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Optimizing	
   usage	
   of	
   unimpeded	
   taxiways	
   is	
   a	
   near-­‐term	
   operational	
   change	
   to	
  

mitigate	
  emission	
  impact	
  on	
  aviation	
  and	
  increase	
  efficiency	
  at	
  airports.	
  An	
  unimpeded	
  

taxiway	
   is	
  a	
  path	
  for	
  an	
  aircraft	
   to	
  taxi	
  around	
  an	
  active	
  runway.	
  Unimpeded	
  taxiways	
  

provide	
   benefits	
   such	
   as	
   increased	
   departure	
   throughput,	
   increased	
   safety,	
   reduced	
  

surface	
   congestion,	
   more	
   efficient	
   taxi-­‐in	
   procedures,	
   and	
   thereby	
   also	
   yield	
  

environmental	
   benefits.	
   The	
   goals	
   of	
   this	
   work	
   are	
   to	
   investigate	
   the	
   use	
   of	
   current	
  

taxiways,	
   examine	
   surface	
   performance	
   and	
   fuel	
   burn	
   trade-­‐offs,	
   and	
   to	
   develop	
   a	
  

decision-­‐support	
   model	
   based	
   on	
   potential	
   fuel	
   savings	
   of	
   unimpeded	
   taxiways.	
   This	
  

study	
  analyzes	
  unimpeded	
  taxiway	
  use	
  at	
  Hartsfield-­‐Jackson	
  International	
  Airport	
  (ATL),	
  

Dallas/Fort-­‐Worth	
   International	
  Airport	
   (DFW),	
  and	
  Detroit	
  Metro	
  Airport	
   (DTW)	
  using	
  

ASDE-­‐X	
  data	
  from	
  10	
  September	
  2012	
  to	
  28	
  February	
  2013.	
  The	
  trends	
  and	
  patterns	
  of	
  

aircraft	
   taxi	
   routes	
   show	
   the	
  unimpeded	
   taxiway	
   is	
   used	
   the	
  most	
  during	
  peak	
  arrival	
  

and	
  peak	
  departure	
  hours.	
  This	
  study	
  provides	
  decision-­‐makers	
  at	
  the	
  operations	
  level	
  a	
  

practical	
   guidance	
   tool	
   with	
   the	
   necessary	
   information	
   to	
   effectively	
   use	
   unimpeded	
  

taxiways	
  and	
  conventional	
  taxiways	
  from	
  an	
  environmental	
  perspective.	
  Decision	
  rules	
  

were	
  developed	
  to	
  maximize	
  fuel	
  savings.	
  The	
  decision	
  scenario	
  analysis	
  concluded	
  that	
  

the	
   most	
   promising	
   decision	
   rule	
   at	
   ATL,	
   DFW,	
   and	
   DTW	
   to	
   yield	
   the	
   most	
  

environmental	
  benefit	
  is	
  based	
  on	
  multiple	
  factors.	
  The	
  multi-­‐factor	
  decision	
  rule	
  based	
  

on	
   terminal	
   destination,	
   arrival	
   time,	
   and	
   aircraft	
   type	
   resulted	
   in	
   an	
   average	
   aircraft	
  

fuel	
  savings	
  of	
  8.1%	
  to	
  20.4%.	
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CHAPTER	
  1. INTRODUCTION	
  

1.1 Background	
  and	
  Motivation	
  

As	
  air	
  traffic	
  continues	
  to	
  grow,	
  there	
  are	
  concerns	
  that	
  aviation’s	
   impact	
  on	
  the	
  

environment	
   is	
   incompatible	
   with	
   mobility	
   needs.	
   Aviation’s	
   contribution	
   to	
   global	
  

warming	
  and	
  environmental	
  effects,	
  coupled	
  with	
  rising	
  fuel	
  costs,	
  motivates	
  the	
  need	
  

for	
  solutions	
  that	
  increase	
  fuel	
  efficiency.	
  There	
  are	
  several	
  strategies	
  being	
  pursued	
  to	
  

mitigate	
  the	
  environmental	
   impacts	
  of	
  aviation,	
   including	
  developing	
  advanced	
  aircraft	
  

technologies,	
   researching	
   sustainable	
   alternative	
   jet	
   fuels,	
   and	
   improving	
   operational	
  

procedures.	
   Developing	
   new	
   technologies	
   and	
   sustainable	
   jet	
   fuel	
   research	
   can	
  

significantly	
   reduce	
   environmental	
   impact,	
   but	
   require	
   mid	
   to	
   long	
   timeframes.	
   This	
  

motivates	
   an	
   assessment	
   of	
   improving	
   operational	
   changes	
   that	
   have	
   smaller	
   overall	
  

mitigation	
  potential	
  but	
  can	
  be	
  implemented	
  in	
  much	
  shorter	
  timeframes	
  with	
  existing	
  

aircraft	
  types	
  [Marais	
  et	
  al.,	
  2010].	
  There	
  is	
  also	
  the	
  additional	
  need	
  to	
  improve	
  surface	
  

operations	
  because	
  airports	
  are	
  reaching	
  capacity,	
  which	
  causes	
  surface	
  congestion	
  and	
  

delays.	
   The	
   two	
  main	
  ways	
   to	
   increase	
   airport	
   capacity	
   are	
   by	
   adding	
   runways	
   or	
   by	
  

increasing	
  efficiency.	
  Potential	
  barriers	
   to	
  adding	
  runways	
  are	
  high	
  costs,	
   limited	
   land,	
  

and	
  long	
  time	
  duration	
  to	
  complete	
  construction.	
  An	
  operational	
  change	
  to	
  potentially	
  

increase	
  airport	
  capacity	
  is	
  to	
  use	
  unimpeded	
  taxiways.	
  Unimpeded	
  taxiways	
  are	
  paths	
  

for	
  aircraft	
   to	
  taxi	
  around	
  active	
  runways	
  without	
  runway	
  crossings.	
  An	
  example	
  of	
  an	
  

unimpeded	
   taxiway	
   is	
   an	
   end-­‐around	
   taxiway	
   (EAT),	
   which	
   is	
   a	
   constructed	
   taxiway	
  

designated	
  to	
  only	
  unimpeded	
  taxi-­‐in	
  operations.	
  	
  	
  

Most	
  work	
  on	
  unimpeded	
  taxiing	
  has	
  focused	
  on	
  EATs.	
  	
  Previous	
  research	
  focused	
  

on	
  the	
  safety	
  assessment	
  and	
  impact	
  of	
  end-­‐around	
  taxiways	
  on	
  taxiway	
  system	
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[Engelland,	
  2010;	
  Satyamurti,	
  2007;	
  Massidda,	
  2013].	
   In	
  addition	
  to	
  the	
  assessment	
  of	
  

current	
  taxiway	
  systems,	
  there	
  is	
  a	
  need	
  to	
  provide	
  a	
  decision-­‐support	
  tool	
  in	
  the	
  near-­‐

term	
   that	
   can	
   manage	
   surface	
   operations	
   to	
   reduce	
   fuel	
   burn,	
   increase	
   safety,	
   and	
  

increase	
  efficiency.	
  Previous	
  work	
  in	
  our	
  group	
  analyzed	
  a	
  4-­‐week	
  period	
  (15	
  November	
  

to	
  13	
  December	
  2010)	
  of	
   end-­‐around	
   taxiway	
  use	
  at	
  DFW	
  airport	
   [Uday	
  et	
   al.,	
   2011].	
  

The	
   analysis	
   showed	
   that	
   taxi-­‐in	
   fuel	
   burn	
   was	
   affected	
   by	
   several	
   factors	
   including	
  

traffic	
  conditions	
  on	
  adjacent	
  runways,	
  traffic	
  flow	
  direction,	
  arrival	
  time	
  of	
  aircraft,	
  and	
  

aircraft	
  type.	
  Simple	
  decision	
  rules	
  based	
  on	
  these	
  factors	
  and	
  observations	
  showed	
  the	
  

potential	
  for	
  significant	
  taxi-­‐in	
  fuel	
  burn	
  reduction.	
  The	
  present	
  study	
  expands	
  the	
  time	
  

period	
  analyzed	
  and	
  investigated	
  fuel	
  burn	
  and	
  performance	
  trade-­‐offs	
  for	
  all	
  taxi	
  routes	
  

at	
  multiple	
  airports	
  in	
  order	
  to	
  refine	
  decision	
  rules	
  to	
  yield	
  maximum	
  fuel	
  savings.	
  

The	
  intention	
  of	
  this	
  research	
  is	
  to	
  improve	
  the	
  operations	
  of	
  unimpeded	
  taxiways	
  

by	
   investigating	
  EATs	
   to	
  maximize	
  environmental	
  benefits.	
  The	
  majority	
  of	
  our	
  data	
   is	
  

for	
  end-­‐around	
  taxiways,	
  so	
  that	
  was	
  used	
  for	
  taxi	
  analysis.	
  However,	
  in	
  the	
  case	
  of	
  ATL	
  

a	
   general	
   unimpeded	
   taxiway	
   is	
   also	
   considered.	
   The	
  methods	
   and	
   findings	
   from	
   this	
  

research	
  are	
  applicable	
  to	
  all	
  unimpeded	
  taxiways.	
  Our	
  goal	
  is	
  to	
  provide	
  a	
  data	
  driven	
  

practical	
   guidance	
   tool	
   for	
   airports,	
   air	
   traffic	
   controllers,	
   and	
   other	
   stakeholders	
   to	
  

compare	
   and	
   select	
   the	
   best	
   taxi	
   procedure	
   from	
   an	
   environmental	
   perspective.	
   The	
  

guidance	
   tool	
   leverages	
  ASDE-­‐X	
   data	
   to	
   calculate	
   average	
   potential	
   fuel	
   savings	
   of	
   an	
  

aircraft	
  based	
  on	
  various	
  decision	
  rules.	
  A	
  combination	
  of	
  decision	
  rules	
  based	
  on	
  traffic	
  

trends,	
  airport	
  configuration,	
  and	
  other	
  factors	
  such	
  as	
  terminal	
  gate	
  location	
  were	
  used	
  

to	
   develop	
   several	
   simulation	
   scenarios.	
   Implementation	
   of	
   the	
   unimpeded	
   taxiway	
  

decision-­‐support	
   tool	
   is	
   feasible	
   since	
   real-­‐time	
  ASDE-­‐X	
   feeds	
   are	
   already	
   available	
   at	
  

most	
  major	
  airports	
  within	
  the	
  US.	
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1.2 End-­‐Around	
  Taxiways	
  

1.2.1 Development	
  of	
  EATs	
  

To	
   increase	
   operational	
   capacity,	
   airports	
   have	
   constructed	
   dual	
   or	
   even	
   triple	
  

parallel	
   runways.	
   Usually	
   the	
   in-­‐board	
   runway	
   (closest	
   to	
   the	
   terminal)	
   is	
   used	
   for	
  

departures	
   and	
   the	
   out-­‐board	
   runway	
   is	
   used	
   for	
   arrivals.	
   Arriving	
   aircraft	
   must	
  

therefore	
  cross	
  the	
  in-­‐board	
  runway	
  to	
  reach	
  the	
  terminal	
  gate.	
  To	
  increase	
  operational	
  

capacity	
  and	
   reduce	
   the	
   risk	
  of	
   runway	
   incursions,	
   airports	
  have	
   constructed	
   taxiways	
  

that	
  go	
  around	
  a	
  runway,	
  commonly	
  called	
  an	
  end-­‐around	
  taxiway	
  (EAT).	
  Figure	
  1	
  shows	
  

the	
   EAT	
   as	
   a	
   path	
   for	
   an	
   aircraft	
   to	
   taxi	
   around	
   an	
   active	
   runway	
   compared	
   to	
   a	
  

conventional	
   taxiway	
   requires	
   aircraft	
   to	
   cross	
   the	
   in-­‐board	
   runway	
   to	
   reach	
   the	
  

terminal.	
  Currently	
  there	
  are	
  four	
  operational	
  end-­‐around	
  taxiways	
  in	
  the	
  United	
  States:	
  

Hartsfield-­‐Jackson	
   International	
   Airport	
   (ATL),	
   Dallas/Fort-­‐Worth	
   International	
   Airport	
  

(DFW),	
  Detroit	
  Metro	
  Airport	
  (DTW),	
  and	
  Miami	
  International	
  Airport	
  (MIA).	
  

	
  

	
  

Figure	
  1.	
  End-­‐Around	
  Taxiway	
  airport	
  diagram	
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1.2.2 Potential	
  Barriers	
  and	
  Safety	
  of	
  EATs	
  

There	
  are	
  several	
  potential	
  barriers	
  to	
  EATs.	
  Besides	
  limited	
  land	
  at	
  airports	
  and	
  

construction	
   cost,	
   there	
   are	
   safety	
   and	
   human	
   factor	
   concerns.	
   MITRE/CAASD	
  

conducted	
  simulations	
  at	
  airline	
  training	
  centers	
  and	
  NASA	
  Ames	
  to	
  assess	
  the	
  impact	
  of	
  

human	
  factors	
  on	
  EAT	
  safety	
  operations.	
  One	
  study	
  found	
  25%	
  of	
  the	
  pilots	
  incorrectly	
  

identified	
  an	
  aircraft	
  as	
  crossing	
  the	
  departure	
  runway	
  or	
  taxing	
  on	
  the	
  departure-­‐end	
  of	
  

the	
  EAT	
  [Hoover,	
  2007].	
  As	
  a	
  result,	
  there	
  were	
  rejected	
  takeoffs	
  from	
  misinterpreting	
  a	
  

taxing	
  aircraft	
  on	
  the	
  EAT	
  as	
  on	
  the	
  departure	
  runway	
  and	
  failure	
  to	
  abort	
  takeoffs	
  with	
  

runways	
  incursion	
  aircraft.	
  To	
  mitigate	
  human	
  error,	
  two	
  strategies	
  were	
  implemented	
  

in	
  the	
  final	
  simulation.	
  The	
  first	
  strategy	
  was	
  to	
  put	
  up	
  a	
  visual	
  screen	
  to	
  partition	
  the	
  

departing	
   runway	
   from	
  the	
  end	
  around	
  taxiway.	
  The	
  second	
  strategy	
  was	
   to	
  build	
   the	
  

end	
  around	
  taxiway	
  at	
  a	
  depression	
  so	
  the	
  aircraft	
  on	
  the	
  EAT	
  can	
  be	
  noticeably	
  lower	
  

than	
  the	
  departing	
  aircrafts.	
  As	
  a	
  result,	
  the	
  EAT	
  at	
  ATL	
  was	
  built	
  at	
  a	
  30	
  feet	
  lower	
  than	
  

the	
  end	
  of	
  the	
  runway.	
  	
  

The	
   FAA	
   Airport	
   Obstructions	
   Standards	
   Committee	
   (AOSC)	
   Executive	
   Steering	
  

Group	
  directed	
  that	
  a	
  visual	
  screen	
  type	
  device	
  be	
  designed	
  and	
  installed	
  to	
  assist	
  pilots	
  

on	
  a	
  takeoff	
   roll	
   to	
  better	
  discern	
  when	
  a	
  aircraft	
   is	
  crossing	
  the	
  active	
  runway	
  versus	
  

the	
  aircraft	
  operating	
  on	
  the	
  EAT	
  [Patterson,	
  2007].	
  For	
  further	
  safety	
  precautions,	
  the	
  

use	
  of	
  the	
  perimeter	
  taxiway	
  is	
  constrained	
  by	
  flow	
  direction	
  and	
  aircraft	
  tail	
  height.	
  An	
  

aircraft	
  with	
  a	
  maximum	
  tail	
  height	
  of	
  65	
  feet	
  would	
  not	
  be	
  permitted	
  to	
  use	
  the	
  EAT	
  

like	
  an	
  Airbus	
  A380	
  due	
  to	
  departure	
  takeoff	
  slope	
  requirements	
  [FAA	
  AOSC,	
  2004].	
  Also,	
  

current	
  FAA	
  policy	
  established	
  by	
  the	
  AOSC	
  [FAA	
  AOSC,	
  2004,	
  2005,	
  2006]	
  permits	
  only	
  

departing	
   aircraft	
   to	
   overfly	
   an	
   operational	
   perimeter	
   taxiway.	
   There	
   have	
   been	
  

extensive	
  studies	
  addressing	
  safety	
   issues	
  of	
  EATs	
  resulting	
   in	
  the	
  above	
  requirements	
  

for	
   construction	
   and	
   operations	
   of	
   EATs.	
   End-­‐around	
   taxiways	
   meet	
   the	
   safety	
  

requirements	
   of	
   the	
   FAA	
   and	
   provide	
   safety	
   at	
   airports	
   by	
   providing	
   a	
   taxi	
   path	
   that	
  

does	
  not	
  require	
  runway	
  crossings	
  thus	
  reducing	
  risk	
  of	
  runway	
  incursions.	
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1.2.3 Benefits	
  of	
  EATs	
  

End-­‐around	
   taxiways	
   provide	
   several	
   benefits	
   such	
   as	
   increase	
   departure	
  

throughput,	
   increase	
   safety,	
   reduced	
   surface	
   congestion,	
   increase	
   efficient	
   taxi-­‐in	
  

procedures,	
  and	
  yield	
  environmental	
  benefits.	
  Safety	
  is	
  increased	
  because	
  using	
  the	
  EAT	
  

minimizing	
   the	
   number	
   of	
   runway	
   crossings	
  which	
   reduces	
   risk	
   of	
   runway	
   incursions.	
  

EAT	
  usage	
  also	
  reduces	
  the	
  load	
  of	
  air	
  traffic	
  controllers	
  because	
  ATC	
  would	
  not	
  need	
  to	
  

coordinate	
   arrivals	
   crossing	
   the	
   departure	
   runway.	
   At	
   a	
   busy	
   airport	
   using	
   the	
   EAT	
  

increases	
  departure	
  throughput	
  by	
  providing	
  a	
  path	
  for	
  arrivals	
  to	
  taxi	
  around	
  the	
  active	
  

departure	
   runway.	
   An	
   unimpeded	
   taxi	
   route	
   reduces	
   surface	
   congestion	
   by	
   allowing	
  

aircraft	
   to	
   continuously	
   taxi	
   without	
   stopping	
   and	
   waiting	
   for	
   clearance	
   to	
   cross	
   a	
  

runway.	
   More	
   efficient	
   taxi	
   procedures	
   have	
   the	
   potential	
   to	
   reduce	
   fuel	
   burn	
   and	
  

environmental	
   impact.	
  The	
  EAT	
  is	
  a	
   longer	
  taxi	
  distance,	
  but	
   it	
  could	
  have	
  a	
   lower	
  taxi	
  

time	
   and	
   fuel	
   burn	
   due	
   to	
   less	
   stops	
   and	
   accelerations,	
   therefore	
   it	
   is	
   beneficial	
   to	
  

understand	
  under	
  what	
  conditions	
  does	
  using	
  the	
  EAT	
  save	
  fuel.	
   	
  

	
  

1.3 Other	
  Unimpeded	
  Taxiways	
  

At	
  Chicago	
  O’Hare	
  International	
  Airport,	
  a	
  large	
  construction	
  project	
  is	
  underway	
  

to	
   transform	
   the	
   outdated	
   system	
   of	
   intersecting	
   runways	
   into	
   a	
   modern	
   parallel	
  

runway	
   configuration	
   to	
   reduce	
   flight	
   delays	
   and	
   increase	
   capacity	
   [City	
   of	
   Chicago,	
  

2011].	
  	
  One	
  goal	
  of	
  the	
  O’Hare	
  Modernization	
  Program	
  (OMP)	
  is	
  to	
  improve	
  taxi	
  flows	
  to	
  

improve	
   efficiency	
   and	
   reduce	
   fuel	
   burn.	
   Figure	
   2	
   is	
   an	
   example	
   of	
   an	
   unimpeded	
  

taxiway	
   when	
   the	
   runways	
   are	
   in	
   east-­‐flow	
   configuration	
   [Markwell,	
   2012].	
   Aircraft	
  

arriving	
   on	
   runway	
   10C	
   taxi	
   around	
   departure	
   runway	
   10L.	
   This	
   taxi	
   flow	
   operation	
  

allows	
  arrivals	
  to	
  have	
  an	
  unimpeded	
  taxi	
  path	
  to	
  the	
  gate	
  and	
  provides	
  departures	
  to	
  

operate	
  independently	
  from	
  arrivals.	
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Figure	
  2.	
  Unimpeded	
  Taxiway	
  at	
  Chicago	
  O’hare	
  airport.	
  

1.4 Research	
  Objectives	
  

The	
   aim	
   of	
   this	
   research	
   is	
   to	
   investigate	
   surface	
   performance	
   trade-­‐offs	
   of	
  

unimpeded	
   taxiways	
   and	
   to	
   develop	
   a	
   decision	
  model	
   to	
   improve	
   taxi	
   operations.	
   As	
  

mentioned	
  earlier,	
  the	
  majority	
  of	
  our	
  data	
  is	
  for	
  end-­‐around	
  taxiways,	
  so	
  that	
  was	
  used	
  

for	
   taxi	
   analysis.	
   However,	
   in	
   the	
   case	
   of	
   ATL	
   a	
   general	
   unimpeded	
   taxiway	
   is	
   also	
  

considered.	
   The	
   methods	
   and	
   findings	
   from	
   this	
   research	
   are	
   applicable	
   to	
   all	
  

unimpeded	
  taxiways.	
  This	
  thesis’	
  objectives	
  are	
  to:	
  

	
  

1. Evaluate	
  unimpeded	
  taxiway	
  usage	
  trends	
  and	
  patterns	
  

2. Assess	
   environmental	
   benefits	
   by	
   quantifying	
   taxi	
   time	
   and	
   fuel	
   burn	
   for	
  

unimpeded	
  taxiways	
  

3. Develop	
  decision	
  rules	
  to	
  maximize	
  fuel	
  savings	
  

4. Draft	
   implementation	
   strategies	
   for	
   the	
   most	
   feasible	
   and	
   environmentally	
  

beneficial	
  decision	
  rule	
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Decision	
   tools	
   can	
   reduce	
   fuel	
   burn	
   and	
   improve	
   efficiency	
   of	
   unimpeded	
   taxiway	
  

usage,	
  but	
  in	
  practice,	
  the	
  tool	
  must	
  have	
  the	
  capability	
  to	
  be	
  easily	
  integrated	
  into	
  air	
  

traffic	
  controllers’	
  operation	
  procedures.	
  Therefore	
  there	
  is	
  a	
  need	
  to	
  better	
  understand	
  

the	
  potential	
  benefits	
  of	
  operation	
  procedures	
  of	
  unimpeded	
   taxiways	
  and	
  barriers	
   to	
  

implementation	
  so	
  it	
  can	
  be	
  used	
  to	
  its	
  maximum	
  efficiency	
  in	
  the	
  near-­‐term.	
  

The	
  results	
  and	
  findings	
  from	
  this	
  research	
  could	
  be	
  useful	
  for	
  air	
  traffic	
  controllers	
  

to	
  improve	
  taxi	
  operations,	
  for	
  airports	
  to	
  increase	
  capacity	
  and	
  efficiency,	
  for	
  airlines	
  to	
  

save	
  fuel,	
  for	
  airport	
  designers	
  to	
  have	
  analysis	
  tools	
  to	
  make	
  inform	
  decisions,	
  and	
  for	
  

government	
  agencies	
  to	
  assess	
  surface	
  performance	
  and	
  safety	
  procedures	
  at	
  airports.	
  	
  

	
  

1.5 Research	
  Approach	
  and	
  Thesis	
  Outline	
  

We	
   developed	
   a	
   four-­‐step	
   framework	
   as	
   shown	
   in	
   Figure	
   3	
   to	
   consider	
   the	
  

feasibility	
  and	
  potential	
  fuel	
  and	
  emissions	
  savings	
  offered	
  by	
  unimpeded	
  taxiways.	
  	
  

	
  

	
  
	
  

Figure	
  3.	
  Four-­‐step	
  framework	
  to	
  evaluate	
  unimpeded	
  taxiways.	
  

Step	
  1:	
  Evaluate	
  Current	
  Unimpeded	
  Taxiway	
  Usage	
  Trends	
  and	
  Patterns	
  	
  

In	
   this	
   step,	
  Airport	
   Surface	
  Detection	
  Equipment	
  Model	
  X	
   (ASDE-­‐X)	
  data	
  was	
  used	
   to	
  

study	
   current	
   unimpeded	
   taxiway	
   usage	
   patterns	
   at	
   Dallas/Fort-­‐Worth	
   International	
  

Airport	
  (DFW),	
  Hartsfield-­‐Jackson	
  International	
  Airport	
  (ATL),	
  and	
  Detroit	
  Metro	
  Airport	
  

(DTW).	
  ASDE-­‐X	
  data	
  provided	
  aircraft	
  surface	
  information	
  such	
  as	
  flight	
  position,	
  speed,	
  

and	
  time.	
  This	
  data	
  was	
  used	
  to	
  assess	
  the	
  use	
  of	
  the	
  unimpeded	
  taxiways	
  and	
  identified	
  

Step 1! Step 2! Step 3! Step 4!

Evaluate taxi 
usage trends 
and patterns!

Assess 
environmental 

benefits!

Develop 
decision aids 
to maximize 

benefits!

Draft 
implementation 

of decision 
rules!
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factors	
  that	
  dictate	
  the	
  frequency	
  of	
  its	
  use,	
  such	
  as	
  traffic	
  trends	
  on	
  adjacent	
  runways.	
  

For	
  each	
  airport,	
   the	
  analysis	
  was	
  based	
  on	
  approximately	
   six	
  months	
  of	
  ASDE-­‐X	
  data	
  

from	
  10	
  September	
  2012	
   to	
  28	
  February	
  2013.	
  Chapter	
  2	
  describes	
  our	
  approach	
  and	
  

results	
  in	
  detail.	
  

	
  

Step	
  2:	
  Assessment	
  of	
  Environmental	
  Benefits	
  of	
  Unimpeded	
  Taxiway	
  Operations	
  	
  

Step	
   2	
   provided	
   a	
   framework	
   that	
   systematically	
   evaluates	
   environmental	
   impact	
   of	
  

unimpeded	
   taxiway	
  operations.	
  Quantitative	
   results	
  of	
   fuel	
  burn	
  and	
  emission	
   savings	
  

by	
  using	
   the	
  end-­‐around	
   taxiway	
  were	
  evaluated	
  at	
   the	
   three	
   candidate	
   airports.	
   The	
  

fuel	
   burn	
   analysis	
   is	
   based	
   on	
   the	
   International	
   Civil	
   Aviation	
   Organization	
   (ICAO)	
  

emissions	
   databank	
   [ICAO	
   2013].	
   This	
   step	
   identified	
   the	
   conditions	
   under	
   which	
   the	
  

maximum	
   environmental	
   benefits	
   are	
   observed.	
   Statistical	
   analysis	
   was	
   used	
   to	
  

determine	
  the	
  significant	
  factors	
  contributing	
  to	
  fuel	
  burn.	
  	
  

	
  

Step	
   3:	
   Develop	
   Decision	
   Aids	
   to	
   Maximize	
   Environmental	
   Benefits	
   of	
   Unimpeded	
  

Taxiways	
  

Unimpeded	
   taxiway	
   usage	
   trends	
   and	
   potential	
   environmental	
   benefits	
   identified	
   in	
  

Step	
  1	
  and	
  Step	
  2	
  were	
  used	
  to	
  develop	
  decision	
  aids	
  that	
  allow	
  air	
  traffic	
  controllers	
  to	
  

maximize	
  these	
  fuel	
  burn	
  savings.	
  This	
  step	
  focused	
  on	
  developing	
  decision	
  rules	
  such	
  as	
  

simple	
   rules	
  based	
  on	
  always	
  or	
  never	
  using	
   the	
  unimpeded	
   taxiway,	
  based	
  on	
  arrival	
  

time,	
  or	
  rules	
  based	
  on	
  more	
  detailed	
  evaluation	
  of	
  the	
  data.	
  The	
  performance	
  of	
  each	
  

decision	
  rule	
  is	
  evaluated	
  by	
  its	
  fuel	
  savings	
  compared	
  to	
  current	
  operations	
  and	
  ease	
  of	
  

implementation.	
  	
  	
  

	
  

Step	
  4:	
  Develop	
  Draft	
  Implementation	
  Strategies	
  for	
  the	
  Decision	
  Rules	
  	
  

The	
  final	
  step	
  is	
  to	
  draft	
  implementation	
  strategies	
  for	
  the	
  decision	
  rules	
  that	
  maximize	
  

benefits	
  of	
  unimpeded	
  taxiway	
  operations	
  from	
  Step	
  3.	
  Application	
  of	
  these	
  rules	
  to	
  air	
  

traffic	
  controllers	
  must	
  be	
  efficient	
  and	
  simple.	
  A	
  decision	
  flowchart	
  will	
  be	
  presented	
  to	
  

air	
   traffic	
   controllers	
   to	
   route	
   arriving	
   aircraft	
   to	
   either	
   the	
   unimpeded	
   taxiway	
   or	
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conventional	
   taxiway.	
   Taxi	
   routing	
   is	
   based	
   on	
  maximize	
   fuel	
   savings	
   depending	
   on	
   a	
  

combination	
   of	
   factors	
   such	
   as	
   runway	
   configuration,	
   aircraft	
   type,	
   arrival	
   time,	
   and	
  

terminal	
  gate	
  destination.	
  	
  

	
  

1.5.1 Thesis	
  Outline	
  

A	
   roadmap	
   of	
   the	
   thesis	
   is	
   shown	
   in	
   Figure	
   4	
   that	
   summarizes	
   the	
   objective,	
  

methods,	
   and	
   outcomes	
   of	
   the	
   present	
   research.	
   First,	
   current	
   taxi	
   operations	
   were	
  

analyzed	
   with	
   ASDE-­‐X	
   archive	
   data	
   to	
   understand	
   the	
   traffic	
   trends	
   and	
   patterns	
   at	
  

airports	
   and	
   are	
   reported	
   in	
   Chapter	
   2.	
   Further	
   analysis	
   of	
   taxi	
   time	
   and	
   fuel	
   burn	
   is	
  

calculated	
  in	
  Chapter	
  3.	
  This	
  analysis	
  tested	
  several	
  factors	
  (aircraft	
  type,	
  terminal	
  gate	
  

destination,	
  arrival	
  time)	
  to	
  determine	
  which	
  factors	
  are	
  significant	
  to	
  fuel	
  burn	
  and	
  can	
  

be	
  used	
  in	
  the	
  decision	
  analysis.	
  

Chapter	
  4	
  details	
  the	
  development	
  of	
  decision	
  rules	
  to	
  maximize	
  environmental	
  

benefits	
  at	
  ATL,	
  DFW,	
  DTW	
  as	
  examples.	
  For	
  fuel	
  burn	
  simulations	
  two	
  approaches	
  were	
  

used:	
  i)	
  simple	
  decision	
  rules	
  and	
  ii)	
  multi-­‐factor	
  decision	
  rule.	
  A	
  fuel	
  savings	
  comparison	
  

was	
   done	
   for	
   each	
   decision	
   rule	
   at	
   every	
   airport.	
   Conclusions	
   from	
   this	
   work	
   and	
  

recommendations	
  for	
  future	
  work	
  are	
  presented	
  in	
  Chapter	
  5.	
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Figure	
  4.	
  Roadmap	
  of	
  thesis	
  with	
  objective	
  questions,	
  methods,	
  and	
  outcomes.	
  

