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Mo#va#on	
  

»  UAVs	
  operaBons	
  in	
  dynamic	
  large-­‐scale	
  environment	
  

»  domain	
  proper#es:	
  
»  4D	
  problem	
  -­‐	
  3D	
  world	
  considering	
  Bme	
  
»  excluded	
  zones	
  (posiBons	
  and	
  Bme)	
  are	
  given	
  by	
  physical	
  obstacles	
  and	
  

no-­‐flight	
  zones	
  
»  excluded	
  zones	
  can	
  be	
  dynamically	
  updated	
  aMer	
  each	
  planning	
  

»  desired	
  trajectory	
  planner	
  properBes:	
  
»  opBmizaBon-­‐based	
  search	
  in	
  4D	
  space	
  
»  high	
  performance	
  
»  can	
  be	
  used	
  for	
  nonholonomic	
  vehicle	
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State	
  space	
  search	
  

»  algorithm	
  proper#es	
  
»  Bme	
  complexity	
  –	
  e.g.	
  number	
  of	
  searched	
  states	
  
»  space	
  complexity	
  –	
  e.g.	
  number	
  of	
  states	
  in	
  memory	
  
»  quality	
  of	
  soluBon	
  –	
  opBmal,	
  complete	
  (find	
  a	
  soluBon	
  if	
  it	
  exists)	
  
»  effecBve	
  branching	
  factor	
  –	
  number	
  of	
  states	
  aMer	
  expansion	
  

»  Uniformed	
  methods	
  
»  breadth-­‐first	
  search	
  (BFS)	
  
»  depth-­‐first	
  search	
  (DFS)	
  
»  depth-­‐limited	
  search	
  (DLS)	
  
»  iteraBve	
  deepening	
  search	
  (IDS)	
  
»  bi-­‐direcBonal	
  search	
  	
  

»  Informed	
  methods	
  
»  use	
  heurisBcs	
  to	
  select	
  appropriate	
  state	
  to	
  expand	
  
»  good	
  heurisBcs	
  minimize	
  searched	
  state	
  space	
  to	
  find	
  opBmal	
  soluBon	
  
»  best-­‐first	
  search	
  –	
  A*	
  search,	
  greedy	
  algorithm	
  
»  localized	
  search	
  –	
  hill-­‐climbing	
  algorithm	
  

11/05/2015	
   3	
  A0M33BEP	
  –	
  Course	
  13	
  



Breadth-­‐first	
  search	
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Best-­‐first	
  search	
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Search	
  with	
  heuris#cs	
  

»  operaBons	
  on	
  lines	
  9	
  and	
  10:	
  
»  if	
  a	
  node	
  is	
  already	
  in	
  open	
  

»  do	
  nothing	
  iff	
  f(e)	
  of	
  the	
  exisBng	
  one	
  is	
  be]er	
  
»  replace	
  iff	
  f(e)	
  of	
  the	
  exisBng	
  one	
  	
  is	
  worse	
  

»  if	
  a	
  node	
  is	
  already	
  in	
  closed	
  
»  remove	
  from	
  E	
  iff	
  f(e)	
  of	
  the	
  exisBng	
  one	
  is	
  be]er	
  
»  remove	
  from	
  closed	
  iff	
  f(e)	
  of	
  the	
  exisBng	
  one	
  is	
  worse	
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Evalua#on	
  func#on	
  

»  evaluaBon	
  funcBon	
  f(…)	
  used	
  as	
  a	
  criterion	
  in	
  the	
  algorithm	
  
»  c(m,n)	
  –	
  cost	
  of	
  step	
  from	
  m	
  to	
  n	
  
»  g(m)	
  –	
  cost	
  of	
  all	
  steps	
  from	
  the	
  start	
  to	
  the	
  state	
  m	
  
»  h*(n)	
  –	
  real	
  cost	
  of	
  all	
  steps	
  from	
  the	
  state	
  n	
  to	
  the	
  goal	
  

»  examples	
  of	
  evaluaBon	
  funcBons	
  
»  f(m,n)	
  	
  -­‐	
  evaluaBon	
  funcBon	
  used	
  for	
  the	
  transiBon	
  from	
  the	
  state	
  m	
  to	
  

the	
  state	
  n	
  

»  f(m,n)	
  =	
  c(m,n)	
  	
  …	
  hill-­‐climbing	
  search	
  –	
  can	
  stuck	
  in	
  a	
  local	
  minima	
  
