ ❞❢✇❣❝❧ ❣❝❞❵ ❢❥❥❵❦❝❞ ❞❬❭
❴❣❜ ❣❞❢❞❣❵❝♠ ❣❝ ❞❭❤❜ ♠ ❵❡ ❞❦❤❝❣❝❧ ❤❢❞❭ r ❩❬❭❤❭❡❵❤❭ ♦ ❭t❞❤❢
❞❣❜ ❭ ❣♠ ❢❪❪❭❪ ❪❭❛❭❝❪❣❝❧ ❵❝ ❞❬❭ ❞❦❤❝❣❝❧ ❤❢❞❭ ➊♠❭❭ ➜❧❦❤❭
í➐ r
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➔❣❧❦❤❭ íç ②❪❪❣❞❣❵❝❢❴ ❪❭❴❢♥ ❢♠ ❢ ❡❦❝❥❞❣❵❝ ❵❡ ❞❬❭ ❞❦❤❝❣❝❧
❢❝❧❴❭

❑ ◗❑ ✷ ✩✥✪✥✦✻✸ ✽ ✯✭✭✩❘ ✰✬ î ✦✧✯✬✲❃✥✬✭
s❝ ❵❤❪❭❤ ❞❵ ❜ ❣❝ ❣❜ ❣♠❭ ❞❬❭ ❪❭❴❢♥♠ ❢❝❪ ❭❝♠❦❤❭ ❞❬❭ ♠❭❛❢❤❢♣
❞❣❵❝♠ ♦ ❞❬❭ ❛❢❞❬ ❵❡ ❢❣❤❥❤❢❡❞ ❥❢❝ ✉❭ ❜❵❪❣➜❭❪ ♦ ❵❤ ❢❣❤❥❤❢❡❞
❥❢❝ ❬❵❴❪ ❛❵♠❣❞❣❵❝ ❢❞ ❞❬❭❣❤ ❛❢❤✇❣❝❧ ♦ ❵❝ ❞❢t❣✈❢♥♠ ❵❤ ❢❞
❞❬❭ ❬❵❴❪❣❝❧ ❛❵❣❝❞ ✉ ❭❡❵❤❭ ❞❢✇❣❝❧ ❵➇ r ❩✈❵ ❢❣❤❥❤❢❡❞ ❢❤❭
❣❝ ❥❵❝➓❣❥❞ ❣❡ ❞❬❭ ❪❣♠❞❢❝❥❭ ✉ ❭❞✈❭❭❝ ❞❬❭❜ ❣♠ ❴❭♠♠ ❞❬❢❝ ïð
❜ ❭❞❭❤♠ ❢❞ ❭❫❭❤♥ ❞❣❜ ❭ ♦ ❭t❥❭❛❞ ❵❝ ❞❬❭ ❛❢❤✇❣❝❧ ❛❵♠❣❞❣❵❝ ❵❝
✈❬❣❥❬ ❞❬❣♠ ❪❣♠❞❢❝❥❭ ❥❢❝ ✉❭ ❤❭❪❦❥❭❪ r s❝ ❵❤❪❭❤ ❞❵ ❬❢❫❭
♠❣❜❛❴❭ ❜ ❢❝❵❭❦❫❤❭♠ ♦ ❵❝❴♥ ❵❝❭ ❬❵❴❪❣❝❧ ❵❤❪❭❤ ♠❬❵❦❴❪ ✉ ❭
❧❣❫❭❝ ❞❵ ❞❬❭ ❛❣❴❵❞ ❢❞ ❢ ❞❣❜ ❭ ➊♠❞❢❤❞❣❝❧ ❢❞ ñò ❢❝❪ ❭❝❪❣❝❧
❢❞ ñ❿ ➐ r ❩❬❭ ❛❢❞❬ ♠❬❵❦❴❪ ❢❴♠❵ ❤❭♠❛ ❭❥❞ ♠❵❜ ❭ ❥❵❝♠❞❤❢❣❝❞♠ ç
❞❦❤❝❣❝❧ ❢❝❧❴❭♠ ❢❤❭ ❴❣❜ ❣❞❭❪ ✉♥ ❞❬❭ ❢❣❤❥❤❢❡❞ ❛❭❤❡❵❤❜ ❢❝❥❭ ♦
❢❝ ❢❣❤❥❤❢❡❞ ♠❬❵❦❴❪ ❝❵❞ ❦♠❭ ❞❬❭ ♠❢❜ ❭ ❞❢t ❣✈❢♥ ❞✈ ❣❥❭ ❣❝
❞❬❭ ♠❢❜❭ ❪❣❤❭❥❞❣❵❝ ♦ ❞❬❭❤❭ ❥❢❝❝❵❞ ❝❵❞ ✉ ❭ ❜❵❤❭ ❞❬❢❝ ❵❝❭
❢❣❤❥❤❢❡❞ ❵❝ ❢ ❤❦❝✈❢♥ ❢❞ ❞❬❭ ♠❢❜ ❭ ❞❣❜ ❭ r r r s❝ ❵❤❪❭❤ ❞❵
♠❣❜❛❴❣❡♥ ❞❬❭ ❛❤❵✉❴❭❜ ♦ ❢❣❤❥❤❢❡❞ ❢❤❭ ♠❦❛❛❵♠❭❪ ❞❵ ❬❢❫❭
❥❵❝♠❞❢❝❞ ♠❛❭❭❪ ❭t❥❭❛❞ ✈❬❭❝ ❞❬❭♥ ❞❦❤❝ r
② ❴❞❭❤❝❢❞❭ ❛❢❞❬♠ ❴❭❝❧❞❬❭❝❣❝❧ ❞❬❭ ❞❤❢q ❭❥❞❵❤♥ ❴❭♠♠ ❞❬❢❝
❢ ❥❭❤❞❢❣❝ ❪❣♠❞❢❝❥❭ ❥❢❝ ✉❭ ❥❵❜❛❦❞❭❪ ✈ ❣❞❬ ❢ ♠❣❜❛❴❭
å❤❢❝❥❬ ❢❝❪ å❵❦❝❪ ❢❴❧❵❤❣❞❬❜ ➋ä❩➍ó➏ r
➔ ❣❧❦❤❭ Ý ❧❣❫❭♠ ❢❝ ❭t❢❜❛❴❭ ❵❡ ❞❬❭ ♠❬❵❤❞❭♠❞ ❛❢❞❬ ❥❢❴♣
❥❦ ❴❢❞❭❪ ✉❭❞✈❭❭❝ ❢ ❤❦❝✈❢♥ ❭t ❣❞ ❢❝❪ ❢ ❧❢❞❭ r ❩❬❭ ìïô
❢❴❞❭❤❝❢❞❭ ❛❢❞❬♠ ❴❭❝❧❞❬❭❝❣❝❧ ❞❬❭ ❞❤❢q ❭❥❞❵❤♥ ❴❭♠♠ ❞❬❢❝
óðð ❜ ❭❞❭❤♠ ❢❤❭ ❢❴♠❵ ❤❭❛❤❭♠❭❝❞❭❪ r