	
  

What are current taxi 
operations?!

What is the 
environmental impact?!

How to develop 
decisions to maximize 

environmental benefits?!

Step 1: Evaluate current traffic 
trends and patterns!
•  Acquire ASDE-X data"
•  Analyze surface movements for 

different airport configurations"

Outcomes:!
!

•  Taxi usage histograms"
•  Arrival/ departure rates"
•  Peak traffic conditions"

Step 2: Quantify environmental 
impact !
•  Compute performance metrics"
•  ICAO emissions databank"

Outcomes:!
!

•  Taxi time estimate"
•  Fuel burn estimate"
•  Average distance/speed"

Step 3: Develop decision 
scenarios!
•  Model fuel burn"
•  Decisions from significant factors"
•  Fuel burn simulations"

Outcomes:!
!

•  Decision rules"
•  Fuel savings comparison"

What are potential 
implementation 

strategies?!

Step 4: Identify and review 
methods!
•  Stakeholders identification"
•  Practical application"
•  Review other projects"

Outcomes:!
!

•  Some potential strategies"

Step 1!

Step 2!

Step 3!

Step 4 (future work)!
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CHAPTER	
  2. 	
  CURRENT	
  TAXIWAY	
  ANALYSIS	
  

2.1 Overview	
  of	
  Case	
  Study	
  

Three	
   candidate	
   airports	
   were	
   analyzed	
   to	
   better	
   understand	
   the	
   current	
   end-­‐

around	
  taxiway	
  usage	
  trends	
  and	
  patterns.	
  The	
  three	
  airports	
  with	
  an	
  operational	
  EAT	
  

reviewed	
  in	
  this	
  study	
  are	
  Atlanta/Hartsfield-­‐Jackson	
  International	
  Airport	
  (ATL),	
  Dallas	
  

Fort	
   Worth	
   International	
   Airport	
   (DFW),	
   and	
   Detroit	
   Metropolitan	
   Wayne	
   County	
  

Airport	
  (DTW).	
  	
  Table	
  1	
  summarizes	
  the	
  passenger	
  traffic	
  and	
  airport	
  characteristics	
  for	
  

ATL,	
  DFW,	
  and	
  DTW.	
  For	
  example,	
  DTW	
  has	
  on	
  average	
  1,100	
  flights	
  per	
  day	
  compared	
  

to	
  ATL,	
  which	
  has	
  over	
  twice	
  the	
  number	
  of	
  flights	
  with	
  2,700	
  flights	
  per	
  day	
  [ACI,	
  2013].	
  

Each	
  airport	
  varies	
   in	
  size,	
   runway	
  configurations,	
  passenger	
   traffic,	
  operations	
  among	
  

many	
  other	
  factors,	
  which	
  are	
  important	
  to	
  consider	
  in	
  taxiway	
  analysis.	
  	
  

	
  
Table	
  1.	
  Characteristics	
  comparison	
  of	
  ATL,	
  DFW,	
  and	
  DTW	
  for	
  2012.	
  

Airport	
   Average	
  
flights/day	
  

Passengers	
  
per	
  year	
  

EAT	
  	
  	
  	
  	
  
distance	
  

(ft)	
  

Number	
  of	
  
terminals	
  

Number	
  
of	
  Gates	
  

Number	
  
of	
  

runways	
  

ATL	
   2700	
  
95.5	
  

million	
  
4200	
   6	
  ramp	
  areas	
   207	
   5	
  

DFW	
   1700	
  
58.6	
  

million	
  
11400	
   5	
  terminals	
   161	
   7	
  

DTW	
   1100	
  
32.2	
  

million	
  
6000	
   2	
  terminals	
   147	
   6	
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These	
  three	
  airports	
  vary	
  greatly	
   from	
  passenger	
   levels	
   to	
  runway	
  configuration;	
  

therefore	
  the	
  analysis	
  was	
  tailored	
  to	
  each	
  airport.	
  ATL	
  has	
  a	
  symmetrical	
  airport	
  with	
  

one	
  EAT	
  located	
  on	
  the	
  north	
  airfield.	
  This	
  configuration	
  allows	
  for	
  direct	
  comparison	
  of	
  

traffic	
   throughput	
  with	
   and	
  without	
   an	
   EAT.	
  We	
   therefore	
   considered	
  both	
   the	
   north	
  

and	
   south	
   sides	
   of	
   the	
   airport	
   and	
   arrivals	
   in	
   both	
  west	
   and	
   east-­‐flow	
   configurations.	
  

The	
   EAT	
   at	
   DFW	
   airport	
   is	
   located	
   on	
   the	
   southeast	
   quadrant	
   of	
   the	
   airfield.	
   Aircraft	
  

arriving	
   on	
   runway	
   17L	
   in	
   south-­‐flow	
   configuration	
   primarily	
   use	
   the	
   EAT.	
  An	
   analysis	
  

was	
  done	
  for	
  adjacent	
  arrival	
  runway	
  17C	
  and	
  departure	
  runway	
  17R	
  to	
  determine	
  how	
  

traffic	
  levels	
  on	
  these	
  runways	
  effect	
  EAT	
  usage.	
  The	
  DTW	
  analysis	
  focused	
  on	
  the	
  west	
  

airfield	
  where	
   the	
  EAT	
   is	
   located.	
  There	
  are	
   two	
  distinct	
   terminal	
  areas;	
   therefore	
   the	
  

analysis	
  included	
  north	
  and	
  south-­‐flow	
  arriving	
  aircraft	
  to	
  the	
  north	
  and	
  south	
  terminal	
  

gates.	
   Different	
   runway	
   configurations	
   and	
   gate	
   locations	
   provide	
   a	
   better	
  

understanding	
  of	
  traffic	
  patterns.	
  

	
  

2.2 ASDE-­‐X	
  Data	
  

Traffic	
   trends	
   can	
   be	
   better	
   understood	
   at	
   airports	
   by	
   tracking	
   aircraft	
   surface	
  

movements	
  using	
  ASDE-­‐X	
  data.	
  Airport	
  Surface	
  Detection	
  System	
  —	
  Model	
  X	
  (ASDE-­‐X)	
  is	
  

a	
  surveillance	
  system	
  using	
  radar,	
  multilateration	
  and	
  satellite	
  technology	
  that	
  allows	
  air	
  

traffic	
  controllers	
  to	
  track	
  surface	
  movement	
  of	
  aircraft	
  and	
  vehicles.	
  It	
  was	
  developed	
  

to	
  increase	
  controller	
  situational	
  awareness,	
  reduce	
  the	
  risk	
  of	
  critical	
  Category	
  A	
  and	
  B	
  

runway	
  incursions,	
  and	
  improve	
  surface	
  operational	
  efficiencies.	
  

The	
  ASDE-­‐X	
  alerts	
  air	
  traffic	
  controllers	
  of	
  potential	
  runway	
  conflicts	
  by	
  providing	
  

detailed	
   coverage	
   of	
   movement	
   on	
   runways	
   and	
   taxiways.	
   By	
   collecting	
   data	
   from	
   a	
  

variety	
  of	
  sensors,	
  ASDE-­‐X	
   is	
  able	
  to	
  track	
  non-­‐transponder	
  equipped	
  and	
  transponder	
  

equipped	
   vehicles	
   and	
   aircraft	
   on	
   the	
   airport	
   movement	
   area.	
   ASDE-­‐X	
   is	
   able	
   to	
  

determine	
   the	
   position	
   and	
   identification	
   of	
   aircraft	
   and	
   vehicles	
   on	
   the	
   airport	
  

movement	
  area,	
  as	
  well	
  as	
  aircraft	
  flying	
  on	
  final	
  approach	
  to	
  the	
  airport.	
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Controllers	
   in	
   the	
   tower	
   are	
   presented	
   this	
   information	
   on	
   a	
   color	
   display	
  

depicting	
   aircraft	
   and	
   vehicle	
   positions	
   as	
   an	
   icon	
   overlaid	
   on	
   a	
  map	
   of	
   the	
   airport's	
  

runways/taxiways.	
  The	
  system	
  continuously	
  updates	
  the	
  map	
  of	
  the	
  airport	
  movement	
  

area	
   that	
   controllers	
   can	
   use	
   to	
   enhance	
   their	
   situational	
   awareness.	
   It's	
   particularly	
  

beneficial	
  at	
  night	
  or	
  during	
  weather	
  when	
  visibility	
   is	
  poor.	
  The	
  ASDE-­‐X	
  system	
  is	
  also	
  

equipped	
   with	
   visual	
   and	
   aural	
   alarms	
   that	
   will	
   alert	
   controllers	
   of	
   possible	
   runway	
  

incursions	
  or	
   incidents.	
   Figure	
  5	
   shows	
  35	
  of	
   the	
  busiest	
   airports	
   in	
   the	
  United	
  States	
  

that	
   the	
  FAA	
  has	
  deployed	
  ASDE-­‐X	
  with	
  ATL,	
  DFW,	
  and	
  DTW	
  highlighted	
   in	
  red	
  [SAAB,	
  

2014].	
  

	
  

	
  
Figure	
  5.	
  The	
  35	
  busiest	
  airports	
  in	
  the	
  United	
  States	
  with	
  ASDE-­‐X	
  [SAAB,	
  2014].	
  

With	
  ASDE-­‐X	
  already	
  in	
  operation	
  at	
  35	
  U.S.	
  airports,	
  there	
  is	
  a	
  potential	
  to	
  use	
  real-­‐time	
  

data	
  for	
  system	
  wide	
  impact	
  to	
  reduce	
  fuel	
  burn	
  and	
  increase	
  taxi	
  efficiency.	
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2.3 Hartsfield-­‐Jackson	
  Atlanta	
  International	
  Airport	
  

2.3.1 ATL	
  Background	
  

Hartsfield-­‐Jackson	
   International	
  Airport	
  was	
   the	
  world’s	
  busiest	
  airport	
   in	
  2012	
  

by	
  passenger	
  traffic	
  (92	
  million	
  passengers	
  annually)	
  and	
  total	
  movements	
  (landing	
  and	
  

takeoff)	
   [ACI,	
   2013].	
   Due	
   to	
   the	
   increasing	
   traffic	
   levels,	
   Atlanta	
   airport	
   has	
   made	
  

improvements	
  over	
  the	
  years	
   to	
   increase	
  capacity.	
  The	
  most	
  recent	
   improvement	
  was	
  

the	
  500-­‐foot	
  extension	
  of	
  runway	
  27R,	
  the	
  airport’s	
  longest	
  runway,	
  which	
  opened	
  to	
  air	
  

traffic	
  on	
  July	
  16,	
  2012.	
  The	
  motivation	
  to	
  extend	
  the	
  runway	
  was	
  to	
  increase	
  capacity	
  

and	
  attract	
   larger	
   and	
   longer-­‐range	
   aircraft	
   that	
   can	
   carry	
  more	
   fuel	
  with	
   the	
   runway	
  

extension.	
  The	
  airport	
  is	
  currently	
  undergoing	
  $6	
  billion	
  in	
  improvements,	
  which	
  include	
  

expansion	
   of	
   taxiways	
   to	
   accommodate	
   A380s,	
   a	
   new	
   12-­‐gate	
   international	
   terminal,	
  

and	
  concourse	
  upgrades	
  [Snedeker,	
  2011].	
  

One	
  of	
  the	
  improvements	
  made	
  at	
  Atlanta	
  is	
  the	
  end-­‐around	
  taxiway,	
  known	
  as	
  

Taxiway	
  Victor	
  (V).	
  This	
  EAT	
  was	
  the	
  first	
  one	
  built	
  in	
  the	
  United	
  States.	
  Taxiway	
  Victor	
  

was	
   completed	
   in	
   24	
   days	
   and	
   began	
   operations	
   in	
   April	
   2007.	
   Approximately	
   700	
  

aircraft	
  per	
  day	
  arrive	
  on	
   the	
  airport’s	
  northern	
  most	
   runway,	
  Runway	
  8L/26R.	
  Before	
  

the	
  construction	
  of	
  Taxiway	
  Victor,	
  aircraft	
  would	
  have	
  to	
  wait	
  in	
  a	
  line	
  for	
  clearance	
  to	
  

cross	
  the	
  active	
  departure	
  runway,	
  runway	
  8R/26L,	
  to	
  get	
  to	
  the	
  terminal.	
  According	
  to	
  

the	
  air	
  traffic	
  manager,	
  the	
  EAT	
  has	
  also	
  improved	
  safety	
  by	
  contributing	
  to	
  a	
  decrease	
  

in	
  the	
  number	
  of	
  runway	
  incursions	
  from	
  22	
  in	
  FY2008	
  to	
  15	
  in	
  FY	
  2009	
  [DOT,	
  2010].	
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2.3.2 ATL	
  Airport	
  Analysis	
  

Figure	
   6	
   is	
   a	
   satellite	
   image	
   of	
   Atlanta	
   airport	
  with	
   the	
  main	
   features	
   used	
   to	
  

analyze	
   taxiway	
   usage	
   patterns.	
   The	
   official	
   FAA	
   airport	
   diagram	
   with	
   runways	
   and	
  

taxiways	
  names	
  is	
  in	
  Appendix	
  A.1.	
  The	
  in-­‐board	
  departure	
  runways	
  8R/26L	
  and	
  9L/27R	
  

are	
  highlighted	
   in	
  purple,	
  while	
   the	
  out-­‐board	
   arrival	
   runways	
  8L/26R	
  and	
  9R/27L	
   are	
  

highlighted	
  in	
  orange.	
  There	
  are	
  six	
  ramp	
  areas,	
  which	
  comprise	
  the	
  section	
  in	
  between	
  

the	
  terminals	
  denoted	
  in	
  green.	
  The	
  taxiways	
  analyzed	
  for	
  the	
  north	
  side	
  of	
  the	
  airport	
  

are	
  the	
  end-­‐around	
  taxiway	
  (blue)	
  and	
  the	
  seven	
  conventional	
  taxiways	
  (red).	
  	
  

	
  

	
  

Figure	
  6.	
  Atlanta	
  Hartsfield-­‐Jackson	
  International	
  Airport	
  (ATL)	
  diagram	
  of	
  departure	
  
runways	
  (purple),	
  arrival	
  runways	
  (orange),	
  end-­‐around	
  taxiway	
  (blue),	
  conventional	
  
taxiways	
  (red),	
  and	
  terminal	
  ramps	
  (green).	
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The	
  seven	
  conventional	
  taxiways	
  are	
  defined	
  as	
  the	
  taxiways	
  aircraft	
  take	
  before	
  

crossing	
   the	
   departure	
   runway.	
   Aircraft	
   usually	
   stop	
   and	
   wait	
   for	
   clearance	
   on	
   the	
  

conventional	
  taxiway	
  before	
  being	
  permitted	
  by	
  air	
  traffic	
  control	
  to	
  cross	
  the	
  departure	
  

runway.	
   For	
   the	
   analysis,	
   the	
   taxiways	
   are	
   defined	
   as	
   follows	
   for	
   the	
   north	
   airport:	
  

taxiway	
  N1,	
   taxiway	
  N2,	
   taxiway	
  N3,	
   taxiway	
  N4,	
   taxiway	
  N5,	
   taxiway	
  N6,	
  and	
  taxiway	
  

N7.	
  The	
  south	
  airport	
  taxiways	
  are	
  defined	
  as	
  follows:	
  taxiway	
  S1,	
  taxiway	
  S2,	
  taxiway	
  S3,	
  

taxiway	
  S4,	
  taxiway	
  S5,	
  taxiway	
  S6,	
  taxiway	
  S7,	
  and	
  taxiway	
  S8.	
  	
  

The	
   end-­‐around	
   taxiway	
   is	
   used	
   in	
   both	
   west	
   and	
   east-­‐flow	
   configuration	
   for	
  

runway	
   8L/26R,	
   therefore	
   the	
   following	
   analysis	
   sections	
   is	
   divided	
   into	
   west-­‐flow	
  

configuration	
  and	
  east-­‐flow	
  configuration.	
  Due	
  to	
  the	
  symmetrical	
  layout	
  of	
  the	
  runways,	
  

a	
  comparison	
  was	
  done	
  of	
  aircraft	
  surface	
  movements	
  on	
  the	
  north	
  airfield	
  (which	
  has	
  

an	
  EAT)	
  and	
  the	
  south	
  airfield	
  (which	
  only	
  has	
  conventional	
  taxiways).	
  	
  	
  

	
  

2.3.3 ATL	
  West-­‐flow	
  Configuration	
  

During	
   the	
   6-­‐month	
   span,	
   the	
   north	
   arrival	
   runway	
   was	
   used	
   in	
   west-­‐flow	
  

configuration	
  46%	
  of	
  the	
  time	
  and	
  34%	
  for	
  the	
  south	
  arrival	
  runway.	
  Figure	
  7	
  shows	
  the	
  

most	
  common	
  taxiway	
  routes	
  to	
  reach	
  the	
  terminal	
  in	
  west-­‐flow	
  configuration.	
  Figure	
  7	
  

(left)	
  shows	
  the	
  most	
  used	
  route	
  taken	
  to	
  reach	
  the	
  terminal	
  using	
  taxiway	
  Victor,	
  the	
  

end-­‐around	
   taxiway.	
   Figure	
   7	
   (right)	
   shows	
   the	
   conventional	
   taxiway	
   routes,	
   which	
  

involve	
  crossing	
  the	
  in-­‐board	
  runway	
  to	
  reach	
  the	
  terminal.	
  

	
  

	
  
Figure	
  7.	
  ATL	
  west-­‐flow	
  EAT	
  routes	
  (left)	
  and	
  conventional	
  taxiway	
  routes	
  (right).	
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Figure	
   8	
   shows	
   the	
   average	
   aircraft	
   count	
   per	
   day	
   for	
   the	
   north	
   taxiways.	
   The	
   end-­‐

around	
  taxiway	
  is	
  used	
  the	
  most	
  often	
  with	
  an	
  average	
  of	
  140	
  aircraft	
  per	
  day	
  in	
  west-­‐

flow	
  configuration.	
  All	
  the	
  conventional	
  taxiways	
  (taxi	
  N1	
  –	
  taxi	
  N7)	
  are	
  used	
  less	
  often	
  

than	
  the	
  EAT.	
  

	
  

Figure	
  8.	
  ATL	
  north	
  airfield	
  west-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  
runway	
  26R.	
  

Figure	
   9	
   shows	
   the	
   average	
   aircraft	
   count	
   per	
   hour	
   using	
   the	
   EAT	
   (blue)	
  

compared	
  to	
  the	
  sum	
  of	
  the	
  north	
  7	
  conventional	
  taxiways	
  (red).	
  The	
  EAT	
  is	
  used	
  more	
  

than	
   the	
   conventional	
   taxiways	
   during	
   peak	
   traffic	
   times	
   (8am	
   to	
   1pm	
   and	
   2pm	
   to	
  

11pm).	
  The	
  conventional	
  taxiways	
  are	
  used	
  most	
  often	
  between	
  12am	
  to	
  8am	
  and	
  1pm	
  

to	
  2pm,	
  most	
  likely	
  because	
  there	
  is	
  low	
  air	
  traffic	
  during	
  those	
  times.	
  During	
  low	
  traffic	
  

hours,	
  aircraft	
  are	
  directed	
  to	
  take	
  the	
  shortest	
  and	
  fastest	
  route	
  to	
  the	
  terminal,	
  which	
  

is	
  most	
  likely,	
  one	
  of	
  the	
  conventional	
  taxiways.	
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Figure	
  9.	
  ATL	
  north	
  airfield	
  west-­‐flow	
  aircraft	
  count	
  per	
  hour	
  arriving	
  on	
  runway	
  26R.	
  

The	
   in-­‐board	
   departure	
   runway	
   (8R/26L)	
   throughput	
   affects	
   taxiway	
   usage.	
  

Figure	
   10	
   shows	
   the	
   average	
   aircraft	
   departure	
   per	
   hour	
   on	
   runway	
   26L	
   in	
  west-­‐flow	
  

configuration.	
  The	
  peak	
  departure	
  time	
  is	
  between	
  10am	
  –	
  11am	
  with	
  approximately	
  18	
  

departures	
  per	
  hour	
  averaged	
  over	
  the	
  six-­‐month	
  period.	
  The	
  maximum	
  departure	
  rate	
  

was	
  42	
  departures	
  per	
  hour,	
  which	
  was	
  also	
  observed	
  between	
  10am	
  –	
  11am.	
  There	
  is	
  

also	
  a	
  spike	
  in	
  EAT	
  usage	
  during	
  this	
  time	
  with	
  an	
  average	
  of	
  17	
  aircraft	
  using	
  the	
  EAT	
  

compared	
   to	
   only	
   3	
   aircraft	
   using	
   the	
   conventional	
   taxiways.	
   EAT	
  use	
   increases	
  when	
  

the	
  departure	
  rate	
  is	
  high	
  because	
  there	
  is	
  a	
  smaller	
  separation	
  time	
  between	
  departing	
  

aircraft,	
   thus	
   providing	
   few	
   opportunities	
   for	
   aircraft	
   to	
   safely	
   cross	
   the	
   runway.	
   The	
  

departure	
  separation	
  time	
  is	
  dependent	
  on	
  the	
  minimum	
  wake	
  vortex	
  time	
  and	
  the	
  time	
  

for	
  arriving	
  aircraft	
  to	
  cross	
  the	
  runway.	
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Figure	
  10.	
  ATL	
  north	
  airfield	
  west-­‐flow	
  aircraft	
  count/hour	
  departing	
  on	
  runway	
  26L.	
  

	
  

2.3.4 ATL	
  East-­‐flow	
  Configuration	
  

The	
  north	
   airport	
   is	
   in	
   east-­‐flow	
   configuration	
   approximately	
   53%	
  of	
   the	
   time;	
  

the	
   south	
   side	
  of	
   the	
  airport	
   is	
   in	
  east-­‐flow	
  approximately	
  66%	
  of	
   the	
   time.	
  Figure	
  11	
  

(left)	
   shows	
   the	
  airport	
  diagram	
   in	
  east-­‐flow	
  configuration	
  with	
   the	
  north	
  end-­‐around	
  

taxiway	
   and	
   south	
   unimpeded	
   taxiway,	
   which	
   are	
   the	
  most	
   common	
   routes,	
   used	
   to	
  

reach	
   the	
   terminal.	
   On	
   the	
   north	
   side	
   of	
   the	
   airport,	
   aircraft	
   land	
   on	
   runway	
   8L	
   and	
  

make	
  a	
  U-­‐turn	
  to	
  take	
  the	
  end-­‐around	
  taxiway.	
  An	
  alternative	
  route	
  is	
  the	
  conventional	
  

taxiway	
  as	
  shown	
  in	
  Figure	
  11	
  (right).	
  Smaller	
  aircraft	
  like	
  the	
  CRJ7	
  can	
  make	
  the	
  sharp	
  

right	
  turn	
  at	
  taxiway	
  N6	
  and	
  go	
  straight	
  to	
  the	
  terminal.	
  Larger	
  aircraft	
  that	
  need	
  more	
  

runway	
   length	
   to	
  slow	
  down	
  use	
   the	
  high-­‐speed	
  turn-­‐offs	
  and	
  make	
  a	
  small	
  U-­‐turn	
   to	
  

take	
  either	
  taxiway	
  N6	
  or	
  taxiway	
  N7	
  to	
  reach	
  the	
  terminal.	
  	
  

On	
   the	
   south	
   side	
   of	
   the	
   airport,	
   aircraft	
   arrive	
   on	
   runway	
   9L	
   and	
   can	
   take	
  

several	
   different	
   conventional	
   taxiways	
   to	
   reach	
   the	
   terminal.	
   An	
   interesting	
  

observation	
  is	
  that	
  taxiway	
  S1	
  is	
  used	
  the	
  most	
  often	
  even	
  though	
  it	
  requires	
  aircraft	
  to	
  

make	
  a	
  U-­‐turn	
  and	
  is	
  a	
  longer	
  distance	
  to	
  reach	
  the	
  terminal.	
  After	
  further	
  investigation,	
  

taxiway	
  S1	
  is	
  used	
  as	
  an	
  “unimpeded	
  taxiway”	
  which	
  is	
  similar	
  to	
  an	
  end-­‐around	
  taxiway	
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because	
  it	
  allows	
  aircraft	
  to	
  taxi	
  around	
  an	
  active	
  runway	
  without	
  stopping.	
  The	
  south	
  

in-­‐board	
   departure	
   runway	
   is	
   long	
   enough	
   for	
   aircraft	
   to	
   have	
   the	
   starting	
   takeoff	
  

position	
  closer	
  to	
  taxiway	
  S2	
  that	
  allows	
  taxiway	
  S1	
  to	
  be	
  an	
  unimpeded	
  taxiway.	
  Like	
  an	
  

EAT,	
   the	
   benefit	
   of	
   using	
   an	
   unimpeded	
   taxiway	
   is	
   to	
   maintain	
   a	
   high	
   departure	
  

throughput	
  because	
  departing	
  aircraft	
  do	
  not	
  need	
  to	
  wait	
  for	
  arriving	
  aircraft	
  to	
  cross	
  

the	
  runway.	
  

	
  

	
  
Figure	
  11.	
  ATL	
  east-­‐flow	
  EAT	
  and	
  unimpeded	
  taxi	
  routes	
  (left)	
  and	
  conventional	
  taxiway	
  
routes	
  (right).	
  

In	
   east-­‐flow	
   configuration,	
   the	
   end-­‐around	
   taxiway	
   is	
   still	
   used	
  more	
   than	
   the	
  

sum	
   total	
   of	
   the	
   north	
   conventional	
   taxiways	
   even	
   though	
   it	
   is	
   a	
   longer	
   distance.	
   An	
  

average	
  of	
   81	
   aircraft	
   per	
   day	
  use	
   the	
   EAT.	
  A	
   reason	
   for	
   the	
   large	
  number	
  of	
   aircraft	
  

using	
   the	
   EAT	
   is	
   that	
   aircraft	
   arriving	
   on	
   8L	
   go	
   around	
   the	
   in-­‐board	
   Runway	
   8R	
   to	
  

maintain	
  the	
  desired	
  high	
  departure	
  rate.	
  Out	
  of	
  the	
  conventional	
  taxiways,	
  taxiway	
  N6	
  

is	
   used	
   most	
   often,	
   with	
   an	
   average	
   of	
   66	
   aircraft	
   per	
   day.	
   Taxiway	
   N6	
   is	
   the	
   most	
  

convenient	
   and	
   shortest	
   route	
   to	
   reach	
   the	
   terminal.	
   Figure	
   12	
   shows	
   the	
   average	
  

aircraft	
  count	
  per	
  day	
  that	
  uses	
  the	
  different	
  taxiways.	
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Figure	
  12.	
  ATL	
  north	
  airfield	
  east-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  
runway	
  8L.	
  

Figure	
   13	
   shows	
   the	
   average	
   aircraft	
   count	
   per	
   hour	
   using	
   the	
   EAT	
   (blue)	
  

compared	
   to	
   the	
   sum	
   of	
   the	
   north	
   7	
   conventional	
   taxiways	
   (red).	
   In	
   east-­‐flow	
  

configuration,	
   the	
   end-­‐around	
   taxiway	
   is	
   used	
   more	
   than	
   the	
   conventional	
   taxiway	
  

between	
  8am	
  -­‐11am,	
  3pm	
  –	
  5pm,	
  6pm	
  –	
  8pm,	
  and	
  9pm	
  -­‐11pm.	
  

	
  

	
  
Figure	
   13.	
   ATL	
   north	
   airfield	
   east-­‐flow	
   average	
   aircraft	
   count	
   per	
   hour	
   arriving	
   on	
  
runway	
  8L.	
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Figure	
   14	
   shows	
   the	
   average	
   aircraft	
   departure	
   per	
   hour	
   on	
   runway	
   8R	
   in	
   east-­‐flow	
  

configuration.	
  The	
  peak	
  departure	
  time	
  is	
  between	
  10am	
  –	
  11am	
  with	
  approximately	
  18	
  

departures	
  per	
  hour.	
  

	
  

	
  

Figure	
   14.	
   ATL	
   north	
   airfield	
   east-­‐flow	
   average	
   aircraft	
   count	
   per	
   hour	
   departing	
   on	
  
runway	
  8R.	
  

Figure	
  15	
  shows	
  the	
  average	
  aircraft	
   taxiway	
  usage	
  per	
  day	
  arriving	
  on	
  runway	
  

9R.	
   The	
   south	
   side	
   of	
   the	
   airport	
   has	
   an	
   average	
   of	
   50	
   aircraft	
   per	
   day	
   that	
   use	
   the	
  

unimpeded	
   taxiway	
   (taxi	
   S1)	
   in	
   east-­‐flow	
   configuration.	
   Although	
   the	
   unimpeded	
  

taxiway	
   is	
  a	
   longer	
  distance,	
   it	
   is	
  the	
  third	
  most	
  used	
  taxi	
  route	
  for	
  aircraft	
  arriving	
  on	
  

runway	
   9R	
   in	
   east-­‐flow	
   configuration.	
   Taxiway	
   S4	
   is	
   the	
  most	
   common	
   taxiway	
   used	
  

with	
  approximately	
  68	
  aircraft	
  per	
  day	
  followed	
  by	
  taxiway	
  S5	
  with	
  60	
  aircraft	
  per	
  day.	
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Figure	
  15.	
  ATL	
  south	
  airfield	
  east-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  
runway	
  9R.	
  

Figure	
   16	
   shows	
   the	
   south-­‐side	
   east-­‐flow	
   aircraft	
   count	
   per	
   hour	
   arriving	
   on	
  

runway	
  9R.	
  The	
  south	
  side	
  of	
  the	
  airport	
  does	
  not	
  have	
  an	
  end-­‐around	
  taxiway,	
  but	
  uses	
  

taxiway	
  S1	
  as	
  an	
  unimpeded	
  taxiway	
  during	
  peak	
  traffic	
  hours.	
  The	
  unimpeded	
  taxiway	
  

is	
  used	
  the	
  most	
  often	
  between	
  9am-­‐11am	
  and	
  4pm-­‐8pm.	
  However,	
   the	
  conventional	
  

taxiways	
  are	
  used	
  more	
  often	
  throughout	
  the	
  entire	
  day.	
  

	
  

	
  

Figure	
  16.	
  ATL	
  south	
  airfield	
  east-­‐flow	
  average	
  aircraft	
  count	
  per	
  hour	
  arriving	
  on	
  
runway	
  9R.	
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Figure	
   17	
   is	
   the	
   average	
   aircraft	
   departure	
   per	
   hour	
   on	
   runway	
   9L	
   in	
   east-­‐flow	
  

configuration.	
  The	
  peak	
  departure	
  time	
  is	
  between	
  10am	
  –	
  11am	
  with	
  approximately	
  16	
  

departures	
  per	
  hour.	
  

	
  

	
  

Figure	
   17.	
   ATL	
   north	
   airfield	
   east-­‐flow	
   average	
   aircraft	
   count	
   per	
   hour	
   departing	
   on	
  
runway	
  9L.	
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2.3.5 ATL	
  Observations	
  

West-­‐flow	
  configuration:	
  

• Runway	
   26R	
   is	
   used	
   46%	
   of	
   the	
   time	
   when	
   the	
   north	
   airport	
   is	
   in	
   west-­‐flow	
  

configuration	
  and	
  south	
  runway	
  27L	
  is	
  used	
  34%	
  of	
  the	
  time.	
  