»  f(m,n)	
  =	
  h*(n)	
  …	
  greedy	
  algorithm	
  –	
  opBmal,	
  complete	
  
»  f(m,n)	
  =	
  g(n)+h*(n)	
  where	
  g(n)	
  =	
  g(m)+c(m,n)	
  …	
  A*	
  algorithm	
  	
  

	
   	
   	
   	
  –	
  opBmal,	
  complete	
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A*	
  algorithm	
  

»  h*(n)	
  is	
  unknown	
  and	
  cannot	
  be	
  used	
  directly	
  
»  h(n)	
  is	
  heurisBcs	
  –	
  esBmaBon	
  of	
  h*(n)	
  value	
  
»  evaluaBon	
  funcBon	
  is	
  then	
  f(m,n)	
  =	
  g(n)+h(n)	
  usually	
  denoted	
  as	
  f(n)	
  only	
  

»  admissible	
  heurisBcs	
  in	
  A*	
  
»  for	
  every	
  n:	
  0	
  ≤	
  h(n)	
  ≤	
  h*(n)	
  
»  guarantee	
  opBmality	
  of	
  A*	
  

»  monotonic	
  heurisBcs	
  
»  for	
  every	
  n1	
  and	
  n2	
  where	
  n2	
  is	
  child	
  of	
  n1	
  

	
   	
  h(n1)-­‐h(n2)≤c(n1,n2)	
  	
  and	
  	
  h(goal)	
  =	
  0	
  
»  every	
  monotonic	
  heurisBcs	
  is	
  adminissible	
  

»  dominance	
  of	
  heurisBcs	
  
»  h2	
  dominates	
  over	
  h1	
  iff	
  	
  for	
  every	
  n	
  	
  h1(n)	
  ≤h2(n)	
  
»  A*	
  with	
  h2	
  will	
  use	
  less	
  state	
  space	
  than	
  with	
  h1	
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A*	
  algorithm	
  remarks	
  

»  has	
  exponenBal	
  memory	
  complexity	
  
»  usually	
  out	
  of	
  memory	
  earlier	
  than	
  defined	
  Bme	
  limit	
  

»  iteraBve	
  deepening	
  A*	
  (IDA*)	
  –	
  opBmal,	
  complete;	
  reduces	
  memory	
  req.	
  
»  limits	
  the	
  search	
  branches	
  with	
  esBmated	
  maximum	
  f	
  for	
  a	
  soluBon	
  

»  memory	
  bounded	
  A*	
  (MA*)	
  –	
  limits	
  the	
  size	
  of	
  open,	
  removes	
  worst	
  state	
  if	
  
no	
  space	
  
»  can	
  stuck	
  in	
  local	
  opBmum	
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State	
  space	
  search	
  for	
  trajectory	
  planning	
  

»  planning	
  in	
  a	
  grid	
  
»  4-­‐neighbors	
  	
  
»  8-­‐neighbors	
  
»  any-­‐angle	
  

»  no	
  widely	
  accepted	
  common	
  benchmarks	
  for	
  trajectory	
  planners	
  -­‐>	
  reduced	
  
comparison	
  problem	
  

»  reduced	
  problem	
  –	
  any-­‐angle	
  path	
  planning	
  in	
  a	
  grid	
  
»  grid	
  cells	
  are	
  either	
  blocked	
  or	
  unblocked	
  
»  start	
  and	
  goal	
  locaBons	
  are	
  in	
  grid	
  verBces	
  
»  path	
  is	
  a	
  sequence	
  of	
  linked	
  line	
  elements	
  which	
  ends	
  are	
  in	
  grid	
  

posiBons,	
  any	
  line	
  element	
  cannot	
  intersect	
  any	
  blocked	
  cell	
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A*	
  algorithm	
  in	
  reduced	
  domain	
  

»  search	
  over	
  visibility	
  graph	
  

»  NODES	
  is	
  the	
  set	
  of	
  all	
  corner	
  verBces	
  +	
  start	
  and	
  goal	
  verBces	
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A*	
  algorithm	
  in	
  reduced	
  domain	
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Theta*	
  algorithm	
  

»  works	
  like	
  A*	
  algorithm	
  except	
  
»  generates	
  only	
  4	
  children	
  
»  reduces	
  path	
  aMer	
  each	
  expansion	
  

»  is	
  not	
  opBmal	
  

»  but	
  is	
  faster	
  than	
  may	
  other	
  non-­‐opBmal	
  versions	
  
»  field	
  D*	
  (FD*)	
  –	
  which	
  is	
  using	
  linear	
  interpolaBon	
  along	
  grid-­‐edges	
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RRT	
  –	
  Rapid	
  random	
  trees	
  search	
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RRT	
  –	
  Rapid	
  random	
  trees	
  search	
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KD-­‐tree	
  structure	
  

