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Overview	
  

Example:	
  
Automa2cally	
  generate	
  provably	
  correct	
  
control	
  from	
  high-­‐level	
  specifica2ons	
  for	
  
teams	
  of	
  interchangeable	
  robots	
  

Mo%va%on	
  

Kiva	
  Systems	
   Disaster-­‐Response	
  UAVs	
  (EPFL)	
  

•  model	
  robot	
  team	
  as	
  a	
  switched	
  system	
  	
  

	
  
	
  

•  construct	
  mo2on	
  controllers	
  for	
  each	
  mode	
  
•  synthesize	
  switching	
  protocol	
  to	
  realize	
  

ẋ(t) = f�(t)(x(t)),

'

mode	
  =	
  task	
  assignment	
  

Robot	
  1	
  starts	
  in	
  r1,	
  robot	
  2	
  starts	
  r6.	
  	
  
If	
  the	
  door	
  is	
  closed,	
  the	
  robots	
  cannot	
  
move	
  through	
  it.	
  	
  
Regions	
  r2	
  and	
  r5	
  are	
  ``intrusion-­‐
sensi2ve’’	
  -­‐-­‐	
  when	
  an	
  intruder	
  is	
  
detected	
  in	
  them,	
  one	
  of	
  the	
  robots	
  
must	
  go	
  to	
  that	
  region	
  to	
  inves2gate.	
  	
  

Novelty:	
  concurrent	
  task	
  reassignment	
  and	
  planning	
  via	
  reac2ve	
  
synthesis	
  
Computa-on:	
  switched	
  system	
  representa2on	
  yields	
  exponen2al	
  
improvement	
  during	
  synthesis	
  
Virtualiza-on:	
  explicit	
  separa2on	
  between	
  mo2on	
  controllers	
  
and	
  robots	
  allows	
  solu2on	
  of	
  otherwise	
  infeasible	
  tasks	
  
	
  
	
  

Contribu%ons	
  



Sorry	
  Dave,	
  I’m	
  Afraid	
  I	
  Cn’t	
  Do	
  That:	
  Explaining	
  Unachievable	
  Robot	
  Tasks	
  Using	
  Natural	
  Language	
  

Automa%cally	
  genera%ng	
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  correct	
  control	
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  high-­‐level	
  specifica%ons	
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Specifica2on	
  

Synthesis	
  Engine	
  [1]	
  

M M |= 'System	
  	
  	
  	
  	
  	
  	
  	
  such	
  that	
  

' = 'e ) 's

Reac%ve	
  Synthesis	
  

•  If	
  the	
  opera2ng	
  environment	
  obeys	
  	
  	
  	
  	
  	
  	
  ,	
  the	
  
system	
  sa2sfies	
  	
  	
  	
  	
  	
  	
  .	
  

'e
's

•  Formulas	
  in	
  Linear	
  Temporal	
  Logic	
  (LTL)*	
  

»  Proposi2onal	
  logic	
  +	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  (un2l)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (next)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (always)	
  	
  	
  	
  	
  	
  	
  	
  	
  (eventually)	
  U � ⇤ ⇤
•  Proposi2ons	
  par22oned	
  into	
  controlled	
  (	
  	
  	
  	
  )	
  and	
  

uncontrolled	
  (	
  	
  	
  	
  )	
  sets	
  X
Y

Related	
  Work	
  
Kloetzer	
  and	
  Belta,	
  T-­‐Ro	
  2007,	
  2010	
  	
  
Chen	
  &	
  Belta,	
  T-­‐Ro	
  2010	
  
Loizou	
  and	
  Kyriakopoulo,	
  CDC	
  2004	
  	
  
	
  

Raman	
  and	
  Kress-­‐Gazit,	
  ICRA	
  2014	
  
	
  

	
  
	
  
	
  
	
  
	
  

not reactive	
  

smaller class of specifications	
  


restrict non-motion actions to be 
continuous


	
  

expensive encoding of individual 

robot motion in LTL	
  



	
  
Temporal	
  Logic	
  Synthesis	
  for	
  Mul7-­‐Robot	
  Systems	
  

	
  
Concurrent	
  task	
  assignment	
  and	
  planning	
  

Turpin	
  and	
  Kumar,	
  ICRA	
  2013	
  
	
  
	
  
	
  
	
  

does not consider non-
determinism in the environment


Synthesis	
  of	
  switching	
  protocols	
  
Liu,	
  Ozay,	
  Topcu	
  and	
  Murray,	
  TAC	
  2013	
  

	
  
	
  
	
  
	
  

for general switched systems


task is just a goal configuration 
for the team


Ayanian,	
  Rus	
  and	
  Kumar,	
  NecSys	
  2013	
  

Mo%on	
  Control	
  
•  Need	
  a	
  controller	
  for	
  driving	
  the	
  team	
  of	
  robots	
  from	
  any	
  current	
  configura2on	
  to	
  the	
  goal	
  configura2on	
  for	
  each	
  permuta2on	
  of	
  the	
  goals	
  