• The	
  end-­‐around	
  taxiway	
  is	
  used	
  the	
  most	
  often,	
  with	
  an	
  average	
  of	
  140	
  aircraft	
  

per	
  day.	
  

• Peak	
   traffic	
  hours	
   for	
  north	
   runway	
  26R	
  are	
  11am	
  and	
  8pm	
  and	
  south	
   runway	
  

27L	
  are	
  9am	
  and	
  8pm.	
  	
  

• Peak	
   departure	
   for	
   north	
   runway	
   26L	
   and	
   south	
   runway	
   27R	
   is	
   from	
   10am	
   –	
  

11am.	
  

	
  

East-­‐flow	
  configuration:	
  

• Runway	
   8L	
   is	
   used	
   54%	
   of	
   the	
   time	
   when	
   the	
   north	
   airport	
   is	
   in	
   east-­‐flow	
  

configuration	
  and	
  south	
  runway	
  9R	
  is	
  used	
  66%	
  of	
  the	
  time.	
  

• The	
  EAT	
  is	
  the	
  most	
  used	
  taxiway	
  with	
  an	
  average	
  of	
  81	
  aircraft	
  per	
  day	
  followed	
  

by	
  taxiway	
  N6	
  with	
  66	
  aircraft	
  per	
  day.	
  

• Taxiway	
   S1	
   is	
   an	
   unimpeded	
   taxi	
   route	
   in	
   east-­‐flow	
   configuration	
   and	
   used	
  

similar	
  to	
  the	
  EAT.	
  	
  

• Peak	
  traffic	
  hours	
  for	
  both	
  north	
  runway	
  8L	
  and	
  south	
  runway	
  9R	
  are	
  9am	
  and	
  

8pm.	
  

• Peak	
  departure	
  for	
  north	
  runway	
  8R	
  and	
  south	
  runway	
  9L	
  is	
  from	
  10am	
  –	
  11am.	
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2.4 Dallas/Fort-­‐Worth	
  International	
  Airport	
  

2.4.1 DFW	
  Background	
  

In	
   1997,	
   airport	
   authorities	
   released	
   a	
   20-­‐year	
   development	
   plan	
   that	
  

recommended	
  the	
  construction	
  of	
  four	
  EATs,	
  one	
  in	
  each	
  quadrant	
  of	
  the	
  airport	
  [DFW,	
  

1997].	
   In	
   accordance	
   with	
   this	
   plan,	
   the	
   first	
   EAT,	
   which	
   is	
   located	
   in	
   the	
   southeast	
  

section	
  of	
  DFW,	
  entered	
  service	
  on	
  22	
  December	
  2008.	
  None	
  of	
  the	
  other	
  planned	
  EATs	
  

have	
  been	
  constructed	
  to	
  date.	
  The	
  EAT	
  provides	
  a	
  path	
  for	
  aircraft	
  to	
  taxi	
  around	
  the	
  

in-­‐board	
   runways	
   17C	
   and	
   17R.	
   Prior	
   to	
   the	
   implementation	
   of	
   the	
   EAT,	
   17L	
   arrivals	
  

would	
   typically	
   taxi	
   via	
   taxiway	
   ER	
   and	
   cross	
   17C	
   and	
   17R	
   (the	
   primary	
   eastside	
  

departure	
   runway).	
  During	
   times	
   of	
   high	
   traffic	
   conditions,	
   this	
  wait	
   time	
   contributed	
  

significantly	
  to	
  taxi-­‐in	
  delay.	
  The	
  EAT	
  allows	
  traffic	
  to	
  flow	
  freely	
  around	
  the	
  end	
  of	
  both	
  

runways.	
   The	
  EAT	
   is	
   also	
  used	
  by	
   runway	
  17C	
  arrivals,	
   although	
   less	
   frequently.	
   Since	
  

only	
  departing	
  (and	
  not	
  arriving)	
  aircraft	
  may	
  overfly	
  an	
  operational	
  perimeter	
  taxiway,	
  

the	
  EAT	
  at	
  DFW	
  can	
  only	
  be	
  used	
  when	
   the	
  airport	
   is	
   in	
   the	
   south-­‐flow	
  configuration	
  

[AOSC,	
  2006].	
  	
  

At	
   present,	
   the	
   use	
   of	
   end-­‐around	
   taxiways	
   at	
   DFW	
   is	
   not	
   well	
   defined.	
  

Interviews	
  with	
  DFW	
  supervisors	
  and	
  a	
  literature	
  survey	
  of	
  the	
  limited	
  material	
  available	
  

on	
   EATs	
   indicate	
   that	
   there	
   are	
   no	
   formal	
   procedures	
   in	
   place	
   to	
   guide	
   air	
   traffic	
  

controllers	
  in	
  using	
  the	
  EAT	
  [Uday	
  et	
  al.,	
  2011].	
  Instructions	
  given	
  to	
  aircraft	
  to	
  taxi	
  via	
  

the	
  EAT	
  are	
  usually	
  solely	
  based	
  on	
  the	
  judgment	
  of	
  the	
  controller	
  on	
  duty.	
  

	
  

2.4.2 DFW	
  Airport	
  Analysis	
  

Figure	
  18	
  is	
  a	
  satellite	
  image	
  of	
  the	
  southeast	
  quadrant	
  of	
  Dallas	
  airport	
  with	
  the	
  

main	
  features	
  used	
  to	
  analyze	
  taxiway	
  usage	
  patterns.	
  The	
  official	
  FAA	
  airport	
  diagram	
  

with	
  runways	
  and	
  taxiways	
  names	
  is	
  in	
  Appendix	
  A.2.	
  The	
  runways	
  run	
  north	
  and	
  south,	
  

but	
   the	
   figure	
   is	
  oriented	
  so	
   the	
   runways	
  are	
  horizontal	
   to	
  make	
   the	
   taxiways	
  easy	
   to	
  

see.	
   The	
   in-­‐board	
   departure	
   runway	
   17R/35L	
   is	
   highlighted	
   in	
   purple,	
   while	
   the	
   out-­‐
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board	
  arrival	
   runways	
  17C/35C	
  and	
  17L/35R	
  are	
  highlighted	
   in	
  orange.	
  The	
  terminal	
   is	
  

denoted	
  in	
  green.	
  	
  

	
  

Figure	
  18.	
  Dallas	
  Fort	
  Worth	
  International	
  Airport	
  (DFW)	
  diagram	
  of	
  departure	
  runways	
  
(purple),	
   arrival	
   runways	
   (orange),	
   end-­‐around	
   taxiway	
   (blue),	
   conventional	
   taxiways	
  
(red),	
  and	
  terminal	
  (green).	
  

The	
   taxiways	
   analyzed	
   for	
   the	
   southeast	
   quadrant	
   of	
   the	
   airport	
   are	
   the	
   end-­‐

around	
  taxiway	
  (blue),	
  the	
  conventional	
  taxiways	
  before	
  crossing	
  the	
  departure	
  runway	
  

(taxi	
   1	
   –	
   taxi	
   11	
   red),	
   and	
   conventional	
   taxiways	
   before	
   crossing	
   the	
   in-­‐board	
   arrival	
  

runway	
  17C/35C	
  (taxi	
  12	
  –	
  taxi	
  19	
  yellow).	
  Aircraft	
  route	
  passing	
  through	
  both	
  taxiway	
  1	
  

and	
  taxiway	
  12	
  will	
  be	
  denoted	
  in	
  the	
  analysis	
  as	
  taxi	
  1-­‐12.	
  Aircraft	
  usually	
  stop	
  and	
  wait	
  

for	
  clearance	
  on	
  the	
  conventional	
  taxiway	
  before	
  being	
  permitted	
  by	
  air	
  traffic	
  control	
  

to	
  cross	
  an	
  active	
  runway.	
  	
  

The	
  end-­‐around	
  taxiway	
  is	
  located	
  in	
  the	
  south-­‐east	
  quadrant	
  of	
  the	
  airport.	
  The	
  

end-­‐around	
   taxiway	
   is	
   primarily	
   used	
   by	
   runway	
   17L	
   in	
   south-­‐flow	
   configuration.	
   All	
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other	
  runways	
  use	
  the	
  end-­‐around	
  taxiway	
  less	
  than	
  0.1%	
  of	
  the	
  time	
  (65	
  out	
  of	
  46817	
  

arrivals).	
  The	
  analysis	
   therefore	
  primarily	
   focuses	
  on	
  runway	
  17L,	
  but	
  also	
   investigates	
  

adjacent	
  traffic	
  on	
  runway	
  17C	
  and	
  its	
  effects	
  on	
  taxiway	
  usage.	
  

	
  

2.4.3 DFW	
  Runway	
  17L	
  South-­‐flow	
  Configuration	
  

Runway	
  17L	
  is	
  used	
  in	
  south-­‐flow	
  configuration	
  70%	
  of	
  the	
  time.	
  The	
  end-­‐around	
  

taxiway	
  is	
  used	
  less	
  than	
  0.1%	
  of	
  the	
  time	
  (7	
  out	
  of	
  3771	
  arrivals)	
  when	
  runway	
  35R	
  is	
  in	
  

north-­‐flow	
  configuration;	
  therefore	
  the	
  EAT	
  analysis	
  will	
  focus	
  on	
  aircraft	
  arriving	
  south	
  

on	
   runway	
  17L.	
   Figure	
   19	
   shows	
   the	
  most	
   common	
   taxi	
   routes	
  when	
   aircraft	
   land	
  on	
  

runway	
  17L	
  in	
  south-­‐flow	
  configuration.	
  Aircraft	
  exit	
  the	
  high-­‐speed	
  turn-­‐off	
  and	
  either	
  

takes	
   the	
   end-­‐around	
   taxiway	
   (blue)	
   or	
   one	
  of	
   the	
   conventional	
   taxiways	
   (red).	
   If	
   the	
  

arrival	
  runway	
  17C	
  is	
  clear	
  then	
  aircraft	
  will	
  cross	
  and	
  stop	
  short	
  of	
  runway	
  17R	
  and	
  wait	
  

for	
  clearance	
  from	
  departing	
  aircraft	
  or	
  taxi	
  along	
  taxiway	
  M	
  parallel	
  to	
  runway	
  17R	
  and	
  

cross	
  at	
  another	
  point.	
  If	
  the	
  arrival	
  runway	
  17C	
  is	
  not	
  clear,	
  aircraft	
  must	
  either	
  wait	
  for	
  

clearance	
  or	
  taxi	
  parallel	
  to	
  the	
  runway	
  on	
  taxiway	
  P	
  and	
  most	
  likely	
  cross	
  using	
  taxiway	
  

14	
  or	
  taxiway	
  16.	
  

	
  

Figure	
  19.	
  DFW	
  south-­‐flow	
  aircraft	
  arriving	
  on	
  runway	
  17L	
  end-­‐around	
  taxiway	
  route	
  
(blue)	
  and	
  conventional	
  taxiways	
  routes	
  (red).	
  

!"#$%&'()
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Figure	
  20	
  shows	
  the	
  average	
  aircraft	
  count	
  per	
  day	
  for	
  aircraft	
  arriving	
  south	
  on	
  

runway	
   17L.	
   The	
   taxi	
   routes	
   were	
   narrowed	
   down	
   to	
   six	
   taxiways	
   after	
   eliminating	
  

combinations	
   of	
   taxiways	
   that	
   were	
   used	
   less	
   than	
   1%	
   of	
   the	
   time.	
   The	
   end-­‐around	
  

taxiway	
   is	
  used	
   the	
  most	
  often	
  with	
  an	
  average	
  of	
  26	
  aircraft	
  per	
  day.	
  The	
  next	
  most	
  

common	
  taxi	
  route	
  is	
  conventional	
  taxi	
  1	
  –	
  12	
  with	
  an	
  average	
  of	
  15	
  aircraft	
  per	
  day.	
  

	
  
Figure	
  20.	
  DFW	
  south-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  runway	
  17L.	
  

Figure	
  20	
  is	
  the	
  average	
  aircraft	
  count	
  per	
  hour	
  using	
  the	
  EAT	
  (blue)	
  compared	
  to	
  

the	
  sum	
  of	
  the	
  conventional	
  taxiways	
  (red).	
  The	
  EAT	
  is	
  used	
  more	
  than	
  the	
  conventional	
  

taxiways	
  during	
  peak	
  traffic	
  times	
  (9am	
  to	
  12pm).	
  The	
  conventional	
  taxiways	
  are	
  used	
  

more	
   the	
   EAT	
   during	
   all	
   other	
   hours	
   of	
   the	
   day.	
   During	
   low	
   traffic	
   hours,	
   aircraft	
   are	
  

directed	
  to	
  take	
  the	
  shortest	
  and	
  fastest	
  route	
  to	
  the	
  terminal,	
  which	
  is	
  most	
  likely,	
  the	
  

conventional	
  taxiways.	
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Figure	
  21.	
  DFW	
  south-­‐flow	
  average	
  aircraft	
  count/hour	
  arriving	
  on	
  runway	
  17L.	
  

2.4.4 DFW	
  Runway	
  17C	
  South-­‐flow	
  Configuration	
  

Investigating	
   traffic	
   patterns	
   on	
   in-­‐board	
   arrival	
   runway	
   17C	
   provided	
   a	
   better	
  

understanding	
  of	
   taxi	
   route	
  trends	
  of	
  aircraft	
  arriving	
  on	
  runway	
  17L.	
  Figure	
  22	
  shows	
  

taxi	
  routes	
  aircraft	
  could	
  take	
  when	
  arriving	
  south	
  on	
  runway	
  17C.	
  Aircraft	
  can	
  take	
  the	
  

end-­‐around	
  taxiway	
  (blue)	
  or	
  one	
  of	
  the	
  conventional	
  taxiways	
  (red).	
  
	
  

	
  

Figure	
  22.	
  DFW	
  south-­‐flow	
  aircraft	
  arriving	
  on	
  runway	
  17C	
  end-­‐around	
  taxiway	
  route	
  
(blue)	
  and	
  conventional	
  taxiways	
  routes	
  (red).	
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Figure	
  23	
  shows	
  the	
  average	
  aircraft	
   taxiway	
  usage	
  per	
  day	
  arriving	
  on	
  runway	
  

17C.	
   The	
   end-­‐around	
   taxiway	
   is	
   used	
   less	
   than	
   0.1%	
   of	
   the	
   time.	
   The	
  most	
   used	
   taxi	
  

route	
  is	
  taxiway	
  5	
  with	
  an	
  average	
  of	
  94	
  aircraft	
  per	
  day.	
  It	
  is	
  used	
  most	
  often	
  because	
  

most	
   aircraft	
   can	
  brake	
   in	
   time	
   to	
  make	
   the	
   high-­‐speed	
   turn-­‐off	
   (M4).	
   Taxiway	
   3	
   and	
  

taxiway	
  6	
  are	
  the	
  next	
  most	
  common	
  taxi	
  routes	
  both	
  with	
  an	
  average	
  of	
  52	
  aircraft	
  per	
  

day.	
  Aircraft	
  arriving	
  on	
  runway	
  17C	
  use	
  primarily	
  the	
  conventional	
  taxiways	
  because	
  of	
  

convenience	
   and	
   short	
   distance	
   to	
   the	
   terminal.	
   Few	
   aircraft	
   use	
   the	
   end-­‐around	
  

taxiway	
  because	
   it	
  would	
   require	
  coordinating	
  with	
  arrivals	
   from	
  runway	
  17L	
   that	
  use	
  

the	
  EAT.	
  

	
  
Figure	
  23.	
  DFW	
  south-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  runway	
  17C.	
  

Aircraft	
  arriving	
  on	
  in-­‐board	
  runway	
  17C	
  mostly	
  use	
  only	
  conventional	
  taxiways.	
  

Figure	
   24	
   shows	
   the	
   average	
   aircraft	
   arrival	
   per	
   hour	
   on	
   runway	
   17C	
   in	
   south-­‐flow	
  

configuration.	
   The	
   arrival	
   rate	
   is	
   relatively	
   constant	
   from	
   9am	
   to	
   10pm	
   with	
  

approximately	
  15-­‐18	
  aircraft	
  per	
  hour.	
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Figure	
  24.	
  DFW	
  south-­‐flow	
  average	
  aircraft	
  count/hour	
  arriving	
  on	
  runway	
  17C.	
  

The	
   departure	
   runway	
   throughput	
   affects	
   the	
   taxiway	
   usage.	
   Figure	
   25	
   shows	
  

the	
  average	
  aircraft	
  departure	
  per	
  hour	
  on	
  runway	
  17R	
  in	
  south-­‐flow	
  configuration.	
  The	
  

peak	
  departure	
  time	
  is	
  between	
  2pm	
  –	
  3pm	
  with	
  approximately	
  24	
  departures	
  per	
  hour.	
  

The	
  high	
  departure	
  rate	
  on	
  runway	
  17C	
  corresponds	
  to	
  a	
  low	
  arrival	
  rate	
  on	
  runway	
  17C	
  

(14	
  aircraft/hour)	
  and	
  runway	
  17L	
  (6	
  aircraft/hour).	
  The	
  maximum	
  departure	
  rate	
  is	
  46	
  

departures	
  per	
  hour.	
  

	
  
Figure	
  25.	
  DFW	
  south-­‐flow	
  average	
  aircraft	
  count/hour	
  departing	
  on	
  runway	
  17R.	
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2.4.5 DFW	
  Observations	
  

South-­‐flow	
  configuration:	
  

• Runway	
   17R,	
   17C,	
   and	
   17L	
   on	
   the	
   east	
   side	
   of	
   the	
   airport	
   are	
   in	
   south-­‐flow	
  

configuration	
  70%	
  of	
  the	
  time.	
  	
  

• An	
  average	
  of	
  25	
  aircraft	
  per	
  day	
  use	
  the	
  EAT	
  that	
  arrive	
  on	
  out-­‐board	
  runway	
  

17L.	
  	
  

• An	
   average	
   of	
   15-­‐18	
   aircraft	
   per	
   hour	
   arrives	
   on	
   runway	
   17C	
   between	
   9am	
   –	
  

10pm	
  and	
  uses	
  only	
  the	
  conventional	
  taxiways,	
  primarily	
  taxiway	
  5.	
  

• Peak	
   arrival	
   time	
   for	
   runway	
   17L	
   is	
   between	
   9am	
  –	
   10am	
  with	
   12	
   arrivals	
   per	
  

hour	
  and	
  the	
  EAT	
  is	
  the	
  primary	
  taxiway	
  used	
  with	
  8	
  aircraft	
  per	
  hour.	
  	
  

• Runway	
  17L	
  is	
  used	
  to	
  accommodate	
  a	
  large	
  number	
  of	
  arrivals	
  between	
  9am	
  –	
  

2pm	
  and	
  tapers	
  off	
  the	
  rest	
  of	
  the	
  day.	
  

• Peak	
  departure	
  rate	
  is	
  24	
  aircraft	
  per	
  hour	
  between	
  2pm	
  –	
  3pm	
  when	
  adjacent	
  

arrival	
  traffic	
  is	
  low.	
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2.5 Detroit	
  Metropolitan	
  Wayne	
  County	
  Airport	
  

2.5.1 DTW	
  Background	
  

Detroit	
  Metropolitan	
  Wayne	
  County	
  Airport	
  is	
  ranked	
  12th	
  in	
  number	
  of	
  landings	
  

and	
   takeoffs	
   in	
   North	
   America	
   and	
   17th	
   in	
   the	
   world	
   [ACI,	
   2013].	
   On	
   average	
   32.2	
  

million	
   passengers	
   pass	
   through	
   DTW	
   per	
   year.	
   To	
   meet	
   the	
   needs	
   of	
   increasing	
   air	
  

traffic	
   demand	
   at	
   Detroit	
   airport,	
   the	
   newest	
   10	
   000	
   ft	
   runway	
   4L/22R	
   opened	
   for	
  

operations	
  on	
  December	
  11,	
  2001	
  [DTW,	
  2008].	
  Currently,	
   the	
  airport	
  has	
  six	
  runways	
  

and	
  145	
  gates.	
  The	
  airport	
  constructed	
  an	
  end-­‐around	
  taxiway,	
  called	
  taxiway	
  Quebec	
  

(Q)	
  in	
  2004.	
  Taxiway	
  Q	
  allows	
  for	
  aircraft	
  arriving	
  on	
  runway	
  4L/22R	
  to	
  taxi	
  unimpeded	
  

to	
  the	
  terminal	
  without	
  crossing	
  the	
  departure	
  runway	
  4R/22L.	
  The	
  crosswind	
  runways	
  

do	
   not	
   add	
   capacity	
   because	
   they	
   cannot	
   be	
   used	
   simultaneously	
   with	
   north-­‐south	
  

runways;	
  therefore	
  they	
  are	
  mostly	
  used	
  as	
  additional	
  taxiways.	
  

	
  

2.5.2 DTW	
  Airport	
  Analysis	
  

Figure	
  26	
  is	
  a	
  satellite	
  image	
  of	
  the	
  Detroit	
  airport	
  with	
  the	
  main	
  features	
  used	
  to	
  

analyze	
   taxiway	
   usage	
   patterns.	
   The	
   official	
   FAA	
   airport	
   diagram	
   with	
   runways	
   and	
  

taxiways	
  names	
  is	
  in	
  Appendix	
  A.3.	
  The	
  in-­‐board	
  departure	
  runway	
  4R/22L	
  is	
  highlighted	
  

in	
  purple,	
  while	
  the	
  out-­‐board	
  arrival	
  runway	
  4L/22R	
  is	
  highlighted	
  in	
  orange.	
  The	
  north	
  

and	
   south	
   terminal	
   are	
   denoted	
   in	
   green.	
   The	
   taxiways	
   analyzed	
   are	
   the	
   end-­‐around	
  

taxiway	
  (blue),	
  the	
  conventional	
  taxiways	
  before	
  crossing	
  the	
  departure	
  runway	
  (taxi	
  1	
  

and	
  taxi	
  2	
  red).	
  Aircraft	
  usually	
  stop	
  and	
  wait	
  for	
  clearance	
  on	
  the	
  conventional	
  taxiway	
  

before	
  being	
  permitted	
  by	
  air	
  traffic	
  control	
  to	
  cross	
  an	
  active	
  runway.	
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Figure	
  26.	
  Detroit	
  Metropolitan	
  Wayne	
  County	
  Airport	
  (DTW)	
  diagram	
  of	
  departure	
  
runways	
  (purple),	
  arrival	
  runways	
  (orange),	
  end-­‐around	
  taxiway	
  (blue),	
  conventional	
  
taxiways	
  (red),	
  and	
  terminal	
  (green).	
  

The	
  end-­‐around	
  taxiway	
  is	
  used	
  by	
  runway	
  4L/22R	
  in	
  both	
  south	
  and	
  north-­‐flow	
  

configuration.	
  Detroit	
  airport	
  has	
   two	
  distinct	
   terminals	
  and	
   for	
   simplicity	
   the	
  analysis	
  

denotes	
  these	
  terminals	
  as	
  the	
  north	
  and	
  the	
  south	
  terminal.	
  The	
  north	
  terminal	
  has	
  26	
  

gates	
   and	
   the	
   south	
   terminal	
   has	
   121	
   gates.	
   The	
   taxi	
   time	
   and	
   fuel	
   burn	
   analysis	
   in	
  

section	
  6	
  will	
  take	
  into	
  account	
  the	
  different	
  destinations	
  to	
  the	
  north	
  or	
  south	
  airport.	
  

The	
   next	
   section	
   separates	
   taxiway	
   usage	
   trends	
   into	
   south	
   and	
   north-­‐flow	
  

configuration	
  of	
  runway	
  4L/22R.	
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2.5.3 DTW	
  Runway	
  22R	
  South-­‐flow	
  Configuration	
  

Runway	
   22R	
   is	
   used	
   in	
   south-­‐flow	
   configuration	
   90%	
   of	
   the	
   time.	
   Figure	
   27	
  

shows	
   the	
  most	
   common	
   taxi	
   routes	
  when	
  aircraft	
   land	
  on	
   runway	
  22R	
   in	
   south-­‐flow	
  

configuration.	
  Aircraft	
  exit	
   the	
  first	
  or	
  second	
  high-­‐speed	
  turn-­‐off	
  and	
  either	
  takes	
  the	
  

end-­‐around	
   taxiway	
   (blue)	
  or	
  one	
  of	
   the	
   conventional	
   taxiways	
   (red).	
   The	
  end-­‐around	
  

taxiway	
   is	
  an	
  unimpeded	
  path	
  that	
  circumvents	
  the	
   in-­‐board	
  departure	
  runway	
  22L	
  to	
  

reach	
  the	
  terminal.	
  Taxi	
  1	
  is	
  the	
  conventional	
  taxi	
  route	
  closest	
  to	
  the	
  EAT	
  and	
  taxi	
  2	
  is	
  

the	
  northern	
  taxi	
  route	
  used	
  most	
  often	
  when	
  aircraft	
  destination	
  is	
  the	
  north	
  terminal.	
  

	
  

	
  
Figure	
  27.	
  DTW	
  south-­‐flow	
  aircraft	
  arriving	
  on	
  runway	
  22R	
  end-­‐around	
  taxiway	
  route	
  
(blue)	
  and	
  conventional	
  taxiways	
  routes	
  (red).	
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Figure	
   28	
   shows	
   the	
   average	
   aircraft	
   taxiway	
   usage	
   per	
   day	
   arriving	
   south	
   on	
  

runway	
  22R.	
  The	
  end-­‐around	
  taxiway	
   is	
  used	
  the	
  most	
  with	
  an	
  average	
  of	
  111	
  aircraft	
  

per	
  day.	
  Taxi	
  2	
  has	
  an	
  average	
  of	
  32	
  aircraft	
  per	
  day	
  followed	
  by	
  taxi	
  1	
  with	
  an	
  average	
  

of	
  26	
  aircraft	
  per	
  day.	
  In	
  south-­‐flow	
  configuration,	
  the	
  EAT	
  is	
  the	
  most	
  convenient	
  path	
  

because	
   it	
   is	
   a	
   non-­‐stop	
   route	
   and	
   the	
  majority	
   of	
   the	
   gates	
   are	
   located	
   in	
   the	
   south	
  

terminal.	
  	
  	
  

	
  

Figure	
  28.	
  DTW	
  south-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  runway	
  22R.	
  

Figure	
   29	
   shows	
   the	
   average	
   aircraft	
   count	
   per	
   hour	
   using	
   the	
   EAT	
   (blue)	
  

compared	
  to	
  the	
  conventional	
  taxiways,	
  Taxi	
  1	
  (green)	
  and	
  Taxi	
  2	
  (red).	
  The	
  EAT	
  is	
  used	
  

significantly	
  more	
  than	
  the	
  conventional	
  taxiways	
  during	
  most	
  of	
  the	
  day	
  between	
  the	
  

hours	
   of	
   6am	
   to	
   9pm.	
   The	
   peak	
   arrival	
   time	
   between	
   2pm	
   –	
   3pm,	
   which	
   also	
  

corresponds	
   to	
   the	
   time	
   when	
   the	
   conventional	
   taxiway	
   is,	
   used	
   the	
   most	
   with	
   an	
  

average	
  of	
  14	
  aircraft	
  per	
  hour.	
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Figure	
  29.	
  DTW	
  south-­‐flow	
  average	
  aircraft	
  count/hour	
  arriving	
  on	
  runway	
  22R.	
  

The	
   departure	
   runway	
   throughput	
   can	
   influence	
   which	
   taxi	
   route	
   an	
   aircraft	
  

takes.	
  Figure	
  30	
  shows	
  the	
  average	
  aircraft	
  departure	
  per	
  hour	
  on	
  runway	
  22L	
  in	
  south-­‐

flow	
  configuration.	
  The	
  peak	
  departure	
  time	
  is	
  between	
  8pm	
  –	
  9pm	
  with	
  approximately	
  

16	
   departures	
   per	
   hour.	
   During	
   the	
   peak	
   arrival	
   time	
   (2pm	
   –	
   3pm),	
   the	
   average	
  

departure	
  rate	
  was	
  still	
  high	
  with	
  13	
  departures	
  per	
  hour.	
  A	
  high	
  departure	
  rate	
  could	
  

be	
  maintain	
  because	
  the	
  majority	
  of	
  the	
  aircraft	
  during	
  this	
  time	
  used	
  the	
  EAT.	
  

	
  
Figure	
  30.	
  DTW	
  south-­‐flow	
  average	
  aircraft	
  count/hour	
  departing	
  on	
  runway	
  22L.	
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2.5.4 DTW	
  Runway	
  4L	
  North-­‐flow	
  Configuration	
  

Runway	
  4L	
  is	
  used	
  in	
  north-­‐flow	
  configuration	
  10%	
  of	
  the	
  time.	
  Figure	
  31	
  shows	
  

the	
   most	
   common	
   taxi	
   routes	
   when	
   aircraft	
   land	
   on	
   runway	
   4L	
   in	
   north-­‐flow	
  

configuration.	
  Aircraft	
  exit	
   the	
  runway	
  and	
  either	
   takes	
   the	
  end-­‐around	
  taxiway	
   (blue)	
  

or	
  one	
  of	
  the	
  conventional	
  taxiways	
  (red).	
  Aircraft	
  taking	
  the	
  EAT	
  must	
  make	
  a	
  U-­‐turn	
  

and	
  head	
   south	
  on	
   the	
  parallel	
   taxiway	
  A	
   to	
   reach	
   the	
   end-­‐around	
   taxiway.	
  Northern	
  

taxi	
  route,	
  Taxi	
  2,	
  is	
  the	
  shortest	
  taxi	
  distance	
  to	
  the	
  north	
  terminal.	
  Taxi	
  1	
  is	
  about	
  half	
  

the	
  distance	
  of	
  the	
  EAT	
  route	
  to	
  reach	
  the	
  south	
  terminal.	
  

	
  

	
  
Figure	
  31.	
  DTW	
  north-­‐flow	
  aircraft	
  arriving	
  on	
  runway	
  4L	
  end-­‐around	
  taxiway	
  route	
  
(blue)	
  and	
  conventional	
  taxiways	
  routes	
  (red).	
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Figure	
   32	
   shows	
   the	
   average	
   aircraft	
   taxiway	
   usage	
   per	
   day	
   arriving	
   north	
   on	
  

runway	
  4L.	
  The	
  end-­‐around	
  taxiway	
  is	
  used	
  the	
  most	
  with	
  an	
  average	
  of	
  63	
  aircraft	
  per	
  

day.	
  Taxi	
  2	
  has	
  an	
  average	
  of	
  42	
  aircraft	
  per	
  day	
  followed	
  by	
  taxi	
  1	
  with	
  an	
  average	
  of	
  7	
  

aircraft	
  per	
  day.	
  In	
  north-­‐flow	
  configuration,	
  the	
  EAT	
  is	
  more	
  than	
  twice	
  the	
  distance	
  of	
  

the	
  conventional	
   taxiways,	
  but	
   it	
   is	
   the	
  preferred	
  taxi	
   route	
  to	
  maintain	
  the	
  departure	
  

rate	
  on	
  runway	
  4R.	
  If	
  the	
  aircraft	
  gate	
  is	
  located	
  at	
  the	
  north	
  terminal,	
  the	
  aircraft	
  will	
  

most	
  likely	
  take	
  Taxi	
  2.	
  	
