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• Long-duration deployment

Autonomous agents are becoming more capable of:

• Large-scale navigation 

• Knowledge-intensive reasoning

Service robots will be desired to:

• Understand human requests 

• Complete multiple tasks with high efficiency
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• Task requests?  
Plan to satisfy certain specifications  
- Satisfiability problem  
   logic programs  
   Answer set programming (ASP)  
    Prolog 
   AI planning  
   PDDL 
    STRIPS  
 
e.g. camping preparation (in ASP):  
   need_ice(milk) 
    cooling(cooler)  
    -spoiled(NI) :- inside(NI,C), cooling(C), need_ice(NI)  
    :- delivered(S,milk,maxstep), -spoiled(milk), storage(S) 
    #minimize{X,Y:cost(X,Y)}. 
 
 

Task Planning
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• Navigation paths for travel cost evaluation  
Plan to satisfy kinematics/dynamics constraints  
- Collision-free, dynamically feasible 
   Trajectory optimization  
    CHOMP  
     Sampling-based algorithms  
    RRT  
     PRM  

Motion Planning
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The Computational Challenges  
in Large Domain Planning

• Large task domains include: 
- Large number of object instances N 
  cooling(cooler_east1)  
   cooling(fridge_west1) 
   cooling(fridge_west2) 
   hascoffee(cafe_east1) 
   hascoffee(cafe_west1) 
 
 
- Large search space:  
exponential growth in task length L and N in node traversals  
 O(N ) 

• Large domain navigation cost: 
- evaluated by motion planner for task-level travel cost estimate
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• Desire for optimality guarantee  
suboptimal plans may have much longer travel length in large maps  

• Minimize the calls for motion evaluation  
the intensive search                                            grows exponentially 
in L and N: O(N  ) 

• A hierarchical MDP problem with 
one level of  abstraction: 
- High-level task action space 
   …which satisfies the task specifications  
- Low-level motion space 
  …which includes platform physical constraints 

The Challenges

with motion evaluation
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Related Work
• Semantic attachments  

symbolic planner with function calls 

• Integrated task and motion planning in robotics  
plan to solve for geometrically constrained problems  
 
 
 
 
  
 
logic-geometric programming  
plan to optimize certain objective 

• Limitations: not addressing optimality guarantee and  
the corresponding motion evaluation expense problem

Toussaint, 2015
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PETLON:  
Planning Efficiently for Task-Level-Optimal Navigation

• Optimal task-level action sequence: 

Symbolic state space:
Symbolic action space:

Dt
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Task plans:

Cost function:
Feasible task plan space:

Task specifications:

State transition function:
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Cost(hs, a, s0i) ! R
<latexit sha1_base64="jUnVBrxIx+fuFHehnVC0618TAJk=">AAACG3icbVDLSgMxFM34rPVVdekmWEQFKTNF0GWxG5dVrBY6pdxJ0zaYSYbkjlKG/ocbf8WNC0VcCS78G9PHwteBwMk593LvPVEihUXf//RmZufmFxZzS/nlldW19cLG5pXVqWG8zrTUphGB5VIoXkeBkjcSwyGOJL+Obqoj//qWGyu0usRBwlsx9JToCgbopHahXNUW90MJqic5tYdwaPdCM/4d0NCIXh/BGH1HwxiwH0XZxbBdKPolfwz6lwRTUiRT1NqF97CjWRpzhUyCtc3AT7CVgUHBJB/mw9TyBNgN9HjTUQUxt61sfNuQ7jqlQ7vauKeQjtXvHRnE1g7iyFWONrS/vZH4n9dMsXvSyoRKUuSKTQZ1U0lR01FQtCMMZygHjgAzwu1KWR8MMHRx5l0Iwe+T/5KrcinwS8H5UbFyOo0jR7bJDtknATkmFXJGaqROGLknj+SZvHgP3pP36r1NSme8ac8W+QHv4wtqWKEM</latexit><latexit sha1_base64="jUnVBrxIx+fuFHehnVC0618TAJk=">AAACG3icbVDLSgMxFM34rPVVdekmWEQFKTNF0GWxG5dVrBY6pdxJ0zaYSYbkjlKG/ocbf8WNC0VcCS78G9PHwteBwMk593LvPVEihUXf//RmZufmFxZzS/nlldW19cLG5pXVqWG8zrTUphGB5VIoXkeBkjcSwyGOJL+Obqoj//qWGyu0usRBwlsx9JToCgbopHahXNUW90MJqic5tYdwaPdCM/4d0NCIXh/BGH1HwxiwH0XZxbBdKPolfwz6lwRTUiRT1NqF97CjWRpzhUyCtc3AT7CVgUHBJB/mw9TyBNgN9HjTUQUxt61sfNuQ7jqlQ7vauKeQjtXvHRnE1g7iyFWONrS/vZH4n9dMsXvSyoRKUuSKTQZ1U0lR01FQtCMMZygHjgAzwu1KWR8MMHRx5l0Iwe+T/5KrcinwS8H5UbFyOo0jR7bJDtknATkmFXJGaqROGLknj+SZvHgP3pP36r1NSme8ac8W+QHv4wtqWKEM</latexit><latexit sha1_base64="jUnVBrxIx+fuFHehnVC0618TAJk=">AAACG3icbVDLSgMxFM34rPVVdekmWEQFKTNF0GWxG5dVrBY6pdxJ0zaYSYbkjlKG/ocbf8WNC0VcCS78G9PHwteBwMk593LvPVEihUXf//RmZufmFxZzS/nlldW19cLG5pXVqWG8zrTUphGB5VIoXkeBkjcSwyGOJL+Obqoj//qWGyu0usRBwlsx9JToCgbopHahXNUW90MJqic5tYdwaPdCM/4d0NCIXh/BGH1HwxiwH0XZxbBdKPolfwz6lwRTUiRT1NqF97CjWRpzhUyCtc3AT7CVgUHBJB/mw9TyBNgN9HjTUQUxt61sfNuQ7jqlQ7vauKeQjtXvHRnE1g7iyFWONrS/vZH4n9dMsXvSyoRKUuSKTQZ1U0lR01FQtCMMZygHjgAzwu1KWR8MMHRx5l0Iwe+T/5KrcinwS8H5UbFyOo0jR7bJDtknATkmFXJGaqROGLknj+SZvHgP3pP36r1NSme8ac8W+QHv4wtqWKEM</latexit><latexit sha1_base64="jUnVBrxIx+fuFHehnVC0618TAJk=">AAACG3icbVDLSgMxFM34rPVVdekmWEQFKTNF0GWxG5dVrBY6pdxJ0zaYSYbkjlKG/ocbf8WNC0VcCS78G9PHwteBwMk593LvPVEihUXf//RmZufmFxZzS/nlldW19cLG5pXVqWG8zrTUphGB5VIoXkeBkjcSwyGOJL+Obqoj//qWGyu0usRBwlsx9JToCgbopHahXNUW90MJqic5tYdwaPdCM/4d0NCIXh/BGH1HwxiwH0XZxbBdKPolfwz6lwRTUiRT1NqF97CjWRpzhUyCtc3AT7CVgUHBJB/mw9TyBNgN9HjTUQUxt61sfNuQ7jqlQ7vauKeQjtXvHRnE1g7iyFWONrS/vZH4n9dMsXvSyoRKUuSKTQZ1U0lR01FQtCMMZygHjgAzwu1KWR8MMHRx5l0Iwe+T/5KrcinwS8H5UbFyOo0jR7bJDtknATkmFXJGaqROGLknj+SZvHgP3pP36r1NSme8ac8W+QHv4wtqWKEM</latexit>