❑ ◗❉ ✷õ✼ö î✯✳✬✰✰✩✧❀
②♠ ❞❬❭ ❢❣❤❥❤❢❡❞ ❡❦❞❦❤❭ ❛❵♠❣❞❣❵❝ ♠ ❢❝❪ ❜❵❫❭❜ ❭❝❞♠ ❢❤❭ ❝❵❞
✇❝❵✈❝ ✈ ❣❞❬ ❢ ❧❵❵❪ ❢❥❥❦❤❢❥♥♦ ❣❞ ❣♠ ❝❭❥❭♠♠❢❤♥ ❞❵ ❤❭❧❦♣
❴❢❤❴♥ ❦❛❪❢❞❭ ❞❬❭ ♠❣❞❦❢❞❣❵❝ ♦ ❭❫❭❤♥ ÷ ❜ ❣❝❦❞❭♠ ❡❵❤ ❭t❢❜ ♣
❛❴❭ r å♥ ❞❬❭ ♠❢❜❭ ❞❣❜ ❭ ♦ ❴❵❵✇❣❝❧ ❢ ❴❵❝❧ ❛❭❤❣❵❪ ❢❬❭❢❪ ❣♠
❝❵❞ ❛❵♠♠❣✉❴❭ ❢♠ ❛❤❭❪❣❥❞❣❵❝♠ ❢❤❭ ❝❵❞ ❧❵❵❪ ❭❝❵❦❧❬ r ④❵❝♣
♠❭æ❦❭❝❞❴♥ ❢ ❞❣❜ ❭ ✈ ❣❝❪❵✈ øù ú ÷ ❣♠ ❪❭➜❝❭❪ r



taxiways
holding point or runway exit

gates
alternate paths

shortest path

➔❣❧❦❤❭Ýç③❵❣♠♠♥ ❢❣❤❛❵❤❞❧❤❢❛❬♣ût❢❜❛❴❭❵❡♠❬❵❤❞❭♠❞❢❝❪❢❴❞❭❤❝❢❞❭❛❢❞❬♠



∆ α

∆ Τω+αΤω

Τω

0

➔❣❧❦❤❭ é ç ❩ ❣❜ ❭ ✈ ❣❝❪❵✈

è❝❴♥ ❢❣❤❥❤❢❡❞ ❢❤❤❣❫ ❣❝❧ ❵❤ ❞❢✇❣❝❧ ❵➇ ❣❝ ❞❬❭ ❞❣❜ ❭ ✈ ❣❝❪❵✈
✈ ❣❴❴ ✉❭ ❥❵❝♠❣❪❭❤❭❪ r ❩❬❭ ❞❣❜ ❭ ✈ ❣❝❪❵✈ ✈ ❣❴❴ ✉❭ ♠❬❣❡❞❭❪
❭❫❭❤♥ ÷ ❜ ❣❝❦❞❭♠ ♦ ❞❬❭ ❛❤❵✉ ❴❭❜ ❤❭❥❵❝♠❣❪❭❤❭❪ ❢❝❪ ❢ ❝❭✈
❵❛❞❣❜ ❣♠❢❞❣❵❝ ❛❭❤❡❵❤❜ ❭❪ r ② ♠ ❢❝ ❢❣❤❥❤❢❡❞ ❜ ❢♥ ❞❢t ❣ ❜ ❵❤❭
❞❬❢❝ øù ❜ ❣❝❦❞❭♠ ♦ ❞❬❭ ❬❵❤❣ü❵❝ ❭➇❭❥❞ ❛❤❵✉❴❭❜ ❥❢❝ ❢❛♣
❛ ❭❢❤ r s❝❪❭❭❪ ♦ ❢♠ ✈❭ ❵❝❴♥ ❴❵❵✇ ❢❞ ❢❣❤❥❤❢❡❞ ❪❦❤❣❝❧ ❞❬❭ øù
❛❭❤❣❵❪ ♦ ❢ ❥❵❝➓❣❥❞ ❜ ❢♥ ❢❛❛❭❢❤ ❢ ❡❭✈ ♠❭❥❵❝❪♠ ❢❡❞❭❤ ❞❬❭
❭❝❪ ❵❡ ❞❬❭ øù ❛❭❤❣❵❪ ✈ ❣❞❬❵❦❞ ✉ ❭❣❝❧ ❪❭❞❭❥❞❭❪ r s❝ ❵❤❪❭❤
❞❵ ❛❤❭❫❭❝❞ ❞❬❭ ❵❛❞❣❜ ❣♠❢❞❣❵❝ ❛❤❵ ❥❭♠♠ ❡❤❵❜ ✉❦❣❴❪❣❝❧ ♠❵♣
❴❦❞❣❵❝ ❞❬❢❞ ✈❵❦❴❪ ❝❵❞ ✉❭ ❢❥❥❭❛❞❢✉❴❭ ❢❞ ❞❬❭ ❝❭t❞ ♠❬❣❡❞ ♦
❞❬❭ ❞❣❜ ❭ ✈ ❣❝❪❵✈ ❣♠ ❣❝❥❤❭❢♠❭❪ ❵❡ ý ♠❭❥❵❝❪♠ ❪❦❤❣❝❧ ❞❬❭
❵❛❞❣❜ ❣♠❢❞❣❵❝ ❛❤❵ ❥❭♠♠ ➊♠❭❭ ➜❧❦❤❭ é➐ r

þ ÿ❙❯ ❳�� à❹á❷ ❱❶ ❙ÿ✁✂
s❝ ❞❬ ❣♠ ❛❢❛❭❤ ♦ ❥❴❢♠♠❣❥❢❴ ①❭❝❭❞❣❥ ② ❴❧❵❤❣❞❬❜ ♠ ❢❝❪ û❫❵♣
❴❦❞❣❵❝❢❤♥ ④❵❜❛❦❞❢❞❣❵❝ ❛❤❣❝❥❣❛❴❭♠ ♠❦❥❬ ❢♠ ❪❭♠❥❤❣✉ ❭❪ ❣❝
❞❬❭ ❴❣❞❭❤❢❞❦❤❭ ➋①❵❴➎➍ ♦ ➆ ❣❥➍Ý➏ ❢❤❭ ❦♠❭❪ r ❩❬❭ ❢❴❧❵❤❣❞❬❜
❣♠ ❦♠❭❪ ❭❫❭❤♥ ÷ ❜ ❣❝❦❞❭♠ ❵❝ ❞❬❭ ❛❤❵✉❴❭❜ ❪❭➜❝❭❪ ❣❝
♠❭❥❞❣❵❝ Ý ré r

❉ ◗● ✱✦✸✦ ✭✸✥✲✪✸✲✥✬

⑤❦❤❣❝❧ ❭❢❥❬ ❵❛❞❣❜ ❣♠❢❞❣❵❝ ❛❤❵❥❭♠♠ ♦ ❭❢❥❬ ❢❣❤❥❤❢❡❞ ❞❤❢♣
q ❭❥❞❵❤♥ ❣♠ ❪❭♠❥❤❣✉ ❭❪ ✉♥ é ❝❦❜✉❭❤♠ ➊✄ ♦ ñò ♦ ñ❿ ➐ r ✄ ❣♠ ❞❬❭
❝❦❜✉❭❤ ❵❡ ❞❬❭ ❛❢❞❬ ç ❢♠ ❪❭❞❢❣❴❭❪ ❣❝ ♠❭❥❞❣❵❝ Ý rÝ ♦ ❢❴❴
❞❬❭ ❢❴❞❭❤❝❢❞❭ ❛❢❞❬♠ ❴❭❝❧❞❬❭❝❣❝❧ ❞❬❭ ❢❣❤❥❤❢❡❞ ❞❤❢q ❭❥❞❵❤♥
❴❭♠♠ ❞❬❢❝ ♠❵❜❭ ❪❣♠❞❢❝❥❭ ❥❢❝ ✉❭ ❣❝❣❞❣❢❴❴♥ ❥❵❜❛❦❞❭❪ ❢❝❪
♠❵❤❞❭❪ r ❩❬❭ ❢❣❤❥❤❢❡❞ ❜ ❢♥ ❬❵❴❪ ❛❵♠❣❞❣❵❝ ❢❞ ñò ❢❝❪ ❤❭♣
♠❦❜ ❭ ❞❢t ❣ ❢❞ ñ❿ ➊❣❡ ñò ☎ ñ❿ ♦ ❞❬❭ ❢❣❤❥❤❢❡❞ ❪❵❭♠ ❝❵❞ ♠❞❵❛➐ r
✆ ❬❭❝ ✝ ❢❣❤❥❤❢❡❞ ❢❤❭ ♠❣❜❦❴❞❢❝❭❵❦♠❴♥ ❞❢t❣❣❝❧ ♦ ❞❬❭ ❛❤❵✉♣
❴❭❜ ❣♠ ❪❭➜❝❭❪ ✉♥ é✝ ❫❢❤❣❢✉❴❭♠ r