  	
  	
  

	
  

Figure	
  32.	
  DTW	
  north-­‐flow	
  average	
  taxiway	
  usage	
  per	
  day	
  of	
  arrivals	
  on	
  runway	
  4L.	
  

Figure	
   33	
   shows	
   the	
   average	
   aircraft	
   count	
   per	
   hour	
   using	
   the	
   EAT	
   (blue)	
  

compared	
  to	
  the	
  conventional	
  taxiways,	
  Taxi	
  1	
  (green)	
  and	
  Taxi	
  2	
  (red).	
  The	
  EAT	
  is	
  used	
  

significantly	
  more	
  than	
  the	
  conventional	
  taxiways	
  during	
  most	
  of	
  the	
  day	
  between	
  the	
  

hours	
   of	
   7am	
   to	
   9pm.	
   The	
   peak	
   arrival	
   time	
   is	
   between	
   2pm	
   –	
   3pm,	
   which	
   also	
  

corresponds	
   to	
   the	
   time	
   when	
   the	
   conventional	
   taxiway	
   is	
   used	
   the	
   most.	
   The	
  

conventional	
  taxiways	
  are	
  used	
  almost	
  equal	
  to	
  the	
  EAT	
  during	
  certain	
  times	
  of	
  the	
  day	
  

when	
   there	
   is	
   low	
   traffic	
  demand.	
   For	
  example,	
  between	
  11am	
  –	
  12pm	
  both	
   the	
  EAT	
  

and	
  taxi	
  2	
  have	
  an	
  average	
  of	
  4	
  aircraft	
  per	
  hour.	
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Figure	
  33.	
  DTW	
  north	
  -­‐flow	
  average	
  aircraft	
  count	
  per	
  hour	
  arriving	
  on	
  runway	
  4L.	
  

The	
  departure	
  rate	
  is	
  affected	
  by	
  the	
  arrivals	
  on	
  runway	
  4R.	
  Figure	
  34	
  shows	
  the	
  

average	
  aircraft	
  departure	
  per	
  hour	
  on	
  runway	
  4R	
  in	
  north-­‐flow	
  configuration.	
  The	
  peak	
  

departure	
   time	
   is	
   between	
   1pm	
   –	
   2pm	
   with	
   approximately	
   14	
   departures	
   per	
   hour.	
  

During	
  the	
  peak	
  arrival	
  time	
  (2pm	
  –	
  3pm),	
  the	
  average	
  departure	
  rate	
  was	
  still	
  high	
  with	
  

13	
   departures	
   per	
   hour.	
   A	
   high	
   departure	
   rate	
   could	
   be	
   maintained	
   because	
   the	
  

majority	
  of	
  the	
  aircraft	
  during	
  this	
  time	
  used	
  the	
  EAT.	
  

	
  

	
  

Figure	
  34.	
  DTW	
  north-­‐flow	
  average	
  aircraft	
  count/hour	
  departing	
  on	
  runway	
  4R.	
  

	
   	
  

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
0

2

4

6

8

10

12

hour

Ai
cr

af
t c

ou
nt

 / 
ho

ur

 

 
EAT
Taxi 1
Taxi 2

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
0

2

4

6

8

10

12

14

16

hour

Ai
cr

af
t c

ou
nt

 / 
ho

ur



42	
  

	
  

42 

2.5.5 DTW	
  Observations	
  

South-­‐flow	
  configuration:	
  

• Runway	
   22R	
   is	
   used	
   90%	
   of	
   the	
   time	
   when	
   the	
   west	
   airport	
   is	
   in	
   south-­‐flow	
  

configuration.	
  

• The	
  end-­‐around	
  taxiway	
   is	
  used	
  the	
  most	
  often,	
  with	
  an	
  average	
  of	
  111aircraft	
  

per	
  day.	
  

• Peak	
  traffic	
  hours	
  for	
  arrivals	
  on	
  runway	
  22R	
  are	
  2pm	
  –	
  3pm.	
  	
  

• Peak	
   departure	
   for	
   runway	
   22L	
   is	
   between	
   8pm	
  –	
   9pm	
  with	
   an	
   average	
   of	
   16	
  

departures	
  per	
  hour.	
  

	
  

North-­‐flow	
  configuration:	
  

• Runway	
   4L	
   is	
   used	
   10%	
   of	
   the	
   time	
   when	
   the	
   west	
   airport	
   is	
   in	
   north-­‐flow	
  

configuration.	
  

• The	
  EAT	
  is	
  the	
  most	
  used	
  taxiway	
  with	
  an	
  average	
  of	
  63	
  aircraft	
  per	
  day	
  followed	
  

by	
  taxiway	
  2	
  with	
  42	
  aircraft	
  per	
  day.	
  Taxi	
  1	
  is	
  only	
  used	
  6%	
  of	
  the	
  time.	
  

• Peak	
  traffic	
  hours	
  for	
  both	
  north	
  runway	
  8L	
  and	
  south	
  runway	
  9R	
  are	
  9am	
  and	
  

8pm.	
  

• Peak	
  departure	
  for	
  runway	
  4R	
  is	
  from	
  1pm	
  –	
  2pm.	
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CHAPTER	
  3. ENVIRONMENTAL	
  IMPACTS	
  OF	
  UNIMPEDED	
  TAXIWAYS	
  

3.1 Method	
  Overview	
  

The	
   environmental	
   impacts	
   of	
   the	
   unimpeded	
   taxiways	
   at	
   each	
   airport	
   were	
  

assessed	
  by	
  calculating	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  between	
  10	
  September	
  2012	
  

to	
  28	
  February	
  2013.The	
  aircraft	
  position	
  was	
  used	
  to	
  determine	
  the	
  taxi-­‐route	
  and	
  taxi	
  

time	
  of	
  each	
  aircraft	
  from	
  exiting	
  the	
  arrival	
  runway	
  to	
  when	
  it	
  reaches	
  the	
  edge	
  of	
  the	
  

terminal	
   area.	
   The	
   aircraft	
   taxi-­‐route	
   was	
   identified	
   as	
   either	
   using	
   the	
   end-­‐around	
  

taxiway	
  or	
  conventional	
   taxiway.	
  The	
  taxi	
   time,	
   taxi	
  distance,	
  and	
  average	
  speed	
  were	
  

calculated	
  for	
  each	
  aircraft.	
  The	
  fuel	
  burn	
  and	
  emissions	
  were	
  estimated	
  from	
  using	
  the	
  

ICAO	
   Engine	
   Emissions	
   Databank	
   (Appendix	
   B.	
   1)	
   [ICAO,	
   2013].	
   The	
   aircraft	
   type	
   and	
  

calculated	
   taxi	
   time	
   from	
   the	
   ASDE-­‐X	
   data	
   were	
   used	
   to	
   estimate	
   fuel	
   burn,	
   NOx	
  

emissions,	
  and	
  CO	
  emissions.	
  Appendix	
  B.	
  2	
  is	
  an	
  example	
  of	
  the	
  resulting	
  matrix	
  after	
  

systematically	
   analyzing	
   ASDE-­‐X	
   data.	
   The	
   following	
   surface	
   performance	
  metrics	
   and	
  

characteristics	
  were	
  assessed	
  for	
  each	
  arrival	
  aircraft:	
  

	
  

• Taxi	
  time	
  (seconds)	
  

• Fuel	
  burn	
  (kg)	
  for	
  single	
  and	
  all-­‐engine	
  

• Average	
  speed	
  (knots)	
  

• NOx	
  emissions	
  for	
  single	
  and	
  all-­‐engine	
  

• CO	
  emissions	
  for	
  single	
  and	
  all-­‐engine	
  

• Number	
  of	
  engines	
  

• Taxi	
  distance	
  (feet)	
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• Track	
  number	
  (unique	
  identifier	
  for	
  each	
  aircraft)	
  

• Aircraft	
  type	
  

• Arrival	
  time	
  (seconds)	
  

• Terminal	
  area	
  destination	
  

• Taxi	
  route	
  (EAT	
  and	
  each	
  conventional	
  taxiway	
  is	
  numbered)	
  

• Runway	
  configuration	
  (west,	
  east,	
  south,	
  or	
  north)	
  

• Date	
  	
  

	
  

3.1.1 Data	
  Analysis	
  

A	
   series	
   of	
   data	
   analysis	
   steps	
   were	
   performed	
   to	
   analyze	
   aircraft	
   surface	
  

performance	
  and	
  identify	
  significant	
  factors	
  contributing	
  to	
  fuel	
  burn.	
  Figure	
  35	
  shows	
  the	
  

flowchart	
  for	
  data	
  analysis.	
  	
  

	
  

	
  
Figure	
  35.	
  Data	
  analysis	
  flowchart.	
  

	
  

Step	
  1:	
  Input	
  

The	
   first	
   step	
   was	
   to	
   acquire	
   ASDE-­‐X	
   data,	
   which	
   is	
   the	
   input	
   data	
   that	
   provides	
  

information	
  on	
  surface	
  movement	
  of	
  aircraft	
  at	
  selected	
  airports.	
  The	
  raw	
  ASDE-­‐X	
  data	
  

format	
   is	
   text	
   files.	
   There	
   is	
   one	
   text	
   file	
   per	
   hour	
   of	
   the	
   day	
   at	
   a	
   given	
   airport.	
   The	
  

ASDE-­‐X	
  data	
   for	
  ATL,	
  DFW,	
  and	
  DTW	
  airport	
   from	
  10	
  September	
  2012	
   to	
  28	
  February	
  

2013	
  is	
  approximately	
  250	
  GB	
  with	
  approximately	
  12,500	
  text	
  files.	
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Step	
  2:	
  Data	
  filtering	
  

The	
   next	
   step	
   is	
   to	
   filter	
   the	
   raw	
   ASDE-­‐X	
   files	
   and	
   only	
   extract	
   the	
   desired	
   aircraft	
  

variables.	
   The	
   eight	
   variables	
   extracted	
   were	
   time,	
   latitude,	
   longitude,	
   speed,	
   fix	
  

(destination	
   airport),	
   aircraft	
   type,	
   callsign,	
   and	
   track	
   number	
   (unique	
   identifier	
   for	
  

aircraft).	
  Matlab	
  was	
  used	
  to	
  load	
  the	
  text	
  files,	
  extract	
  the	
  desired	
  variables,	
  and	
  build	
  

the	
  flight	
  matrix	
  by	
  combining	
  24	
  text	
  files	
  into	
  one	
  cell	
  matrix	
  file	
  per	
  day	
  per	
  airport.	
  

The	
  flight	
  matrix	
  for	
  one	
  day	
  at	
  an	
  airport	
  has	
  approximately	
  1	
  million	
  rows	
  of	
  data.	
  The	
  

ASDE-­‐X	
  system	
  updates	
  the	
  flight	
  data	
  every	
  second	
  to	
  track	
  aircraft	
  surface	
  position.	
  	
  

	
  

Step	
  3:	
  Data	
  processing	
  

The	
  data	
  processing	
  step	
   loads	
  the	
  flight	
  matrix	
   for	
  each	
  day	
  to	
  systematically	
  analyze	
  

aircraft	
   surface	
   performance	
   and	
   traffic	
   trends.	
   The	
   Matlab	
   algorithm	
   tracks	
   each	
  

aircraft	
  and	
   identifies	
  which	
   taxi	
   route	
   it	
   takes,	
   the	
   runway	
  configuration,	
  and	
  aircraft	
  

type,	
  and	
  then	
  calculates	
  distance	
  traveled,	
  speed,	
  taxi	
  time,	
  emissions,	
  and	
  fuel	
  burn.	
  

One	
   data	
   issue	
   that	
   occurred	
   was	
   track	
   numbers,	
   which	
   are	
   supposed	
   to	
   be	
   unique	
  

identifiers	
   for	
   aircraft,	
  were	
   sometimes	
   repeated,	
   therefore	
   new	
   track	
   numbers	
  were	
  

assigned	
   for	
  duplicate	
  aircraft.	
  Another	
   issue	
  encountered	
  was	
  Matlab	
  could	
  not	
  build	
  

flight	
  matrix	
   larger	
   than	
  8591	
  MB	
  using	
  a	
  64-­‐bit	
  Windows	
  platform;	
   therefore	
  the	
  ATL	
  

data	
  was	
  too	
  large	
  to	
  have	
  one	
  flight	
  matrix	
  file	
  so	
  it	
  was	
  divided	
  into	
  north	
  and	
  south	
  

airport	
  for	
  each	
  day.	
  	
  

	
  

Step	
  4:	
  Output	
  	
  

The	
  resulting	
  output	
  is	
  given	
  in	
  a	
  single	
  condensed	
  aircraft	
  surface	
  performance	
  matrix	
  

with	
  18	
  parameters	
  for	
  the	
  6-­‐month	
  study	
  period	
  (173	
  days).	
  Appendix	
  B.	
  2	
  shows	
  part	
  

of	
  the	
  ATL	
  surface	
  performance	
  matrix,	
  which	
  includes	
  variables	
  such	
  as	
  taxi	
  time,	
  fuel	
  

burn,	
   emissions,	
   distance,	
   taxiway,	
   and	
   runway	
   configuration.	
   For	
   example,	
   the	
   data	
  

analysis	
   at	
   ATL	
   had	
   1.2	
   billion	
   rows	
   of	
   aircraft	
   as	
   input	
   and	
   the	
   output	
   surface	
  

performance	
  matrix	
  contains	
  67,000	
  rows	
  corresponding	
  to	
  arrivals	
  on	
  runway	
  26R/8L.	
  	
  

Step	
  5:	
  Post-­‐processing	
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The	
   final	
   step	
   is	
   to	
  use	
   the	
  aircraft	
   surface	
  performance	
  matrix	
   to	
   study	
   traffic	
   trends	
  

and	
  patterns	
  and	
  use	
  statistical	
  analysis	
  to	
  compare	
  fuel	
  burn	
  and	
  taxi	
  time	
  among	
  the	
  

airports.	
   Statistical	
   software,	
   SAS,	
   was	
   used	
   to	
   conduct	
   an	
   n-­‐way	
   ANOVA	
   test	
   to	
  

understand	
   the	
   sources	
   of	
   variation	
   and	
   their	
   impact	
   of	
   fuel	
   burn.	
   Significant	
   factors	
  

affecting	
   fuel	
   burn	
   were	
   identified	
   and	
   will	
   be	
   used	
   later	
   in	
   the	
   decision	
  model	
   (see	
  

Appendix	
  C).	
  	
  

	
  

3.1.2 Taxi	
  Time	
  

Equation	
  1	
  was	
  used	
  to	
  calculate	
  the	
  taxi	
  time,	
  which	
  is	
  defined	
  as	
  the	
  time	
  an	
  

aircraft	
  exits	
  the	
  arrival	
  runway	
  to	
  the	
  time	
  it	
  reaches	
  the	
  edge	
  of	
  the	
  terminal	
  area.	
  

	
  

	
   !!"#$ = min  (!!"#$)−max  (!!"#$%&)	
   (1)	
  

	
  

Taxi	
  time	
  is	
  a	
  good	
  performance	
  metric	
  because	
  it	
  gives	
  information	
  on	
  which	
  taxi	
  route	
  

is	
   the	
   fastest.	
   The	
   variability	
   in	
   taxi	
   time	
   also	
   dictates	
   the	
   predictability	
   for	
   on-­‐time	
  

performance	
  and	
  taxi	
  routing	
  efficiency.	
  Khadilkar	
  and	
  Balakrishnan	
  (2011)	
  presented	
  an	
  

approach	
   to	
   estimate	
   fuel	
   burn	
   using	
   flight	
   data	
   recorder	
   (FDR)	
   data	
   and	
   a	
   linear	
  

regression	
  model.	
   They	
   concluded	
   that	
   the	
   total	
   taxi	
   time	
   is	
   the	
  main	
   component	
   to	
  

determine	
  fuel	
  burn,	
  although	
  the	
  number	
  of	
  acceleration	
  events	
  was	
  also	
  a	
  significant	
  

factor.	
  	
  

The	
  Airport	
  System	
  Performance	
  Metric	
  (ASPM)	
  defines	
  the	
  average	
  taxi-­‐in	
  time	
  

as	
  the	
  average	
  difference	
  between	
  actual	
  gate-­‐in	
  time	
  and	
  actual	
  wheels-­‐on	
  time	
  (FAA,	
  

2014).	
   Further	
   investigation	
   of	
   our	
   ASDE-­‐X	
   data	
   revealed	
   high	
   variability	
   in	
   taxi	
   time	
  

using	
  this	
  definition.	
  This	
  high	
  variability	
  could	
  be	
  due	
  to	
  several	
   factors.	
  For	
  example,	
  

aircraft	
  may	
  be	
  waiting	
  for	
  an	
  aircraft	
  to	
  pushback	
  from	
  a	
  gate	
  and	
  this	
  waiting	
  time	
  is	
  

accounted	
   for	
   in	
   the	
   taxi	
   in	
   time.	
   Terminal	
   area	
   congestion	
   is	
   not	
   the	
   focus	
   of	
   this	
  

research;	
   therefore	
   the	
   taxi	
   segment	
   in	
   the	
   terminal	
   area	
   is	
   excluded	
   from	
   taxi	
   time.	
  

Taxi	
  in	
  end	
  time	
  is	
  to	
  the	
  edge	
  of	
  the	
  terminal	
  area.	
  Taxi	
  in	
  start	
  time	
  is	
  defined	
  as	
  when	
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the	
  aircraft	
  exits	
  the	
  runway	
  instead	
  of	
  the	
  ASPM	
  definition	
  of	
  wheels	
  on	
  time.	
  The	
  taxi	
  

in	
   segment	
   from	
   wheels	
   on	
   to	
   exiting	
   the	
   arrival	
   runway	
   is	
   excluded	
   from	
   taxi	
   time	
  

because	
  of	
  the	
  large	
  variety	
  of	
  aircraft	
  type	
  in	
  our	
  study	
  and	
  pilot	
  landing	
  variability.	
  	
  

	
  

3.1.3 Fuel	
  Burn	
  	
  

There	
   are	
   two	
   main	
   publically	
   available	
   aircraft	
   performance	
   data	
   that	
   provide	
  

fuel	
   flows	
   and	
   emission	
   indices	
   as	
   a	
   function	
   of	
   engine	
   thrust:	
   the	
   Aircraft	
   Engine	
  

Emission	
   Databank	
   which	
   was	
   developed	
   and	
   maintained	
   by	
   the	
   International	
   Civil	
  

Aviation	
   Organization	
   (ICAO),	
   and	
   the	
   Base	
   of	
   Aircraft	
   Data	
   (BADA),	
   developed	
   and	
  

maintained	
  by	
  the	
  Eurocontrol	
  Experimental	
  Centre.	
  BADA	
  estimates	
  fuel	
  consumption	
  

as	
  a	
  function	
  of	
  thrust	
  and	
  airspeed	
  primarily	
  for	
  the	
  airborne	
  phase	
  of	
  flight,	
  therefore	
  

using	
  it	
  for	
  ground	
  fuel	
  consumption	
  may	
  not	
  be	
  appropriate.	
  	
  

Our	
   study	
   estimated	
   taxi	
   fuel	
   burn	
  using	
   the	
   ICAO	
  Databank,	
  which	
   is	
   based	
  on	
  

engine	
   performance	
   and	
   emissions	
   data	
   obtained	
   from	
   full-­‐scale	
   engine	
   tests	
   at	
   sea	
  

level.	
  The	
  values	
  of	
  fuel	
  flow	
  (kg/s)	
  and	
  emission	
  indices	
  (g	
  of	
  pollutant	
  emitted	
  per	
  kg	
  of	
  

fuel	
  burnt)	
  taken	
  at	
  7%,	
  30%,	
  85%,	
  and	
  100%	
  rates	
  outputs	
  are	
  provided	
  in	
  the	
  databank	
  

for	
  the	
  majority	
  of	
  jet	
  and	
  turbofan	
  commercial	
  engines.	
  The	
  model	
  also	
  computes	
  CO	
  

and	
   NOx	
   emissions,	
   but	
   the	
   average	
   fuel	
   burn	
   per	
   aircraft	
   was	
   used	
   as	
   the	
   primary	
  

performance	
   metric	
   to	
   assess	
   environmental	
   impact	
   of	
   taxi-­‐in	
   procedures.	
   Carbon	
  

emissions	
  can	
  be	
  estimated	
  as	
  3.16	
  kilogram	
  of	
  CO2	
  per	
  kilogram	
  of	
  jet	
  fuel	
  [IATA,	
  2014].	
  	
  

The	
  ICAO	
  emissions	
  databank	
  defines	
  taxi/ground	
  idle	
  as	
  7%	
  of	
  full	
  rated	
  power,	
  

but	
  it	
  does	
  not	
  distinguish	
  between	
  the	
  different	
  phases	
  of	
  taxiing.	
  A	
  case	
  study	
  at	
  DFW	
  

showed	
  stops	
  and	
  resulting	
  accelerating	
  events	
  constitute	
  approximately	
  for	
  18%	
  of	
  fuel	
  

spent	
  in	
  surface	
  operations	
  [Nikoleris	
  et	
  al.,	
  2011].	
  Our	
  study	
  accounts	
  for	
  the	
  potential	
  

increase	
   in	
   fuel	
   burn	
   from	
   accelerations	
   by	
   decomposing	
   each	
   aircraft	
   trajectory	
   into	
  

three	
   taxi	
  phases:	
   stop	
  and	
  starts	
   (accelerating	
  after	
  a	
   stop),	
  perpendicular	
   turns,	
  and	
  

taxi	
  at	
  constant	
  speed	
  or	
  breaking.	
  Table	
  2	
  is	
  the	
  baseline	
  model	
  assumptions	
  for	
  time	
  

and	
   thrust	
   levels	
   at	
   different	
   taxi	
   operation	
  phases	
  where	
  !!,! 	
  is	
   the	
   time	
   (!)	
   aircraft	
  !	
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spent	
  on	
  taxi	
  phase	
  !,	
  T	
   is	
   the	
  total	
   taxi	
   time,	
  !!	
   is	
   the	
   number	
   of	
   stops,	
   and	
  !!	
  is	
  

the	
  number	
  of	
   turns.	
  The	
  assumptions	
  used	
  in	
  Table	
  2	
  were	
  adapted	
  from	
  Nikoleris’	
  

fuel	
  burn	
  estimate	
  model	
  based	
  on	
  inputs	
  from	
  commercial	
  airline	
  pilots	
  and	
  analysis	
  of	
  

true	
  idle	
  estimates	
  in	
  a	
  Transportation	
  Research	
  Board	
  report	
  [Wood	
  et	
  al.,	
  2008].	
  	
  

	
  

Table	
  2.	
  Baseline	
  assumptions	
  for	
  time	
  and	
  thrust	
  levels	
  of	
  taxi	
  operations	
  phases.	
  

	
   Taxi	
  phase	
  p	
   Time	
  (s)	
   Thrust	
  %	
  

1	
  
Stop	
  and	
  start	
  	
  
(“breakaway	
  thrust”)	
  

!!,! = 8 ∙ !!	
   9%	
  

2	
   Perpendicular	
  turn	
   !!,! = 6 ∙ !!	
   7%	
  

3	
   Constant	
  speed	
   !!,! = ! − !!,! − !!,! 	
   5%	
  

	
  

The	
  first	
  taxi	
  phase	
  accounts	
  for	
  aircraft	
  stops	
  and	
  starts.	
  Aircraft	
  using	
  the	
  conventional	
  

taxi	
   route	
   must	
   stop	
   and	
   wait	
   for	
   clearance	
   before	
   crossing	
   an	
   active	
   runway.	
  

Breakaway	
  thrust	
  or	
  accelerating	
  from	
  stop	
  has	
  been	
  found	
  to	
  be	
  as	
  high	
  as	
  9%	
  of	
  full	
  

rated	
  power	
  in	
  a	
  study	
  by	
  British	
  Airways	
  [Morris,	
  2005].	
  Our	
  fuel	
  burn	
  estimate	
  model	
  

models	
   the	
   effect	
   of	
   this	
   acceleration	
   using	
   Nikoleris’	
   assumption	
   that	
   an	
   average	
  

duration	
   of	
   8	
   s	
   is	
   needed	
   for	
   acceleration	
   after	
   a	
   stop,	
   consisting	
   of	
   4	
   s	
   to	
   overcome	
  

inertia	
  and	
  4	
  s	
  to	
  reach	
  taxi	
  speed.	
  	
  The	
  second	
  phase	
  accounts	
  for	
  perpendicular	
  turns	
  

at	
  7%	
  of	
  full	
  rated	
  power	
  for	
  a	
  6	
  second	
  turn.	
  The	
  third	
  taxi	
  phase	
  is	
  taxiing	
  at	
  a	
  constant	
  

speed,	
  which	
   is	
  estimated	
  as	
  5%	
  of	
   full	
   rated	
  power.	
  These	
   thrust	
  setting	
  percentages	
  

and	
   time	
   duration	
   were	
   adapted	
   from	
   Nikoleris’	
   fuel	
   burn	
   estimate	
   model	
   based	
   on	
  

commercial	
   airline	
   pilots	
   and	
   analysis	
   of	
   true	
   idle	
   estimates	
   from	
   the	
   Transportation	
  

Research	
  Board	
  report	
  [Wood	
  et	
  al.,	
  2008]	
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Equation	
   2	
   calculates	
   the	
   total	
   fuel	
   consumed,!"!,	
   from	
   exiting	
   the	
   runway	
   to	
  

reaching	
  the	
  edge	
  of	
  the	
  terminal	
  area:	
  

	
  

	
   !"! = !!,! ∙ !!,!

!

!!!

∙ !! 	
   (2)	
  

	
  

where	
  !!,! 	
  is	
   the	
   time	
   (!)	
   aircraft	
  !	
  spent	
   on	
   taxi	
   phase	
  !,	
  !!,! 	
  is	
   fuel	
   flow	
   (!"/!)	
  while	
  

aircraft	
  !	
  is	
  on	
  taxi	
  phase	
  !,	
  and	
  !! 	
  is	
  the	
  number	
  of	
  engines	
  aircraft	
  !	
  used.	
  

In	
  addition	
  to	
  the	
  time	
  and	
  thrust	
  level	
  assumptions	
  for	
  estimating	
  the	
  three	
  taxi	
  

phases	
  fuel	
  burn	
  presented	
  in	
  Table	
  2,	
  several	
  other	
  fuel	
  burn	
  assumptions	
  were	
  made	
  

in	
  the	
  study.	
  The	
  calculated	
  fuel	
  burn	
  for	
  EATs	
  and	
  unimpeded	
  taxiways	
  assumes	
  there	
  

are	
   no	
   stops	
   by	
   definition.	
   The	
   data	
   analysis	
   also	
   excludes	
   small	
   turboprop	
   aircraft	
  

because	
   they	
  account	
   for	
   less	
   than	
  1%	
  of	
   traffic	
  during	
   the	
  study	
  period.	
   	
  The	
  aircraft	
  

used	
  in	
  the	
  study	
  using	
  the	
  ICAO	
  databank	
  are	
  presented	
  in	
  Appendix	
  B.	
  1.	
  

	
  

3.2 ATL	
  Taxi	
  Time	
  and	
  Fuel	
  Burn	
  Estimates	
  

3.2.1 West-­‐flow	
  Configuration	
  

Table	
  3	
  is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  for	
  the	
  end-­‐around	
  

and	
  conventional	
  taxiways	
  when	
  the	
  runways	
  are	
  in	
  west-­‐flow	
  configuration.	
  Although	
  

the	
  average	
  taxi	
  time	
  for	
  the	
  EAT	
  is	
  higher	
  than	
  the	
  Conventional	
  taxiway	
  for	
  the	
  north	
  

side	
  of	
  the	
  airport,	
  it	
  is	
  7%	
  lower	
  than	
  the	
  average	
  taxi	
  time	
  for	
  the	
  south	
  conventional	
  

taxiway.	
  The	
  south	
  side	
  of	
  the	
  airport	
  serves	
  as	
  a	
  baseline	
  to	
  do	
  a	
  comparison	
  with	
  the	
  

north	
   side	
   of	
   the	
   airport	
   because	
   it	
   only	
   has	
   conventional	
   taxiways.	
   The	
   south	
  

conventional	
  taxiways	
  have	
  a	
  higher	
  average	
  taxi	
  time	
  of	
  4.89	
  minutes	
  compared	
  to	
  the	
  

north	
   EAT	
   (4.57	
   mins)	
   and	
   north	
   conventional	
   taxiways	
   (3.21	
   mins).	
   The	
   north	
  

conventional	
  taxi	
  time	
  is	
  lower	
  than	
  that	
  for	
  the	
  south	
  because	
  the	
  average	
  taxi	
  distance	
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for	
   the	
   north	
   conventional	
   taxiway	
   is	
   3602	
   ft	
   compared	
   to	
   the	
   south	
   average	
   taxi	
  

distance	
  of	
  6244	
  ft.	
  The	
  lower	
  taxi	
  time	
  for	
  the	
  north	
  conventional	
  taxiways	
  is	
  also	
  partly	
  

due	
  to	
  them	
  being	
  used	
  the	
  most	
  often	
  during	
  off-­‐peak	
  traffic	
  hours.	
  Aircraft	
  that	
  arrive	
  

in	
  the	
  early	
  morning,	
  midday,	
  and	
  late	
  night	
  have	
  a	
  lower	
  taxi	
  time	
  because	
  there	
  is	
  low	
  

departure	
   traffic,	
   which	
   makes	
   crossing	
   the	
   in-­‐board	
   runway	
   faster.	
   There	
   is	
   less	
  

variability	
  in	
  taxi	
  time	
  for	
  the	
  EAT	
  (σ	
  =	
  1.81	
  mins)	
  and	
  the	
  north	
  conventional	
  (σ	
  =	
  1.62	
  

mins)	
  than	
  the	
  south	
  conventional	
  taxiways	
  (σ	
  =	
  2.39	
  mins).	
  A	
  smaller	
  variability	
  in	
  taxi	
  

time	
  can	
  help	
  with	
  more	
  efficient	
  scheduling	
  of	
  arrivals	
  and	
  departures.	
  	
  	
  

	
  

Table	
  3.	
  ATL	
  west-­‐flow	
  configuration	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  statistics.	
  