T t : hs, ai ! s0
<latexit sha1_base64="3xe6e6av/A0DoIW+DZMv7snVkiE=">AAACGHicbVDLSsNAFJ3Ud31FXboZLKILqYkIiivRjUsFq0JTy810kg6dTMLMjVJCP8ONv+LGhSJu3fk3Th8LbT0wcDjnXu6cE2ZSGPS8b6c0NT0zOze/UF5cWl5ZddfWb0yaa8ZrLJWpvgvBcCkUr6FAye8yzSEJJb8NO+d9//aBayNSdY3djDcSiJWIBAO0UtPdDxLANgNZXPfu8SSQoGLJqdmDQA9poEXcRtA6faRmp+lWvKo3AJ0k/ohUyAiXTfcraKUsT7hCJsGYuu9l2ChAo2CS98pBbngGrAMxr1uqIOGmUQyC9ei2VVo0SrV9CulA/b1RQGJMNwntZD+GGff64n9ePcfouFEIleXIFRseinJJMaX9lmhLaM5Qdi0BpoX9K2Vt0MDQdlm2JfjjkSfJzUHV96r+1WHl9GxUxzzZJFtkl/jkiJySC3JJaoSRJ/JC3si78+y8Oh/O53C05Ix2NsgfOF8/+UKgUg==</latexit><latexit sha1_base64="3xe6e6av/A0DoIW+DZMv7snVkiE=">AAACGHicbVDLSsNAFJ3Ud31FXboZLKILqYkIiivRjUsFq0JTy810kg6dTMLMjVJCP8ONv+LGhSJu3fk3Th8LbT0wcDjnXu6cE2ZSGPS8b6c0NT0zOze/UF5cWl5ZddfWb0yaa8ZrLJWpvgvBcCkUr6FAye8yzSEJJb8NO+d9//aBayNSdY3djDcSiJWIBAO0UtPdDxLANgNZXPfu8SSQoGLJqdmDQA9poEXcRtA6faRmp+lWvKo3AJ0k/ohUyAiXTfcraKUsT7hCJsGYuu9l2ChAo2CS98pBbngGrAMxr1uqIOGmUQyC9ei2VVo0SrV9CulA/b1RQGJMNwntZD+GGff64n9ePcfouFEIleXIFRseinJJMaX9lmhLaM5Qdi0BpoX9K2Vt0MDQdlm2JfjjkSfJzUHV96r+1WHl9GxUxzzZJFtkl/jkiJySC3JJaoSRJ/JC3si78+y8Oh/O53C05Ix2NsgfOF8/+UKgUg==</latexit><latexit sha1_base64="3xe6e6av/A0DoIW+DZMv7snVkiE=">AAACGHicbVDLSsNAFJ3Ud31FXboZLKILqYkIiivRjUsFq0JTy810kg6dTMLMjVJCP8ONv+LGhSJu3fk3Th8LbT0wcDjnXu6cE2ZSGPS8b6c0NT0zOze/UF5cWl5ZddfWb0yaa8ZrLJWpvgvBcCkUr6FAye8yzSEJJb8NO+d9//aBayNSdY3djDcSiJWIBAO0UtPdDxLANgNZXPfu8SSQoGLJqdmDQA9poEXcRtA6faRmp+lWvKo3AJ0k/ohUyAiXTfcraKUsT7hCJsGYuu9l2ChAo2CS98pBbngGrAMxr1uqIOGmUQyC9ei2VVo0SrV9CulA/b1RQGJMNwntZD+GGff64n9ePcfouFEIleXIFRseinJJMaX9lmhLaM5Qdi0BpoX9K2Vt0MDQdlm2JfjjkSfJzUHV96r+1WHl9GxUxzzZJFtkl/jkiJySC3JJaoSRJ/JC3si78+y8Oh/O53C05Ix2NsgfOF8/+UKgUg==</latexit><latexit sha1_base64="3xe6e6av/A0DoIW+DZMv7snVkiE=">AAACGHicbVDLSsNAFJ3Ud31FXboZLKILqYkIiivRjUsFq0JTy810kg6dTMLMjVJCP8ONv+LGhSJu3fk3Th8LbT0wcDjnXu6cE2ZSGPS8b6c0NT0zOze/UF5cWl5ZddfWb0yaa8ZrLJWpvgvBcCkUr6FAye8yzSEJJb8NO+d9//aBayNSdY3djDcSiJWIBAO0UtPdDxLANgNZXPfu8SSQoGLJqdmDQA9poEXcRtA6faRmp+lWvKo3AJ0k/ohUyAiXTfcraKUsT7hCJsGYuu9l2ChAo2CS98pBbngGrAMxr1uqIOGmUQyC9ei2VVo0SrV9CulA/b1RQGJMNwntZD+GGff64n9ePcfouFEIleXIFRseinJJMaX9lmhLaM5Qdi0BpoX9K2Vt0MDQdlm2JfjjkSfJzUHV96r+1WHl9GxUxzzZJFtkl/jkiJySC3JJaoSRJ/JC3si78+y8Oh/O53C05Ix2NsgfOF8/+UKgUg==</latexit>

s.t.                  , 

!8



• Motion evaluation:

Dm
<latexit sha1_base64="FGnhciKzdkdTKAs/ZgKpCu1BWJU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFXbisYB/QjiWTZtrQJDMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89oQqzSL5YKYx9QUeShYygo2V/J7AZkQwT29nj6JfrrhVdw60SrycVCBHo1/+6g0ikggqDeFY667nxsZPsTKMcDor9RJNY0zGeEi7lkosqPbTeegZOrPKAIWRsk8aNFd/b6RYaD0VgZ3MQuplLxP/87qJCa/8lMk4MVSSxaEw4chEKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5LWRdVzq979ZaV+nddRhBM4hXPwoAZ1uIMGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8A+8ySOQ==</latexit><latexit sha1_base64="FGnhciKzdkdTKAs/ZgKpCu1BWJU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFXbisYB/QjiWTZtrQJDMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89oQqzSL5YKYx9QUeShYygo2V/J7AZkQwT29nj6JfrrhVdw60SrycVCBHo1/+6g0ikggqDeFY667nxsZPsTKMcDor9RJNY0zGeEi7lkosqPbTeegZOrPKAIWRsk8aNFd/b6RYaD0VgZ3MQuplLxP/87qJCa/8lMk4MVSSxaEw4chEKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5LWRdVzq979ZaV+nddRhBM4hXPwoAZ1uIMGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8A+8ySOQ==</latexit><latexit sha1_base64="FGnhciKzdkdTKAs/ZgKpCu1BWJU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFXbisYB/QjiWTZtrQJDMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89oQqzSL5YKYx9QUeShYygo2V/J7AZkQwT29nj6JfrrhVdw60SrycVCBHo1/+6g0ikggqDeFY667nxsZPsTKMcDor9RJNY0zGeEi7lkosqPbTeegZOrPKAIWRsk8aNFd/b6RYaD0VgZ3MQuplLxP/87qJCa/8lMk4MVSSxaEw4chEKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5LWRdVzq979ZaV+nddRhBM4hXPwoAZ1uIMGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8A+8ySOQ==</latexit><latexit sha1_base64="FGnhciKzdkdTKAs/ZgKpCu1BWJU=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFXbisYB/QjiWTZtrQJDMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dgpr6xubW8Xt0s7u3v5B+fCopaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89oQqzSL5YKYx9QUeShYygo2V/J7AZkQwT29nj6JfrrhVdw60SrycVCBHo1/+6g0ikggqDeFY667nxsZPsTKMcDor9RJNY0zGeEi7lkosqPbTeegZOrPKAIWRsk8aNFd/b6RYaD0VgZ3MQuplLxP/87qJCa/8lMk4MVSSxaEw4chEKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5LWRdVzq979ZaV+nddRhBM4hXPwoAZ1uIMGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8A+8ySOQ==</latexit>

x 2 X
<latexit sha1_base64="u+i4U6Ua5D8BJ71an8VgOIGATMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHJtRKwecJpwP6IjJULBKFqp80T6QpHuoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs/m5M3JmlSEJY21LIZmrvycyGhkzjQLbGVEcm2UvF//zeimG134mVJIiV2yxKEwlwZjkv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGEzgGV7hzUmcF+fd+Vi0lpxi5hj+wPn8AYKujwM=</latexit><latexit sha1_base64="u+i4U6Ua5D8BJ71an8VgOIGATMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHJtRKwecJpwP6IjJULBKFqp80T6QpHuoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs/m5M3JmlSEJY21LIZmrvycyGhkzjQLbGVEcm2UvF//zeimG134mVJIiV2yxKEwlwZjkv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGEzgGV7hzUmcF+fd+Vi0lpxi5hj+wPn8AYKujwM=</latexit><latexit sha1_base64="u+i4U6Ua5D8BJ71an8VgOIGATMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHJtRKwecJpwP6IjJULBKFqp80T6QpHuoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs/m5M3JmlSEJY21LIZmrvycyGhkzjQLbGVEcm2UvF//zeimG134mVJIiV2yxKEwlwZjkv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGEzgGV7hzUmcF+fd+Vi0lpxi5hj+wPn8AYKujwM=</latexit><latexit sha1_base64="u+i4U6Ua5D8BJ71an8VgOIGATMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0swm7E7GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHJtRKwecJpwP6IjJULBKFqp80T6QpHuoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs/m5M3JmlSEJY21LIZmrvycyGhkzjQLbGVEcm2UvF//zeimG134mVJIiV2yxKEwlwZjkv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGEzgGV7hzUmcF+fd+Vi0lpxi5hj+wPn8AYKujwM=</latexit>

Numeric state space:
Numeric action space: u 2 U

<latexit sha1_base64="AX84h/F6Ecr2dW8JQaitrk+Cp60=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbRSJyN9oYg/qNbcursAWSdeQWpQoDWofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHujFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyjmyAXKs2QK7ZcFGWSYELmv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfXmdtK/qnlv3Hq5rzdsijjKcwTlcggcNaMI9tMAHBhN4hld4c1LnxXl3PpatJaeYOYU/cD5/AHmEjv0=</latexit><latexit sha1_base64="AX84h/F6Ecr2dW8JQaitrk+Cp60=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbRSJyN9oYg/qNbcursAWSdeQWpQoDWofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHujFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyjmyAXKs2QK7ZcFGWSYELmv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfXmdtK/qnlv3Hq5rzdsijjKcwTlcggcNaMI9tMAHBhN4hld4c1LnxXl3PpatJaeYOYU/cD5/AHmEjv0=</latexit><latexit sha1_base64="AX84h/F6Ecr2dW8JQaitrk+Cp60=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbRSJyN9oYg/qNbcursAWSdeQWpQoDWofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHujFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyjmyAXKs2QK7ZcFGWSYELmv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfXmdtK/qnlv3Hq5rzdsijjKcwTlcggcNaMI9tMAHBhN4hld4c1LnxXl3PpatJaeYOYU/cD5/AHmEjv0=</latexit><latexit sha1_base64="AX84h/F6Ecr2dW8JQaitrk+Cp60=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbRSJyN9oYg/qNbcursAWSdeQWpQoDWofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHujFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyjmyAXKs2QK7ZcFGWSYELmv5Oh0JyhnFpCmRb2VsLGVFOGNqGKDcFbfXmdtK/qnlv3Hq5rzdsijjKcwTlcggcNaMI9tMAHBhN4hld4c1LnxXl3PpatJaeYOYU/cD5/AHmEjv0=</latexit>

State transition function:
Motion plans:

Collision-free space:
Robot model: M

<latexit sha1_base64="phZHaf37MWpQea5oXK/jTdgtkH0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd136v7D5e1xk1RRxlO4BTOwYcraMAdNKEFFBQ8wyu8Oei8OO/Ox2K05BQ7x/AHzucPgoqRYw==</latexit><latexit sha1_base64="phZHaf37MWpQea5oXK/jTdgtkH0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd136v7D5e1xk1RRxlO4BTOwYcraMAdNKEFFBQ8wyu8Oei8OO/Ox2K05BQ7x/AHzucPgoqRYw==</latexit><latexit sha1_base64="phZHaf37MWpQea5oXK/jTdgtkH0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd136v7D5e1xk1RRxlO4BTOwYcraMAdNKEFFBQ8wyu8Oei8OO/Ox2K05BQ7x/AHzucPgoqRYw==</latexit><latexit sha1_base64="phZHaf37MWpQea5oXK/jTdgtkH0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040aoYB/QhjKZTtqhk5kwcyOU0M9w40IRt36NO//GSZuFth4YOJxzL3PuCRPBDXret1NaW9/Y3CpvV3Z29/YPqodHbaNSTVmLKqF0NySGCS5ZCzkK1k00I3EoWCec3OZ+54lpw5V8xGnCgpiMJI84JWilXj8mOKZEZPezQbXm1b053FXiF6QGBZqD6ld/qGgaM4lUEGN6vpdgkBGNnAo2q/RTwxJCJ2TEepZKEjMTZPPIM/fMKkM3Uto+ie5c/b2RkdiYaRzayTyiWfZy8T+vl2J0HWRcJikySRcfRalwUbn5/e6Qa0ZRTC0hVHOb1aVjoglF21LFluAvn7xK2hd136v7D5e1xk1RRxlO4BTOwYcraMAdNKEFFBQ8wyu8Oei8OO/Ox2K05BQ7x/AHzucPgoqRYw==</latexit>

Free(Dm|M)
<latexit sha1_base64="NuG2rlqKE271nVc36oYahJ2bUDs=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFlUxI1QwT6gjWUyvWmHTh7MTIQSs3Xjr7hxoYhb/8Cdf+OkDaKtBwbOnHMv997jRpxJZVlfxtz8wuLScmGluLq2vrFpbm03ZBgLCnUa8lC0XCKBswDqiikOrUgA8V0OTXd4lvnNOxCShcGNGkXg+KQfMI9RorTUNfGFACh3fKIGlPDkPL31739+V+kB7polq2KNgWeJnZMSylHrmp+dXkhjHwJFOZGybVuRchIiFKMc0mInlhAROiR9aGsaEB+kk4wvSfG+VnrYC4V+gcJj9XdHQnwpR76rK7Ml5bSXif957Vh5J07CgihWENDJIC/mWIU4iwX3mACq+EgTQgXTu2I6IIJQpcMr6hDs6ZNnSeOwYlsV+/qoVD3N4yigXbSHyshGx6iKLlEN1RFFD+gJvaBX49F4Nt6M90npnJH37KA/MD6+AVB6mhI=</latexit><latexit sha1_base64="NuG2rlqKE271nVc36oYahJ2bUDs=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFlUxI1QwT6gjWUyvWmHTh7MTIQSs3Xjr7hxoYhb/8Cdf+OkDaKtBwbOnHMv997jRpxJZVlfxtz8wuLScmGluLq2vrFpbm03ZBgLCnUa8lC0XCKBswDqiikOrUgA8V0OTXd4lvnNOxCShcGNGkXg+KQfMI9RorTUNfGFACh3fKIGlPDkPL31739+V+kB7polq2KNgWeJnZMSylHrmp+dXkhjHwJFOZGybVuRchIiFKMc0mInlhAROiR9aGsaEB+kk4wvSfG+VnrYC4V+gcJj9XdHQnwpR76rK7Ml5bSXif957Vh5J07CgihWENDJIC/mWIU4iwX3mACq+EgTQgXTu2I6IIJQpcMr6hDs6ZNnSeOwYlsV+/qoVD3N4yigXbSHyshGx6iKLlEN1RFFD+gJvaBX49F4Nt6M90npnJH37KA/MD6+AVB6mhI=</latexit><latexit sha1_base64="NuG2rlqKE271nVc36oYahJ2bUDs=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFlUxI1QwT6gjWUyvWmHTh7MTIQSs3Xjr7hxoYhb/8Cdf+OkDaKtBwbOnHMv997jRpxJZVlfxtz8wuLScmGluLq2vrFpbm03ZBgLCnUa8lC0XCKBswDqiikOrUgA8V0OTXd4lvnNOxCShcGNGkXg+KQfMI9RorTUNfGFACh3fKIGlPDkPL31739+V+kB7polq2KNgWeJnZMSylHrmp+dXkhjHwJFOZGybVuRchIiFKMc0mInlhAROiR9aGsaEB+kk4wvSfG+VnrYC4V+gcJj9XdHQnwpR76rK7Ml5bSXif957Vh5J07CgihWENDJIC/mWIU4iwX3mACq+EgTQgXTu2I6IIJQpcMr6hDs6ZNnSeOwYlsV+/qoVD3N4yigXbSHyshGx6iKLlEN1RFFD+gJvaBX49F4Nt6M90npnJH37KA/MD6+AVB6mhI=</latexit><latexit sha1_base64="NuG2rlqKE271nVc36oYahJ2bUDs=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdFlUxI1QwT6gjWUyvWmHTh7MTIQSs3Xjr7hxoYhb/8Cdf+OkDaKtBwbOnHMv997jRpxJZVlfxtz8wuLScmGluLq2vrFpbm03ZBgLCnUa8lC0XCKBswDqiikOrUgA8V0OTXd4lvnNOxCShcGNGkXg+KQfMI9RorTUNfGFACh3fKIGlPDkPL31739+V+kB7polq2KNgWeJnZMSylHrmp+dXkhjHwJFOZGybVuRchIiFKMc0mInlhAROiR9aGsaEB+kk4wvSfG+VnrYC4V+gcJj9XdHQnwpR76rK7Ml5bSXif957Vh5J07CgihWENDJIC/mWIU4iwX3mACq+EgTQgXTu2I6IIJQpcMr6hDs6ZNnSeOwYlsV+/qoVD3N4yigXbSHyshGx6iKLlEN1RFFD+gJvaBX49F4Nt6M90npnJH37KA/MD6+AVB6mhI=</latexit>

Feasible motion plans:

State mapping function: f : s ! X
<latexit sha1_base64="8jlxCbGsll93x6UNR8/Y6RW5t4E=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBMVT0YvHCvYD2qVk02wbmk2WJGspa3+KFw+KePWXePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/cMuHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdDvzW49UaSbFg5kkNIjxQLCIEWys1HPL0bVGXcUGQ4OVkmPU7rkVr+rNgVaJn5MK5Kj33K9uX5I0psIQjrXu+F5iggwrwwin01I31TTBZIQHtGOpwDHVQTY/fYpOrdJHkVS2hEFz9fdEhmOtJ3FoO2NshnrZm4n/eZ3URFdBxkSSGirIYlGUcmQkmuWA+kxRYvjEEkwUs7ciMsQKE2PTKtkQ/OWXV0nzvOp7Vf/+olK7yeMowjGcwBn4cAk1uIM6NIDAGJ7hFd6cJ+fFeXc+Fq0FJ585gj9wPn8Aux6TpQ==</latexit><latexit sha1_base64="8jlxCbGsll93x6UNR8/Y6RW5t4E=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBMVT0YvHCvYD2qVk02wbmk2WJGspa3+KFw+KePWXePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/cMuHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdDvzW49UaSbFg5kkNIjxQLCIEWys1HPL0bVGXcUGQ4OVkmPU7rkVr+rNgVaJn5MK5Kj33K9uX5I0psIQjrXu+F5iggwrwwin01I31TTBZIQHtGOpwDHVQTY/fYpOrdJHkVS2hEFz9fdEhmOtJ3FoO2NshnrZm4n/eZ3URFdBxkSSGirIYlGUcmQkmuWA+kxRYvjEEkwUs7ciMsQKE2PTKtkQ/OWXV0nzvOp7Vf/+olK7yeMowjGcwBn4cAk1uIM6NIDAGJ7hFd6cJ+fFeXc+Fq0FJ585gj9wPn8Aux6TpQ==</latexit><latexit sha1_base64="8jlxCbGsll93x6UNR8/Y6RW5t4E=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBMVT0YvHCvYD2qVk02wbmk2WJGspa3+KFw+KePWXePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/cMuHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdDvzW49UaSbFg5kkNIjxQLCIEWys1HPL0bVGXcUGQ4OVkmPU7rkVr+rNgVaJn5MK5Kj33K9uX5I0psIQjrXu+F5iggwrwwin01I31TTBZIQHtGOpwDHVQTY/fYpOrdJHkVS2hEFz9fdEhmOtJ3FoO2NshnrZm4n/eZ3URFdBxkSSGirIYlGUcmQkmuWA+kxRYvjEEkwUs7ciMsQKE2PTKtkQ/OWXV0nzvOp7Vf/+olK7yeMowjGcwBn4cAk1uIM6NIDAGJ7hFd6cJ+fFeXc+Fq0FJ585gj9wPn8Aux6TpQ==</latexit><latexit sha1_base64="8jlxCbGsll93x6UNR8/Y6RW5t4E=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBMVT0YvHCvYD2qVk02wbmk2WJGspa3+KFw+KePWXePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/cMuHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdDvzW49UaSbFg5kkNIjxQLCIEWys1HPL0bVGXcUGQ4OVkmPU7rkVr+rNgVaJn5MK5Kj33K9uX5I0psIQjrXu+F5iggwrwwin01I31TTBZIQHtGOpwDHVQTY/fYpOrdJHkVS2hEFz9fdEhmOtJ3FoO2NshnrZm4n/eZ3URFdBxkSSGirIYlGUcmQkmuWA+kxRYvjEEkwUs7ciMsQKE2PTKtkQ/OWXV0nzvOp7Vf/+olK7yeMowjGcwBn4cAk1uIM6NIDAGJ7hFd6cJ+fFeXc+Fq0FJ585gj9wPn8Aux6TpQ==</latexit>

⇠ 2 ⌅
<latexit sha1_base64="J69vJGQW4jqe2pKmTwggAwHL9MM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSz38SxBeK+F3Rr9bcujsHWSVeQWpQoNmvfvmDhGUxV8gkNabnuSkGOdUomOTTip8ZnlI2pkPes1TRmJsgn588JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eL8PoOsiFSjPkii0WRZkkmJDZ/2QgNGcoJ5ZQpoW9lbAR1ZShTaliQ/CWX14l7Yu659a9+8ta46aIowwncArn4MEVNOAOmtACBgk8wyu8Oei8OO/Ox6K15BQzx/AHzucPeA2QtQ==</latexit><latexit sha1_base64="J69vJGQW4jqe2pKmTwggAwHL9MM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSz38SxBeK+F3Rr9bcujsHWSVeQWpQoNmvfvmDhGUxV8gkNabnuSkGOdUomOTTip8ZnlI2pkPes1TRmJsgn588JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eL8PoOsiFSjPkii0WRZkkmJDZ/2QgNGcoJ5ZQpoW9lbAR1ZShTaliQ/CWX14l7Yu659a9+8ta46aIowwncArn4MEVNOAOmtACBgk8wyu8Oei8OO/Ox6K15BQzx/AHzucPeA2QtQ==</latexit><latexit sha1_base64="J69vJGQW4jqe2pKmTwggAwHL9MM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSz38SxBeK+F3Rr9bcujsHWSVeQWpQoNmvfvmDhGUxV8gkNabnuSkGOdUomOTTip8ZnlI2pkPes1TRmJsgn588JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eL8PoOsiFSjPkii0WRZkkmJDZ/2QgNGcoJ5ZQpoW9lbAR1ZShTaliQ/CWX14l7Yu659a9+8ta46aIowwncArn4MEVNOAOmtACBgk8wyu8Oei8OO/Ox6K15BQzx/AHzucPeA2QtQ==</latexit><latexit sha1_base64="J69vJGQW4jqe2pKmTwggAwHL9MM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0swm7E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeTaiEQ94CTlQUyHSkSCUbRSz38SxBeK+F3Rr9bcujsHWSVeQWpQoNmvfvmDhGUxV8gkNabnuSkGOdUomOTTip8ZnlI2pkPes1TRmJsgn588JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eL8PoOsiFSjPkii0WRZkkmJDZ/2QgNGcoJ5ZQpoW9lbAR1ZShTaliQ/CWX14l7Yu659a9+8ta46aIowwncArn4MEVNOAOmtACBgk8wyu8Oei8OO/Ox6K15BQzx/AHzucPeA2QtQ==</latexit>

