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Input	
  	
  
• 	
  A	
  graph	
  with	
  N	
  loca8ons	
  
• 	
  A	
  set	
  of	
  K	
  agents	
  –	
  each	
  with	
  start	
  and	
  goal	
  loca8on	
  
	
  
Ac+ons	
  
	
  An	
  agent	
  can	
  move	
  or	
  wait	
  
	
  
Task	
  
	
  A	
  path	
  for	
  each	
  agent	
  	
  
	
  
Constraints	
  
Paths	
  shouldn’t	
  conflict	
  	
  
-­‐ 	
  Agents	
  cannot	
  be	
  in	
  the	
  same	
  loca8on	
  at	
  the	
  same	
  8me	
  

	
  
Target	
  
Minimize	
  the	
  sum	
  of	
  travel	
  costs	
  	
  



Motivation	
  
•  Robotics 
•  Video games 
•  Transportation applications 
•  Warehouse management 
•  Product assembly 
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Coupled	
  vs.	
  Decoupled	


•  Decoupled	
  approach:	
  	
  Every	
  agent	
  plans	
  separately	
  
+	
  Fast	
  
-­‐	
  Non	
  op+mal	
  
-­‐	
  Many	
  +mes	
  not	
  complete	
  

•  Coupled	
  approach:	
  agents	
  are	
  planned	
  together	
  
+	
  Can	
  be	
  op+mal	
  
+	
  Complete	
  
-­‐	
  	
  Exponen+ally	
  hard	
  

4	
  



Tradi8onal	
  Coupled	
  Approach	
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Stay!	
  

Expanding	
  this	
  state	
  results	
  in	
  25	
  new	
  states!	
  

5	
  possible	
  
moves	
  

5	
  possible	
  
moves	
  

A	
  state	
  is	
  a	
  set	
  of	
  loca8ons,	
  one	
  per	
  agent	
  

Stay!	
  



Heuris8c	
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Some	
  of	
  Individual	
  Costs	
  (SIC)	
  
•  A	
  commonly	
  used	
  heuris8c	
  ([Standley,	
  2010/2011]	
  ,	
  

[Sharon	
  et	
  al,	
  2011]	
  )	
  

•  Sum	
  the	
  distance	
  of	
  all	
  agents	
  from	
  there	
  goal	
  

SIC=3+3=6	




Solu8on	
  #1:	


•  Given: 	
  	
  
– State	
  <posi8on(a1),	
  posi8on(a2)…,	
  posi8on(ak)>	
  
– Operators	
  per	
  state	
  All	
  single	
  agent	
  moves	
  combina8ons	
  
– Admissible	
  heuris8c	
  Sum	
  of	
  Individual	
  Costs	
  

•  Use	
  A*	
  
– Op8mally	
  effec8ve	
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Problem	
  solved?	




Problem	
  #1:	
  Exponen8al	
  BF	
  

•  The	
  branching	
  factor	
  is	
  5k	
  (k	
  is	
  the	
  #	
  of	
  agents)	
  
•  On	
  a	
  problem	
  with	
  only	
  20	
  agents:	
  

– Branching	
  factor	
  =	
  95,367,431,640,625	
  
– A*	
  can’t	
  expand	
  even	
  the	
  root!!!	
  
	
  	
  

8	
  

	
  Cannot	
  solve	
  even	
  with	
  a	
  perfect	
  heuris+c!	
  



Solu8on	
  #2:	


•  Operator	
  Decomposi8on	
  
–  AAAI	
  2010,	
  Standley.	
  

•  Increasing	
  Cost	
  Tree	
  Search	
  
–  IJCAI	
  2011,	
  SoCS	
  2011,	
  Sharon	
  et	
  al.	
  

•  Enhanced	
  Par8al-­‐Expansion	
  A*	
  
–  AAAI	
  2012,	
  Felner	
  et.	
  al.	
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Problem	
  solved?	




Problem	
  #2:	
  Enormous	
  state	
  space	


•  The	
  size	
  of	
  the	
  state	
  space	
  is	
  
– Allocate	
  	
  	
  	
  	
  agents	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  loca8ons	
  

•  No	
  perfect	
  (or	
  even	
  close)	
  heuris8c	
  
– A	
  large	
  por8on	
  of	
  the	
  state	
  space	
  must	
  be	
  explored	
  

•  Can’t	
  solve	
  problems	
  with	
  many	
  agents	
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Solu8on	
  #3	
  :	
  Independence	
  Detec8on	


•  Standley	
  2010	
  
•  Extremely	
  effec+ve	
  !	
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Simple	
  ID():	
  
1. Plan	
  for	
  each	
  agent	
  independently	
  
2. If	
  agents	
  collide	
  
2.1	
  Group	
  them	
  together	
  
2.2	
  Plan	
  for	
  these	
  agents	
  together	
  (with	
  A*)	
  
2.3	
  Goto	
  2	


1

1

2

2

Problem	
  solved?	