	
   Taxi	
  Time	
  
(min)	
  

Fuel	
  Burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Airfield	
   Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

North	
  
EAT	
   4.57	
   1.81	
   62.08	
   33.35	
   7743	
   16.8	
   24146	
  

Conventional	
   3.21	
   1.62	
   45.05	
   31.41	
   3602	
   11.1	
   14744	
  

South	
   Conventional	
   4.89	
   2.39	
   69.18	
   53.01	
   6244	
   12.6	
   18749	
  
	
  

The	
  average	
   speed	
   for	
  aircraft	
   that	
  use	
   the	
  EAT	
   is	
  16.8	
  knots	
   compared	
   to	
   the	
  

north	
   conventional	
   taxiways	
   (11.1	
   knots)	
   and	
   the	
   south	
   conventional	
   taxiways	
   (12.6	
  

knots).	
  The	
  end-­‐around	
  taxiway	
  is	
  a	
  non-­‐stop	
  path	
  that	
  circumvents	
  the	
  active	
  runway;	
  

therefore	
   aircraft	
   can	
   taxi	
   at	
   a	
   higher	
   speed	
   for	
   a	
   longer	
   distance.	
   The	
   conventional	
  

taxiway	
   has	
   a	
   lower	
   average	
   speed	
   because	
   aircraft	
   must	
   slow	
   down	
   and	
   stop	
   for	
  

clearance	
  before	
  crossing	
  the	
  in-­‐board	
  runway	
  to	
  reach	
  the	
  terminal.	
  Stop	
  and	
  starting	
  

the	
   aircraft	
  multiple	
   times	
   burns	
  more	
   fuel	
   because	
   the	
   pilot	
   applies	
   the	
   brakes	
   and	
  

throttles	
  up	
  which	
  has	
  a	
  higher	
  initial	
  fuel	
  burn	
  rate.	
  Accurately	
  accounting	
  for	
  stops	
  and	
  

starts	
   is	
   not	
   possible	
  with	
   the	
   data	
   provided,	
   but	
   could	
   be	
   added	
   in	
   future	
   research.	
  

Therefore,	
   the	
   conventional	
   taxiway	
   fuel	
   burn	
   is	
   an	
   underestimate	
   of	
   the	
   actual	
   fuel	
  

burn.	
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The	
   high	
   variability	
   of	
   fuel	
   burn	
   is	
   due	
   the	
   large	
   variety	
   of	
   aircraft	
   that	
   use	
  

Atlanta	
  airport.	
  There	
  are	
  approximately	
  80	
  aircraft	
  types	
  in	
  the	
  study	
  ranging	
  from	
  CRJ2	
  

to	
  a	
  Boeing	
  747.	
  The	
  number	
  of	
  engines	
  for	
  these	
  different	
  aircraft	
  types	
  range	
  from	
  2	
  

to	
  4	
  engines,	
  which	
  affects	
  the	
  total	
  fuel	
  burn.	
  

	
  

3.2.2 East-­‐flow	
  Configuration	
  

Table	
  4	
   is	
  a	
  summary	
  of	
   the	
  average	
  taxi	
   time	
  and	
  fuel	
  burn	
   for	
   the	
  end-­‐around	
  

and	
  conventional	
  taxiways	
  when	
  the	
  runways	
  are	
  in	
  east-­‐flow	
  configuration.	
  The	
  north	
  

airfield	
  average	
  taxi	
  time	
  for	
  the	
  end-­‐around	
  taxiway	
  is	
  7.08	
  minutes	
  compared	
  to	
  north	
  

conventional	
   taxiways	
   (taxi	
   N1	
   –	
   taxi	
   N7)	
   is	
   approximately	
   4.58	
   minutes.	
   The	
   south	
  

airfield	
   has	
   similar	
   average	
   taxi-­‐times	
   to	
   the	
   north	
   airfield.	
   The	
   unimpeded	
   taxiway	
  

average	
   taxi	
   time	
   is	
   7.04	
   minutes	
   and	
   the	
   south	
   conventional	
   is	
   4.38	
   minutes.	
   The	
  

conventional	
  taxiway	
  is	
  used	
  more	
  often	
  during	
  low	
  traffic	
  hours	
  so	
  there	
  is	
  less	
  ground	
  

congestion	
   to	
   reach	
   the	
   terminal,	
   which	
   results	
   in	
   a	
   faster	
   taxi	
   time.	
   The	
   EAT	
   has	
   a	
  

higher	
   taxi	
   time	
  due	
   to	
   the	
   long	
  average	
   taxi	
   distance	
  of	
   12709	
   feet.	
   The	
  end-­‐around	
  

taxiway	
   is	
   located	
   on	
   the	
   northwest	
   of	
   the	
   airport	
   so	
   aircraft	
   arriving	
   east	
   essentially	
  

make	
  a	
  U-­‐turn.	
  Similarly,	
  the	
  south	
  unimpeded	
  taxiway	
  (taxi	
  S1)	
  average	
  taxi	
  distance	
  is	
  

12658	
  feet	
  because	
  the	
  taxi	
  route	
  requires	
  aircraft	
  to	
  turn	
  around	
  and	
  take	
  a	
  longer	
  taxi	
  

path	
  that	
  circumvents	
  the	
  active	
  departing	
  runway.	
  The	
  south	
  unimpeded	
  taxiway	
  (taxi	
  

S1)	
  taxi	
  time	
  (7.04	
  mins)	
  and	
  fuel	
  burn	
  (97	
  kg)	
  is	
  approximately	
  the	
  same	
  as	
  the	
  EAT	
  taxi	
  

time	
  (7.08	
  mins)	
  and	
  fuel	
  burn	
  (101	
  kg).	
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Table	
  4.	
  ATL	
  east-­‐flow	
  configuration	
  average	
  taxi	
  time	
  and	
  fuel	
  burn.	
  

	
   Taxi	
  Time	
  
(min)	
  

Fuel	
  Burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Airfield	
   Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

North	
  
EAT	
   7.08	
   1.99	
   100.80	
   47.41	
   12709	
   17.8	
   14048	
  

Conventional	
   4.58	
   1.76	
   66.98	
   36.50	
   6702	
   14.5	
   13750	
  

South	
  
Unimpeded	
  
taxiS1	
   7.04	
   2.19	
   97.05	
   51.89	
   12658	
   17.8	
   8683	
  

Conventional	
   4.38	
   2.25	
   63.62	
   46.55	
   5195	
   11.7	
   27743	
  

	
  

The	
   north	
   conventional	
   average	
   taxi	
   distance	
   is	
   6702	
   feet	
   and	
   the	
   south	
  

conventional	
  average	
  taxi	
  distance	
  is	
  5195.	
  Despite	
  the	
  average	
  taxi	
  distance	
  difference	
  

of	
   1500	
   feet,	
   the	
   north	
   taxi	
   time	
   (4.58	
   mins)	
   and	
   fuel	
   burn	
   (67	
   kg)	
   and	
   south	
  

conventional	
   taxiway	
   taxi	
   time	
   (4.38	
  mins)	
   and	
   fuel	
   burn	
   (64	
   kg)	
   are	
   about	
   the	
   same.	
  

The	
  south	
  side	
  of	
  the	
  airport	
  does	
  not	
  utilize	
  the	
  unimpeded	
  taxiway	
  as	
  much	
  as	
  the	
  EAT	
  

on	
  the	
  north	
  side.	
  Aircraft	
  arriving	
  on	
  the	
  south	
  side	
  use	
  the	
  conventional	
  taxiway	
  more	
  

during	
   peak	
   traffic	
   hours,	
   which	
   require	
   arriving	
   aircraft	
   to	
   stop	
   for	
   a	
   longer	
   time	
   to	
  

cross	
  the	
  departure	
  runway	
  which	
  results	
  in	
  a	
  higher	
  taxi	
  time.	
  	
  

The	
   EAT	
   average	
   taxi	
   speed	
   (17.8	
   knots)	
   is	
   the	
   same	
   as	
   the	
   unimpeded	
   taxiway	
  

average	
  taxi	
  speed	
  (17.8	
  knots).	
  Since	
  both	
  are	
  continuous,	
  non-­‐stop	
  taxi	
  routes,	
  aircraft	
  

can	
   taxi	
   at	
   a	
   higher	
   speed.	
   The	
   north	
   conventional	
   taxiway	
   (14.5	
   knots)	
   and	
   south	
  

conventional	
   taxiways	
   (11.7)	
   have	
   a	
   lower	
   average	
   taxi	
   speed	
   than	
   the	
   EAT	
   and	
  

unimpeded	
  taxiway	
  because	
  aircraft	
  must	
  stop	
  and	
  start	
  to	
  cross	
  the	
  in-­‐board	
  departure	
  

runway	
  to	
  reach	
  the	
  terminal.	
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3.2.3 ATL	
  Fuel	
  Burn	
  Summary	
  

West-­‐flow	
  Configuration:	
  

• The	
  north	
   conventional	
   taxiways	
   are	
  used	
   the	
  most	
   during	
  off-­‐peak	
  hours	
   and	
  

therefore	
   have	
   a	
   lower	
   average	
   taxi-­‐time	
   (3.21	
   mins)	
   and	
   fuel	
   burn	
   (45	
   kg)	
  

compared	
  to	
  the	
  EAT	
  with	
  a	
  higher	
  taxi-­‐time	
  (4.57mins)	
  and	
  fuel	
  burn	
  (62	
  kg).	
  	
  

• The	
   average	
   EAT	
   taxi	
   time	
   (4.57	
   mins)	
   is	
   less	
   than	
   the	
   south	
   conventional	
  

average	
  taxi	
  time	
  (4.89	
  mins).	
  	
  

• There	
   is	
   less	
  variability	
   in	
  taxi	
  time	
  for	
  the	
  EAT	
  (Std	
  =	
  1.81	
  mins)	
  and	
  the	
  north	
  

conventional	
  (Std	
  =	
  1.62	
  mins)	
  than	
  the	
  south	
  conventional	
  taxiways	
  (Std	
  =	
  2.39	
  

mins).	
  

• All	
   taxiways	
   have	
   high	
   fuel	
   burn	
   variability	
   due	
   to	
   the	
  wide	
   variety	
   of	
   aircraft	
  

types.	
  

	
  

East-­‐flow	
  Configuration:	
  

• Aircraft	
  must	
  make	
  a	
  U-­‐turn	
  to	
  use	
  the	
  EAT	
  in	
  east-­‐flow	
  configuration.	
  

• The	
  south	
  taxiway	
  S1	
   is	
  similar	
  to	
  the	
  EAT	
  because	
   it	
   is	
  an	
  unimpeded	
  route	
  to	
  

the	
  terminal	
  with	
  has	
  a	
  comparable	
  taxi	
  time	
  (7.04	
  mins)	
  and	
  fuel	
  burn	
  (97kg)	
  to	
  

the	
  EAT	
  taxi	
  time	
  (7.08	
  mins)	
  and	
  fuel	
  burn	
  (101	
  kg).	
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3.3 DFW	
  Taxi	
  Time	
  and	
  Fuel	
  Burn	
  Estimates	
  

3.3.1 Runway	
  17L	
  South-­‐flow	
  Configuration	
  

Table	
  5	
  is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  for	
  the	
  end-­‐around	
  and	
  

conventional	
   taxiways	
   when	
   out-­‐board	
   arrival	
   runway	
   17L	
   is	
   in	
   south-­‐flow	
   configuration.	
  

The	
  EAT	
  average	
  taxi	
  time	
  is	
  10.49	
  minutes	
  and	
  the	
  conventional	
  taxiway	
  taxi	
  time	
  is	
  8.35	
  

minutes.	
  The	
  EAT	
  has	
  a	
  longer	
  taxi	
  time	
  because	
  the	
  average	
  distance	
  to	
  taxi	
  along	
  this	
  path	
  

is	
  17209	
  feet	
  compared	
  to	
  the	
  conventional	
  taxi	
  route	
  average	
  distance	
  is	
  12363	
  feet.	
  One	
  

benefit	
  of	
  the	
  EAT	
  is	
  it	
  an	
  unimpeded	
  taxi	
  route	
  so	
  the	
  average	
  speed	
  of	
  aircraft	
  using	
  the	
  

EAT	
  is	
  16.2	
  knots	
  while	
  aircraft	
  using	
  the	
  conventional	
  taxiways	
  average	
  speed	
  is	
  14.7	
  knots.	
  

	
  

Table	
  5.	
  DFW	
  south-­‐flow	
  out-­‐board	
  arrival	
  runway	
  17L	
  taxi	
  time	
  and	
  fuel	
  burn.	
  

	
  

Taxi	
  time	
  
(mins)	
  

Fuel	
  burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

EAT	
   10.49	
   3.64	
   138.01	
   79.71	
   17209	
   16.2	
   4491	
  

Conventional	
   8.35	
   2.95	
   110.99	
   67.21	
   12363	
   14.7	
   3704	
  
	
  

The	
  average	
  fuel	
  burn	
  for	
  the	
  EAT	
  (138	
  kg)	
  is	
  higher	
  than	
  the	
  conventional	
  taxiways	
  

(111	
  kg).	
  The	
  environmental	
  impact	
  of	
  using	
  the	
  EAT	
  is	
  it	
  burns	
  on	
  average	
  20%	
  more	
  fuel	
  

than	
   the	
   conventional	
   taxiways.	
   Trade-­‐offs	
   between	
   the	
   benefits	
   of	
   the	
   EAT	
   relieving	
  

ground	
   congestion	
   and	
   affect	
   on	
   adjacent	
   runway	
   traffic	
   can	
   help	
   assess	
   the	
   overall	
  

environmental	
  impact	
  of	
  EAT	
  on	
  surface	
  operations.	
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3.3.2 Runway	
  17C	
  South-­‐flow	
  Configuration	
  

Table	
  6	
  is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  for	
  the	
  end-­‐around	
  and	
  

conventional	
   taxiways	
   when	
   in-­‐board	
   arrival	
   runway	
   17C	
   is	
   in	
   south-­‐flow	
   configuration.	
  

Arrivals	
  from	
  runway	
  17C	
  do	
  not	
  use	
  the	
  end-­‐around	
  taxiway.	
  If	
  17C	
  arrivals	
  were	
  to	
  use	
  the	
  

EAT,	
  it	
  would	
  require	
  coordination	
  with	
  17L	
  arrivals	
  since	
  it	
  is	
  the	
  primary	
  user	
  of	
  the	
  EAT.	
  

Aircraft	
   arriving	
   on	
   runway	
   17C	
   use	
   only	
   use	
   the	
   conventional	
   taxiway,	
   which	
   takes	
   an	
  

average	
  of	
  3.79	
  minutes	
  and	
  burn	
  an	
  average	
  of	
  50	
  kg	
  of	
  fuel.	
  Since	
  runway	
  17C	
  is	
  the	
  in-­‐

board	
  runway	
  and	
  much	
  closer	
  to	
  the	
  terminal,	
  the	
  average	
  taxi	
  distance	
  is	
  only	
  4717	
  feet	
  

compared	
  to	
  out-­‐board	
  runway	
  17L	
  average	
  conventional	
  taxi	
  distance	
  is	
  12	
  636	
  feet.	
  When	
  

the	
   east	
   airfield	
   is	
   in	
   south-­‐flow	
   configuration,	
   approximately	
   76%	
   of	
   arrivals	
   land	
   on	
   in-­‐

board	
   runway	
   17C	
   and	
   24%	
   land	
   on	
   out-­‐board	
   runway	
   17L.	
   Runway	
   17L	
   is	
   used	
   for	
  

additional	
   arrivals	
  during	
  peak	
   traffic	
  hours.	
  Directing	
   runway	
  17L	
  arrivals	
   around	
   runway	
  

17C	
   and	
   runway	
   17R	
   by	
   using	
   the	
   end-­‐around	
   taxiway	
   allows	
   for	
   runway	
   17L	
   to	
   operate	
  

independently	
  and	
  not	
  affect	
  adjacent	
  runway	
  traffic.	
  	
  	
  	
  

	
  

Table	
  6.	
  DFW	
  south-­‐flow	
  in-­‐board	
  arrival	
  runway	
  17C	
  taxi	
  time	
  and	
  fuel	
  burn.	
  

	
  

Taxi	
  time	
  
(mins)	
  

Fuel	
  burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

EAT	
   NA	
   NA	
   NA	
   NA	
   NA	
   NA	
   NA	
  

Conventional	
   3.79	
   2.31	
   49.95	
   39.80	
   4717	
   12.3	
   33835	
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3.3.3 DFW	
  Fuel	
  Burn	
  Summary	
  

South-­‐flow	
  configuration:	
  

• 24%	
  of	
  arrivals	
   lands	
  on	
  out-­‐board	
   runway	
  17L	
  and	
  76%	
  of	
  arrivals	
   land	
  on	
   in-­‐

board	
  runway	
  17C.	
  

• Arrivals	
   from	
   runway	
   17L	
   average	
   EAT	
   taxi	
   time	
   is	
   10.49	
   mins	
   and	
   average	
  

conventional	
  taxi	
  time	
  is	
  8.35	
  mins.	
  

• Aircraft	
  arriving	
  on	
   runway	
  17C	
  average	
  conventional	
   taxi	
   time	
   is	
  3.79	
  minutes	
  

with	
  a	
  taxi	
  distance	
  of	
  4717	
  feet.	
  	
  

• Aircraft	
  arriving	
  on	
  out-­‐board	
  runway	
  17L	
  average	
  taxi	
  distance	
  using	
  the	
  EAT	
  is	
  

17	
  209	
  feet	
  and	
  the	
  conventional	
  taxi	
  distance	
  is	
  12	
  363	
  feet.	
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3.4 DTW	
  Taxi	
  Time	
  and	
  Fuel	
  Burn	
  Estimates	
  

3.4.1 Runway	
  22R	
  South-­‐flow	
  Configuration	
  

Table	
  7	
   is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  of	
  the	
  end-­‐around	
  

and	
   conventional	
   taxiways	
   for	
   south-­‐flow	
   arrival	
   runway	
   22R	
   to	
   the	
   South	
   Terminal.	
  

Approximately	
  85%	
  of	
  south	
  arrivals	
  on	
  runway	
  22R	
  gate	
  destination	
  are	
  located	
  in	
  the	
  

South	
  Terminal	
  because	
  it	
  has	
  the	
  majority	
  of	
  the	
  gates	
  with	
  126	
  gates.	
  The	
  EAT	
  is	
  used	
  

77%	
  of	
  the	
  time	
  in	
  this	
  configuration	
  and	
  has	
  an	
  average	
  taxi	
  time	
  of	
  5.95	
  minutes	
  and	
  

fuel	
  burn	
  of	
  58	
  kg.	
  Taxi	
  1	
  average	
  taxi	
  time	
  is	
  5.18	
  minutes	
  which	
  is	
  faster	
  than	
  the	
  EAT,	
  

but	
  the	
  EAT	
  taxi	
  distance	
  (15	
  117	
  feet)	
   is	
   twice	
  the	
  distance	
  of	
  Taxi	
  1	
   (7386	
  feet).	
  The	
  

EAT	
  is	
  an	
  unimpeded	
  taxi	
  route	
  therefore	
  the	
  average	
  speed	
  is	
  25.2	
  knots,	
  which	
  allows	
  

aircraft	
  to	
  quickly	
  get	
  to	
  the	
  terminal	
  even	
  though	
  it	
  is	
  a	
  much	
  longer	
  distance.	
  The	
  EAT	
  

has	
   a	
   smaller	
   variability	
   in	
   taxi	
   time	
   than	
   the	
   conventional	
   taxiways	
   because	
   the	
   taxi	
  

time	
  is	
  independent	
  of	
  the	
  traffic	
  on	
  the	
  departure	
  runway.	
  

	
  

Table	
  7.	
  DTW	
  south-­‐flow	
  arrival	
  runway	
  22R	
  taxi	
  times	
  and	
  fuel	
  burn	
  to	
  South	
  Terminal	
  
(121	
  gates).	
  

	
  

Taxi	
  time	
  
(mins)	
  

Fuel	
  burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

EAT	
   5.95	
   2.28	
   58.04	
   37.17	
   15117	
   25.2	
   13713	
  

Taxi	
  1	
   5.18	
   2.36	
   37.32	
   15.26	
   7386	
   14.1	
   3037	
  

Taxi	
  2	
   6.71	
   2.47	
   42.05	
   42.05	
   11098	
   16.4	
   882	
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Table	
  8	
   is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  of	
  the	
  end-­‐around	
  

and	
  conventional	
  taxiways	
  for	
  south-­‐flow	
  arrival	
  runway	
  22R	
  to	
  the	
  North	
  Terminal.	
  15%	
  

of	
   south	
   arrivals	
   on	
   runway	
   22R	
   gate	
   destination	
   are	
   in	
   the	
   North	
   Terminal	
   because	
  

there	
  are	
  only	
  26	
  gates.	
  Taxi	
  2	
  is	
  used	
  96%	
  of	
  the	
  time	
  in	
  this	
  configuration	
  and	
  has	
  an	
  

average	
  taxi	
  time	
  of	
  6.16	
  minutes	
  and	
  fuel	
  burn	
  of	
  68	
  kg.	
  Aircraft	
  primarily	
  use	
  Taxi	
  2	
  if	
  

the	
  gate	
  destination	
  is	
  in	
  the	
  North	
  Terminal	
  because	
  it	
  is	
  the	
  shortest	
  path	
  with	
  a	
  taxi	
  

distance	
  of	
  12940	
  feet.	
  

	
  

Table	
  8.	
  DTW	
  south-­‐flow	
  arrival	
  runway	
  22R	
  taxi	
  times	
  and	
  fuel	
  burn	
  to	
  North	
  Terminal	
  
(26	
  gates).	
  

	
  

Taxi	
  time	
  
(mins)	
  

Fuel	
  burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

EAT	
   10.28	
   3.96	
   95.67	
   63.10	
   36140	
   34.8	
   33	
  

Taxi	
  1	
   6.67	
   1.37	
   75.95	
   35.37	
   14221	
   21.1	
   107	
  

Taxi	
  2	
   6.16	
   1.47	
   67.99	
   32.09	
   12940	
   20.8	
   3074	
  

	
  

3.4.2 Runway	
  4L	
  North-­‐flow	
  Configuration	
  

Table	
  9	
  is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  of	
  the	
  end-­‐around	
  and	
  

conventional	
   taxiways	
   for	
   north-­‐flow	
   arrival	
   runway	
   4L	
   to	
   the	
   South	
   Terminal.	
  

Approximately	
  83%	
  of	
  north	
  arrivals	
  on	
   runway	
  4L	
  gate	
  destination	
  are	
   located	
   in	
   the	
  

South	
   Terminal.	
   The	
   EAT	
   is	
   used	
   67%	
   of	
   the	
   time	
   in	
   this	
   configuration	
   and	
   has	
   an	
  

average	
  taxi	
  time	
  of	
  8.55	
  minutes	
  and	
  fuel	
  burn	
  of	
  80	
  kg.	
  Taxi	
  1	
  average	
  taxi	
  time	
  is	
  5.96	
  

minutes	
  and	
  Taxi	
  2	
   is	
  5.57	
  minutes.	
  The	
  EAT	
   is	
   twice	
   the	
  distance	
  of	
  Taxi	
  1	
  and	
   three	
  

times	
  the	
  distance	
  of	
  Taxi	
  2,	
  because	
  aircraft	
  must	
  make	
  a	
  U-­‐turn	
  to	
  use	
  the	
  EAT.	
  The	
  

end-­‐around	
  taxiway	
  is	
  the	
  preferred	
  taxi	
  route	
  because	
  aircraft	
  taxi	
  around	
  the	
  in-­‐board	
  

runway	
  therefore	
  the	
  departure	
  runway	
  throughput	
  is	
  not	
  affected	
  by	
  arrivals.	
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Table	
  9.	
  DTW	
  north-­‐flow	
  arrival	
  runway	
  4L	
  taxi	
  times	
  and	
  fuel	
  burn	
  to	
  South	
  Terminal	
  
(121	
  gates).	
  

	
  

Table	
  10	
  is	
  a	
  summary	
  of	
  the	
  average	
  taxi	
  time	
  and	
  fuel	
  burn	
  of	
  the	
  end-­‐around	
  and	
  

conventional	
   taxiways	
   for	
  north-­‐flow	
  arrival	
   runway	
  4L	
   to	
   the	
  North	
  Terminal.	
   17%	
  of	
  

north	
  arrivals	
  on	
   runway	
  4L	
  gate	
  destination	
  are	
   in	
   the	
  North	
  Terminal	
  because	
   there	
  

are	
  only	
  26	
  gates.	
  Taxi	
  2	
  is	
  used	
  99%	
  of	
  the	
  time	
  in	
  this	
  configuration	
  and	
  has	
  an	
  average	
  

taxi	
  time	
  of	
  4.69	
  minutes	
  and	
  fuel	
  burn	
  of	
  51	
  kg.	
  Taxi	
  2	
  is	
  the	
  primary	
  taxi	
  route	
  in	
  this	
  

configuration	
  because	
  it	
  is	
  the	
  most	
  direct	
  path	
  to	
  reach	
  the	
  North	
  Terminal	
  with	
  a	
  taxi	
  

distance	
  of	
  8153	
  feet.	
  	
  

	
  

Table	
  10.	
  DTW	
  north-­‐flow	
  arrival	
  runway	
  4L	
  taxi	
  times	
  and	
  fuel	
  burn	
  to	
  North	
  Terminal	
  
(26	
  gates).	
  

	
  

Taxi	
  time	
  
(mins)	
  

Fuel	
  burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
Count	
  

Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

EAT	
   9.75	
   3.39	
   83.74	
   66.94	
   33754	
   34.2	
   4	
  

Taxi	
  1	
   10.88	
   0.00	
   132.04	
   0.00	
   16291	
   14.8	
   1	
  

Taxi	
  2	
   4.69	
   1.48	
   50.60	
   26.09	
   8153	
   17.2	
   922	
  
3.4.3 DTW	
  Fuel	
  Burn	
  Summary	
  

	
  

	
  

Taxi	
  time	
  
(mins)	
  

Fuel	
  burn	
  
(kg)	
  

Distance	
  
(ft)	
  

Speed	
  
(knots)	
  

Aircraft	
  
count	
  

Taxiway	
   Mean	
   Std	
   Mean	
   Std	
   Mean	
   Mean	
   Total	
  

EAT	
   8.55	
   3.56	
   80.25	
   54.25	
   20789	
   24.1	
   3052	
  

Taxi	
  1	
   5.96	
   2.55	
   41.20	
   21.55	
   9010	
   15.0	
   338	
  

Taxi	
  2	
   5.57	
   2.44	
   52.93	
   41.59	
   6763	
   12.0	
   1154	
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South-­‐flow	
  Configuration:	
  

• 85%	
  of	
   south	
  arrivals	
  on	
   runway	
  22R	
  gate	
  destination	
  are	
   located	
   in	
   the	
  South	
  

Terminal	
  (126	
  gates)	
  and	
  15%	
  in	
  the	
  North	
  Terminal	
  (26	
  gates).	
  	
  

• The	
  EAT	
  is	
  used	
  77%	
  of	
  the	
  time	
  to	
  the	
  South	
  Terminal	
  and	
  has	
  an	
  average	
  taxi	
  

time	
  of	
  5.95	
  minutes	
  and	
  fuel	
  burn	
  of	
  58	
  kg.	
  

• Taxi	
   1	
   average	
   taxi	
   time	
   is	
   5.18	
   minutes	
   and	
   Taxi	
   2	
   average	
   taxi	
   time	
   is	
   6.71	
  

minutes	
  to	
  the	
  South	
  Terminal.	
  	
  

• The	
  EAT	
  (Std	
  =	
  2.28	
  mins)	
  has	
  a	
  smaller	
  variability	
  in	
  taxi	
  time	
  than	
  Taxi	
  1	
  (Std	
  =	
  

2.36	
  mins)	
   and	
  Taxi	
   2	
   (2.47	
  mins)	
   because	
   the	
   taxi	
   time	
   is	
   independent	
  of	
   the	
  

traffic	
  on	
  the	
  departure	
  runway.	
  	
  

• Taxi	
  2	
  is	
  shortest	
  and	
  most	
  fuel	
  efficient	
  path	
  for	
  aircraft	
  with	
  a	
  gate	
  destination	
  

in	
  the	
  North	
  Terminal.	
  	
  

	
  

North-­‐flow	
  Configuration:	
  

• 83%	
   of	
   north	
   arrivals	
   on	
   runway	
   4L	
   gate	
   destination	
   are	
   located	
   in	
   the	
   South	
  

Terminal.	
  

• The	
  EAT	
   is	
   used	
  67%	
  of	
   the	
   time	
   in	
   this	
   configuration	
   and	
  has	
   an	
   average	
   taxi	
  

time	
  of	
  8.55	
  minutes	
  and	
  fuel	
  burn	
  of	
  80	
  kg.	
  

• Taxi	
  1	
  average	
  taxi	
  time	
  is	
  5.96	
  minutes	
  and	
  Taxi	
  2	
  is	
  5.57	
  minutes.	
  

• EAT	
   taxi	
  distance	
   (20789	
   feet)	
   is	
  more	
   than	
   twice	
   the	
  distance	
  of	
   conventional	
  

taxiways,	
   because	
   aircraft	
   must	
   make	
   a	
   U-­‐turn	
   to	
   use	
   the	
   EAT	
   in	
   north-­‐flow	
  

configuration.	
  

• It	
  is	
  not	
  beneficial	
  to	
  use	
  the	
  EAT	
  if	
  the	
  gate	
  destination	
  is	
  in	
  the	
  North	
  Terminal.	
  	
  

• Taxi	
  2	
  is	
  shortest	
  and	
  most	
  fuel	
  efficient	
  path	
  for	
  aircraft	
  with	
  a	
  gate	
  destination	
  

in	
  the	
  North	
  Terminal	
  for	
  all	
  configurations.	
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CHAPTER	
  4. DECISION	
  SCENARIOS	
  AND	
  SIMULATIONS	
  

4.1 Decision	
  Method	
  Overview	
  

The	
  overall	
   objective	
  was	
   to	
   develop	
  decision	
   rules	
   and	
   test	
  whether	
   it	
   reduces	
  

the	
  average	
  aircraft	
  fuel	
  burn	
  relative	
  to	
  current	
  operation’s	
  average	
  aircraft	
  fuel	
  burn.	
  

Figure	
  36	
  shows	
  the	
  flowchart	
  for	
  the	
  decision	
  method.	
  	
  

	
  

	
  
Figure	
  36.	
  Flowchart	
  of	
  the	
  overview	
  of	
  the	
  decision	
  method.	
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The	
  decision	
  method	
  proceeds	
  as	
  follows:	
  

	
  

Step	
  1	
  Input:	
  Significant	
  factors	
  

The	
  surface	
  performance	
  matrix	
  output	
  from	
  Chapter	
  3	
  was	
  used	
  to	
  identify	
  significant	
  

factors	
   contributing	
   to	
   the	
   response	
   variable,	
   fuel	
   burn.	
   I	
   used	
   a	
   model	
   selection	
  

method	
   using	
   SAS	
   software	
   to	
   determine	
   the	
   significant	
   factors	
   for	
   each	
   airport	
   (see	
  

Appendix	
  C).	
  	
  

	
  

Step	
  2:	
  Decision	
  Analysis	
  

In	
   this	
   part	
   of	
   the	
   study,	
   several	
   decision	
   models	
   were	
   developed	
   to	
   maximize	
   fuel	
  

savings.	
   Two	
   broad	
   levels	
   of	
   tools	
   were	
   developed:	
   simple	
   rules,	
   based	
   on	
   always	
   or	
  

never	
  using	
   the	
  unimpeded	
   taxiway	
  or	
  based	
  on	
  arrival	
   time;	
   and	
  a	
  multi-­‐factors	
   rule	
  

based	
  on	
  several	
  factors	
  and	
  more	
  detailed	
  evaluation	
  of	
  the	
  data.	
  After	
  a	
  decision	
  rule	
  

is	
   selected,	
   a	
   fuel	
   burn	
   distribution	
  was	
   created	
   using	
   fuel	
   burn	
   data	
   calculated	
   from	
  

Chapter	
  3.	
  Details	
  about	
  modeling	
  fuel	
  burn	
  distribution	
  are	
  discussed	
  in	
  section	
  4.3	
  and	
  

Appendix	
   A.5.	
   Then,	
   I	
   ran	
   a	
   simulation	
   that	
   draws	
   a	
   fuel	
   burn	
   from	
   the	
   distribution	
  

based	
   on	
   the	
   decision	
   rule.	
   The	
   average	
   aircraft	
   fuel	
   burn	
   was	
   calculated	
   for	
   the	
   6-­‐

month	
  period.	
  	
