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Current	
  Opera/ons	
  Sub-­‐Op/mal	
  

•  Except	
  in	
  a	
  sub-­‐set	
  of	
  instances…	
  	
  
–  certain	
  regions	
  of	
  the	
  Pacific	
  

•  Flight	
  plans	
  are	
  sub-­‐op9mal	
  from	
  both	
  the	
  
economic	
  and	
  the	
  environmental	
  perspec9ve	
  
– Aircra>	
  are	
  constrained	
  to	
  fly	
  fixed	
  (or	
  par9ally	
  fixed)	
  
routes	
  

–  Fuel	
  cost	
  and	
  over-­‐flight	
  fees	
  considered	
  but	
  
emissions	
  not	
  explicitly	
  considered	
  

–  Combinatorial	
  problem	
  (from	
  ANSP	
  perspec9ve)	
  that	
  
is	
  intractable	
  given	
  exis9ng	
  resources	
  



Proposed	
  Opera/ons	
  Not	
  Tenable	
  

•  Trajectory-­‐Based	
  Opera9ons	
  (TBO)	
  proposed	
  
as	
  the	
  way	
  forward	
  
– Operators	
  would	
  nego9ate	
  4D-­‐trajectory	
  with	
  
ANSPs	
  and	
  then	
  “s9ck	
  to	
  the	
  agreed	
  trajectory”	
  
except	
  in	
  extenua9ng	
  circumstances	
  when	
  they	
  
would	
  have	
  to	
  “renego9ate”	
  their	
  trajectories	
  

•  However,	
  this	
  “Big	
  giant	
  head”	
  approach	
  to	
  
trajectory-­‐based	
  opera9ons	
  is	
  not	
  tenable…	
  



Proposed	
  Opera/ons–	
  Why	
  not?	
  

•  Uncertain	
  opera9ng	
  environment	
  
–  Imperfect	
  weather	
  and	
  trajectory	
  predic9on	
  (poor	
  
understanding	
  of	
  dynamics	
  of	
  opera9ng	
  
environment)	
  means	
  that	
  the	
  local	
  op9mal	
  
solu9on	
  might	
  o>en	
  not	
  be	
  the	
  same	
  as	
  the	
  global	
  
op9mal	
  solu9on	
  

– changing	
  airspeed	
  to	
  maintain	
  planned	
  
groundspeed	
  can	
  put	
  aircra>	
  in	
  a	
  posi9on	
  where	
  it	
  
is	
  unable	
  to	
  meet	
  its	
  ul9mate	
  RTA	
  



Proposed	
  Opera/ons–	
  Why	
  not?	
  

•  If	
  we	
  ignore	
  uncertain9es…	
  
–  Really	
  large	
  MILP	
  problem	
  due	
  to	
  large	
  number	
  of	
  
aircra>	
  combina9ons	
  and	
  long	
  dura9on	
  of	
  aircra>	
  
trajectories	
  (each	
  aircra>	
  is	
  considered	
  mul9ple	
  9mes)	
  

•  If	
  we	
  consider	
  uncertain9es….	
  
– Huge	
  stochas9c	
  programming	
  problem	
  due	
  to	
  large	
  
number	
  of	
  aircra>	
  combina9ons,	
  long	
  dura9on	
  of	
  
aircra>	
  trajectories,	
  and	
  very	
  large	
  number	
  of	
  possible	
  
events	
  and	
  recourse	
  ac9ons	
  (similar	
  to	
  the	
  “curse	
  of	
  
dimensionality”	
  experiences	
  with	
  real	
  op9ons)	
  

•  Limits	
  on	
  communica9on	
  bandwidth	
  



Pragma/c	
  Approach	
  

•  Break	
  the	
  TBO	
  problem	
  into	
  “func9onal”	
  steps	
  
– Determine	
  the	
  number	
  of	
  aircra>	
  that	
  can	
  (at	
  a	
  
point	
  in	
  the	
  future)	
  traverse	
  each	
  sub-­‐volume	
  of	
  
airspace	
  considering	
  traffic	
  and	
  weather	
  
uncertain9es	
  

– Determine	
  the	
  “op9mal”	
  route	
  for	
  each	
  aircra>	
  
subject	
  to	
  volume	
  constraints	
  in	
  each	
  sub-­‐volume	
  

– Resolve	
  poten9al	
  conflicts	
  in	
  a	
  fuel	
  and	
  emissions	
  
op9mal	
  manner	
  when	
  “certain”	
  that	
  conflicts	
  will	
  
arise	
  



Air	
  Traffic	
  Flow	
  Management	
  
in	
  the	
  Presence	
  of	
  Uncertain/es	
  	
  