•  Can	
  use	
  approach	
  in	
  [2]	
  -­‐-­‐	
  decompose	
  the	
  configura2on	
  space	
  into	
  obstacle-­‐free	
  polytopes,	
  generate	
  local	
  smooth	
  feedback	
  laws	
  that	
  drive	
  the	
  
team	
  of	
  robots	
  from	
  one	
  cell	
  to	
  an	
  adjoining	
  one,	
  sequence	
  these	
  local	
  controllers	
  using	
  A*	
  or	
  incremental	
  D*	
  to	
  reach	
  the	
  goal.	
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  designs.	
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  Rus,	
  and	
  Vijay	
  Kumar.	
  Decentralized	
  mul7robot	
  control	
  in	
  par7ally	
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  environments	
  with	
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  task	
  reassignment.	
  In	
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  pages	
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•  Generalized	
  Reac2vity	
  (1)	
  (GR(1))	
  
'i
e ^ 't

e ^ 'g
e ) 'i

s ^ 't
s ^ 'g

s
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Discrete	
  Abstrac%on	
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  I’m	
  Afraid	
  I	
  Can’t	
  Do	
  That:	
  Explaining	
  Unachievable	
  Robot	
  Tasks	
  Using	
  Natural	
  Language	
  Sorry	
  Dave,	
  I’m	
  Afraid	
  I	
  Can’t	
  Do	
  That:	
  Explaining	
  Unachievable	
  Robot	
  Tasks	
  Using	
  Natural	
  Language	
  

Specifica%on	
  
(Excerpt)	
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  Dave,	
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X = {⇡
intruder2 ,⇡intruder5 ,⇡door

}
[{⇡ir | i 2 {1, 2}, r 2 {1, 2, 3, 4, 5, 6}}

Y = {⇡p | p 2 {12, 21}}

('
1r1

^ '
2r6

) #Initial (Environment)

(Robot 1 starts in r1, Robot 2 in r6)

(¬⇡
intruder2 ^ ¬⇡

intruder5 ^ ¬⇡
door

)#Initial (Environment)

(Initially no intruders, open door)

(⇡
12

) #Initial (System)

(Robot 1 is initially assigned goal r2,

Robot 2 is initially assigned goal r5)

^ ⇤('
1r1

^�⇡
door

) �¬'
1r2

) #Safety (Environment)

(If door closed, Robot 1 can’t move from r1 to r2)

^ ⇤('
1r2

^�⇡
door

) �¬'
1r1

) #Safety (Environment)

(If door closed, Robot 1 can’t move from r2 to r1)

· · ·
^ ⇤('

2r5
^�⇡

door

) �¬'
2r6

) #Safety (Environment)

(If door closed, Robot 2 can’t move from r5 to r6)

^ ⇤('
2r6

^�⇡
door

) �¬'
2r5

) #Safety (Environment)

(If door closed, Robot 2 can’t move from r6 to r5)

^ ⇤ ⇤(⇡intruder2

) �('
1r2

_ '
2r2

)) #Liveness (System)

(If an intruder is detected in r2,

either Robot 1 or 2 should go to r2)

^ ⇤ ⇤(⇡intruder5

) �('
1r5

_ '
2r5

)) #Liveness (System)

(If an intruder is detected in r5,

either Robot 1 or 2 should go to r5)

Example:	
  
Robot	
  1	
  starts	
  in	
  r1,	
  robot	
  2	
  
starts	
  r6.	
  	
  
If	
  the	
  door	
  is	
  closed,	
  the	
  robots	
  
cannot	
  move	
  through	
  it.	
  	
  
Regions	
  r2	
  and	
  r5	
  are	
  ``intrusion-­‐
sensi7ve’’	
  -­‐-­‐	
  when	
  an	
  intruder	
  is	
  
detected	
  in	
  them,	
  one	
  of	
  the	
  
robots	
  must	
  go	
  to	
  that	
  region	
  to	
  
inves7gate.	
  	
  

comple2on	
  of	
  mo2on	
  of	
  robot	
  i	
  to	
  room	
  r	
  

goal	
  permuta2ons	
  

1	
  

2	
  

Synthesized	
  Automaton	
  (Excerpt)	
  
The	
  system	
  
switches	
  modes	
  
from	
  p12	
  to	
  
p21	
  when	
  the	
  
door	
  is	
  closed	
  
and	
  an	
  intruder	
  
is	
  sensed	
  in	
  r5.	
  	
  

Robot	
  1	
  is	
  
heading	
  
towards	
  r2,	
  
robot	
  2	
  
towards	
  r5.	
  	
  

G = {r2, r5}
PN = {12, 21}

goals	
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