  

	
  

Step	
  3:	
  Monte	
  Carlo	
  Simulation	
  

A	
   Monte	
   Carlo	
   simulation	
   was	
   conducted	
   10,000	
   times	
   for	
   each	
   decision	
   rule.	
   The	
  

results	
  for	
  each	
  airport	
  configuration	
  for	
  the	
  different	
  decision	
  rules	
  are	
  in	
  Appendix	
  D.	
  

The	
   simulations	
  were	
   conducted	
   in	
  MATLAB	
   using	
   an	
   Intel®	
   Core™	
   i7-­‐3770	
   processor	
  

with	
   CPU	
   @	
   3.40	
   GHz	
   and	
   8GB	
   RAM.	
   The	
   10,000	
   simulations	
   took	
   approximately	
  

between	
   25	
   minutes	
   to	
   50	
   minutes	
   depending	
   on	
   how	
   many	
   aircraft	
   were	
   in	
   the	
  

simulation.	
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Step	
  4	
  Output:	
  Fuel	
  savings	
  (%)	
  estimate	
  

Next,	
   the	
   average	
   aircraft	
   fuel	
   burn	
   was	
   calculated	
   from	
   the	
   10,000	
   simulations.	
   A	
  

potential	
   fuel	
   savings	
   was	
   estimated	
   for	
   each	
   decision	
   rule	
   relative	
   to	
   the	
   current	
  

average	
   aircraft	
   fuel	
   burn	
   (baseline).	
   The	
   output	
   is	
   the	
   estimated	
   fuel	
   savings	
   if	
   the	
  

decision	
  rule	
  was	
  implemented.	
  By	
  comparing	
  the	
  estimated	
  fuel	
  savings	
  of	
  the	
  decision	
  

rules,	
  it	
  gives	
  insight	
  into	
  which	
  decision	
  rule	
  has	
  the	
  most	
  potential	
  to	
  reduce	
  fuel	
  burn	
  

and	
  emissions.	
  

	
  

4.2 Decision	
  Scenario	
  

This	
   section	
   details	
   the	
   different	
   decision	
   scenarios	
   for	
   the	
   simulations.	
   Each	
  

decision	
  scenario	
  fuel	
  burn	
  results	
  will	
  be	
  compared	
  to	
  the	
  baseline	
  case.	
  The	
  baseline	
  

case	
   is	
  the	
  current	
  taxi-­‐in	
  procedures	
  the	
  air	
  traffic	
  controllers	
  use	
  to	
  direct	
  arrivals	
  to	
  

the	
  unimpeded	
  or	
  conventional	
  taxiways	
  at	
  each	
  airport.	
  The	
  baseline	
  was	
  calculated	
  in	
  

Chapter	
   3	
   as	
   the	
   average	
   aircraft	
   fuel	
   burn	
   from	
   10	
   September	
   2012	
   to	
   28	
   February	
  

2013.	
  	
  

Figure	
   37	
   is	
   the	
   flow	
   chart	
   of	
   the	
   decision	
   scenario	
   method	
   and	
   the	
   different	
  

decision	
  scenarios	
  are	
  describes	
  as	
  follows:	
  

1. The	
  baseline	
  was	
  the	
  original	
  data	
  where	
  using	
  the	
  unimpeded	
  taxiway	
  was	
  up	
  

to	
  the	
  discretion	
  of	
  the	
  air	
  traffic	
  controller	
  (current	
  operating	
  practice).	
  

2. The	
  always	
   scenario	
  was	
   for	
   all	
   arriving	
   aircraft	
   to	
   always	
  use	
   the	
  unimpeded	
  

taxiway.	
  

3. The	
   never	
   scenario	
   was	
   for	
   aircraft	
   to	
   never	
   use	
   the	
   unimpeded	
   taxiway;	
  

instead	
  have	
  all	
  aircraft	
  use	
  the	
  conventional	
  taxiway.	
  

4. The	
  arrival	
   time	
  scenario	
  was	
  based	
  on	
  previous	
  observations,	
   so	
   the	
  decision	
  

rule	
  is	
  to	
  have	
  all	
  arriving	
  aircraft	
  during	
  peak	
  traffic	
  hours	
  use	
  the	
  unimpeded	
  

taxiway	
   and	
   have	
   aircraft	
   use	
   the	
   conventional	
   taxiway	
   the	
   rest	
   of	
   the	
   day	
  

(during	
  low	
  traffic	
  hours).	
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5. The	
  terminal	
  scenario	
  directed	
  aircraft	
  to	
  the	
  shortest	
  taxi	
  route	
  based	
  on	
  the	
  

terminal	
  gate	
  destination.	
  	
  

	
  

	
  

Figure	
  37.	
  Decision	
  scenario	
  analysis	
  flow	
  chart.	
  

It	
  is	
  important	
  to	
  note	
  that	
  always	
  and	
  never	
  using	
  the	
  unimpeded	
  taxiway	
  are	
  not	
  

realistic	
   decision	
   rules	
   to	
   implement.	
   Always	
   using	
   the	
   unimpeded	
   taxiway	
   would	
  

increase	
   taxi	
   time	
   and	
   fuel	
   burn	
   due	
   to	
   the	
   long	
   taxi	
   distance.	
   Never	
   using	
   the	
  

unimpeded	
   taxiway	
   would	
   reduce	
   adjacent	
   runway’s	
   throughput	
   due	
   to	
   increase	
  

runway	
  crossings.	
   I	
   included	
   the	
  always	
  and	
  never	
  decision	
   rule	
   to	
   test	
   the	
  bounds	
  of	
  

the	
  simulation,	
  which	
  gave	
  insight	
  about	
  the	
  two	
  extreme	
  cases.	
  	
  

	
  

4.3 Multi-­‐factor	
  Decision	
  Rule	
  

Decision	
   rules	
   based	
   on	
   single	
   factors	
   can	
   give	
   us	
   insight	
   on	
   how	
   much	
   that	
  

individual	
  factor	
  contributes	
  to	
  fuel	
  burn.	
  Next	
  I	
  developed	
  a	
  multi-­‐factor	
  decision	
  rule	
  

based	
  on	
  terminal	
  destination,	
  aircraft	
  type,	
  and	
  arrival	
  time.	
  	
  A	
  decision	
  rule	
  based	
  on	
  

several	
  factors	
  instead	
  of	
  just	
  one	
  could	
  potentially	
  result	
  in	
  higher	
  fuel	
  savings.	
  Figure	
  

38	
  shows	
  the	
  flowchart	
  of	
  how	
  the	
  multi-­‐factor	
  decision	
  rule	
  works.	
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Figure	
  38.	
  Flowchart	
  of	
  multi-­‐factor	
  decision	
  rule	
  that	
  considers	
  terminal,	
  aircraft	
  type,	
  
and	
  arrival	
  time	
  as	
  factors.	
  

For	
   example,	
   let’s	
   say	
   aircraft	
   i	
   has	
   just	
   arrived	
   at	
   Detroit	
  Metropolitan	
   airport.	
  

The	
   first	
   step	
   is	
   to	
   determine	
   which	
   terminal	
   it	
   is	
   going	
   to.	
   Once	
   the	
   terminal	
   is	
  

determined,	
  the	
  fuel	
  burn	
  distribution	
  is	
  selected	
  for	
  that	
  specific	
  terminal.	
  Next,	
  if	
  the	
  

aircraft	
  is	
  considered	
  class	
  1,	
  which	
  is	
  defined	
  as	
  heavy	
  aircraft	
  with	
  a	
  take-­‐off	
  weight	
  of	
  

greater	
   than	
   300,000	
   lbs,	
   then	
   it	
   is	
   directed	
   to	
   take	
   the	
   conventional	
   taxiway.	
   Heavy	
  

aircraft	
   like	
  the	
  B747	
  have	
  four	
  engines,	
  which	
  burns	
  more	
  fuel	
  so	
  heavy	
  aircraft	
  have	
  

priority	
   to	
  use	
   the	
  shorter	
  conventional	
   taxiway.	
   If	
   it	
   is	
  not	
  a	
  class	
  1	
  aircraft,	
   then	
  the	
  

next	
  step	
  is	
  to	
  determine	
  if	
  the	
  aircraft	
  is	
  arriving	
  at	
  a	
  peak	
  traffic	
  hour	
  of	
  the	
  day	
  by	
  its	
  

arrival	
  time.	
  	
  If	
  it	
  is	
  a	
  peak	
  traffic	
  hour,	
  then	
  direct	
  aircraft	
  i	
  to	
  the	
  unimpeded	
  taxiway	
  so	
  

it	
  can	
  taxi	
  around	
  the	
  active	
  runway	
  and	
  the	
  departure	
  rate	
  will	
  not	
  be	
  affected.	
  Lastly,	
  if	
  

it	
  is	
  not	
  a	
  peak	
  traffic	
  hour	
  of	
  the	
  day	
  then	
  direct	
  aircraft	
  i	
  to	
  the	
  conventional	
  taxiway	
  

for	
  a	
  shorter	
  and	
  faster	
  route	
  to	
  the	
  terminal.	
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4.4 Modeling	
  Fuel	
  Burn	
  

A	
  probability	
  distribution	
  was	
  fitted	
  to	
  the	
  fuel	
  burn	
  data;	
   I	
  used	
  the	
  distribution	
  

to	
   randomly	
   generate	
   aircraft	
   fuel	
   burn	
   for	
   each	
   arriving	
   aircraft.	
   I	
   used	
   a	
   standard	
  

approach	
   based	
   on	
   the	
   Kolmogorov-­‐Smirnov	
   test	
   and	
   quantile-­‐quantile	
   plots	
   to	
  

determine	
   if	
   the	
   distributions	
   were	
   a	
   good	
   fit	
   to	
   the	
   fuel	
   burn	
   data	
   for	
   unimpeded	
  

taxiways	
  and	
  conventional	
  taxiways	
  at	
  each	
  airport.	
  

Figure	
  39	
  shows	
  an	
  example	
  of	
  the	
  procedure	
  used	
  to	
  fit	
  the	
  appropriate	
  fuel	
  burn	
  

distribution	
   for	
   aircraft	
   that	
   use	
   the	
   EAT	
   and	
   conventional	
   taxiways.	
   A	
   histogram	
  was	
  

plotted	
  for	
  ATL	
  west-­‐flow	
  arrivals	
  on	
  runway	
  26R	
  average	
  fuel	
  burn	
  for	
  all	
  aircraft	
  that	
  

used	
  the	
  EAT	
  between	
  10	
  September	
  2012	
  to	
  28	
  February	
  2013.	
  Different	
  distributions	
  

were	
  fitted	
  to	
  the	
  data	
  to	
  find	
  the	
  best	
  potential	
  fit.	
  Figure	
  39	
  (left)	
  shows	
  the	
  histogram	
  

of	
  EAT	
  fuel	
  burn	
  and	
  the	
  lognormal	
  distribution	
  (red	
  line)	
  distribution	
  is	
  the	
  best	
  fit	
  with	
  

the	
  ATL	
  fuel	
  burn	
  data	
  based	
  on	
  visual	
  inspection.	
  Figure	
  39	
  (right)	
  shows	
  the	
  quantile-­‐

quantile	
   plot	
   (Q-­‐Q	
   plot)	
   for	
   the	
   EAT	
   fuel	
   burn	
   from	
   the	
   ASDE-­‐X	
   data	
   versus	
   the	
  

theoretical	
  lognormal	
  EAT	
  fuel	
  burn	
  distribution.	
  The	
  lognormal	
  distribution	
  is	
  a	
  good	
  fit	
  

because	
  the	
  points	
  on	
  the	
  Q-­‐Q	
  plot	
  lie	
  on	
  the	
  line	
  y	
  =	
  x	
  except	
  for	
  several	
  high	
  fuel	
  burn	
  

points	
  which	
  could	
  be	
  outliers.	
  If	
  the	
  points	
  lie	
  on	
  the	
  line,	
  the	
  theoretical	
  quantiles	
  are	
  

in	
  agreement	
  with	
  the	
  data	
  quantiles.	
  	
  

	
  
Figure	
   39.	
   Left,	
   the	
   EAT	
   fuel	
   burn	
   (blue	
   bins)	
   with	
   lognormal	
   distribution	
   (red)	
   for	
  
runway	
  26R	
  west-­‐flow	
  arrivals	
  at	
  ATL.	
  Right,	
  Q-­‐Q	
  plot	
  of	
  the	
  EAT	
  fuel	
  burn	
  data	
  versus	
  
the	
  lognormal	
  EAT	
  distribution.	
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The	
   lognormal	
   distribution	
   is	
   appropriate	
   because	
   the	
   data	
   is	
   skewed	
   right	
  

because	
  there	
  are	
  some	
  aircraft	
  with	
  high	
  fuel	
  burn.	
  The	
  high	
  fuel	
  burn	
  could	
  be	
  due	
  to	
  

aircraft	
  stopped	
  on	
  the	
  airfield	
  because	
  the	
  gate	
  is	
  not	
  available	
  or	
  there	
  is	
  some	
  other	
  

surface	
   delay.	
   The	
   high	
   fuel	
   burn	
   could	
   also	
   be	
   an	
   artifact	
   of	
   errors	
   in	
   ASDE-­‐X	
   data	
  

acquisition.	
  The	
   lognormal	
  distribution	
   is	
   the	
  best	
   fit	
   for	
  west-­‐flow	
  arrivals	
  on	
   runway	
  

26R	
   at	
   ATL.	
   Table	
   6	
   is	
   the	
   lognormal	
   fuel	
   burn	
   distribution	
   parameter	
   estimates.	
   The	
  

lognormal	
  distribution	
  is	
  defined	
  by	
  equation	
  (3):	
  

	
  

	
  
! ! !,! =   

1
!" 2!

!
! !"#!! !

!!! 	
  

(3)	
  ! = log
!!

! +!!
	
  

! = log  (! !! + 1)	
  

	
  

where	
  !	
  is	
  the	
  mean	
  fuel	
  burn	
  and	
  !	
  is	
  the	
  standard	
  deviation	
  of	
  the	
  fuel	
  burn	
  data.	
  

	
  

Table	
  11:	
  Lognormal	
  fuel	
  burn	
  distribution	
  parameters	
  for	
  ATL	
  west-­‐flow	
  runway	
  26R.	
  

Lognormal	
  Parameters	
   !"#  !"#$  !	
   !"#  !"#$"%&'  !	
  

EAT	
   4.01	
   0.48	
  

Conventional	
  Taxiway	
   3.63	
   0.59	
  

	
  

The	
  same	
  procedure	
  was	
  done	
  to	
  find	
  the	
  best-­‐fit	
  distribution	
  for	
  the	
  fuel	
  burn	
  data	
  at	
  

other	
  airports	
  and	
  configurations.	
  The	
  fitted	
  distributions	
  and	
  parameter	
  estimates	
  for	
  

the	
  decision	
  scenario	
  models	
  are	
  in	
  Appendix	
  D	
  (D.1	
  ATL,	
  D.2	
  DFW,	
  and	
  D.3	
  DTW).	
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4.5 Monte	
  Carlo	
  Simulation	
  

A	
   Monte	
   Carlo	
   Simulation	
   was	
   done	
   for	
   each	
   decision	
   rule	
   at	
   every	
   airport	
   to	
  

estimate	
  the	
  average	
  fuel	
  burn	
  with	
  higher	
  accuracy	
  than	
  just	
  one	
  simulation.	
  Figure	
  40	
  

is	
   a	
   plot	
   of	
   10,000	
  Monte	
   Carlo	
   arrival	
   time	
   decision	
   rule	
   simulations	
   of	
   the	
   average	
  

aircraft	
   fuel	
   burn	
   for	
  west-­‐flow	
  arrivals	
   on	
   runway	
  26R	
   at	
  ATL.	
   The	
   average	
   fuel	
   burn	
  

starts	
   to	
   stabilize	
   around	
   5,000	
   simulations.	
   The	
   variability	
   in	
   fuel	
   burn	
   between	
  

simulation	
  runs	
  in	
  this	
  scenario	
  is	
  approximately	
  0.0019	
  kg	
  of	
  fuel.	
  	
  

	
  

Figure	
  40.	
  Plot	
  of	
  10,000	
  Monte	
  Carlo	
  simulations	
  for	
  arrival	
  time	
  decision	
  rule	
  average	
  
aircraft	
  fuel	
  burn	
  for	
  west-­‐flow	
  arrivals	
  on	
  runway	
  26R	
  at	
  ATL.	
  	
  

Similar	
  Monte	
  Carlo	
  simulation	
  analysis	
  was	
  done	
  for	
  every	
  decision	
  rule	
  at	
  each	
  

airport	
   for	
   the	
   different	
   runway	
   configurations.	
   Appendix	
   E	
   presents	
   the	
   rest	
   of	
   the	
  

Monte	
  Carlo	
  simulations	
  for	
  the	
  other	
  runway	
  configurations	
  for	
  ATL	
  as	
  well	
  as	
  DFW	
  and	
  

DTW.	
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4.6 ATL	
  Decision	
  Simulations	
  

At	
   ATL,	
   the	
   EAT	
   is	
   located	
   in	
   the	
   northwest	
   quadrant	
   of	
   the	
   airfield.	
   Runway	
  

8L/26R	
  in	
  east	
  and	
  west-­‐flow	
  configuration	
  use	
  the	
  EAT;	
  therefore	
  the	
  decision	
  scenario	
  

analysis	
  was	
  done	
   for	
   these	
   two	
  configurations.	
  The	
  decision	
  rules	
  were	
  also	
  analyzed	
  

for	
   south	
   runway	
   9R	
   in	
   east-­‐flow	
   configuration	
   because	
   it	
   uses	
   Taxiway	
   1	
   as	
   an	
  

unimpeded	
  taxiway	
  similar	
  to	
  the	
  EAT.	
  	
  	
  

	
  

Figure	
  41.	
  ATL	
  taxi	
  route	
  map	
  for	
  west	
  and	
  east-­‐flow	
  configurations.	
  

	
  Table	
  12	
  is	
  the	
  ATL	
  average	
  fuel	
  burn	
  savings	
  estimates	
  relative	
  to	
  the	
  baseline	
  for	
  

the	
   five	
   decision	
   rule	
   scenarios.	
   	
   The	
   percentages	
   are	
   based	
   on	
   an	
   average	
   fuel	
   burn	
  

savings	
  taken	
  for	
  10,000	
  simulations.	
  	
  

Table	
  12.	
  ATL	
  average	
  fuel	
  burn	
  saving	
  estimates	
  from	
  decision	
  rule	
  simulations.	
  	
  

Average	
  fuel	
  burn	
  per	
  aircraft	
  relative	
  to	
  baseline	
  (%)	
  

Decision	
  Rules	
   Always	
   Never	
   Arrival	
  Time	
   Terminal	
   Multi-­‐factor	
  

West-­‐flow	
  
Runway	
  26R	
  
north	
  airfield	
  

10.3%	
   -­‐17.8%	
  	
   -­‐7.8%	
  	
   -­‐3.6%	
  	
   -­‐8.1%	
  	
  

East-­‐flow	
  
Runway	
  8L	
  
north	
  airfield	
  

19.7%	
  	
   -­‐18.1%	
  	
   -­‐9.2%	
  	
   -­‐8.7%	
  	
   -­‐11.7%	
  	
  

East-­‐flow	
  
Runway	
  9R	
  
south	
  airfield	
  

32.4%	
  	
   -­‐15.7%	
  	
   -­‐8.6%	
  	
   -­‐4.7%	
  	
   -­‐15.5%	
  	
  

T1  T2  T3  T4   T5   T6!Conventional 
Taxiways!

North!
End-Around 
Taxiway!

North!
End-Around 
Taxiway!

South!
Unimpeded 
Taxiway!

West-flow! East-flow!

T1  T2  T3  T4   T5   T6!
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As	
  expected,	
  always	
  using	
  the	
  EAT	
  increased	
  the	
  fuel	
  burn	
  significantly	
  in	
  all	
  cases.	
  

Never	
  using	
  the	
  EAT	
  (or	
  unimpeded	
  taxiway	
  for	
  9R)	
  decreased	
  the	
  fuel	
  burn	
  the	
  most	
  in	
  

all	
  cases.	
  Arrival	
  time	
  is	
  an	
  important	
  factor	
  to	
  consider	
  when	
  choosing	
  a	
  taxi	
  route.	
  In	
  

this	
  rule,	
  arriving	
  aircraft	
  used	
  the	
  EAT	
  (or	
  unimpeded	
  taxiway	
  for	
  9R)	
  during	
  peak	
  hours	
  

as	
  follows:	
  

• 26R	
  (west-­‐flow):	
  10am	
  to	
  1pm	
  and	
  6pm	
  to	
  8pm	
  

• 8L	
  (east-­‐flow):	
  10am	
  to	
  1pm	
  and	
  6pm	
  to	
  8pm	
  

• 9R	
  (east-­‐flow):	
  9am	
  to	
  10am	
  and	
  6pm	
  to	
  8pm	
  

This	
   rule	
   decreased	
   fuel	
   burn	
   on	
   runways	
   26R,	
   8L,	
   and	
   9R	
   by	
   7.8%,	
   9.2%,	
   and	
   8.6%,	
  

respectively.	
  Runway	
  8L	
  and	
  9R	
  has	
   the	
   lowest	
   taxi-­‐in	
   fuel	
  burn	
  when	
   the	
  unimpeded	
  

taxiway	
   is	
   avoided	
   because	
   aircraft	
   essentially	
   make	
   a	
   U-­‐turn	
   which	
   results	
   in	
   about	
  

twice	
   the	
   distance	
   to	
   reach	
   the	
   gate.	
   These	
   results	
   are	
   expected	
   because	
   unimpeded	
  

routes	
  are	
   faster	
  and	
  burn	
   less	
   fuel	
  per	
   feet	
   than	
  using	
   the	
  conventional	
   taxiway	
   that	
  

must	
  stop	
  to	
  cross	
  adjacent	
  runways	
  during	
  high	
  traffic	
  times.	
  	
  

The	
  terminal	
  decision	
  rule	
  yields	
  an	
  average	
  fuel	
  savings	
  for	
  runway	
  26R,	
  8L,	
  and	
  

9R	
  of	
  3.6%,	
  8.7%,	
  and	
  4.7%,	
  respectively.	
  The	
  terminal	
  ramp	
  locations	
  at	
  ATL	
  are	
  spread	
  

out	
  enough	
  that	
  different	
  taxiways	
  have	
  a	
  significant	
  difference	
  in	
  taxi	
  distance.	
  The	
  EAT	
  

is	
  a	
  convenient	
  path	
  to	
  take	
  when	
  arrivals’	
  gate	
  destinations	
  are	
  in	
  terminal	
  ramp	
  1.	
  In	
  

contrast,	
   it	
  would	
   be	
   the	
   least	
   beneficial	
   to	
   take	
   the	
   EAT	
   if	
   the	
   gate	
   destination	
   is	
   in	
  

terminal	
   ramp	
  6.	
   	
   In	
   this	
  case,	
   the	
  conventional	
   taxiway	
   is	
   the	
  best	
   taxiway	
  to	
   take	
   to	
  

reach	
   terminal	
   ramp	
   6	
   especially	
   in	
   east-­‐flow	
   configuration,	
   which	
   is	
   reflected	
   in	
   the	
  

higher	
  fuel	
  savings	
  than	
  west-­‐flow.	
  	
  

The	
  multi-­‐factor	
  decision	
  rule	
  has	
  the	
  largest	
  fuel	
  savings	
  compared	
  to	
  the	
  arrival	
  

time	
  and	
  terminal	
  decision	
  rule.	
  The	
  average	
  fuel	
  savings	
  for	
  runway	
  26R,	
  8L,	
  and	
  9R	
  are	
  

8.1%,	
   11.7%,	
   and	
   15.5%,	
   respectively.	
   This	
   is	
   the	
   best	
   decision	
   rule	
   because	
   it	
  

incorporates	
  arrival	
  time,	
  terminal	
  destination,	
  and	
  aircraft	
  type	
  to	
  bring	
  the	
  most	
  fuel	
  

savings.	
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Although	
   the	
   never	
   decision	
   rule	
   yields	
   the	
   most	
   fuel	
   burn	
   reduction,	
   the	
  

departure	
   rate	
   on	
   the	
   adjacent	
   runways	
   would	
   have	
   to	
   decrease	
   to	
   accommodate	
  

arrival	
   runway	
  crossings.	
  Using	
   the	
  never	
  decision	
  rule,	
  airport	
   throughput	
  suffers	
  and	
  

the	
   runway	
  departure	
   rate	
   cannot	
  be	
  met	
  without	
   increasing	
   surface	
   congestion,	
   fuel	
  

burn,	
  emissions,	
  and	
  wait	
  time	
  for	
  arrivals	
  and	
  therefore	
  is	
  infeasible.	
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4.7 DFW	
  Decision	
  Simulation	
  

The	
  EAT	
  at	
  DFW	
  is	
  located	
  in	
  the	
  southeast	
  quadrant	
  of	
  the	
  airfield.	
  The	
  decision	
  

rules	
  were	
  analyzed	
  for	
  runway	
  17L	
  in	
  south-­‐flow	
  configuration	
  because	
  it	
  is	
  the	
  primary	
  

user	
   of	
   the	
   EAT.	
   The	
   objective	
  was	
   to	
   develop	
   a	
   decision	
   rule	
   to	
   reduce	
   fuel	
   burn	
   by	
  

assigning	
   arriving	
   aircraft	
   to	
   either	
   the	
   EAT	
   or	
   conventional	
   taxiways.	
   Figure	
   42	
   is	
   a	
  

diagram	
  of	
  the	
  taxi	
  routes	
  for	
  aircraft	
  arriving	
  on	
  south-­‐flow	
  runway	
  17L	
  at	
  DFW.	
  	
  

	
  
Figure	
  42.	
  DFW	
  taxi	
  routes	
  for	
  south-­‐flow	
  runway	
  17L	
  arrivals.	
  	
  

Table	
  13	
   is	
   the	
  DFW	
  average	
  fuel	
  burn	
  savings	
  estimates	
  relative	
  to	
  the	
  baseline	
  

for	
  the	
  five	
  decision	
  rule	
  scenarios.	
  	
  The	
  percentages	
  are	
  based	
  on	
  an	
  average	
  fuel	
  burn	
  

savings	
  taken	
  for	
  10,000	
  simulations.	
  

	
  

Table	
  13.	
  DFW	
  average	
  fuel	
  burn	
  estimates	
  from	
  decision	
  rule	
  simulations.	
  

Average	
  fuel	
  burn	
  per	
  aircraft	
  relative	
  to	
  baseline	
  (%)	
  

Decision	
  Rules	
   Always	
   Never	
   Arrival	
  Time	
   Terminal	
   Multi-­‐factor	
  

South-­‐flow	
  
Ruwnay	
  17L	
   21.7%	
   -­‐11.4%	
  	
   -­‐6.2%	
  	
   7.3%	
  	
   -­‐20.4%	
  	
  

	
  

	
  

          D       B!
E       C       A!
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As	
  with	
  ATL,	
  always	
  using	
  the	
  EAT	
  increased	
  the	
  fuel	
  burn,	
  in	
  this	
  case	
  by	
  21.7%	
  

compared	
   to	
   the	
   baseline.	
   	
   Never	
   using	
   the	
   EAT	
   decreased	
   the	
   fuel	
   burn	
   by	
   11.4%	
  

compared	
  to	
  the	
  baseline,	
  but	
  has	
  a	
  negative	
  impact	
  on	
  the	
  adjacent	
  departing	
  runway	
  

traffic.	
  The	
  separation	
  time	
  between	
  arrivals	
  on	
  in-­‐board	
  runway	
  17C	
  and	
  departures	
  on	
  

runway	
  17R	
  would	
  have	
  to	
  increase	
  to	
  accommodate	
  runway	
  crossings	
  from	
  arrivals	
  on	
  

17L.	
  If	
  the	
  never	
  scenario	
  was	
  used	
  arrival	
  aircraft	
  would	
  have	
  to	
  take	
  the	
  conventional	
  

taxiway,	
   which	
   requires	
   waiting	
   for	
   a	
   gap	
   in	
   both	
   arrivals	
   and	
   departures	
   before	
   air	
  

traffic	
  control	
  could	
  instruct	
  them	
  to	
  cross	
  the	
  two	
  active	
  runways.	
  	
  

At	
  DFW	
  taxi	
  fuel	
  burn	
  is	
  significantly	
  affected	
  by	
  traffic	
  levels	
  since	
  runway	
  17L	
  is	
  

used	
  for	
  overflow	
  arrivals	
  during	
  peak	
  traffic	
  hours.	
  These	
  aircraft	
  then	
  use	
  the	
  EAT	
  to	
  

go	
   around	
   primary	
   arrival	
   runway	
   17C,	
   as	
   discussed	
   in	
   Chapter	
   2.	
   In	
   the	
   arrival	
   time	
  

decision	
  rule,	
  arriving	
  aircraft	
   in	
  south-­‐flow	
  configuration	
  use	
  the	
  EAT	
  during	
  the	
  peak	
  

hours	
  as	
  follows:	
  

• 17L	
  (south-­‐flow):	
  9am	
  to	
  11am	
  	
  

This	
  rule	
  decreased	
  the	
  average	
  fuel	
  burn	
  by	
  6.2%.	
  The	
  terminal	
  decision	
  rule	
  directs	
  

aircraft	
  with	
  a	
  gate	
   in	
   terminal	
  E	
   to	
  use	
   the	
  EAT	
  since	
   it	
   is	
   the	
  closest	
   to	
   the	
  EAT	
  and	
  

have	
  all	
  other	
  aircraft	
  use	
  the	
  conventional	
  taxiways.	
  In	
  the	
  case	
  of	
  DFW,	
  there	
  was	
  an	
  

increase	
  in	
  fuel	
  burn	
  of	
  7.3%.	
  Even	
  though	
  the	
  EAT	
  is	
  closest	
  to	
  terminal	
  E,	
  the	
  EAT	
  taxi	
  

distance	
  is	
  significantly	
  longer	
  than	
  the	
  conventional	
  taxiways.	
  Having	
  more	
  aircraft	
  use	
  

the	
   EAT	
   resulted	
   in	
   an	
   increase	
   in	
   fuel	
   burn.	
   The	
  multi-­‐factor	
   decision	
   rule	
   yields	
   the	
  

largest	
   fuel	
   savings	
  of	
  20.4%.	
   	