s.t.                  ,                  ,xL 2 XGoal
<latexit sha1_base64="/E2rFX+mSnfvtJALJgEi//XpjGQ=">AAAB+XicbVA9SwNBEJ2LXzF+nVraLAbBKtyJoGXQQguLCOYDkvPY22ySJXu7x+5eMBz5JzYWitj6T+z8N26SKzTxwcDjvRlm5kUJZ9p43rdTWFldW98obpa2tnd299z9g4aWqSK0TiSXqhVhTTkTtG6Y4bSVKIrjiNNmNLye+s0RVZpJ8WDGCQ1i3Besxwg2Vgpd9ym8Qx0mUOsxu5GYT0K37FW8GdAy8XNShhy10P3qdCVJYyoM4Vjrtu8lJsiwMoxwOil1Uk0TTIa4T9uWChxTHWSzyyfoxCpd1JPKljBopv6eyHCs9TiObGeMzUAvelPxP6+dmt5lkDGRpIYKMl/USzkyEk1jQF2mKDF8bAkmitlbERlghYmxYZVsCP7iy8ukcVbxvYp/f16uXuVxFOEIjuEUfLiAKtxCDepAYATP8ApvTua8OO/Ox7y14OQzh/AHzucPvbiTEg==</latexit><latexit sha1_base64="/E2rFX+mSnfvtJALJgEi//XpjGQ=">AAAB+XicbVA9SwNBEJ2LXzF+nVraLAbBKtyJoGXQQguLCOYDkvPY22ySJXu7x+5eMBz5JzYWitj6T+z8N26SKzTxwcDjvRlm5kUJZ9p43rdTWFldW98obpa2tnd299z9g4aWqSK0TiSXqhVhTTkTtG6Y4bSVKIrjiNNmNLye+s0RVZpJ8WDGCQ1i3Besxwg2Vgpd9ym8Qx0mUOsxu5GYT0K37FW8GdAy8XNShhy10P3qdCVJYyoM4Vjrtu8lJsiwMoxwOil1Uk0TTIa4T9uWChxTHWSzyyfoxCpd1JPKljBopv6eyHCs9TiObGeMzUAvelPxP6+dmt5lkDGRpIYKMl/USzkyEk1jQF2mKDF8bAkmitlbERlghYmxYZVsCP7iy8ukcVbxvYp/f16uXuVxFOEIjuEUfLiAKtxCDepAYATP8ApvTua8OO/Ox7y14OQzh/AHzucPvbiTEg==</latexit><latexit sha1_base64="/E2rFX+mSnfvtJALJgEi//XpjGQ=">AAAB+XicbVA9SwNBEJ2LXzF+nVraLAbBKtyJoGXQQguLCOYDkvPY22ySJXu7x+5eMBz5JzYWitj6T+z8N26SKzTxwcDjvRlm5kUJZ9p43rdTWFldW98obpa2tnd299z9g4aWqSK0TiSXqhVhTTkTtG6Y4bSVKIrjiNNmNLye+s0RVZpJ8WDGCQ1i3Besxwg2Vgpd9ym8Qx0mUOsxu5GYT0K37FW8GdAy8XNShhy10P3qdCVJYyoM4Vjrtu8lJsiwMoxwOil1Uk0TTIa4T9uWChxTHWSzyyfoxCpd1JPKljBopv6eyHCs9TiObGeMzUAvelPxP6+dmt5lkDGRpIYKMl/USzkyEk1jQF2mKDF8bAkmitlbERlghYmxYZVsCP7iy8ukcVbxvYp/f16uXuVxFOEIjuEUfLiAKtxCDepAYATP8ApvTua8OO/Ox7y14OQzh/AHzucPvbiTEg==</latexit><latexit sha1_base64="/E2rFX+mSnfvtJALJgEi//XpjGQ=">AAAB+XicbVA9SwNBEJ2LXzF+nVraLAbBKtyJoGXQQguLCOYDkvPY22ySJXu7x+5eMBz5JzYWitj6T+z8N26SKzTxwcDjvRlm5kUJZ9p43rdTWFldW98obpa2tnd299z9g4aWqSK0TiSXqhVhTTkTtG6Y4bSVKIrjiNNmNLye+s0RVZpJ8WDGCQ1i3Besxwg2Vgpd9ym8Qx0mUOsxu5GYT0K37FW8GdAy8XNShhy10P3qdCVJYyoM4Vjrtu8lJsiwMoxwOil1Uk0TTIa4T9uWChxTHWSzyyfoxCpd1JPKljBopv6eyHCs9TiObGeMzUAvelPxP6+dmt5lkDGRpIYKMl/USzkyEk1jQF2mKDF8bAkmitlbERlghYmxYZVsCP7iy8ukcVbxvYp/f16uXuVxFOEIjuEUfLiAKtxCDepAYATP8ApvTua8OO/Ox7y14OQzh/AHzucPvbiTEg==</latexit>

x0 2 Xint
<latexit sha1_base64="7sNZmcqimUwFtjiWBuYH+hovqlA=">AAAB+HicbVDLSgNBEOz1GeMjUY9eBoPgKeyKoMegF48RzAOSdZmdzCZDZmeXmV4xLvkSLx4U8eqnePNvnDwOmljQUFR1090VplIYdN1vZ2V1bX1js7BV3N7Z3SuV9w+aJsk04w2WyES3Q2q4FIo3UKDk7VRzGoeSt8Lh9cRvPXBtRKLucJRyP6Z9JSLBKFopKJceA5d0hSLt+1woHAflilt1pyDLxJuTCsxRD8pf3V7CspgrZJIa0/HcFP2cahRM8nGxmxmeUjakfd6xVNGYGz+fHj4mJ1bpkSjRthSSqfp7IqexMaM4tJ0xxYFZ9Cbif14nw+jStw+lGXLFZouiTBJMyCQF0hOaM5QjSyjTwt5K2IBqytBmVbQheIsvL5PmWdVzq97teaV2NY+jAEdwDKfgwQXU4Abq0AAGGTzDK7w5T86L8+58zFpXnPnMIfyB8/kDEyaStA==</latexit><latexit sha1_base64="7sNZmcqimUwFtjiWBuYH+hovqlA=">AAAB+HicbVDLSgNBEOz1GeMjUY9eBoPgKeyKoMegF48RzAOSdZmdzCZDZmeXmV4xLvkSLx4U8eqnePNvnDwOmljQUFR1090VplIYdN1vZ2V1bX1js7BV3N7Z3SuV9w+aJsk04w2WyES3Q2q4FIo3UKDk7VRzGoeSt8Lh9cRvPXBtRKLucJRyP6Z9JSLBKFopKJceA5d0hSLt+1woHAflilt1pyDLxJuTCsxRD8pf3V7CspgrZJIa0/HcFP2cahRM8nGxmxmeUjakfd6xVNGYGz+fHj4mJ1bpkSjRthSSqfp7IqexMaM4tJ0xxYFZ9Cbif14nw+jStw+lGXLFZouiTBJMyCQF0hOaM5QjSyjTwt5K2IBqytBmVbQheIsvL5PmWdVzq97teaV2NY+jAEdwDKfgwQXU4Abq0AAGGTzDK7w5T86L8+58zFpXnPnMIfyB8/kDEyaStA==</latexit><latexit sha1_base64="7sNZmcqimUwFtjiWBuYH+hovqlA=">AAAB+HicbVDLSgNBEOz1GeMjUY9eBoPgKeyKoMegF48RzAOSdZmdzCZDZmeXmV4xLvkSLx4U8eqnePNvnDwOmljQUFR1090VplIYdN1vZ2V1bX1js7BV3N7Z3SuV9w+aJsk04w2WyES3Q2q4FIo3UKDk7VRzGoeSt8Lh9cRvPXBtRKLucJRyP6Z9JSLBKFopKJceA5d0hSLt+1woHAflilt1pyDLxJuTCsxRD8pf3V7CspgrZJIa0/HcFP2cahRM8nGxmxmeUjakfd6xVNGYGz+fHj4mJ1bpkSjRthSSqfp7IqexMaM4tJ0xxYFZ9Cbif14nw+jStw+lGXLFZouiTBJMyCQF0hOaM5QjSyjTwt5K2IBqytBmVbQheIsvL5PmWdVzq97teaV2NY+jAEdwDKfgwQXU4Abq0AAGGTzDK7w5T86L8+58zFpXnPnMIfyB8/kDEyaStA==</latexit><latexit sha1_base64="7sNZmcqimUwFtjiWBuYH+hovqlA=">AAAB+HicbVDLSgNBEOz1GeMjUY9eBoPgKeyKoMegF48RzAOSdZmdzCZDZmeXmV4xLvkSLx4U8eqnePNvnDwOmljQUFR1090VplIYdN1vZ2V1bX1js7BV3N7Z3SuV9w+aJsk04w2WyES3Q2q4FIo3UKDk7VRzGoeSt8Lh9cRvPXBtRKLucJRyP6Z9JSLBKFopKJceA5d0hSLt+1woHAflilt1pyDLxJuTCsxRD8pf3V7CspgrZJIa0/HcFP2cahRM8nGxmxmeUjakfd6xVNGYGz+fHj4mJ1bpkSjRthSSqfp7IqexMaM4tJ0xxYFZ9Cbif14nw+jStw+lGXLFZouiTBJMyCQF0hOaM5QjSyjTwt5K2IBqytBmVbQheIsvL5PmWdVzq97teaV2NY+jAEdwDKfgwQXU4Abq0AAGGTzDK7w5T86L8+58zFpXnPnMIfyB8/kDEyaStA==</latexit>