❉ ◗❑ ✹ ✩✸✧✬✭✭ ✻✲✧✪✸✩✯✧

❩❬❭ ➜❞❝❭♠♠ ❡❦❝❥❞❣❵❝ ❜❦♠❞ ❭❝♠❦❤❭ ❞❬❢❞ ❢ ♠❵❴❦❞❣❵❝ ✈ ❣❞❬♣
❵❦❞ ❢❝♥ ❥❵❝➓❣❥❞ ❣♠ ❢❴✈❢♥♠ ✉ ❭❞❞❭❤ ❞❬❢❝ ❢ ♠❵❴❦❞❣❵❝ ✈ ❣❞❬ ❢
❥❵❝➓❣❥❞ r ④❵❝♠❭æ❦❭❝❞❴♥ ❣❞ ✈❢♠ ❪❭❥❣❪❭❪ ❞❬❢❞ ❞❬❭ ➜❞❝❭♠♠
❵❡ ❢ ♠❵❴❦❞❣❵❝ ✈ ❣❞❬❵❦❞ ❥❵❝➓❣❥❞ ♠❬❵❦❴❪ ✉ ❭ ❴❭♠♠ ❞❬❢❝ ❿➂ ❢❝❪
❞❬❭ ➜❞❝❭♠♠ ❵❡ ❢ ♠❵❴❦❞❣❵❝ ✈ ❣❞❬ ❢ ❥❵❝➓ ❣❥❞ ❜❵❤❭ ❞❬❢❝ ❿➂ r❩❬❭ ❪❣➇❭❤❭❝❞ ❥❵❝➓❣❥❞♠ ✉❭❞✈❭❭❝ ❭❢❥❬ ❛❢❣❤ ❵❡ ❢❣❤❥❤❢❡❞ ❥❢❝
✉❭ ❣❝ ❣❞❣❢❴❴♥ ❥❵❜❛❦❞❭❪ ❣❝ ❢ ➊✄ ✞✄ ➐ ❜ ❢❞❤❣t ➊♠❭❭ ❞❢✉❴❭ í➐ r
② ❥❵❝➓❣❥❞ ❪❦❤❣❝❧ é ❞❣❜ ❭ ♠❞❭❛♠ ✉❭❞✈❭❭❝ ❢❣❤❥❤❢❡❞ ✟ ❢❝❪
✠ ♠❭❞♠ ❭❴❭❜ ❭❝❞♠ ➊✟ ✡ ✠ ➐ ❢❝❪ ➊✠ ✡ ✟➐ ❞❵ é r û ❴❭❜ ❭❝❞ ➊✟ ✡ ✟➐ ❣♠
➜ ❴❴❭❪ ✈ ❣❞❬ ❞❬❭ ❞❤❢q ❭❥❞❵❤♥ ❴❭❝❧❞❬❭❝ ❣❝❧ ❪❦❭ ❞❵ ❞❬❭ ❛❢❞❬
❥❬❵♠❭❝ ❢❝❪ ❬❵❴❪❣❝❧ ❞❣❜ ❭ ➊ñ❿ ☛ ñò ➐ r

➊í➐ r r r r r r ➊q ➐ r r r ➊❣➐ r r r r r r ➊❝ ➐

➊í➐ ➎ð ð ð ð ð ð ð ð ð
➊Ý➐ ð ð ð ð ð ð ð ð ð
r r r ð ð éð ð ð ð ð ð ð
➊q ➐ ð ð ð ð ð é ð ð ð
r r r ð ð ð ð Ýó ð ð ð ð
➊❣➐ ð ð ð é ð ð ð ð ð
r r r ð ð ð ð ð ð ð ð ð
r r r ð ð ð ð ð ð ð ð ð
➊❝➐ ð ð ð ð ð ð ð ð ð

❩❢✉❴❭ íç ➔ ❣❞❝❭♠♠ ❜❢❞❤❣t

☞ ♠❣❝❧ ❞❬❭ ➜❞❝❭♠♠ ❜ ❢❞❤❣t ✌✍ ♦ ❣❞ ❣♠ ❛ ❵♠♠❣✉❴❭ ❞❵ ❥❵❜❛❦❞❭
❞❬❭ ➜❞❝❭♠♠ ❫❢❴❦❭ ❢♠ ❡❵❴❴❵✈ ♠ ç
s❡ ❞❬❭ ❜ ❢❞❤❣t ❣♠ ❪❣❢❧❵❝❢❴ ç

✎ ☎ í
Ý ✏

í
í ✏ ✑✒✓✔ò ✌✍ ➊✟ ✡ ✟➐

û❴♠❭ ç

✎ ☎ í
Ý ✏ ✑ ✓✕✖ ✌ ✍ ➊✟ ✡ ✠ ➐

❉ ◗❉ ❁✥✯✭✭✯❃✬✥ ✯✽ ✬✥✦✸✯✥
❩❬❭ ❥❵❝➓❣❥❞ ❤❭♠❵❴❦❞❣❵❝ ❛❤❵✉❴❭❜ ❣♠ ❛❢❤❞❣❢❴❴♥ ♠❭❛❢❤❢✉❴❭
❢♠ ❪❭➜❝❭❪ ❣❝ ➋⑤②➍➎ ♦ ⑤②✗➍ï➏ r s❝ ❵❤❪❭❤ ❞❵ ❣❝❥❤❭❢♠❭ ❞❬❭
❛❤❵✉❢✉❣❴❣❞♥ ❵❡ ❛❤❵❪❦❥❣❝❧ ❥❬❣❴❪❤❭❝ ✈ ❣❞❬ ❢ ✉❭❞❞❭❤ ➜❞❝❭♠♠
❞❬❢❝ ❞❬❭❣❤ ❛❢❤❭❝❞♠ ♦ ❛❤❣❝❥❣❛❴❭♠ ❢❛❛❴❣❭❪ ❣❝ ➋⑤②➍➎➏ ✈❭❤❭
❢❛❛❴❣❭❪ r ➔❵❤ ❭❢❥❬ ❢❣❤❥❤❢❡❞ ✟ ❵❡ ❢ ❛❵❛❦❴❢❞❣❵❝ ❭❴❭❜ ❭❝❞ ♦
❢ ❴❵ ❥❢❴ ➜❞❝❭♠♠ ✎✓ ❫❢❴❦❭ ❣♠ ❪❭➜❝❭❪ ❢♠ ❞❬❭ ♠❦❜ ❵❡ ❞❬❭
✟✘✙ ❴❣❝❭ ➊❵❤ ❥❵❴❦❜❝➐ ❵❡ ❞❬❭ ➜❞❝❭♠♠ ❜❢❞❤❣t ➊❭t❥❭❛❞ ❞❬❭
❪❣❢❧❵❝❢❴ ❭❴❭❜ ❭❝❞➐ r