  Adding	
  aircraft	
   type	
   to	
   the	
  decision	
  model	
  has	
  a	
   larger	
  

fuel	
   savings	
   possibly	
   due	
   to	
   the	
   longer	
   EAT	
  distance.	
   The	
   EAT	
   at	
  DFW	
   should	
  only	
   be	
  

used	
  if	
  necessary	
  because	
  of	
  its	
  long	
  taxi	
  distance.	
  Overall,	
  the	
  best	
  scenario	
  is	
  when	
  the	
  

multi-­‐factor	
   decision	
   rule	
   was	
   used	
   because	
   it	
   incorporates	
   arrival	
   time,	
   terminal	
  

destination,	
  and	
  aircraft	
  type	
  to	
  bring	
  the	
  most	
  fuel	
  savings.	
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4.8 DTW	
  Decision	
  Simulation	
  

The	
  EAT	
  at	
  DTW	
  is	
  located	
  on	
  the	
  southeast	
  quadrant	
  of	
  the	
  airfield.	
  The	
  decision	
  

scenario	
  analysis	
  was	
  done	
  for	
  aircraft	
  arriving	
  on	
  runway	
  4L/22R	
  use	
  the	
  EAT	
  in	
  north	
  

and	
   south-­‐flow	
   configuration.	
   Since	
   there	
   are	
   two	
   distinct	
   terminals,	
   the	
   North	
   and	
  

South	
  Terminal,	
  we	
  also	
  looked	
  at	
  a	
  decision	
  rule	
  based	
  on	
  terminal	
  location.	
  Figure	
  43	
  

shows	
  the	
  DTW	
  taxi	
  route	
  map	
  for	
  south	
  and	
  north-­‐flow	
  configurations.	
  	
  

	
  

Figure	
  43.	
  DTW	
  taxi	
  routes	
  for	
  north	
  and	
  south-­‐flow	
  configuration.	
  

Table	
  14	
   is	
  the	
  DTW	
  average	
  fuel	
  burn	
  savings	
  estimates	
  relative	
  to	
  the	
  baseline	
  

for	
  the	
  five	
  decision	
  rule	
  scenarios.	
  The	
  percentages	
  are	
  based	
  on	
  an	
  average	
  fuel	
  burn	
  

savings	
  taken	
  for	
  10,000	
  simulations.	
  
	
  

Table	
  14.	
  DTW	
  average	
  fuel	
  burn	
  estimates	
  from	
  decision	
  rule	
  simulations.	
  

Average	
  fuel	
  burn	
  per	
  aircraft	
  relative	
  to	
  baseline	
  (%)	
  

Decision	
  Rules	
   Always	
   Never	
   Arrival	
  Time	
   Terminal	
   Multi-­‐factor	
  

South-­‐flow	
  
Runway	
  22R	
   -­‐0.1%	
   -­‐2.5%	
  	
   -­‐2.0%	
  	
   -­‐2.5%	
  	
   -­‐9.3%	
  	
  

North-­‐flow	
  
Runway	
  4L	
   16.5%	
  	
   -­‐25.1%	
  	
   -­‐17.0%	
  	
   -­‐8.0%	
  	
   -­‐19.6%	
  	
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In	
  contrast	
  to	
  ATL	
  and	
  DFW,	
  at	
  DTW	
  always	
  using	
  the	
  EAT	
  for	
  aircraft	
  arriving	
  on	
  

22R	
   reduced	
   the	
   fuel	
   burn	
   by	
   0.1%	
   compared	
   to	
   the	
   baseline.	
   Always	
   using	
   the	
   EAT	
  

decreases	
   the	
   average	
   fuel	
   burn	
   because	
   it	
   redirects	
   aircraft	
   from	
   Taxi	
   2	
   to	
   a	
   slight	
  

shorter	
  EAT	
  route	
  to	
  reach	
  the	
  South	
  Terminal.	
  	
  Like	
  ATL	
  and	
  DFW,	
  always	
  using	
  the	
  EAT	
  

for	
  aircraft	
  arriving	
  on	
  4L	
  increased	
  the	
  fuel	
  burn,	
  in	
  this	
  case	
  by	
  16.5%.	
  

Like	
  ATL	
  and	
  DFW,	
  never	
  using	
  the	
  EAT	
  decreased	
  the	
  fuel	
  burn,	
   in	
  the	
  case	
  of	
  

runway	
   4L	
   by	
   a	
   large	
   amount	
   (25.1%).	
   This	
   large	
   decrease	
  may	
  be	
   due	
   in	
   part	
   to	
   the	
  

current	
  practice	
  of	
  having	
  the	
  majority	
  of	
  arriving	
  aircraft	
  from	
  7	
  am	
  to	
  10	
  pm	
  use	
  the	
  

EAT.	
   However,	
   as	
   with	
   ATL	
   and	
   DFW,	
   never	
   using	
   the	
   EAT	
   negatively	
   affects	
   the	
  

departure	
   rate	
   and	
   would	
   likely	
   increase	
   total	
   surface	
   fuel	
   burn	
   because	
   departing	
  

aircraft	
  would	
  have	
  to	
  wait	
  for	
  arriving	
  aircraft	
  to	
  cross,	
  and	
  vice	
  versa.	
  

The	
  arrival	
  time	
  decision	
  rule	
  for	
  DTW	
  assigned	
  aircraft	
  to	
  the	
  EAT	
  during	
  peak	
  

hours	
  as	
  follows:	
  

• 22R	
  (south-­‐flow):	
  10	
  -­‐	
  11am,	
  3	
  -­‐	
  4pm,	
  and	
  8	
  -­‐	
  9pm	
  

• 4L	
  (north-­‐flow):	
  10	
  -­‐	
  11am,	
  3	
  -­‐	
  4pm,	
  and	
  8	
  -­‐	
  9pm	
  

This	
  rule	
  decreased	
  fuel	
  burn	
  on	
  runways	
  22R	
  and	
  4L	
  by	
  2.0%	
  and	
  17.0%	
  respectively.	
  As	
  

noted	
  above,	
  the	
  EAT	
  is	
  currently	
  the	
  primary	
  taxi	
  route	
  for	
  aircraft	
  arriving	
  on	
  runway	
  

4L	
  between	
  7am	
  and	
  10pm	
  in	
  north-­‐flow	
  configuration,	
  thus	
  large	
  savings	
  compared	
  to	
  

the	
   baseline	
   are	
   possible	
   by	
   limiting	
   EAT	
   use.	
   In	
   north-­‐flow	
   configuration,	
   the	
   EAT	
   is	
  

twice	
   the	
   distance	
   to	
   the	
   south	
   terminal	
   and	
   three	
   times	
   the	
   distance	
   to	
   the	
   north	
  

terminal,	
  so	
  using	
  the	
  conventional	
  taxiway	
  saves	
  more	
  fuel	
  in	
  this	
  case.	
  	
  

The	
   terminal	
   decision	
   rule	
   directs	
   arrivals	
   to	
   the	
   shortest	
   taxi	
   route	
   based	
   on	
  

their	
   terminal	
   gate	
   destination.	
   The	
   terminal	
   is	
   an	
   important	
   factor	
   because	
   the	
   taxi	
  

distance	
   greatly	
   varies	
   between	
   the	
  North	
   and	
   South	
   terminal	
   (see	
   Figure	
   43).	
   In	
   this	
  

rule,	
  arriving	
  aircraft	
  use	
  the	
  EAT,	
  Taxi	
  1,	
  and	
  Taxi	
  2	
  to	
  the	
  North	
  or	
  South	
  terminal	
  as	
  

follows:	
  

• South-­‐flow	
  22R:	
  North	
  Terminal	
  use	
  Taxi	
  2,	
  South	
  Terminal	
  30%	
  use	
  Taxi	
  1	
  and	
  

70%	
  use	
  EAT	
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• North-­‐flow	
  4L:	
  North	
  Terminal	
  use	
  Taxi	
  2,	
  South	
  Terminal	
  10%	
  use	
  Taxi	
  1,	
  20%	
  

use	
  Taxi	
  2,	
  and	
  70%	
  use	
  EAT	
  

This	
   rule	
   decreased	
   fuel	
   burn	
  on	
   runways	
   22R	
   and	
   4L	
   by	
   2.5%	
  and	
  8.0%	
   respectively.	
  

This	
   proposal	
   is	
   similar	
   to	
   what	
   air	
   traffic	
   controllers	
   are	
   doing	
   today	
   and	
   therefore	
  

would	
   be	
   fairly	
   transparent	
   to	
   the	
   operation.	
   The	
   primary	
   difference	
   is	
   to	
   have	
   all	
  

aircraft	
   with	
   a	
   gate	
   destination	
   in	
   the	
   North	
   Terminal	
   use	
   Taxi	
   2	
   because	
   it	
   is	
   the	
  

shortest	
  route	
  and	
  saves	
  fuel.	
  The	
  multi-­‐factor	
  decision	
  rule	
  has	
  the	
  largest	
  fuel	
  savings	
  

compared	
   to	
   the	
  arrival	
   time	
   and	
   terminal	
   decision	
   rule.	
   The	
   average	
   fuel	
   savings	
   for	
  

south-­‐flow	
  runway	
  22R	
  is	
  9.3%	
  and	
  north-­‐flow	
  runway	
  4L	
  is	
  19.6%.	
  Again,	
  the	
  large	
  fuel	
  

savings	
  for	
  the	
  north-­‐flow	
  is	
  due	
  to	
  the	
  longer	
  EAT	
  taxi	
  distance,	
  so	
  limited	
  EAT	
  use	
  can	
  

bring	
   substantial	
   fuel	
   reduction.	
   This	
   is	
   the	
   best	
   decision	
   rule	
   because	
   it	
   incorporates	
  

arrival	
  time,	
  terminal	
  destination,	
  and	
  aircraft	
  type	
  to	
  bring	
  the	
  most	
  fuel	
  savings.	
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CHAPTER	
  5. CONCLUSION	
  AND	
  FUTURE	
  WORK	
  

5.1 Conclusion	
  

Unimpeded	
  taxiways	
  provide	
  a	
  path	
  for	
  arrivals	
  to	
  taxi	
  independently	
  of	
  adjacent	
  

runway	
   traffic.	
   Use	
   of	
   unimpeded	
   taxiways	
   reduces	
   surface	
   congestion	
   caused	
   by	
  

aircraft	
  waiting	
  to	
  cross	
  active	
  runways.	
  ASDE-­‐X	
  data	
  can	
  be	
  used	
  to	
  study	
  the	
  current	
  

traffic	
   patterns	
   at	
   airports	
   and	
   determine	
   which	
   conditions	
   yield	
   the	
   most	
  

environmental	
  benefits	
  by	
  directing	
  arrival	
  aircraft	
  to	
  either	
  the	
  unimpeded	
  taxiway	
  or	
  

conventional	
   taxiway.	
   The	
   trends	
   and	
   patterns	
   of	
   aircraft	
   taxi	
   routes	
   showed	
   that	
  

unimpeded	
  taxiways	
  are	
  used	
  the	
  most	
  during	
  peak	
  arrival	
  and	
  peak	
  departure	
  hours	
  at	
  

all	
  three	
  airports.	
  The	
  unimpeded	
  taxiways	
  provide	
  benefits	
  such	
  as	
  increased	
  departure	
  

throughput,	
   increased	
   safety,	
   reduced	
   surface	
   congestion,	
   increased	
   efficient	
   taxi-­‐in	
  

procedures,	
  and	
  can	
  yield	
  environmental	
  benefits	
  in	
  terms	
  of	
  reduced	
  emissions.	
  	
  

The	
  decision	
  scenario	
  analysis	
  concluded	
  the	
  most	
  promising	
  decision	
  rule	
  at	
  ATL,	
  

DFW,	
   and	
  DTW	
   to	
   yield	
   the	
  most	
   fuel	
   savings	
   is	
   based	
   on	
  multi-­‐factor	
   decision	
   rules,	
  

which	
  account	
   for	
   terminal	
  destination,	
  aircraft	
   type,	
  and	
  arrival	
   time.	
  Although	
  never	
  

using	
   the	
  unimpeded	
   taxiway	
  and	
  only	
  using	
  conventional	
   taxiways	
   reduced	
   fuel	
  burn	
  

more	
   in	
  some	
  cases,	
   the	
  airport	
  departure	
  rate	
  and	
  throughput	
  would	
  suffer,	
  possibly	
  

leading	
   to	
   increased	
   congestion	
   and	
   hence	
   increased	
   fuel	
   burn	
   and	
   emissions.	
   Never	
  

using	
   unimpeded	
   taxiways	
   also	
   removes	
   the	
   safety	
   benefit	
   that	
   was	
   originally	
   the	
  

reason	
  for	
  their	
  creation.	
  	
  

Monte	
  Carlo	
  simulation	
  was	
  used	
  to	
  run	
  10,000	
  simulations	
  to	
  estimate	
  the	
   fuel	
  

savings	
  for	
  each	
  decision	
  scenario.	
  At	
  ATL,	
  the	
  multi-­‐factor	
  decision	
  rule	
  can	
  potentially	
  

yield	
  an	
  average	
  fuel	
  burn	
  reduction	
  per	
  aircraft	
  of	
  8.1%	
  for	
  runway	
  26R	
  west-­‐flow,	
  11.7%	
  

for	
  runway	
  8L	
  east-­‐flow,	
  and	
  15.5%	
  for	
  runway	
  9R	
  east-­‐flow.	
  DFW	
  airport	
  currently	
  uses	
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the	
   EAT	
   primarily	
   for	
   south-­‐flow	
   arrivals	
   on	
   runway	
   17L.	
   The	
   average	
   fuel	
   burn	
   per	
  

aircraft	
  could	
  potentially	
  be	
  reduced	
  by	
  20.4%	
  based	
  on	
  the	
  multi-­‐factor	
  decision	
  rule.	
  

DTW	
  can	
  use	
  the	
  multi-­‐factor	
  decision	
  rule	
  to	
  potentially	
  reduce	
  the	
  average	
  fuel	
  burn	
  

per	
   aircraft	
   by	
   9.3%	
   for	
   runway	
   22R	
   south-­‐flow	
   and	
   19.6%	
   for	
   runway	
   4L	
   north-­‐flow.	
  	
  

Other	
  simple	
  rules	
  base	
  solely	
  on	
  arrival	
  time	
  or	
  terminal	
  gate	
  location	
  also	
  resulted	
  in	
  

fuel	
  burn	
  savings	
  ranging	
  from	
  2.0%	
  to	
  17.0%.	
  

Overall,	
  the	
  multi-­‐factor	
  decision	
  rule	
  based	
  on	
  terminal	
  destination,	
  aircraft	
  type,	
  

and	
  arrival	
  time	
  results	
  in	
  a	
  potential	
  average	
  aircraft	
  fuel	
  reduction	
  from	
  8.1%	
  to	
  20.4%.	
  	
  

	
  

5.2 Future	
  Work	
  

The	
   current	
   work	
   has	
   developed	
   a	
   methodology	
   to	
   assess	
   opportunities	
   to	
  

improve	
   unimpeded	
   taxiways	
   usage	
   for	
   environmental	
   benefits	
   and	
   taxi	
   operation	
  

efficiency.	
   Several	
   directions	
   of	
   study	
   to	
   gain	
   more	
   insight	
   and	
   further	
   develop	
  

improvements	
  to	
  unimpeded	
  taxiway	
  operations	
  are	
  described	
  next.	
  	
  

	
  

5.3 Extend	
  Study	
  at	
  Airports	
  

Extending	
   this	
   methodology	
   to	
   other	
   congested	
   airports	
   would	
   give	
   valuable	
  

insight	
   to	
   the	
   potential	
   system	
   wide	
   impact	
   of	
   unimpeded	
   taxiways	
   as	
   a	
   near-­‐term	
  

operational	
   change	
   to	
   reduce	
   fuel	
   burn.	
   Since	
   ASDE-­‐X	
   data	
   system	
   is	
   available	
   at	
   35	
  

major	
   airports	
   across	
   the	
   United	
   States,	
   it	
   would	
   be	
   easy	
   to	
   extend	
   taxi	
   operation	
  

improvement	
   analysis	
   within	
   this	
   network	
   of	
   airports.	
   The	
   infrastructure	
   and	
   aircraft	
  

surface	
   detection	
   system	
   is	
   already	
   in	
   place	
  making	
   implementation	
   a	
   feasible,	
   near-­‐

term	
  operational	
  change.	
  	
  

	
  

5.4 Analyze	
  Air	
  Traffic	
  Control	
  Commands	
  

Another	
   valuable	
   input	
   would	
   be	
   to	
   analyze	
   recording	
   of	
   air	
   traffic	
   controller	
  

commands	
  and	
  evaluate	
  the	
  workload	
  for	
  ATC	
  for	
  current	
  operations	
  and	
  compare	
  it	
  to	
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when	
  the	
  decision	
  model	
  is	
  applied.	
  Since	
  using	
  unimpeded	
  taxiways	
  eliminates	
  runway	
  

crossings,	
  it	
  can	
  potentially	
  reduce	
  the	
  workload	
  of	
  ATC	
  to	
  coordinate	
  with	
  arrivals	
  and	
  

departures	
   during	
   a	
   runway	
   crossing.	
   The	
   human	
   factors	
   perspective	
   of	
   using	
  

unimpeded	
  taxiways	
  has	
  yet	
  to	
  be	
  explored.	
  	
  

	
  

5.5 Implementation	
  Strategies	
  	
  

A	
   field	
   study	
   implementing	
   the	
  decision	
  model	
   to	
   route	
  arrivals	
  would	
  provide	
  

valuable	
   information	
   about	
   ease	
   of	
   use	
   from	
   an	
   air	
   traffic	
   controller	
   perspective	
   and	
  

evaluate	
  the	
  impact	
  on	
  surface	
  operations.	
  Possible	
  strategies	
  for	
  field-­‐testing	
  could	
  be	
  

to	
  use	
  color-­‐coded	
  cards	
  or	
  interactive	
  Android	
  App	
  on	
  a	
  tablet	
  to	
  suggest	
  ATC	
  to	
  direct	
  

aircraft	
   to	
   the	
   unimpeded	
   taxiway	
   or	
   conventional	
   taxiway	
   similar	
   to	
   the	
   n-­‐control	
  

pushback	
  rate	
  field	
  test	
  done	
  at	
  BOS	
  [Hansman	
  et	
  al.,	
  2013].	
  	
  

Another	
  important	
  strategy	
  to	
  implement	
  decision	
  rules	
  to	
  maximize	
  fuel	
  savings	
  

of	
   unimpeded	
   taxiway	
   operations	
   is	
   to	
   do	
   a	
   cost	
   benefit	
   analysis	
   for	
   various	
  

stakeholders.	
  A	
  preliminary	
  evaluation	
  of	
  stakeholders	
  can	
  be	
  seen	
  in	
  Appendix	
  F.	
  A	
  cost	
  

benefit	
  analysis	
  is	
  an	
  evaluation	
  of	
  the	
  cost	
  effectiveness	
  of	
  an	
  operation,	
  procedure,	
  or	
  

program	
  in	
  order	
  to	
  see	
  whether	
  the	
  benefits	
  outweigh	
  the	
  costs.	
  Trade-­‐off	
  studies	
  will	
  

be	
  an	
  important	
  step	
  in	
  the	
  implementation	
  strategy	
  process	
  to	
  analyze	
  in	
  further	
  detail	
  

the	
   costs	
   and	
   benefits	
   and	
   find	
   an	
   optimal	
   solution	
   for	
   stakeholders.	
   For	
   example,	
   a	
  

trade-­‐off	
  study	
  can	
  be	
  conducted	
  to	
  estimate	
  the	
  profit	
  of	
  a	
  higher	
  runway	
  throughput	
  

for	
   the	
   airports	
   versus	
   the	
   fuel	
   cost	
   for	
   airlines.	
   A	
   cost	
   benefit	
   analysis	
   early	
   in	
   the	
  

implementation	
  strategies	
  process	
  will	
  save	
  money	
  and	
  conflicts	
  that	
  will	
  arise	
  later.	
  It	
  is	
  

important	
   to	
   identify	
  and	
  mitigate	
  uncertainties	
  and	
  risks	
  as	
  part	
  of	
   the	
  analysis.	
  New	
  

taxi-­‐in	
   procedures	
   regarding	
   the	
   EAT	
   are	
   more	
   likely	
   to	
   be	
   implemented	
   if	
   all	
  

stakeholders	
  benefit	
  and	
  share	
  in	
  the	
  costs.	
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Appendix	
  A Airport	
  Diagrams	
  

A.	
  1.	
  Atlanta/	
  Hartsfield-­‐Jackson	
  International	
  airport	
  diagram	
  (ATL).	
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A.	
  2.	
  Dallas-­‐Fort	
  Worth	
  International	
  airport	
  diagram	
  (DFW).	
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A.	
  3.	
  Detroit	
  Metropolitan	
  Wayne	
  County	
  airport	
  diagram	
  (DTW).	
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Appendix	
  B Surface	
  Performance	
  Matrix	
  Analysis	
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B.	
  2.	
  Surface	
  Performance	
  Matrix	
  

Table	
  15.	
  Example	
  of	
  systematic	
  analysis	
  of	
  taxi	
  time,	
  fuel	
  burn,	
  and	
  other	
  factors	
  per	
  aircraft.	
  

1	
   2	
   3	
   4	
   5	
   6	
   7	
   8	
   9	
   10	
   11	
   12	
   13	
   14	
   15	
   16	
   17	
   18	
  

Taxi	
  
time	
  
(sec)	
  

Avg	
  	
  
speed	
  
(knots)	
  

Fuel	
  burn	
  
(kg)	
  

all	
  engine	
  

Fuel	
  burn	
  
(kg)	
  single	
  
engine	
  

Nox	
  
(kg)	
  all	
  
engine	
  

Nox	
  (kg)	
  
single	
  
engine	
  

CO	
  
(kg)	
  all	
  
engine	
  

CO	
  (kg)	
  
single	
  
engine	
  

Num	
  
of	
  
eng	
  

Taxi	
  
dist	
  
(feet)	
  

Track	
  
num	
  

Class	
  
num	
  
(1,2,3)	
  

A/C	
  
type	
  

Arrival	
  
time	
  
(sec)	
  

Term	
  
Ramp	
  
1-­‐6	
  

Taxi	
  
route	
  
1-­‐8	
  

West/	
  
East	
  
(1/2)	
  

date	
  

468	
   6	
   103.19	
   50.81	
   3.84	
   1.92	
   20.93	
   10.46	
   2	
   12564	
   478	
   2	
   21	
   46468	
   3	
   1	
   2	
   910	
  
303	
   15	
   67.36	
   32.90	
   2.48	
   1.24	
   13.55	
   6.78	
   2	
   10746	
   486	
   2	
   21	
   60163	
   1	
   1	
   2	
   910	
  
384	
   9	
   84.95	
   41.69	
   3.15	
   1.57	
   17.17	
   8.59	
   2	
   12172	
   509	
   2	
   21	
   77969	
   2	
   1	
   2	
   910	
  
264	
   8	
   40.68	
   19.80	
   2.38	
   1.19	
   12.04	
   6.02	
   2	
   7169	
   515	
   2	
   36	
   277	
   3	
   5	
   1	
   910	
  
321	
   12	
   47.40	
   23.18	
   2.57	
   1.28	
   11.30	
   5.65	
   2	
   9315	
   522	
   2	
   38	
   636	
   5	
   1	
   1	
   910	
  
316	
   10	
   62.05	
   30.34	
   2.28	
   1.14	
   7.98	
   3.99	
   2	
   10678	
   542	
   2	
   27	
   79802	
   1	
   1	
   2	
   910	
  
201	
   17	
   56.51	
   27.28	
   1.84	
   0.92	
   7.33	
   3.67	
   2	
   6206	
   610	
   2	
   16	
   36672	
   2	
   1	
   1	
   910	
  
387	
   13	
   85.60	
   42.02	
   3.17	
   1.59	
   17.31	
   8.65	
   2	
   12984	
   612	
   2	
   21	
   59528	
   3	
   7	
   2	
   910	
  
337	
   10	
   66.09	
   32.35	
   2.43	
   1.21	
   8.51	
   4.26	
   2	
   11795	
   639	
   2	
   27	
   79665	
   2	
   7	
   2	
   910	
  
273	
   18	
   60.04	
   29.25	
   1.86	
   0.93	
   15.40	
   7.70	
   2	
   6199	
   2218	
   1	
   23	
   3440	
   2	
   1	
   1	
   910	
  	
  
490	
   13	
   136.37	
   67.20	
   10.53	
   2.63	
   31.89	
   7.97	
   4	
   14690	
   2223	
   2	
   15	
   52641	
   4	
   7	
   2	
   910	
  

	
  
• Class	
  number	
  

o 1	
  =	
  heavy:	
  take-­‐off	
  weight	
  >	
  300,000	
  lbs	
  	
  
o 2	
  =	
  large:	
  41,000	
  <	
  weight	
  <	
  300,000	
  lbs	
  
o 3	
  =	
  small:	
  weight	
  <	
  41,000	
  lbs	
  

• Terminal	
  Ramp	
  
o ATL	
  has	
  6	
  ramp	
  areas	
  between	
  concourses	
  

• Taxi	
  Route	
  
o EAT	
  corresponds	
  to	
  Taxi	
  route	
  1	
  
o Taxi	
  1-­‐7	
  corresponds	
  to	
  Taxi	
  route	
  2	
  -­‐	
  8	
  

• Month	
  day	
  
o September	
  10,	
  2012	
  is	
  identified	
  as	
  910	
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Appendix	
  C Statistical	
  Analysis	
  to	
  Identify	
  Significant	
  Factors	
  	
  

To	
  determine	
  significant	
  factors,	
  I	
  used	
  Statistical	
  Analysis	
  System	
  (SAS)	
  program	
  to	
  

run	
  a	
  model	
  selection	
  to	
  choose	
  the	
  best	
  model	
  for	
  the	
  response	
  variabile,	
  fuel	
  burn.	
  I	
  

usedd	
  the	
  subset	
  model	
  to	
  identify	
  the	
  significant	
  parameters	
  and	
  select	
  the	
  minimum	
  

number	
  of	
  parameters	
  for	
  the	
  fuel	
  burn	
  model.	
  Table	
  C.1	
  is	
  the	
  top	
  three	
  models	
  for	
  ATL	
  

runway	
  26R/8L	
  using	
  the	
  subset	
  model	
  selection	
  method	
  with	
  the	
  !!	
  criterion.	
  

	
  

C.1	
  Top	
  three	
  models	
  from	
  !(!)	
  Selection	
  Method	
  for	
  ATL	
  runway	
  26R/8L.	
  

	
  
	
  

The	
  !!	
  criterion	
  compares	
  the	
  subset	
  models	
  with	
  the	
  full	
  model.	
  	
  

!! =
!!"!

!"#(!"##)− (! − 2!)	
  

Where	
  SSE	
  is	
  based	
  on	
  a	
  specific	
  chocice	
  of	
  p-­‐1	
  variables,	
  MSE	
  is	
  based	
  on	
  the	
  full	
  set	
  of	
  

variables,	
  and	
  !	
  is	
  the	
  number	
  of	
  regreession	
  coefficients	
  including	
  the	
  intercept,	
  and	
  !	
  

is	
   the	
  number	
  of	
  observations.	
  A	
  model	
   is	
  good	
  according	
   to	
   this	
   criterion	
   if	
  !! ≤ !.	
   I	
  

chose	
  the	
  model	
  that	
  minimizes	
  !!	
  provided	
  the	
  minimum	
  !!  is	
  smaller	
  than	
  !.	
  In	
  this	
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case,	
   the	
   significant	
   parameters	
   are	
   taxitime,	
   distance,	
   aircraft	
   type,	
   arrival	
   time,	
  

terminal	
  destination,	
  taxi	
  route,	
  and	
  runway	
  configuration.	
  Table	
  C.2	
  shows	
  the	
  table	
  for	
  

R-­‐Squared	
  Selection	
  method	
   for	
  ATL	
   runway	
  26R/8L	
  and	
   the	
   results	
   are	
   in	
  agreement	
  

with	
   the	
  !!	
  Selection	
  Method.	
   R-­‐Squared	
   is	
   the	
   correlation	
   or	
   goodness	
   of	
   fit	
   of	
   how	
  

well	
  the	
  model	
  fits	
  the	
  data.	
  The	
  same	
  anlaysis	
  was	
  performed	
  for	
  the	
  other	
  airports.	
  

	
  

C.2	
  Table	
  for	
  R-­‐Squared	
  Selection	
  Method	
  for	
  ATL	
  runway	
  26R/8L.	
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Appendix	
  D Modeling	
  Fuel	
  burn	
  

Lognormal	
  Distribution	
  

Statistical	
  methods	
  were	
  used	
  to	
  fit	
  distributions	
  to	
  the	
  fuel	
  burn	
  data	
  for	
  end-­‐around	
  

taxiways	
  and	
  conventional	
   taxiways	
  at	
  each	
  airport.	
  The	
  distribution	
   that	
   fit	
  best	
  with	
  

ATL	
  and	
  DTW	
  fuel	
  burn	
  data	
  was	
  the	
  lognormal	
  distribution	
  in	
  equation	
  (4):	
  

	
  

	
  
! ! !,! =   

1
!" 2!

!
! !"#!! !

!!! 	
  

(4)	
  ! = log
!!

! +!!
	
  

! = log  (! !! + 1)	
  

	
  

where	
  !	
  is	
  the	
  mean	
  fuel	
  burn	
  and	
  !	
  is	
  the	
  standard	
  deviation	
  of	
  the	
  fuel	
  burn	
  data.	
  

	
  

Normal	
  Distribution	
  

A	
  standard	
  approach	
  based	
  on	
  the	
  Kolmogorov-­‐Smirnov	
  test	
  and	
  quantile-­‐quantile	
  plots	
  

was	
   used	
   to	
   fit	
   distributions	
   to	
   the	
   fuel	
   burn	
   data	
   for	
   end-­‐around	
   taxiways	
   and	
  

conventional	
  taxiways	
  at	
  each	
  airport.	
  The	
  distribution	
  that	
  fit	
  best	
  with	
  DFW	
  fuel	
  burn	
  

data	
  was	
  the	
  normal	
  distribution	
  in	
  equation	
  (5):	
  

	
  

! ! !, ! =    !
! !!

!
!(!!!)!

!!! 	
  	
   	
   	
  	
   	
   	
   (5)	
  

	
  

where	
  !	
  is	
  the	
  mean	
  fuel	
  burn	
  and	
  !	
  is	
  the	
  standard	
  deviation	
  of	
  the	
  fuel	
  burn	
  data.	
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D.1	
  Atlanta/Hartsfield-­‐Jackson	
  International	
  Airport	
  

The	
   following	
   plots	
   are	
   histograms	
   of	
   density	
   bins	
   with	
   aircraft	
   fuel	
   burn	
   from	
  

ASDE-­‐X	
   data	
   from	
   10	
   September	
   2012	
   to	
   28	
   February	
   2013.	
   	
   The	
   appropriate	
  

distribution	
   (shown	
   as	
   a	
   red	
   line)	
   is	
   fitted	
   to	
   the	
   data.	
   The	
   parameters	
   for	
   the	
  

distribution	
  were	
  defined	
  in	
  section	
  7.	
  	
  

Figure	
  44	
  (left)	
  shows	
  the	
  EAT	
  fuel	
  burn	
  with	
  a	
  lognormal	
  distribution	
  for	
  runway	
  26R	
  in	
  
west-­‐flow	
  configuration	
  at	
  ATL.	
  	