»  complexity	
  
»  insert	
  new	
  point	
  O(log	
  n)	
  
»  remove	
  point	
  O(log	
  n)	
  
»  query	
  nearest	
  O(log	
  n)	
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RRT	
  –	
  Rapid	
  random	
  trees	
  search	
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RRT	
  –	
  Rapid	
  random	
  trees	
  search	
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RRT	
  –	
  Rapid	
  random	
  trees	
  search	
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Accelerated	
  A*	
  (AA*)	
  

»  extension	
  of	
  A*	
  algorithm	
  
»  no-­‐preprocessing	
  of	
  an	
  environment	
  
»  key	
  concepts:	
  

»  adap#ve	
  state	
  genera#on	
  using	
  4-­‐successors	
  at	
  maximum	
  -­‐>	
  reducBon	
  
of	
  branching	
  factor	
  to	
  constant	
  

»  search	
  for	
  any-­‐angle	
  path	
  using	
  progressive	
  path	
  trunca#on	
  applied	
  to	
  
every	
  parBal	
  path	
  represented	
  by	
  a	
  state	
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AA*	
  -­‐	
  adap#ve	
  state	
  genera#on	
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AA*	
  -­‐	
  progressive	
  path	
  trunca#on	
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AA*	
  algorithm	
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Evlua#on	
  –	
  randomized	
  grids	
  

»  grids	
  size	
  100x100	
  with	
  randomly	
  blocked	
  cells,	
  start	
  and	
  goal	
  posiBons	
  
»  four	
  different	
  densiBes	
  of	
  obstacles:	
  5%,	
  10%,	
  20%	
  and	
  30%	
  
»  results	
  averaged	
  from	
  500	
  tasks	
  for	
  the	
  same	
  configuraBon	
  
»  each	
  generated	
  task	
  was	
  validated	
  by	
  A*	
  and	
  then	
  by	
  others	
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Planning	
  for	
  nonholonomic	
  vehicle	
  

»  path	
  specifies	
  moBon	
  trajectory	
  for	
  airplane	
  reference	
  point	
  
»  airplane	
  dynamics	
  can	
  be	
  converted	
  to	
  flight	
  envelope	
  elements:	
  

»  straight	
  
»  horizontal	
  turn	
  
»  verBcal	
  turn	
  
»  spiral	
  

»  elements	
  parameters	
  are	
  constrained	
  by	
  
»  minimum	
  horizontal	
  turn	
  radius	
  
»  minimum	
  verBcal	
  turn	
  radius	
  
»  maximum	
  airplane	
  climb/descend	
  rate	
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Planning	
  for	
  nonholonomic	
  vehicle	
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Planning	
  for	
  nonholonomic	
  vehicle	
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Dubin	
  car	
  problem	
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Dubin	
  car	
  problem	
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AA*	
  for	
  nonholonomic	
  planning	
  

»  adap#ve	
  sampling	
  –	
  removes	
  the	
  trade-­‐off	
  between	
  speed	
  and	
  search	
  
precision	
  

»  minimal	
  sampling	
  step	
  –	
  search	
  precision	
  
»  progressive	
  path	
  smoothing	
  
»  similarity	
  check	
  
»  heurisBcs	
  based	
  on	
  

	
  shortest	
  connecBon	
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AA*	
  for	
  nonholonomic	
  planning	
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AA*	
  for	
  nonholonomic	
  planning	
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Procerus	
  planning	
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Procerus	
  planning	
  in	
  wind	
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Planning	
  in	
  large-­‐scale	
  environment	
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Planning	
  in	
  large-­‐scale	
  environment	
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Itera#ve	
  planning	
  in	
  large-­‐scale	
  environment	
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Planning	
  in	
  wind	
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4D	
  planning	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Large-­‐scale	
  planning	
  

	
  vlozit	
  4	
  videa	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
  

	
  
	
  

11/05/2015	
   47	
  A0M33BEP	
  –	
  Course	
  12	
  



Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
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Comparison	
  of	
  planning	
  with	
  current	
  plan	
  

	
  
	
  

11/05/2015	
   53	
  A0M33BEP	
  –	
  Course	
  12	
  



Comparison	
  of	
  planning	
  with	
  current	
  plan	
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