✎✓ ☎ ✑✖ ✚✔ ✓ ✌ ✍ ✟ ✡ ✠
❩❬❭ ❥❤❵♠♠❵❫❭❤ ❵❛ ❭❤❢❞❵❤ ❣♠ ❛❤❭♠❭❝❞❭❪ ❵❝ ❞❬❭ ➜❧❦❤❭ ì r
➔ ❣❤♠❞ ❞✈❵ ❛❵❛❦❴❢❞❣❵❝ ❭❴❭❜ ❭❝❞♠ ❢❤❭ ❤❢❝❪❵❜ ❴♥ ❥❬❵♠❭❝ r
➔❵❤ ❭❢❥❬ ❛❢❤❭❝❞ ê ❢❝❪ ✛ ♦ ➜❞❝❭♠♠ ê ✓ ❢❝❪ ✛ ✓ ❵❡ ❢❣❤❥❤❢❡❞
✟ ❢❤❭ ❥❵❜❛❢❤❭❪ r s❡ ê ✓ ✜ ✛ ✓ ➐ ♦ ❞❬❭ ❥❬ ❣❴❪❤❭❝ ✈ ❣❴❴ ❞❢✇❭
❢❣❤❥❤❢❡❞ ✟ ❵❡ ❛❢❤❭❝❞ ê r s❡ ✛✓ ✜ ê ✓ ♦ ❞❬❭ ❥❬❣❴❪❤❭❝ ✈ ❣❴❴ ❞❢✇❭
❢❣❤❥❤❢❡❞ ✟ ❵❡ ❛❢❤❭❝❞ ✛ r s❡ ê ✓ ☎ ✛ ✓ ❥❬❣❴❪❤❭❝ ❤❢❝❪❵❜ ❴♥
❥❬❵❵♠❭ ❢❣❤❥❤❢❡❞ ê ✓ ❵❤ ✛ ✓ ❵❤ ❭❫❭❝ ❢ ❥❵❜✉❣❝❢❞❣❵❝ ❵❡ ê ✓❢❝❪ ✛ ✓ r
❉ ◗❖ ✶ ✲✸✦✸✩✯✧ ✯✽ ✬✥✦✸✯✥
➔❵❤ ❭❢❥❬ ❥❢❝❪❣❪❢❞❭ ❞❵ ❜❦❞❢❞❣❵❝ ♦ ❛❢❤❢❜❭❞❭❤♠ ❵❡ ❢❝ ❢❣❤♣
❥❤❢❡❞ ❬❢❫❣❝❧ ❵❝❭ ❵❡ ❞❬❭ ✈❵❤♠❞ ❴❵ ❥❢❴ ➜❞❝❭♠♠ ❢❤❭ ❜❵❪❣➜❭❪
➊✄ ✡ ñò ✡ ñ❿ ➐ r s❡ ❭❫❭❤♥ ❥❵❝➓❣❥❞ ❣♠ ♠❵ ❴❫❭❪ ♦ ❢❝ ❢❣❤❥❤❢❡❞ ❣♠ ❤❢❝♣
❪❵❜ ❴♥ ❥❬❵♠❭❝ ❢❝❪ ❣❞♠ ❛❢❤❢❜ ❭❞❭❤♠ ❥❬❢❝❧❭❪ r



B1

B2

B3

B4

B5

B6

parent B

B3 << A3

B5 # A5

A2

A3

A4

A5

A6

A1

parent A

A1 << B1

A5 # B5

A

B

C

A

B

C
d1−d 1−d

child 1 child 2

d

aircraft 1

aircraft 2

aircraft 3

aircraft 4

aircraft 5

aircraft 6

➔❣❧❦❤❭ ì ç ④❤❵♠♠❵❫❭❤ ❵❛ ❭❤❢❞❵❤

❩❬❭ ❥❤❵♠♠❵❫❭❤ ❢❝❪ ❜❦❞❢❞❣❵❝ ❵❛❭❤❢❞❵❤♠ ❢❤❭ æ❦ ❣❞❭ ❪❭♣
❞❭❤❜ ❣❝❣♠❞❣❥ ❢❞ ❞❬❭ ✉❭❧❣❝❝❣❝❧ ✉❭❥❢❦♠❭ ❞❬❭❤❭ ❢❤❭ ❜ ❢❝♥
❥❵❝➓❣❥❞♠ ❞❵ ♠❵❴❫❭ r ❩❬❭♥ ❡❵ ❥❦♠ ❵❝ ❜ ❢✇❣❝❧ ❡❭❢♠❣✉ ❴❭ ♠❵❴❦♣
❞❣❵❝♠ r ✆ ❬❭❝ ❞❬❭ ♠❵❴❦❞❣❵❝♠ ✈ ❣❞❬❵❦❞ ❥❵❝➓ ❣❥❞ ❢❛❛❭❢❤ ❣❝
❞❬❭ ❛❵❛❦❴❢❞❣❵❝ ♦ ❞❬❭♥ ✉❭❥❵❜ ❭ ❴❭♠♠ ❪❭❞❭❤❜ ❣❝❣♠❞❣❥ r

❉ ◗❖ ◗● ❈✢✦✥✩✧❀
❩❬❭ ❛❤❵✉❴❭❜ ❣♠ ❫❭❤♥ ❥❵❜✉❣❝❢❞❵❤❣❢❴ ❢❝❪ ❜ ❢♥ ❬❢❫❭ ❜ ❢❝♥
❴❵❥❢❴ ❵❛❞❣❜ ❢ r s❝ ❵❤❪❭❤ ❞❵ ❛❤❭❫❭❝❞ ❞❬❭ ❢❴❧❵❤❣❞❬❜ ❡❤❵❜
❢ ❛❤❭❜ ❢❞❦❤❭ ❥❵❝❫❭❤❧❭❝❥❭ ♦ ❞❬❭ ♠❬❢❤❣❝❧ ❛❤❵ ❥❭♠♠ ❣❝❞❤❵♣
❪❦❥❭❪ ✉♥ ✣ ❣❝ ❢❝❪ ①❭❤❜ ❢♥ ➋✣①➍é➏ ❣♠ ❦♠❭❪ r ❩❬❭ ❥❵❜ ♣
❛❴❭t ❣❞♥ ❵❡ ❞❬❣♠ ♠❬❢❤❣❝❧ ❛❤❵ ❥❭♠♠ ❬❢♠ ❞❬❭ ❧❤❭❢❞ ❢❪❫❢❝❞❢❧❭
❞❵ ✉❭ ❣❝ ✄ ❴❵❧ ➊✄ ➐ ➊❣❝♠❞❭❢❪ ❵❡ ✄ ➂ ❡❵❤ ❥❴❢♠♠❣❥❢❴ ♠❬❢❤❣❝❧➐ ❣❡
✄ ❣♠ ❞❬❭ ♠❣ü❭ ❵❡ ❞❬❭ ❛❵❛❦❴❢❞❣❵❝ r
② ❪❣♠❞❢❝❥❭ ✉ ❭❞✈❭❭❝ ❞✈❵ ❥❬❤❵❜❵♠❵❜ ❭♠ ❜❦♠❞ ✉ ❭ ❪❭➜❝❭❪
❞❵ ❣❜❛❴❭❜ ❭❝❞ ❢ ♠❬❢❤❣❝❧ ❛❤❵ ❥❭♠♠ r ⑤❭➜❝❣❝❧ ❢ ❪❣♠❞❢❝❥❭
✉ ❭❞✈❭❭❝ ❞✈❵ ♠❭❞♠ ❵❡ ✝ ❞❤❢q ❭❥❞❵❤❣❭♠ ❣♠ ❝❵❞ ❫❭❤♥ ♠❣❜❛❴❭ r
s❝ ❞❬❭ ❭t❛❭❤❣❜ ❭❝❞♠ ♦ ❞❬❭ ❡❵ ❴❴❵✈ ❣❝❧ ❪❣♠❞❢❝❥❭ ❣♠ ❦♠❭❪ ❣❝♣
❞❤❵❪❦❥❭❪ ç