  

	
  

Table	
   16	
   is	
   the	
   lognormal	
   fuel	
   burn	
   distribution	
   parameter	
   estimates.	
   The	
  

lognormal	
   distribution	
   is	
   appropriate	
   because	
   the	
   data	
   is	
   skewed	
   right	
   because	
   there	
  

are	
   some	
   aircraft	
   with	
   high	
   fuel	
   burn.	
   The	
   high	
   fuel	
   burn	
   could	
   be	
   due	
   to	
   aircraft	
  

stopped	
  on	
  the	
  airfield	
  because	
  the	
  gate	
  is	
  not	
  available	
  or	
  some	
  other	
  delay.	
  The	
  high	
  

fuel	
  burn	
  could	
  also	
  be	
  from	
  error	
  in	
  ASDE-­‐X	
  data	
  acquisition.	
  Figure	
  44	
  (right)	
  shows	
  the	
  

conventional	
  taxiway	
  fuel	
  burn	
  with	
  a	
  lognormal	
  distribution.	
  	
  

	
  

	
  

Figure	
  44:	
  Left,	
  the	
  EAT	
  fuel	
  burn	
  (blue	
  bins)	
  with	
  lognormal	
  distribution	
  (red).	
  Right,	
  the	
  
conventional	
  taxiways	
  fuel	
  burn	
  (green	
  bins)	
  with	
  lognormal	
  fitted	
  distribution	
  (red)	
  for	
  
runway	
  26R	
  west-­‐flow	
  arrivals	
  at	
  ATL.	
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Table	
  16.	
  ATL	
  lognormal	
  fuel	
  burn	
  distribution	
  parameter	
  estimates.	
  	
  

	
   Lognormal	
  Parameters	
   !"#  !"#$  !	
   !"#  !"#$"%&'  !	
  

North	
  West-­‐
flow	
  Runway	
  
26R	
  

EAT	
   4.01	
  	
   0.48	
  	
  

Conventional	
  Taxiway	
   3.63	
  	
   0.59	
  	
  

North	
  East-­‐flow	
  
Runway	
  8L	
  

EAT	
   4.50	
   0.48	
  

Conventional	
  Taxiway	
   4.04	
   0.60	
  

South	
  East-­‐flow	
  
Runway	
  9R	
  

Unimpeded	
  Taxiway	
  S1	
   4.44	
   0.53	
  

Conventional	
  Taxiway	
   3.91	
   0.73	
  

	
  

D.2	
  Dallas/Fort	
  Worth	
  International	
  Airport	
  

Figure	
  45	
  (left)	
  shows	
  the	
  EAT	
  fuel	
  burn	
  with	
  a	
  normal	
  distribution	
  for	
  runway	
  17L	
  

in	
   south-­‐flow	
   configuration	
   at	
   DFW.	
   Table	
   17	
   is	
   the	
   normal	
   fuel	
   burn	
   distribution	
  

parameter	
  estimates.	
  	
  

	
  
Figure	
  45:	
  Left,	
  the	
  EAT	
  fuel	
  burn	
  (blue	
  bins)	
  with	
  normal	
  distribution	
  (red).	
  Right,	
  the	
  
conventional	
  taxiways	
  fuel	
  burn	
  (green	
  bins)	
  with	
  normal	
  fitted	
  distribution	
  (red)	
  for	
  
runway	
  17L	
  south-­‐flow	
  arrivals	
  at	
  DFW.	
  

	
  

0 50 100 150 200 250 300 350 400 450
0

1

2

3

4

5

6

7

x 10 3

Fuel burn (kg)

D
en

si
ty

 

 
EAT fuel data
Normal

100 200 300 400 500 600 700
0

0.002

0.004

0.006

0.008

0.01

0.012

Fuel burn (kg)

D
en

si
ty

 

 
Conv fuel data
Normal



	
  

	
  

94	
  

94 

Table	
  17.	
  DFW	
  normal	
  fuel	
  burn	
  distribution	
  parameter	
  estimates.	
  

	
   Normal	
  Parameters	
   !"#$  !	
   !"#$"%&'	
  !	
  

South-­‐flow	
  
Runway	
  17L	
  

EAT	
   138.01	
   79.71	
  

Conventional	
  Taxiways	
   108.95	
   67.25	
  
The	
  normal	
  distribution	
   is	
   the	
  best	
   fit	
   for	
   the	
  fuel	
  burn	
  data.	
  Aircraft	
  with	
  a	
  small	
   fuel	
  

burn	
  causes	
  the	
  first	
  peak	
  in	
  the	
  histogram.	
  This	
  is	
  most	
  likely	
  from	
  smaller	
  aircraft	
  with	
  

turboprop	
   engines.	
   Future	
   research	
   can	
   eliminate	
   this	
   peak	
   by	
   removing	
   aircraft	
  

belonging	
  to	
  the	
  small	
  aircraft	
  class.	
  The	
  normal	
  distribution	
  is	
  in	
  agreement	
  with	
  mean	
  

and	
  standard	
  deviation	
  of	
  the	
  fuel	
  burn	
  calculated	
  from	
  ASDE-­‐X	
  data,	
  therefore	
  it	
  is	
  the	
  

best	
   fit.	
   Figure	
   45	
   (right)	
   shows	
   the	
   conventional	
   taxiways	
   fuel	
   burn	
   with	
   a	
   normal	
  

distribution.	
  Here	
  again,	
  the	
  normal	
  distribution.	
  

	
  

D.	
  3	
  Detroit	
  Metropolitan	
  Wayne	
  County	
  Airport	
  

Figure	
  46	
  (left)	
  shows	
  the	
  EAT	
  fuel	
  burn	
  with	
  a	
  lognormal	
  distribution	
  for	
  runway	
  

22R	
  in	
  south-­‐flow	
  configuration	
  at	
  DTW.	
  Table	
  18	
  is	
  the	
  lognormal	
  fuel	
  burn	
  distribution	
  

parameter	
  estimates.	
  	
  

	
  

Figure	
  46:	
  Left,	
  the	
  EAT	
  fuel	
  burn	
  (blue	
  bins)	
  with	
  lognormal	
  distribution	
  (red).	
  Right,	
  the	
  
conventional	
  taxiways	
  fuel	
  burn	
  (green	
  bins)	
  with	
  lognormal	
  fitted	
  distribution	
  (red)	
  for	
  
runway	
  22R	
  south-­‐flow	
  arrivals	
  at	
  DTW.	
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Table	
  18.	
  DTW	
  lognormal	
  fuel	
  burn	
  distribution	
  parameter	
  estimates.	
  

	
  

The	
   lognormal	
   distribution	
   is	
   appropriate	
   because	
   the	
   data	
   is	
   skewed	
   right	
  

because	
  there	
  are	
  some	
  aircraft	
  with	
  high	
  fuel	
  burn.	
  The	
  high	
  fuel	
  burn	
  could	
  be	
  due	
  to	
  

aircraft	
  stopped	
  on	
  the	
  airfield.	
  The	
  high	
  fuel	
  burn	
  could	
  also	
  be	
  from	
  error	
   in	
  ASDE-­‐X	
  

data	
   acquisition.	
   The	
   different	
   peaks	
   in	
   the	
   histogram	
   could	
   be	
   from	
   the	
   variation	
   of	
  

aircraft	
  types	
  such	
  as	
  smaller	
  turboprop	
  engines	
  burn	
  less	
  fuel	
  than	
  a	
  B747	
  jet	
  engine.	
  

Figure	
  46	
  (right)	
  shows	
  the	
  conventional	
  taxiway	
  fuel	
  burn	
  with	
  a	
  lognormal	
  distribution.	
  

The	
  lognormal	
  distribution	
  is	
  an	
  appropriate	
  fit	
  for	
  reasons	
  similar	
  to	
  the	
  EAT.	
  There	
  are	
  

only	
   two	
   conventional	
   taxiways,	
  which	
   explains	
   the	
   two	
  peaks	
   in	
   fuel	
   burn.	
   Figure	
   47	
  

separates	
  the	
  conventional	
  taxiways	
  in	
  Taxiway	
  1	
  and	
  Taxiway	
  2.	
  

	
  

	
  

	
  

	
   Lognormal	
  Parameters	
   !"#  !"#$  !	
   !"#  !"#$"%&'	
  !	
  

South-­‐flow	
  
Runway	
  
22R	
  
	
  

EAT	
   3.92	
   0.51	
  

Conventional	
  Taxiways	
   3.86	
   0.55	
  

Taxi	
  1	
  South	
  Terminal	
   3.51	
   0.42	
  

Taxi	
  2	
  North	
  Terminal	
   4.11	
   0.47	
  

EAT	
  South	
  Terminal	
   3.92	
   0.51	
  

North-­‐flow	
  
Runway	
  4L	
  

EAT	
   4.23	
   0.53	
  

Conventional	
  Taxiways	
   3.77	
   0.51	
  

Taxi	
  1	
  South	
  Terminal	
   3.64	
   0.35	
  

Taxi	
  2	
  North	
  Terminal	
   3.81	
   0.48	
  

EAT	
  South	
  Terminal	
   4.23	
   0.53	
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Figure	
   47	
   (left)	
   shows	
   Taxiway	
   1	
   fuel	
   burn	
   with	
   a	
   lognormal	
   distribution	
   for	
  

runway	
  22R	
  south-­‐flow	
  arrivals	
  to	
  the	
  South	
  Terminal.	
  Figure	
  47	
  (right)	
  shows	
  Taxiway	
  2	
  

fuel	
  burn	
  with	
  a	
  lognormal	
  distribution	
  for	
  arrivals	
  to	
  the	
  North	
  Terminal.	
  	
  

	
  
Figure	
  47:	
  Left,	
  Taxiway	
  1	
  to	
  the	
  South	
  Terminal	
  fuel	
  burn	
  (aqua	
  bins)	
  with	
  lognormal	
  
distribution	
  (red).	
  Right,	
  Taxiway	
  2	
  fuel	
  burn	
  (black	
  bins)	
  with	
  lognormal	
  distribution	
  
(red)	
  for	
  runway	
  22R	
  south-­‐flow	
  arrivals	
  to	
  the	
  North	
  Terminal	
  at	
  DTW.	
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Appendix	
  E Fuel	
  burn	
  Monte	
  Carlo	
  Simulation	
  	
  

The	
  decision	
  simulations	
   in	
  sections	
  4.6	
  –	
  4.8	
  estimated	
  the	
  potential	
   fuel	
  burn	
  

savings	
  by	
  averaging	
  the	
  fuel	
  burn	
  from	
  a	
  Monte	
  Carlo	
  simulation.	
  Below	
  is	
  an	
  example	
  

of	
  how	
  I	
  determined	
  how	
  many	
  simulation	
  runs	
  to	
  do.	
  I	
  noticed	
  a	
  fluctuation	
  in	
  fuel	
  burn	
  

between	
   simulations	
   runs;	
   therefore	
   I	
   conducted	
   a	
   Monte	
   Carlo	
   simulation	
   for	
   100,	
  

1,000,	
  and	
  10,000	
   runs	
  until	
   the	
  output	
   stabilized.	
  10,000	
  simulations	
  was	
  a	
   sufficient	
  

number	
  of	
  runs	
  for	
  all	
  five	
  decision	
  rules	
  to	
  converge	
  to	
  a	
  fuel	
  burn	
  with	
  low	
  variability	
  

between	
   runs.	
   Table	
   19	
   is	
   the	
   Monte	
   Carlo	
   Simulation	
   results	
   for	
   10,000	
   runs	
   to	
  

estimate	
   fuel	
   savings	
   for	
  ATL	
  west-­‐flow	
  runway	
  26R.	
  The	
   fuel	
  burn	
  standard	
  deviation	
  

are	
  less	
  than	
  0.005	
  kg	
  for	
  all	
  the	
  decision	
  rules,	
  which	
  shows	
  the	
  low	
  variability	
   in	
  fuel	
  

burn	
   for	
   10,000	
   simulations.	
   	
  Most	
   decision	
   rules	
   stabilized	
   by	
   5,000	
   runs	
   as	
   seen	
   in	
  

Figure	
  48-­‐	
  Figure	
  52,	
  but	
  the	
  always	
  decision	
  rule	
  takes	
  close	
  to	
  10,000	
  simulations	
  to	
  

stabilize.	
   To	
   keep	
   all	
   the	
   fuel	
   burn	
   estimates	
   consistent,	
   10,000	
   simulations	
   were	
  

conducted	
  for	
  all	
  decision	
  rules	
  for	
  every	
  airport	
  configuration.	
  

	
  

Table	
  19.	
  Monte	
  Carlo	
  Simulation	
  results	
  for	
  10,000	
  runs	
  to	
  estimate	
  fuel	
  savings	
  for	
  ATL	
  
west-­‐flow	
  runway	
  26R.	
  

Decision	
  rule	
   Always	
   Never	
   Arrival	
  
time	
   Terminal	
   Multi-­‐

factor	
  

Average	
  
fuel	
  burn	
  (kg)	
  

45.45	
   33.89	
   37.99	
   39.73	
   37.89	
  

Fuel	
  burn	
  
Std.	
  dev.	
  (kg)	
  

0.0019	
   0.0032	
   0.0019	
   0.0020	
   0.0014	
  

Fuel	
  burn	
  
savings	
  (%)	
  

10.3%	
   -­‐17.8%	
   -­‐7.8%	
   -­‐3.6%	
   -­‐8.1%	
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Figure	
  48.	
  ATL	
  west-­‐flow	
  runway	
  26R	
  always	
  decision	
  simulation.	
  

	
  

	
  

	
  
Figure	
  49.	
  ATL	
  west-­‐flow	
  runway	
  26R	
  never	
  decision	
  simulation.	
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Figure	
  50.	
  ATL	
  west-­‐flow	
  runway	
  26R	
  arrival	
  time	
  decision	
  simulation.	
  

	
  

	
  

	
  
Figure	
  51.	
  ATL	
  west-­‐flow	
  runway	
  26R	
  terminal	
  decision	
  simulation.	
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Figure	
  52.	
  ATL	
  west-­‐flow	
  runway	
  26R	
  multi-­‐factor	
  decision	
  simulation.	
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Appendix	
  F Preliminary	
  Stakeholder	
  Analysis	
  

Stakeholders	
  are	
  people	
  or	
  a	
  group	
  that	
  has	
  an	
  investment,	
  share,	
  or	
  interest	
  in	
  

something.	
   Stakeholders	
   for	
   implementing	
   EAT	
  decision	
   rules	
   to	
   optimize	
   fuel	
   savings	
  

for	
   taxi-­‐in	
   procedures	
   include	
   airports,	
   airlines,	
   air	
   traffic	
   control,	
   aircraft	
   operators	
  

(pilots),	
  passengers,	
  government	
  agencies	
  (FAA),	
  communities	
  around	
  airports,	
  and	
  the	
  

general	
   public.	
   Each	
   stakeholder’s	
   interest	
   and	
   concerns	
   are	
   detailed	
   below.	
   By	
  

understanding	
   how	
   the	
   unimpeded	
   taxiway	
   decision	
   rules	
   impact	
   each	
   stakeholder,	
  

better	
   strategies	
   can	
  be	
  developed	
   to	
  bring	
   faster	
   and	
  easier	
   transition	
   to	
   implement	
  

unimpeded	
   taxiway	
   operational	
   changes.	
   Identifying	
   major	
   stakeholders	
   who	
   are	
  

affected	
  more	
  by	
  changes	
  and	
  addressing	
  their	
  concerns	
  can	
  increase	
  the	
  likelihood	
  of	
  

success.	
   Interviews	
   with	
   various	
   stakeholders	
   can	
   also	
   provide	
   information	
   to	
   make	
  

better	
  decision	
  rules	
   that	
  are	
  more	
   likely	
   to	
  be	
   implemented.	
  Direct	
   input	
   from	
  minor	
  

stakeholders	
   is	
   not	
   necessary	
   for	
   developing	
   the	
   decision	
   rules,	
   but	
   it	
   important	
   to	
  

consider	
  all	
  groups	
  affected	
  by	
  the	
  operational	
  change	
  to	
  ensure	
  the	
  overall	
  success	
  of	
  

implementation.	
  	
  

	
  

1. Airports:	
  Airports	
  are	
  one	
  of	
  the	
  major	
  stakeholders	
  because	
  an	
  EAT	
  is	
  a	
  key	
  part	
  

of	
  the	
  airport	
  infrastructure	
  for	
  aircraft	
  to	
  taxi-­‐in	
  to	
  the	
  terminal.	
  Airports	
  invest	
  

in	
   an	
   EAT	
   to	
   provide	
   safety,	
   increase	
   runway	
   throughput,	
   and	
   reduce	
   surface	
  

delays.	
  The	
  construction	
  of	
  an	
  EAT	
  is	
  typically	
  primarily	
  financially	
  supported	
  by	
  

the	
   airport.	
   There	
   is	
   a	
   possibility	
   of	
   disruption	
   in	
   current	
   airport	
   operations	
  

during	
   the	
   construction	
   process.	
   Capacity	
   constrained	
   airports	
  may	
   have	
  more	
  

interest	
   in	
   EATs	
   to	
   reduce	
   surface	
   congestion	
   and	
   increase	
   runway	
   capacity.	
  

Note	
   that	
   potential	
   unimpeded	
   taxi	
   flows	
   are	
   possible	
   without	
   added	
  

infrastructure	
  and	
  is	
  dependent	
  on	
  current	
  taxiways	
  and	
  runway	
  configurations.	
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2. Airlines:	
   Airlines	
   are	
   key	
   stakeholders	
   because	
   fuel	
   savings	
   directly	
   affect	
  

operating	
   costs.	
   Commercial	
   airlines	
   are	
   the	
   primary	
   users	
   of	
   taxiways	
   at	
   the	
  

large	
   airports	
   that	
   have	
   or	
   are	
   considering	
   EATs.	
   New	
   EAT	
   decision	
   rules	
   can	
  

benefit	
  airlines	
  by	
  increasing	
  fuel	
  savings	
  for	
  taxi-­‐in	
  procedures.	
  At	
  hub	
  airports	
  

these	
  savings	
  can	
  be	
  significant.	
  

	
  

3. Air	
  Traffic	
  Control:	
  Cooperation	
  from	
  air	
  traffic	
  control	
  is	
  essential,	
  as	
  they	
  must	
  

implement	
   the	
   taxi-­‐in	
   procedures.	
   Some	
   important	
   factors	
   to	
   ATC	
   include	
   the	
  

practicality	
   of	
   implementing	
   the	
   decision	
   rules	
   and	
   ease	
   of	
   transition	
   from	
  

current	
   to	
   new	
   procedures.	
   Sophisticated	
   decision	
   rules	
   may	
   require	
   high	
  

computing	
   power	
   or	
   new	
   technology,	
   making	
   them	
   infeasible	
   for	
   near-­‐term	
  

implementation.	
   Simple	
   EAT	
  procedures	
   could	
  benefit	
  ATC	
  by	
   relieving	
   ground	
  

congestion,	
  thus	
  making	
  it	
  easier	
  to	
  direct	
  arrivals	
  and	
  departures.	
  	
  

	
  

4. Pilots:	
   Pilots	
   require	
   safe,	
   simple,	
   and	
   predictable	
   taxi-­‐in	
   procedures.	
   For	
  

example,	
   a	
   human	
   factors	
   simulation	
   study	
   results	
   show	
   some	
   pilots	
   may	
  

misperceive	
   an	
   aircraft	
   on	
   the	
   EAT	
   as	
   an	
   aircraft	
   crossing	
   the	
   runway	
   and	
  

therefore	
  abort	
  the	
  takeoff	
  or	
  think	
  an	
  aircraft	
  is	
  on	
  the	
  EAT,	
  but	
  is	
  crossing	
  the	
  

runway	
  leading	
  to	
  a	
  runway	
  incursion.	
  

	
  

5. Passengers:	
  A	
   faster	
   taxi-­‐in	
   time	
   and	
   reduce	
   surface	
   delays	
   are	
   key	
   factors	
   to	
  

improve	
  customers’	
  air	
  travel	
  experience.	
  For	
  passengers	
  with	
  connecting	
  flights	
  

more	
  efficient	
  taxi-­‐in	
  procedures	
  increase	
  the	
  likelihood	
  that	
  they	
  will	
  reach	
  their	
  

next	
  gate	
  in	
  a	
  timely	
  manner.	
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6. Government	
   Agencies	
   (FAA):	
   Aviation	
   regulators	
   like	
   the	
   FAA	
   in	
   the	
   United	
  

States	
   are	
   crucial	
   stakeholders	
   in	
   the	
   decision-­‐making	
   and	
   implementation	
  

process.	
  The	
  FAA	
  must	
  ensure	
   that	
  new	
  operational	
   changes	
  are	
   in	
  agreement	
  

with	
  existing	
  regulations	
  for	
  the	
  national	
  air	
  system.	
  Safety	
  is	
  the	
  highest	
  priority	
  

for	
   the	
   FAA	
   therefore	
   new	
   procedures	
   for	
   the	
   EAT	
  must	
  meet	
   the	
   FAA	
   safety	
  

standards.	
  	
  

	
  

7. The	
  Community:	
  Noise	
  and	
  emissions	
  from	
  EAT	
  construction	
  or	
  more	
  air	
  traffic	
  

enabled	
   by	
   decreased	
   surface	
   congestion	
   may	
   be	
   a	
   concern	
   to	
   surrounding	
  

residence.	
   Surrounding	
   communities	
   that	
   support	
   airport	
   growth	
   and	
  

improvement	
   will	
   allow	
   faster	
   implementation	
   to	
   new	
   strategies.	
   Increasing	
  

capacity	
  at	
  airports	
  may	
  be	
  a	
  concern	
  for	
  homeowners	
  because	
  it	
  may	
  increase	
  

air	
  traffic	
  and	
  noise	
  in	
  their	
  neighborhoods,	
  which	
  might	
  depreciate	
  the	
  value	
  of	
  

residences.	
  	
  

	
  

8. General	
   Public:	
   the	
   overall	
   support	
   of	
   the	
   public	
   will	
   prompt	
   change	
   more	
  

quickly.	
   The	
   increasing	
   concern	
   for	
   the	
   environment	
   has	
   created	
   a	
   need	
   for	
  

research	
   in	
   the	
   areas	
   of	
   noise,	
   emissions,	
   and	
   energy.	
   The	
   EAT	
   decision	
   rules	
  

improves	
   surface	
   operations	
   and	
   emphasizes	
   the	
   environmental	
   benefits	
   in	
  

terms	
  of	
  fuel	
  savings.	
  Overall,	
  air	
  travellers	
  will	
  support	
  improvement	
  in	
  surface	
  

operations	
  at	
  airports.	
   In	
  terms	
  of	
  general	
  aviation,	
  the	
  creation	
  of	
  an	
  EAT	
  may	
  

result	
  in	
  a	
  longer	
  taxi	
  distance	
  that	
  might	
  affect	
  private	
  aircraft	
  owners	
  operating	
  

from	
  that	
  airport.	
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Table	
   20	
   summarizes	
   the	
   unimpeded	
   taxiway	
   benefits	
   for	
   the	
   various	
  

stakeholders	
   discussed	
   above.	
   Some	
   benefits	
   apply	
   to	
   several	
   stakeholders	
   (e.g.,	
  

increased	
   safety	
   benefits	
   airports,	
   airlines,	
   passengers),	
   while	
   others	
   apply	
   only	
   to	
   a	
  

single	
   stakeholder	
   (e.g.,	
   airlines	
   save	
   fuel).	
   Not	
   all	
   benefits	
   are	
   equal	
   because	
   some	
  

benefits	
   are	
   more	
   important	
   to	
   certain	
   stakeholders	
   than	
   others.	
   It	
   would	
   be	
  

appropriate	
  to	
  assign	
  weights	
  to	
  the	
  benefits	
  by	
  letting	
  stakeholders	
  rate	
  the	
  extent	
  and	
  

order	
  of	
  importance	
  to	
  them.	
  	
  

	
  

Table	
  20.	
  Unimpeded	
  Taxiway	
  stakeholder	
  benefits.	
  

	
   Stakeholders	
   Unimpeded	
  Taxiway	
  Benefits	
  

1.	
   Airports	
   High	
  throughput	
   Reduce	
  surface	
  
delay	
  

Increase	
  
capacity	
  

2.	
   Airlines	
   Fuel	
  savings	
   Reduce	
  surface	
  
delay	
  

Fast	
  taxi-­‐time	
  

3.	
   Air	
  Traffic	
  Control	
   Easily	
  direct	
  arrivals	
   Reduce	
  surface	
  
delay	
  

Increase	
  Safety	
  

4.	
  
Aircraft	
  Operators	
  
(pilots)	
  

Unimpeded	
  taxi	
  
path	
   Fast	
  taxi	
  time	
   Easy	
  taxi-­‐in	
  

5.	
   Passengers	
   Fast	
  taxi	
  time	
   Reduce	
  surface	
  
delay	
  

Increase	
  Safety	
  

6.	
  
Gov’t	
  Agencies	
  
(FAA)	
   Low	
  incursion	
  risk	
   Increase	
  Safety	
   	
  

7.	
   The	
  Community	
   Reduce	
  emissions	
   	
   	
  

8.	
   General	
  Public	
   Environmental	
  
improvement	
  

Increase	
  efficiency	
  
at	
  airports	
  

Increase	
  airport	
  
capacity	
  

	
  

Table	
  21	
   is	
  a	
   summary	
  of	
  EAT	
  costs	
   for	
  various	
   stakeholders.	
   Some	
  stakeholders	
  have	
  

more	
   costs	
   than	
  others.	
   For	
   example,	
   airports	
   have	
   the	
   largest	
   direct	
   cost	
   of	
   the	
   EAT	
  

construction	
  and	
  indirect	
  costs	
  such	
  as	
  construction	
  causing	
  surface	
  delays	
  and	
  closure	
  

of	
  taxiways	
  and	
  runways.	
  Other	
  costs	
  are	
  more	
  difficult	
  to	
  quantify	
  and	
  address	
  such	
  as	
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the	
   community’s	
   concern	
   for	
   long-­‐term	
   health	
   effects	
   and	
   higher	
   aircraft	
   throughput	
  

potentially	
  resulting	
  in	
  more	
  noise	
  in	
  surrounding	
  neighborhoods.	
  	
  

 

Table	
  21.	
  Unimpeded	
  Taxiway	
  stakeholder	
  costs.	
  

 

A	
   cost	
   and	
   benefit	
   analysis	
   can	
   objectively	
   evaluate	
   the	
   costs	
   and	
   benefits	
   for	
  

each	
   decision	
   rule	
   applied	
   to	
   various	
   stakeholders.	
   Figure	
   53	
   is	
   a	
   flow	
   chart	
   of	
   the	
  

process	
  of	
  how	
  to	
  conduct	
  the	
  cost	
  and	
  benefit	
  analysis.	
  The	
  first	
  step	
  is	
  to	
  interview	
  the	
  

various	
   stakeholders	
   such	
   as	
   airports	
   and	
   airlines.	
   Directly	
   communicating	
   with	
   the	
  

customers,	
   users,	
   and	
   other	
   people	
   impacted	
   by	
   the	
   new	
   operational	
   changes	
   can	
  

	
   Stakeholders	
   Unimpeded	
  Taxiway	
  Costs	
  

1.	
   Airports	
   EAT	
  construction	
  	
  
Airport	
  
construction	
  cause	
  
surface	
  delays	
  

Cost	
  of	
  closure	
  
of	
  taxiways/	
  
runways	
  

2.	
   Airlines	
  
EAT	
  and	
  gate	
  
location	
  determines	
  
fuel	
  costs	
  

	
   	
  

3.	
  
Air	
  Traffic	
  
Control	
  

Implementation	
  
costs	
  

New	
  procedure	
  
costs	
  

	
  

4.	
  
Aircraft	
  
Operators	
  
(pilots)	
  

Adapting	
  to	
  new	
  
procedures	
   	
   	
  

5.	
   Passengers	
   Longer	
  taxi	
  time	
  at	
  
peak	
  traffic	
  hours	
  

Airport	
  
construction	
  cause	
  
surface	
  delays	
  

	
  

6.	
  
Gov’t	
  Agencies	
  
(FAA)	
  

Safety	
  concerns	
  
such	
  as	
  aborted	
  
takeoffs	
  

Potential	
  increase	
  
incursions	
  	
  

	
  

7.	
   The	
  Community	
   Long-­‐term	
  health	
  
effects	
  

Higher	
  throughput	
  
may	
  cause	
  more	
  
noise	
  

	
  

8.	
   General	
  Public	
   Increase	
  emissions	
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provide	
  crucial	
  input	
  early	
  in	
  the	
  decision-­‐making	
  process.	
  A	
  wide	
  variety	
  of	
  perspectives	
  

from	
   the	
  broad	
   spectrum	
  of	
   stakeholders	
  will	
   provide	
   insight	
   on	
  how	
   the	
  operational	
  

changes	
   affect	
   the	
   entire	
   system.	
   The	
   next	
   step	
   is	
   to	
   identify	
   the	
   benefits	
   and	
  

quantitatively	
  evaluate	
  (where	
  possible)	
  the	
  costs	
  for	
  each	
  stakeholder.	
  The	
  interviews	
  

from	
  the	
  various	
  stakeholders	
  can	
  also	
  be	
  used	
  to	
  provide	
  a	
  more	
  detailed	
  list	
  of	
  direct	
  

and	
   indirect	
   costs	
   and	
  benefits.	
  A	
   trade-­‐off	
   study	
   can	
   then	
  be	
  used	
   to	
   investigate	
   the	
  

optimal	
  decision	
  rule	
  that	
  balances	
  costs	
  and	
  benefits	
  across	
  the	
  stakeholders.	
  The	
  last	
  

step	
   is	
   to	
   implement	
   the	
   best	
   decision	
   rule	
   that	
   brings	
   the	
   most	
   fuel	
   savings	
   while	
  

considering	
   the	
   costs	
   and	
   benefits	
   of	
   the	
   stakeholders.	
   By	
   communicating	
   to	
   the	
  

stakeholders	
  early	
  in	
  the	
  decision	
  process	
  and	
  clearly	
  defining	
  the	
  costs	
  and	
  benefits	
  will	
  

make	
  implementing	
  EAT	
  decision	
  rules	
  faster	
  and	
  easier.	
  	
  	
  

	
  

	
  
Figure	
  53.	
  Costs	
  and	
  Benefit	
  Analysis	
  Flow	
  Chart.	
  

	
  

Support	
  from	
  stakeholders	
  makes	
  it	
  easier	
  to	
  implement	
  new	
  strategies.	
  A	
  more	
  

detailed	
  analysis	
  of	
  the	
  costs	
  and	
  benefits	
  to	
  implement	
  new	
  EAT	
  decision	
  rules	
  add	
  to	
  a	
  

stronger	
  proposal	
  to	
  stakeholders.	
  My	
  research	
  study	
  focused	
  on	
  taxi-­‐in	
  fuel	
  burn	
  from	
  

arrivals,	
  but	
  a	
  more	
  detailed	
  analysis	
  of	
  taxi-­‐out	
  fuel	
  burn	
  for	
  departures	
  would	
  provide	
  

a	
  more	
  comprehensive	
  environmental	
  impact	
  analysis	
  for	
  the	
  entire	
  surface	
  operations	
  

at	
  airports.	
  Cost	
  and	
  ease	
  of	
  implementation	
  are	
  important	
  factors	
  to	
  ensure	
  near-­‐term	
  

operational	
  changes	
  are	
  in	
  fact	
  feasible	
  in	
  the	
  near	
  future.	
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