Motion cost function: Len : ⇠ ! R
<latexit sha1_base64="862EwBYK/faAXf//UU4lTIXojHg=">AAACCHicbVA9SwNBEJ3zM8avU0sLF4NgFe5EUKyCNhYWUcwH5I6wt9lLluztHbt7ajhS2vhXbCwUsfUn2Plv3EtSaOKDgcd7M8zMCxLOlHacb2tufmFxabmwUlxdW9/YtLe26ypOJaE1EvNYNgOsKGeC1jTTnDYTSXEUcNoI+he537ijUrFY3OpBQv0IdwULGcHaSG1774qKM+Q9MORJ1u1pLGV8j7wI614QZDfDtl1yys4IaJa4E1KCCapt+8vrxCSNqNCEY6VarpNoP8NSM8LpsOiliiaY9HGXtgwVOKLKz0aPDNGBUToojKUpodFI/T2R4UipQRSYzvxCNe3l4n9eK9XhqZ8xkaSaCjJeFKYc6RjlqaAOk5RoPjAEE8nMrYj0sMREm+yKJgR3+uVZUj8qu07ZvT4uVc4ncRRgF/bhEFw4gQpcQhVqQOARnuEV3qwn68V6tz7GrXPWZGYH/sD6/AFdx5mQ</latexit><latexit sha1_base64="862EwBYK/faAXf//UU4lTIXojHg=">AAACCHicbVA9SwNBEJ3zM8avU0sLF4NgFe5EUKyCNhYWUcwH5I6wt9lLluztHbt7ajhS2vhXbCwUsfUn2Plv3EtSaOKDgcd7M8zMCxLOlHacb2tufmFxabmwUlxdW9/YtLe26ypOJaE1EvNYNgOsKGeC1jTTnDYTSXEUcNoI+he537ijUrFY3OpBQv0IdwULGcHaSG1774qKM+Q9MORJ1u1pLGV8j7wI614QZDfDtl1yys4IaJa4E1KCCapt+8vrxCSNqNCEY6VarpNoP8NSM8LpsOiliiaY9HGXtgwVOKLKz0aPDNGBUToojKUpodFI/T2R4UipQRSYzvxCNe3l4n9eK9XhqZ8xkaSaCjJeFKYc6RjlqaAOk5RoPjAEE8nMrYj0sMREm+yKJgR3+uVZUj8qu07ZvT4uVc4ncRRgF/bhEFw4gQpcQhVqQOARnuEV3qwn68V6tz7GrXPWZGYH/sD6/AFdx5mQ</latexit><latexit sha1_base64="862EwBYK/faAXf//UU4lTIXojHg=">AAACCHicbVA9SwNBEJ3zM8avU0sLF4NgFe5EUKyCNhYWUcwH5I6wt9lLluztHbt7ajhS2vhXbCwUsfUn2Plv3EtSaOKDgcd7M8zMCxLOlHacb2tufmFxabmwUlxdW9/YtLe26ypOJaE1EvNYNgOsKGeC1jTTnDYTSXEUcNoI+he537ijUrFY3OpBQv0IdwULGcHaSG1774qKM+Q9MORJ1u1pLGV8j7wI614QZDfDtl1yys4IaJa4E1KCCapt+8vrxCSNqNCEY6VarpNoP8NSM8LpsOiliiaY9HGXtgwVOKLKz0aPDNGBUToojKUpodFI/T2R4UipQRSYzvxCNe3l4n9eK9XhqZ8xkaSaCjJeFKYc6RjlqaAOk5RoPjAEE8nMrYj0sMREm+yKJgR3+uVZUj8qu07ZvT4uVc4ncRRgF/bhEFw4gQpcQhVqQOARnuEV3qwn68V6tz7GrXPWZGYH/sD6/AFdx5mQ</latexit><latexit sha1_base64="862EwBYK/faAXf//UU4lTIXojHg=">AAACCHicbVA9SwNBEJ3zM8avU0sLF4NgFe5EUKyCNhYWUcwH5I6wt9lLluztHbt7ajhS2vhXbCwUsfUn2Plv3EtSaOKDgcd7M8zMCxLOlHacb2tufmFxabmwUlxdW9/YtLe26ypOJaE1EvNYNgOsKGeC1jTTnDYTSXEUcNoI+he537ijUrFY3OpBQv0IdwULGcHaSG1774qKM+Q9MORJ1u1pLGV8j7wI614QZDfDtl1yys4IaJa4E1KCCapt+8vrxCSNqNCEY6VarpNoP8NSM8LpsOiliiaY9HGXtgwVOKLKz0aPDNGBUToojKUpodFI/T2R4UipQRSYzvxCNe3l4n9eK9XhqZ8xkaSaCjJeFKYc6RjlqaAOk5RoPjAEE8nMrYj0sMREm+yKJgR3+uVZUj8qu07ZvT4uVc4ncRRgF/bhEFw4gQpcQhVqQOARnuEV3qwn68V6tz7GrXPWZGYH/sD6/AFdx5mQ</latexit>