✤ ➊ê ✡ ✛ ➐ ☎ ✑✥✓✔ ò ✦✧★ ✩ ✧✪ ✩ ✦✝
✧★ ✩ ➊❤❭♠❛ ✧✪ ✩ ➐ ❣♠ ❞❬❭ ✟✘✙ ❢❣❤❥❤❢❡❞ ❛❢❞❬ ❴❭❝❧❞❬ ❵❡ ❥❬❤❵❜❵♣
♠❵❜ ❭ ê ➊❤❭♠❛ ✛ ➐ r ② ♠ ❞❬❭ ❛❢❞❬♠ ❢❤❭ ♠❵❤❞❭❪ ❢❥❥❵❤❪❣❝❧ ❞❵
❞❬❭❣❤ ❴❭❝❧❞❬ ♦ ❞❬❭ ❪❣♠❞❢❝❥❭ ❣❝❥❤❭❢♠❭♠ ✈ ❣❞❬ ❞❬❭ ❪❣➇❭❤❭❝❥❭
❵❡ ❴❭❝❧❞❬♠ r

❉ ◗❋ ✿✧✳✩✧❀ ✪✥✩✸✬✥✩✦

②♠ ❞❣❜ ❭ ❞❵ ♠❵❴❫❭ ❢ ❛❤❵✉ ❴❭❜ ❣♠ ❴❣❜ ❣❞❭❪ ♦ ❞❬❭ ❝❦❜✉❭❤ ❵❡
❧❭❝❭❤❢❞❣❵❝♠ ❣♠ ❴❣❜ ❣❞❭❪ ♦ ❢♠ ❡❵❴❴❵✈ ♠ ç ❢♠ ❴❵❝❧ ❢♠ ❝❵ ❢❫❢❣❴♣
❢✉ ❴❭ ♠❵❴❦❞❣❵❝ ❣♠ ❡❵❦❝❪ ♦ ❞❬❭ ❝❦❜✉❭❤ ❵❡ ❧❭❝❭❤❢❞❣❵❝ ❣♠ ❴❣❜ ♣
❣❞❭❪ ❞❵ íðð r ❩❬❭ ❢❴❧❵❤❣❞❬❜ ❣♠ ♠❞❵❛❛❭❪ Ýð ❧❭❝❭❤❢❞❣❵❝♠

❢❡❞❭❤ ❞❬❭ ➜❤♠❞ ❢❥❥❭❛❞❢✉❴❭ ♠❵❴❦❞❣❵❝ ➊✈ ❣❞❬ ❝❵ ❤❭❜ ❢❣❝❣❝❧
❥❵❝➓❣❥❞ ➐ ❣♠ ❡❵❦❝❪ r

✫ ✬✭� á❲❹â á⑩❱❳à ❲á❯❸ à❱❯

❩❬❭ ❭t❛❭❤❣❜ ❭❝❞❢❴ ❤❭♠❦❴❞♠ ❛❤❭♠❭❝❞❭❪ ❣❝ ❞❬❣♠ ♠❭❥❞❣❵❝ ❬❢❫❭
✉❭❭❝ ❥❵❜❛❦❞❭❪ ✈ ❣❞❬ ❤❭❢❴ ➓ ❣❧❬❞ ❛ ❴❢❝♠ ❵❝ ❢ ❥❵❜❛❴❭❞❭ ❪❢♥
❢❞ ③❵❣♠♠♥ ② ❣❤❛❵❤❞ ➊➆ ❢♥ ÝÝ✒✮ í➍➍➍➐ r ⑤❦❤❣❝❧ ❞❬❢❞ ❪❢♥♦
♠❵❜ ❭ ❢❣❤❥❤❢❡❞ ❴❢❝❪ ♦ ❵❞❬❭❤ ❢❣❤❥❤❢❡❞ ❞❢✇❭ ❵➇ ❢❝❪ ♠❵❜ ❭
❢❣❤❥❤❢❡❞ ❴❢❝❪ ❢❝❪ ❞❢✇❭ ❵➇ r ② ❣❤❥❤❢❡❞ ❢❤❭ ❢♠♠❣❧❝❭❪ ❞❵
❞❭❤❜ ❣❝❢❴♠ ❢❥❥❵❤❪❣❝❧ ❞❵ ❞❬❭ ❢❣❤❴❣❝❭ ❞❬❭♥ ✉❭❴❵❝❧ ❞❵ ➊❡❵❤
❭t❢❜❛❴❭ ❢❝ ②❣❤ ➔❤❢❝❥❭ ➓ ❣❧❬❞ ❣♠ ❢♠♠❣❧❝❭❪ ❞❵ ③❵❣♠♠♥ Ý➐ r
✆ ❬❭❝ ❞❢✇❣❝❧ ❵➇ ❵❤ ❴❢❝❪❣❝❧ ♦ ❢❣❤❥❤❢❡❞ ❢❤❭ ❤❢❝❪❵❜ ❴♥ ❢♠♣
♠❣❧❝❭❪ ❵❝❭ ❵❡ ❞❬❭ ❞✈❵ ❤❦❝✈❢♥♠ r ❩❬❭♥ ❢❤❭ ♠❭æ❦❭❝❥❭❪
❵❝ ❤❦❝✈❢♥♠ ❭❫❭❤♥ ❜ ❣❝❦❞❭ ❦♠❣❝❧ ❞❬❭ ➜❤♠❞ ❣❝ ➜❤♠❞ ❵❦❞
❛❤❣❝❥❣❛❴❭ r
❩❬❤❭❭ ❬♥❛❵❞❬❭♠❭♠ ❢❤❭ ❪❵❝❭ ç

✯ ❣❝ ❞❬❭ ✰✥✦✧✳✯î ✢✺✽ ✯✸✢✬✭✩✭✱ ♦ ❞❢✇❣❝❧ ❵➇ ❢❝❪
❴❢❝❪❣❝❧ ❢❣❤❥❤❢❡❞ ❢❤❭ ❤❢❝❪❵❜ ❴♥ ❢❴❴❵ ❥❢❞❭❪ ✉❵❞❬ ❤❦❝♣
✈❢♥♠ r

✯ ❣❝ ❞❬❭ ✰✳✬✸✬✥î ✩✧✩✭✸✩✪ ✢✺✽ ✯✸✢✬✭✩✭✱ ♦ ❞❢✇❣❝❧ ❵➇
❢❝❪ ❴❢❝❪❣❝❧ ❢❣❤❥❤❢❡❞ ❢❤❭ ❢❴❴❵ ❥❢❞❭❪ ❞❬❭ ❤❦❝✈❢♥ ❞❬❢❞
❜ ❣❝❣❜ ❣♠❭♠ ❞❬❭ ❪❣♠❞❢❝❥❭ ❞❵ ❞❬❭ ❢❴❴❵ ❥❢❞❭❪ ❛❢❤✇❣❝❧ r

✯ ❣❝ ❢❝ ✰î ✩✳✳✰✬ ✢✺✽ ✯✸✢✬✭✩✭✱ ♦ ❞❢✇❣❝❧ ❵➇ ❢❣❤❥❤❢❡❞
❢❤❭ ❤❢❝❪❵❜ ❴♥ ❢❴❴❵ ❥❢❞❭❪ ✉❵❞❬ ❤❦❝✈❢♥♠ ❢❝❪ ❴❢❝❪❣❝❧
❢❣❤❥❤❢❡❞ ❢❤❭ ❢❴❴❵ ❥❢❞❭❪ ❞❬❭ ❤❦❝✈❢♥ ❞❬❢❞ ❜ ❣❝❣❜ ❣♠❭♠
❞❬❭ ❪❣♠❞❢❝❥❭ ❞❵ ❞❬❭ ❛❢❤✇❣❝❧ r