Problem	
  #3:	
  Almost	
  Independent	


•  	
  Each	
  agent	
  has	
  m	
  different	
  op8mal	
  paths	
  
•  All	
  of	
  them	
  go	
  through	
  C	
  at	
  8me	
  step	
  2	
  
•  ID	
  will	
  group	
  both	
  agents	
  
	
  
	
  

12	
  

1st	
  step	
  2nd	
  step	
  



Group	
  agents	
  and	
  solve	
  with	
  A*	

•  	
  Op8mal	
  solu8on	
  =	
  7	
  

è 	
  	
  A*	
  will	
  expand	
  all	
  states	
  with	
  f	
  <	
  7	
  
	
  

	
  	
  

•  Every	
  m2	
  combina+ons	
  of	
  (Ai,Bj)	
  will	
  be	
  expanded!	
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Agent	
  1	
  
Time	
  2	


Wait	
  

S1,S2 

A1,B1 A1,B2 Am,Bm … 
C,C A1,C 

C,G2 

G1,G2 



Conflicts	
  and	
  Constraints	
  	

•  Conflict:	
  	
  <	
  Agent	
  A,	
  Agent	
  B,	
  place	
  X,	
  -me	
  T	
  >	
  
•  Constraint:	
  <	
  agent,	
  place,	
  +me	
  >	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  

	
   	
  Op8on	
  A:	
  	
  A	
  cannot	
  be	
  at	
  X	
  on	
  8me	
  T	
   	
  	
  
	
  Op8on	
  B:	
  	
  B	
  cannot	
  be	
  at	
  X	
  on	
  8me	
  T	
  

Solu+on	
  #4:	
  Conflict	
  Based	
  Search	
  
1.  Plan	
  for	
  each	
  agents	
  separately	
  
2.  Validate	
  plans	
  	
  
3.  If	
  the	
  plans	
  of	
  agents	
  A	
  and	
  B	
  conflict	
  
	
  	
  	
  	
  	
  	
  Constrain	
  A	
  to	
  avoid	
  the	
  conflicts	
  	
  	
  	
  	
  	
  	
  

	
   	
   	
  or	
  
	
  	
  	
  	
  	
  	
  Constrain	
  B	
  to	
  avoid	
  the	
  conflict	




•  Required	
  to	
  ensure	
  op8mality	
  	
  

Must	
  check	
  both	
  constraints	
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No	
  Constraints	
  

Constrain	
  A	
  Constrain	
  B	
  

Conflict	

{A,B}	


Conflict	
Conflict	




The	
  constraint	
  tree	

– Nodes	
  

•  A	
  set	
  of	
  constraints	
  
•  A	
  set	
  of	
  paths	
  that	
  are	
  consistent	
  with	
  the	
  constraints	
  
•  Cost	
  (sum	
  of	
  costs	
  of	
  the	
  paths)	
  

– Goal	
  Test	
  
•  Are	
  the	
  paths	
  conflict	
  free.	
  

– Operators:	
  
•  For	
  each	
  conflic8ng	
  agent	
  

–  Create	
  a	
  new	
  node	
  with	
  a	
  new	
  constraint	
  on	
  the	
  agent	
  
–  Find	
  a	
  new	
  path	
  for	
  the	
  agent	
  consistent	
  with	
  the	
  new	
  constraint	
  



CBS	
  Example	
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Expand	
  

Expand	
  

Goal	
  

Root	
  

OK	
OK	


Conflict	


Goal	
  Test	
Not	
  Goal	
Replan	
  1	
   Replan	
  2	
  

{1,2,C,2}	


Wait	
  



Example	
  analysis	


•  CBS:	
  Expand	
  O(m)	
  
•  A*	
  	
  :	
  Expand	
  O(m2)	
  

– All	
  m2	
  (Ai,Bj)	
  combina8ons	
  

	
  
	
  

For	
  this	
  problem	
  CBS	
  will	
  expand	
  less	
  states	
  then	
  A*	
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Example	
  #2	
  (not	
  as	
  nice…)	


•  4	
  op8mal	
  solu8ons	
  for	
  each	
  agent	
  
•  Each	
  op8mal	
  solu8ons	
  combina8on	
  conflicts	
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Example	
  #2	
  Analysis	


•  CBS:	
  Expands	
  71	
  states	
  in	
  total	
  (=	
  4	
  *	
  16	
  +	
  7)	
  
– 4	
  conflicts	
  à	
  16	
  constraint	
  tree	
  (CT)	
  nodes	
  
– Each	
  CT	
  node	
  expands	
  4	
  single	
  agent	
  states	
  
– The	
  goal	
  CT	
  node	
  expands	
  7	
  single	
  agent	
  states	
  
– 4	
  *	
  16	
  +	
  7	
  =	
  71	
  low-­‐level	
  states	
  in	
  total	
  

•  A*:	
  Expands	
  8	
  states	
  in	
  total	
  
	
  

CBS	
  expands	
  more	
  states	
  by	
  a	
  factor	
  of	
  9	
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A*	
  or	
  CBS?	