Principal	
  Inves/gators:	
  John-­‐Paul	
  Clarke	
  
Funded	
  by:	
  NASA	
  Ames	
  Research	
  Center	
  



Determining	
  Airspace	
  Capacity	
  
•  Step	
  1:	
  Develop	
  set	
  of	
  airspace	
  blockage	
  scenarios	
  for	
  
given	
  volume	
  of	
  airspace	
  that	
  are	
  “consistent”	
  with	
  
probabilis9c	
  convec9ve	
  weather	
  forecast	
  

•  Step	
  2:	
  Derive	
  “probabilis9c	
  capacity”	
  at	
  future	
  9mes	
  
using	
  Monte	
  Carlo	
  simula9on	
  of	
  efficient	
  (fuel-­‐op9mal)	
  
conflict	
  resolu9on	
  algorithm	
  in	
  scenarios	
  from	
  Step	
  1.	
  

•  Step	
  3:	
  Determine	
  number	
  of	
  aircra>	
  to	
  send	
  towards	
  
volume	
  of	
  airspace	
  using	
  two-­‐stage	
  stochas9c	
  program	
  
and	
  probabilis9c	
  capaci9es	
  from	
  Step	
  2.	
  



Capacity	
  –	
  Step	
  1	
  



Capacity	
  –	
  Step	
  2	
  



Capacity	
  –	
  Step	
  2	
  (cont’d)	
  



Capacity	
  –	
  Step	
  3	
  
•  Input	
  data	
  including	
  bounds	
  on	
  decision	
  variables	
  

–  M	
  	
  :	
  set	
  of	
  flights,	
  m	
  as	
  the	
  index	
  

–  S	
  	
  	
  :	
  set	
  of	
  9me	
  periods;	
  s,	
  t,	
  u	
  as	
  the	
  index	
  

–  	
  	
  	
  	
  	
  	
  :	
  scheduled	
  departure	
  period	
  of	
  flight	
  m	
  

–  	
  	
  	
  	
  	
  	
  :	
  regular	
  flying	
  period	
  of	
  flight	
  m	
  to	
  the	
  sector	
  

–  	
  	
  	
  	
  	
  	
  :	
  maximum	
  number	
  of	
  periods	
  flight	
  m	
  can	
  be	
  ground-­‐delayed	
  

–  	
  	
  	
  	
  	
  	
  :	
  maximum	
  number	
  of	
  periods	
  flight	
  m	
  can	
  be	
  scheduled	
  to	
  arrive	
  early	
  
–  	
  	
  	
  	
  	
  	
  :	
  maximum	
  number	
  of	
  periods	
  flight	
  m	
  can	
  be	
  scheduled	
  to	
  arrive	
  late	
  

–  	
  	
  	
  	
  	
  	
  :	
  maximum	
  number	
  of	
  periods	
  flight	
  m	
  can	
  be	
  air-­‐held	
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Capacity	
  –	
  Step	
  3	
  (cont’d)	
  



Capacity	
  –	
  Step	
  3	
  (cont’d)	
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15	
  

Computa/onal	
  Study	
  (Number	
  of	
  Period	
  Considered	
  =	
  11)	
  

flights 
depart in 

# of 
flight 

Solve to Optimality Rolling Horizon Method 

objective 
value 

Time 
(sec) period 

modified 
objective 

value 

Time 
(sec) 

# 
iteration 

% from 
optimal 

period  
1-2 27 2,644.95  11.12  5-13 2,644.95  12.00  1 0.00% 

period  
1-3 28 2,647.95  371.96  5-16 2,647.95  13.00  1 0.00% 

period  
1-4 31 3,403.17  422.59  5-16 3,403.17  13.00  1 0.00% 

period  
1-5 35 3,417.01  1,247.56  5-18 3,422.91  18.00  1 0.17% 

period  
1-6 

41 
n/a n/a 5-19 

4,298.91  21.00  2 n/a 

44 4,306.51  23.00  3 n/a 

period  
1-7 48 n/a n/a 5-19 8,467.54  29.00  3 n/a 



Op/mal	
  Rou/ng	
  



Op/mal	
  Rou/ng	
  



Op/mal	
  Rou/ng	
  



Op/mal	
  Rou/ng	
  



Fuel	
  Op/mal	
  Conflict	
  Resolu/on	
  



Problem	
  Descrip/on	
  
•  Given	
  	
  	
  