❩❬❭ ❞❬❤❭❭ ❬♥❛❵❞❬❭♠❭♠ ❢❤❭ ❞❭♠❞❭❪ ✈ ❣❞❬ ❞❬❭ ❧❭❝❭❞❣❥ ❢❴♣
❧❵❤❣❞❬❜ r ❩❬❭ ❴❢♠❞ ❬♥❛❵❞❬❭♠❭♠ ❣♠ ❞❭♠❞❭❪ ✈ ❣❞❬ ❢ í♣❞❵♣❝
♠❞❤❢❞❭❧♥ ❞❬❢❞ ❦♠❭♠ ❢❝ ê ë ❢❴❧❵❤❣❞❬❜ ç ❢❣❤❥❤❢❡❞ ❢❤❭ ♠❵❤❞❭❪
❢❥❥❵❤❪❣❝❧ ❞❵ ❞❬❭❣❤ ❞❣❜ ❭ ❵❡ ❪❭❛❢❤❞❦❤❭ ❵❤ ❢❤❤❣❫❢❴ ♦ ❭❢❥❬
❢❣❤❥❤❢❡❞ ❞❤❢q ❭❥❞❵❤♥ ❣♠ ❞❬❭❝ ❵❛❞❣❜ ❣♠❭❪ ❥❵❝♠❣❪❭❤❣❝❧ ❛❤❭❫❣♣
❵❦♠ ❢❣❤❥❤❢❡❞ ❞❤❢q ❭❥❞❵❤♥ ❢♠ ❢ ❥❵❝♠❞❤❢❣❝❞ r

❖ ◗● ✫✦✥✦î✬✸✬✥✭
✯ øù ☎ íÝ✲✄
✯ ý ☎ ÷ ☎ é✲✄
✯ ⑦❵❛❦❴❢❞❣❵❝ ♠❣ü❭ ç éðð

✯ ➆❢t ❝❦❜✉❭❤ ❵❡ ❧❭❝❭❤❢❞❣❵❝♠ ç íðð

✯ ④❤❵♠♠❵❫❭❤ ❤❢❞❭ ç ïð✳
✯ ➆❦❞❢❞❣❵❝ ❤❢❞❭ ç íó✳
✯ ⑥❭❴❭❥❞❣❵❝ ❛❤❣❝❥❣❛❴❭ ç ♠❞❵ ❥❬❢♠❞❣❥ ❤❭❜ ❣❝❪❭❤ ✈ ❣❞❬❵❦❞

❤❭❛❴❢❥❭❜ ❭❝❞



0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50 60

to
ta

l d
el

ay
 (s

ec
on

ds
)

number of aircraft on taxiways

middle assumption - 1 to n method (A*)
deterministic assumption - global method (AG)

middle assumption - global method (AG)
random assumption - global method (AG)

➔❣❧❦❤❭ ó ç ❩❵❞❢❴ ❪❭❴❢♥ ❢♠ ❢ ❡❦❝❥❞❣❵❝ ❵❡ ❞❬❭ ❝❦❜✉❭❤ ❵❡ ❢❣❤❥❤❢❡❞ ❵❝ ❞❢t ❣✈❢♥♠ r

ä♥❛❵❞❬❭♠❣♠ ❜ ❭❢❝ ❪❭❴❢♥ ❜ ❢t❣❜❦❜ ❝❦❜✉❭❤ ❵❡ ❢❣❤❥❤❢❡❞
✥✦✧✳✯î ▲õ✷ ▼ Ýóó óó
✳✬✸✬✥î ✩✧✩✭✸✩✪ ▲õ✷ ▼ í➍➎ ì➎
î ✩✳✳✰✬ ▲õ✷ ▼ í➍ó ìï
î ✩✳✳✰✬ ▲ê ë ▼ Ýôí ìó

❩❢✉❴❭ Ý ç ➆ ❭❢❝ ❪❭❴❢♥ ❢❝❪ ❜ ❢t❣❜❦❜ ❝❦❜✉❭❤ ❵❡ ❢❣❤❥❤❢❡❞ ❡❵❤ ❞❬❭ ❪❣➇❭❤❭❝❞ ❬♥❛❵❞❬❭♠❭♠

❖ ◗❑ ❁✯î✽✦✥✩✧❀ ●✵✸✯✵✧ ✸✯ ✸✢✬ ❀✰✯❘✦✰ ✭✸✥✦✸✬❀✺

➔❣❧❦❤❭ ó ❧❣❫❭♠ ❞❬❭ ❜ ❭❢❝ ❪❭❴❢♥♠ ❢♠ ❢ ❡❦❝❥❞❣❵❝ ❵❡ ❞❬❭
❝❦❜✉❭❤ ❵❡ ❢❣❤❥❤❢❡❞ ❜❵❫❣❝❧ ❵❝ ❞❬❭ ❞❢t❣✈❢♥♠ ❡❵❤ ❞❬❭ ❪❣❡♣
❡❭❤❭❝❞ ❬♥❛❵❞❬❭♠❭♠ r ❩❬❭ í ❞❵ ❝ ❜ ❭❞❬❵❪ ❦♠❣❝❧ ❢❝ ê ë ❢❴♣
❧❵❤❣❞❬❜ ❛❤❵❪❦❥❭♠ ❜❵❤❭ ❪❭❴❢♥♠ ❞❬❢❝ ❞❬❭ ❧❴❵✉❢❴ ❜ ❭❞❬❵❪
❦♠❣❝❧ ❞❬❭ ①❭❝❭❞❣❥ ② ❴❧❵❤❣❞❬❜ ♦ ✈❬❢❞❭❫❭❤ ❞❬❭ ❥❬❵♠❭❝ ❬♥♣
❛❵❞❬❭♠❣♠ r
❩❢✉❴❭ Ý ❧❣❫❭♠ ❡❵❤ ❞❬❭ ❪❣➇❭❤❭❝❞ ❬♥❛❵❞❬❭♠❭♠ ❞❬❭ ❜ ❭❢❝
❞❵❞❢❴ ❪❭❴❢♥ ❢❝❪ ❞❬❭ ❜ ❢t❣❜❦❜ ❝❦❜✉❭❤ ❵❡ ❢❣❤❥❤❢❡❞ ♠❣♣
❜❦❴❞❢❝❭❵❦♠❴♥ ❜❵❫❣❝❧ r
❩❬❭ ❜ ❣❪❪❴❭ ❬♥❛❵❞❬❭♠❣♠ ➊①②➐ ❛❭❝❢❴❣♠❭♠ ❴❭♠♠ ❢❣❤❥❤❢❡❞
❞❬❢❝ ❞❬❭ ❵❞❬❭❤ ❬♥❛❵❞❬❭♠❭♠ ❢❝❪ ❢ ♠❜ ❢❴❴❭❤ ❝❦❜✉❭❤ ❵❡
❢❣❤❥❤❢❡❞ ❢❤❭ ❜❵❫❣❝❧ ❢❞ ❢ ❞❣❜ ❭ r ❩❬❭ ❤❢❝❪❵❜ ❬♥❛❵❞❬❭♠❣♠➊①② ➐ ♦ ✈❬❣❥❬ ❣♠ ❛❤❵✉❢✉❴♥ ❜❵❤❭ ❣❝ ❢❥❥❵❤❪❢❝❥❭ ✈ ❣❞❬ ❤❭❢❴♣
❣❞♥ ➊❞❬❭ ❛❢❤✇❣❝❧ ❛❵♠❣❞❣❵❝ ❪❵❭♠ ❧❭❝❭❤❢❴❴♥ ❝❵❞ ❣❝➓❦❭❝❥❭