•  A*	
  is	
  exponen8al	
  in	
  the	
  number	
  of	
  agents	
  
•  CBS	
  is	
  exponen8al	
  in	
  the	
  number	
  of	
  conflicts	
  
•  No	
  universal	
  winner	
  
•  Depends	
  on	
  the	
  problem	
  proper8es	
  
•  Observa8ons:	
  

– Many	
  boplenecks	
  (few	
  conflicts):	
  CBS	
  outperforms	
  A*	
  
–  Open	
  spaces	
  (many	
  conflicts):	
  A*	
  outperforms	
  CBS	
  

Use	
  Both!!!	
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Solu8on	
  #5:	
  
Mata-­‐Agent	
  Conflict	
  Based	
  Search	
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1.  	
  	
  	
  	
  	
  Plan	
  for	
  each	
  agents	
  separately	
  
2.  	
  	
  	
  	
  	
  If	
  the	
  plans	
  of	
  agents	
  A	
  and	
  B	
  conflict	
  
2.1	
   	
  If	
  ShouldMerge(A,B)	
  
2.1.1 	
  unite	
  A	
  and	
  B	
  and	
  solve	
  with	
  A*	
  	
  
2.2	
  	
  	
  	
  	
  	
  Else	
  	
  
2.2.1 	
  Constrain	
  A	
  to	
  avoid	
  the	
  conflicts	
  
2.2.2	
  	
  	
  or	
  
2.2.3	
  	
  	
  Constrain	
  B	
  to	
  avoid	
  the	
  conflict	




Conflict	
  Bound	


•  Possible	
  solu8on	
  for	
  ShouldMerge(A,B)	
  
•  Merge	
  agents	
  if	
  they	
  conflict	
  many	
  8mes	
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  If	
  PreviousConflicts(A,B)	
  >	
  Conflict	
  Bound	
  
Return	
  true	
  

Else	
  
	
  Return	
  false	
  



Bound	
  scale	


•  If	
  the	
  conflict	
  bound	
  is	
  set	
  to	
  0 	
  (always	
  merge)	
  
– We	
  get	
  Standly’s	
  Independence	
  Detec8on	
  

•  If	
  the	
  conflict	
  bound	
  is	
  set	
  to	
  ∞	
  (never	
  merge)	

– We	
  get	
  the	
  basic	
  CBS	
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0	
  	


Always	
  Merge	
  
(ID)	


∞
 	


Never	
  Merge	
  
(CBS)	


MA-­‐CBS	




What is the best bound? 
•  Open	
  ques8on	
  
•  Depends	
  on:	
  

–  	
  map	
  topology	
  
– amount	
  of	
  agents	
  	
  
– Efficiency	
  of	
  the	
  low-­‐level	
  algorithm	
  

•  	
  Observa8on:	
  
– More	
  boplenecks	
  à	
  higher	
  bound	
  
– More	
  agents	
  à	
  lower	
  bound	
  
– More	
  efficient	
  low-­‐level	
  algorithm	
  à	
  lower	
  bound	
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Experimental	
  Results,	
  Dragon	
  Age	


•  Dragon	
  Age:	
  Origins	
  (Sturtevant)	
  benchmarks	
  
•  Many	
  boplenecks	
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Higher	
  bound	
  is	
  faster	
  when:	
  
ü More	
  boplenecks	
  are	
  present	
  



Experimental	
  Results,	
  Dragon	
  Age	


•  Some	
  boplenecks	
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Higher	
  bound	
  is	
  faster	
  when:	
  
ü More	
  boplenecks	
  are	
  present	
  



Experimental	
  Results,	
  Dragon	
  Age	


•  Few	
  boplenecks	
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Lower	
  bound	
  is	
  faster	
  when:	
  
ü efficient	
  low-­‐level	
  solver	
  
ü More	
  agent	
  exist	
  



Summary	


•  CBS:	
  a	
  new	
  op8mal	
  MAPF	
  algorithm	
  
•  Can	
  expand	
  less	
  nodes	
  than	
  A*	
  	
  
•  CBS	
  focuses	
  on	
  resolving	
  conflicts	
  

– Run	
  many	
  easy-­‐to-­‐compute	
  single	
  agent	
  searches	
  	
  

•  Outperforms	
  state-­‐of-­‐the-­‐art	
  for	
  some	
  domains	
  
–  If	
  #conflicts	
  is	
  small	
  and	
  easy	
  to	
  avoid	
  

•  Less	
  efficient	
  in	
  other	
  domains	
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Summary	


•  MA-­‐CBS:	
  a	
  new	
  op8mal	
  MAPF	
  framework	
  
•  Can	
  use	
  any	
  op8mal	
  and	
  complete	
  MAPF	
  solver	
  
•  Con8nuum	
  of	
  A*	
  and	
  CBS	
  (beper	
  then	
  both)	
  
•  Outperforms	
  state-­‐of-­‐the-­‐art	
  A*	
  for	
  all	
  domains	
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What	
  Next?	


•  Generalize	
  MA-­‐CBS	
  to	
  other	
  problems	
  
– Not	
  just	
  MAPF	
  

•  Rigorous	
  analysis	
  of	
  the	
  bound	
  parameter	
  
•  Beper	
  ShouldMerge	
  func8on	
  
•  Explore	
  rela8ons	
  to	
  CSP\SAT	
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Ques8ons?	
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