– N	
  aircra>	
  	
  	
  
–  Ini9al	
  loca9on	
  	
  	
  	
  
–  Ini9al	
  heading	
  	
  
–  Intended	
  exit	
  loca9on	
  	
  
–  Time	
  to	
  reach	
  exit	
  point	
  	
  	
  

•  Allow	
  	
  
–  Speed,	
  heading,	
  and	
  
al9tude	
  changes	
  	
  

•  Required	
  	
  
–  Conflict	
  resolu9on	
  	
  	
  
– Min	
  fuel	
  burn	
  	
  	
  



Conflict	
  Resolu/on	
  Strategy	
  
•  Heading	
  changes	
  	
  	
  

–  Two	
  required	
  for	
  
providing	
  a	
  lateral	
  
separa9on	
  	
  	
  

–  Third	
  required	
  to	
  turn	
  
back	
  to	
  intended	
  exit	
  
point	
  	
  	
  	
  

(Ver9cal	
  Plane)	
  

(Horizontal	
  Plane)	
  

•  Al9tude	
  change	
  	
  
–  	
  One	
  per	
  aircra>	
  during	
  
flight	
  through	
  center	
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Other	
  Constraints	
  	
  	
  	
  
•  Time	
  constraints	
  	
  	
  
– Total	
  9me	
  taken	
  over	
  the	
  
altered	
  trajectory	
  of	
  each	
  
path	
  must	
  be	
  within	
  pre-­‐
specified	
  	
  value	
  	
  

•  Speed	
  constraints	
  	
  	
  	
  	
  
–  Speed	
  over	
  a	
  par9cular	
  linear	
  segment	
  is	
  constant	
  and	
  
within	
  pre-­‐described	
  limits	
  	
  	
  

•  Geometry	
  constraints	
  	
  	
  	
  	
  
–  Projected	
  length	
  of	
  the	
  path	
  is	
  distance	
  between	
  the	
  ini9al	
  
and	
  final	
  points	
  on	
  path	
  

–  Linearized	
  constraint	
  to	
  include	
  in	
  MILP	
  framework	
  	
  	
  	
  	
  

Di	
  



Cost	
  Func/on	
  	
  
•  Fuel	
  Expenditure	
  	
  	
  
–  Convex	
  func9on	
  of	
  
speed	
  	
  

–  Can	
  be	
  approximated	
  
by	
  piecewise	
  linear	
  
func9ons	
  to	
  
incorporate	
  within	
  
the	
  MILP	
  framework	
  	
  

•  Minimize	
  total	
  fuel	
  expended	
  during	
  the	
  flight	
  of	
  the	
  
aircra>	
  in	
  their	
  altered	
  routes	
  	
  



Case	
  Study:	
  Cleveland	
  ARTCC	
  

•  24hr	
  Period	
  -­‐	
  Sunday,	
  May	
  1,	
  2005	
  	
  
– FL36	
  (Westbound)	
  –	
  Nominal	
  day	
  in	
  NAS	
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Case	
  Study:	
  Results	
  

•  Lower	
  Bound	
  on	
  Fuel	
  Savings:	
  1.4	
  %	
  
•  If	
  aircra>	
  fly	
  at	
  subop9mal	
  speeds	
  (0%	
  or	
  15%	
  
below	
  op9mal):	
  3.37%	
  and	
  6.13%	
  	
  	
  

•  Flights	
  >	
  350NM,	
  (24%	
  of	
  all	
  flights):	
  2.1%.	
  



Summary	
  

•  Current	
  en	
  route	
  opera9ons	
  sub-­‐op9mal	
  
•  Centralized,	
  determinis9c,	
  trajectory-­‐based	
  
opera9ons	
  untenable	
  

•  Pragma9c	
  approach	
  where	
  opera9ons	
  divided	
  
into	
  func9onal	
  steps	
  shows	
  great	
  promise	
  