❞❬❭ ❤❦❝✈❢♥ ❢❴❴❵ ❥❢❞❣❵❝ ➐ ♦ ❣♠ ❜ ❵❤❭ ❛ ❭❝❢❴❣♠❣❝❧ ➊❭❢❥❬ ❢❣❤♣
❥❤❢❡❞ ❣♠ ❪❭❴❢♥❭❪ í ❜ ❣❝❦❞❭ ❜❵❤❭➐ r ❩❬❭ í♣❞❵♣❝ ♠❞❤❢❞❭❧♥
❣♠ ❜❵❤❭ ❛ ❭❝❢❴❣♠❣❝❧ ❡❵❤ ❢ ❝❦❜✉❭❤ ❵❡ ❢❣❤❥❤❢❡❞ ❞❬❢❞ ❣♠ ❝❵❞
✉❣❧❧❭❤ ♦ ✈❬❣❥❬ ❥❢❝ ✉❭ ❭t❛❴❢❣❝❭❪ ✉♥ ❞❬❭ ✈❭❢✇❝❭♠♠ ❵❡ ❞❬❭
♠❞❤❢❞❭❧♥r

❖ ◗❉ õ✬✧✬✸✩✪ ✦✰❀✯✥✩✸✢î ✬✾ ✪✩✬✧✪✺

s❝ ❵❤❪❭❤ ❞❵ ❵✉♠❭❤❫❭ ❞❬❭ ①② ❭✐ ❥❣❭❝❥♥♦ ➜❧❦❤❭ ï ❧❣❫❭♠
❞❬❭ ❝❦❜✉❭❤ ❵❡ ❧❭❝❭❤❢❞❣❵❝♠ ❤❭æ❦ ❣❤❭❪ ✉♥ ❞❬❭ ①② ❢♠ ❢
❡❦❝❥❞❣❵❝ ❵❡ ❞❣❜ ❭ r ❞❬❭ ❪❣➇❭❤❭❝❞ ❛ ❭❢✇♠ ❢❛❛❭❢❤❣❝❧ ❢❞ ô ♦
➎ ♦ íð ♦ íí ❢❜ ❢❝❪ ó ❛❜ ❢❤❭ ❞❬❭ ❞❤❢✐ ❥ ❛❭❢✇♠ r ➔ ❣❧❦❤❭
ô ♠❬❵✈ ♠ ❞❬❭ ❥❵❤❤❭❴❢❞❣❵❝ ✉❭❞✈❭❭❝ ❞❬❭ ❝❦❜✉❭❤ ❵❡ ❧❭❝❭❤♣
❢❞❣❵❝ ❤❭æ❦❣❤❭❪ ✉♥ ❞❬❭ ①② ❢❝❪ ❞❬❭ ❝❦❜✉❭❤ ❵❡ ❜ ❵❫❣❝❧
❢❣❤❥❤❢❡❞ ❵❝ ❞❬❭ ❧❤❵❦❝❪ r
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➔❣❧❦❤❭ ô ç ✗❦❜✉❭❤ ❵❡ ❧❭❝❭❤❢❞❣❵❝♠ ➊❤❢❝❪❵❜ ♠❞❤❢❞❭❧♥➐ ❢♠ ❢ ❡❦❝❥❞❣❵❝ ❵❡ ❞❬❭ ❝❦❜✉❭❤ ❵❡ ❜ ❵❫❣❝❧ ❢❣❤❥❤❢❡❞



✴ ✵❶⑩❨à❸❯❹❶⑩ ❳⑩❷ ✶❸❲❱✷á❲ ✸❶❲✹
❩❬❣♠ ❛❤❭❴❣❜ ❣❝❢❤♥ ✈❵❤✇ ❬❢♠ ♠❬❵✈❝ ❞❬❢❞ ❣❞ ✈❢♠ ❛❵♠♠❣✉❴❭
❞❵ ✉❦❣❴❪ ❢ ❞❢t ❣✈❢♥ ❢❪❫❣♠❭❤ ❣❝ ❵❤❪❭❤ ❵❛❞❣❜ ❣♠❭ ❞❬❭ ❢❣❤❥❤❢❡❞
❧❤❵❦❝❪ ❞❤❢✐ ❥ ❵❝ ✉❣❧ ❢❣❤❛❵❤❞♠ ♠❦❥❬ ❢♠ ③❵❣♠♠♥ ④❬❢❤❴❭♠
❪❭ ①❢❦❴❴❭ r s❡ ❜ ❢❝♥ ❬♥❛❵❞❬❭♠❭♠ ❬❢❫❭ ✉❭❭❝ ♠❣❜❛❴❣➜❭❪
❣❝ ❵❤❪❭❤ ❞❵ ❡❵ ❥❦♠ ❵❝ ❞❬❭ ❢❴❧❵❤❣❞❬❜ ♦ ❣❞ ❥❢❝ ✉❭ ❝❵❞❣❥❭❪
❞❬❢❞ ❞❬❭ ❜❵❪❭❴❴❣❝❧ ❥❢❝ ✉❭ ❣❜❛❤❵❫❭❪ ❣❝ ❵❤❪❭❤ ❞❵ ❞❢✇❭
❣❝❞❵ ❢❥❥❵❦❝❞ ❪❣➇❭❤❭❝❞ ♠❛ ❭❭❪♠ ♦ ❦❝❥❭❤❞❢❣❝❞❣❭♠ ❵❝ ♠❛❭❭❪♠
❭❞❥ rrr ✈ ❣❞❬❵❦❞ ❥❬❢❝❧❣❝❧ ❞❬❭ ❢❴❧❵❤❣❞❬❜ ❣❞♠❭❴❡ r ➔❦❤❞❬❭❤
✈❵❤✇ ✈ ❣❴❴ ❡❵ ❥❦♠ ❵❝ ❞❬❭♠❭ ❣❜❛❤❵❫❭❜ ❭❝❞♠ r ①❭❝❭❞❣❥ ② ❴❧❵♣
❤❣❞❬❜ ♠ ❢❤❭ ❫❭❤♥ ❭✐ ❥❣❭❝❞ ❵❝ ❞❬❭ ❛❤❵✉ ❴❭❜ ❢♠ ❞❬❭♥ ♠❭❢❤❥❬
❞❬❭ ❧❴❵✉❢❴ ❵❛❞❣❜❦❜ ❵❡ ❞❬❭ ❛❤❵✉ ❴❭❜ ✈❬❭❤❭❢♠ ❢ ❪❭❞❭❤♣
❜ ❣❝ ❣♠❞❣❥ ❢❴❧❵❤❣❞❬❜ ♠❦❥❬ ❢♠ ❢❝ ê ë ❢❴❧❵❤❣❞❬❜ ❥❢❝ ❵❝❴♥
❤❭❢♠❵❝❢✉❴♥ ✉ ❭ ❦♠❭❪ ✈ ❣❞❬ ❢ í♣❞❵♣❝ ♠❞❤❢❞❭❧♥♦ ✈❬❣❥❬ ❣♠
❫❭❤♥ ❛❵❵❤ r

✺ á✶á❲á⑩❨á❯

➋②➆è➍é➏ ③❢❫❣❝❪❤❢ ✻ r ②❬❦q ❢ ♦ ❩❬❵❜ ❢♠ ✼ r ➆ ❢❧❝❢❝❞❣ ♦
❢❝❪ ✽❢❜ ❭♠ å r è❤❴❣❝ r ✾ ✿❀❁❂❃❄ ❅ ❆❂❁❇❈ ❉❊ ✿❋
❂❃●❈ ❍ ❆■ ❂❃❏❀❊❑ ❇ ▲▼◆ ❍❖❖ ❆❏P▲❀❏❂▼❇ r ⑦ ❤❭❝❞❣❥❭
ä❢❴❴ ♦ í➍➍é r

➋⑤②➍➎➏ ✗ r ⑤❦❤❢❝❪ ❢❝❪ ✽ r ➆ r ② ❴❴❣❵❞ r ①❭❝❭❞❣❥
❥❤❵♠♠❵❫❭❤ ❵❛ ❭❤❢❞❵❤ ❡❵❤ ❛❢❤❞❣❢❴❴♥ ♠❭❛❢❤❢✉❴❭
❡❦❝❥❞❣❵❝♠ r s❝ ◗ ❃❂P✿✿◆❏▼■ ❇ ❂❘ ❀❊ ✿ ❀❊ ❏❃◆ ▲▼▼❙▲❆❚✿▼✿❀❏P ◗ ❃❂■ ❃▲❑❑ ❏▼■ ❯❂▼❘ ✿❃✿▼P✿♦ í➍➍➎ r

➋⑤②✗ ➍ï➏ ✗ ❣❥❵ ❴❢♠ ⑤❦❤❢❝❪ ♦ ✽❭❢❝♣➆ ❢❤❥ ② ❴❴❣❵❞ ♦ ❢❝❪
✽❵♠❭❛❬ ✗❵❢❣❴❴❭♠ r ②❦❞❵❜ ❢❞❣❥ ❢❣❤❥❤❢❡❞ ❥❵❝➓ ❣❥❞
❤❭♠❵❴❦❞❣❵❝ ❦♠❣❝❧ ❧❭❝❭❞❣❥ ❢❴❧❵❤❣❞❬❜ ♠ r s❝ ◗ ❃❂❋
P✿✿◆❏▼■ ❇ ❂❘ ❀❊ ✿ ❱●❑❖❂❇❏❙❑ ❂▼ ❍❖❖ ❆❏✿◆ ❯❂❑ ❋
❖ ❙❀❏▼■ ❈ ◗❊ ❏❆▲◆✿❆❖ ❊ ❏▲r ②④➆ ♦ í➍➍ï r

➋①❵❴➎➍➏ ⑤ rû ①❵❴❪✉❭❤❧ r ❚✿▼✿❀❏P ❍ ❆■ ❂❃❏❀❊❑❇ ❏▼
❱✿▲❃P❊ ❈ ❲❖ ❀❏❑ ❏❳ ▲❀❏❂▼ ▲▼◆ ❨ ▲P❊ ❏▼ ✿ ❩✿▲❃▼❋
❏▼■ r ③❭❢❪❣❝❧ ➆② ②❪❪❣♠❵❝ ✆❭♠❴❭♥♦ í➍➎➍ r

➋①❤❵➍➍➏ ❩❬❭ ⑦❤❭♠❞❵❝ ①❤❵❦❛ r ❉❍❍❨ ❬✿❘ ✿❃✿▼P✿ ❨ ▲▼❋
❙▲❆r ❩❬❭ ⑦❤❭♠❞❵❝ ①❤❵❦❛ ♦ í➍➍➍ r

➋ä❩➍ó➏ ③❭❣❝❭❤ ä❵❤♠❞ ❢❝❪ ä❵❢❝❧ ❩❦♥r ❚❆❂❭▲❆
❲❖ ❀❏❑ ❏❳ ▲❀❏❂▼❈ ❪ ✿❀✿❃❑ ❏▼❏❇❀❏P ❍❖❖ ❃❂▲P❊ ✿❇ r
⑥❛❤❣❝❧❴❭❤ ♦ í➍➍ó r

➋s⑤②➌ ➍➎➏ ② rä s❪❤❣♠ ♦ å ⑤❭❴❥❢❣❤❭ ♦ s ②❝❢❧❝❵♠❞❢✇❣♠ ♦ ✆ r⑤
ä❢❴❴ ♦ ✽ r⑦ ④❴❢❤✇❭ ♦ ③ r✽ ä❢❝♠❜ ❢❝ ♦ û ➔❭❤❵❝ ♦
❢❝❪ ② r③ è❪❵❝❣ r è✉♠❭❤❫❢❞❣❵❝♠ ❵❡ ⑤❭❛❢❤❞❦❤❭
⑦❤❵ ❥❭♠♠❭♠ ❢❞ ✼❵❧❢❝ ② ❣❤❛❵❤❞ ❞❵ ⑥❦❛❛❵❤❞ ❞❬❭
⑤❭❫❭❴❵❛❜ ❭❝❞ ❵❡ ⑤❭❛❢❤❞❦❤❭ ⑦❴❢❝❝❣❝❧ ❩❵❵❴♠ r
s❝ ❫▼◆ ❴❱❍❵❛ ❙❃❂❖ ✿ ❍ ❏❃ ❉❃▲❜ P ❨ ▲▼▲■ ✿❋
❑ ✿▼❀ ❬ ❝ ❪ ❱✿❑ ❏▼▲❃ ♦ è❤❴❢❝❪❵ ♦ ⑤❭❥❭❜✉❭❤
í➍➍➎ r

➋➆ ❣❥➍Ý➏ ❞ ➆❣❥❬❢❴❭✈ ❣❥ü r ❚✿▼✿❀❏P ▲❆■ ❂❃❏❀❊❑ ❇ ❡ ❪ ▲❀▲
❱❀❃❙P❀❙❃✿❇ ❢ ❛ ❣❂❆❙❀❏❂▼ ◗ ❃❂■❃▲❑❇ r ⑥❛❤❣❝❧❭❤♣
❫❭❤❴❢❧ ♦ í➍➍Ý r

➋⑦❭❢➎ì➏ ✽❦❪❭❢ ⑦❭❢❤❴ r ❤ ✿❙❃❏❇❀❏P❇ r ②❪❪❣♠❵❝♣✆❭♠❴❭♥♦
í➍➎ì r s⑥å✗ ç ð♣Ýð í♣ðóó➍ì♣ó r

➋✣①➍é➏ ✐ ❣❢❵❪❵❝❧ ✣ ❣❝ ❢❝❪ ✗❵❭❴ ①❭❤❜❢♥r ② ❡❢♠❞
❧❭❝❭❞❣❥ ❢❴❧❵❤❣❞❬❜ ✈ ❣❞❬ ♠❬❢❤❣❝❧ ♠❥❬❭❜ ❭ ❦♠♣
❣❝❧ ❥❴❦♠❞❭❤ ❢❝❢❴♥♠❣♠ ❜ ❭❞❬❵❪♠ ❣❝ ❜❦❴❞❣❜ ❵❪❢❴
❡❦❝❥❞❣❵❝ ❵❛❞❣❜ ❣ü❢❞❣❵❝ r s❝ ④ r③ r ③❭❭❫❭♠
③ r➔ r② ❴✉❤❭❥❬❞ ❢❝❪ ✗ r④ r ⑥❞❭❭❴❭ ♦ ❭❪❣❞❵❤♠ ♦ ❥▼
❖ ❃❂P✿✿◆❏▼■ ❇ ❂❘ ❀❊ ✿ ❍ ❃❀❏❦ P❏▲❆ ✾ ✿❙❃▲❆ ✾ ✿❀❇
▲▼◆ ❚✿▼✿❀❏P ❍ ❆■ ❂❃❏❀❊❑ ❥▼❀✿❃▼▲❀❏❂▼▲❆ ❯❂▼❋
❘ ✿❃✿▼ P✿❈ ❥▼❇❭❃❙P❄ ❍❙❇❀❃❏▲r ⑥❛❤❣❝❧❭❤♣❧❭❤❴❢❧ ♦
í➍➍é r