T m : hx, ui ! x0
<latexit sha1_base64="fCUS7MreNjclmlioSCO6O+1+jRo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK6kDojguKq6MZlhb6gM5Y7adqGZjJDktGWoZ/hxl9x40IRt935N6btLLT1QOBwzr3cnONHnClt299WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4oChnglY105w2Ikkh8Dmt+/3biV9/pFKxUFT0MKJeAF3BOoyANlIrf+YGoHsEeFIZPQTXLgfR5RQPTmNXzqgrWbenQcrwCQ+OW/mCXbSnwIvESUkBpSi38mO3HZI4oEITDko1HTvSXgJSM8LpKOfGikZA+tClTUMFBFR5yTTYCB8ZpY07oTRPaDxVf28kECg1DHwzOYmh5r2J+J/XjHXnykuYiGJNBZkd6sQc6xBPWsJtJinRfGgIEMnMXzHpgQSiTZc5U4IzH3mR1M6Ljl107i8KpZu0jiw6QIfoBDnoEpXQHSqjKiLoGb2id/RhvVhv1qf1NRvNWOnOPvoDa/wDHXSgaQ==</latexit><latexit sha1_base64="fCUS7MreNjclmlioSCO6O+1+jRo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK6kDojguKq6MZlhb6gM5Y7adqGZjJDktGWoZ/hxl9x40IRt935N6btLLT1QOBwzr3cnONHnClt299WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4oChnglY105w2Ikkh8Dmt+/3biV9/pFKxUFT0MKJeAF3BOoyANlIrf+YGoHsEeFIZPQTXLgfR5RQPTmNXzqgrWbenQcrwCQ+OW/mCXbSnwIvESUkBpSi38mO3HZI4oEITDko1HTvSXgJSM8LpKOfGikZA+tClTUMFBFR5yTTYCB8ZpY07oTRPaDxVf28kECg1DHwzOYmh5r2J+J/XjHXnykuYiGJNBZkd6sQc6xBPWsJtJinRfGgIEMnMXzHpgQSiTZc5U4IzH3mR1M6Ljl107i8KpZu0jiw6QIfoBDnoEpXQHSqjKiLoGb2id/RhvVhv1qf1NRvNWOnOPvoDa/wDHXSgaQ==</latexit><latexit sha1_base64="fCUS7MreNjclmlioSCO6O+1+jRo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK6kDojguKq6MZlhb6gM5Y7adqGZjJDktGWoZ/hxl9x40IRt935N6btLLT1QOBwzr3cnONHnClt299WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4oChnglY105w2Ikkh8Dmt+/3biV9/pFKxUFT0MKJeAF3BOoyANlIrf+YGoHsEeFIZPQTXLgfR5RQPTmNXzqgrWbenQcrwCQ+OW/mCXbSnwIvESUkBpSi38mO3HZI4oEITDko1HTvSXgJSM8LpKOfGikZA+tClTUMFBFR5yTTYCB8ZpY07oTRPaDxVf28kECg1DHwzOYmh5r2J+J/XjHXnykuYiGJNBZkd6sQc6xBPWsJtJinRfGgIEMnMXzHpgQSiTZc5U4IzH3mR1M6Ljl107i8KpZu0jiw6QIfoBDnoEpXQHSqjKiLoGb2id/RhvVhv1qf1NRvNWOnOPvoDa/wDHXSgaQ==</latexit><latexit sha1_base64="fCUS7MreNjclmlioSCO6O+1+jRo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK6kDojguKq6MZlhb6gM5Y7adqGZjJDktGWoZ/hxl9x40IRt935N6btLLT1QOBwzr3cnONHnClt299WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4oChnglY105w2Ikkh8Dmt+/3biV9/pFKxUFT0MKJeAF3BOoyANlIrf+YGoHsEeFIZPQTXLgfR5RQPTmNXzqgrWbenQcrwCQ+OW/mCXbSnwIvESUkBpSi38mO3HZI4oEITDko1HTvSXgJSM8LpKOfGikZA+tClTUMFBFR5yTTYCB8ZpY07oTRPaDxVf28kECg1DHwzOYmh5r2J+J/XjHXnykuYiGJNBZkd6sQc6xBPWsJtJinRfGgIEMnMXzHpgQSiTZc5U4IzH3mR1M6Ljl107i8KpZu0jiw6QIfoBDnoEpXQHSqjKiLoGb2id/RhvVhv1qf1NRvNWOnOPvoDa/wDHXSgaQ==</latexit>

                                  

x0, ..., xL 2 Free(Dm|M)
<latexit sha1_base64="HbG5Rb1+KuDa6l5L1pKD4n1RSV8=">AAACGHicbVDLSgMxFM3Ud31VXboJFqGCjDMi6LKoiAuFCvYBnXHIpLcazGSGJCMtYz/Djb/ixoUibt35N6YPRK0HAifn3Mu994QJZ0o7zqeVm5icmp6ZncvPLywuLRdWVmsqTiWFKo15LBshUcCZgKpmmkMjkUCikEM9vD3q+/U7kIrF4lJ3E/Ajci1Ym1GijRQUdjqBs23b9nYnOMMeE/hEApS8iOgbSnh23LuK7r9/572toFB0bGcAPE7cESmiESpB4cNrxTSNQGjKiVJN10m0nxGpGeXQy3upgoTQW3INTUMFiUD52eCwHt40Sgu3Y2me0Hig/uzISKRUNwpNZX9H9dfri/95zVS3D/yMiSTVIOhwUDvlWMe4nxJuMQlU864hhEpmdsX0hkhCtckyb0Jw/548Tmq7tuvY7sVesXw4imMWraMNVEIu2kdldIoqqIooekBP6AW9Wo/Ws/VmvQ9Lc9aoZw39gvXxBcFInwc=</latexit><latexit sha1_base64="HbG5Rb1+KuDa6l5L1pKD4n1RSV8=">AAACGHicbVDLSgMxFM3Ud31VXboJFqGCjDMi6LKoiAuFCvYBnXHIpLcazGSGJCMtYz/Djb/ixoUibt35N6YPRK0HAifn3Mu994QJZ0o7zqeVm5icmp6ZncvPLywuLRdWVmsqTiWFKo15LBshUcCZgKpmmkMjkUCikEM9vD3q+/U7kIrF4lJ3E/Ajci1Ym1GijRQUdjqBs23b9nYnOMMeE/hEApS8iOgbSnh23LuK7r9/572toFB0bGcAPE7cESmiESpB4cNrxTSNQGjKiVJN10m0nxGpGeXQy3upgoTQW3INTUMFiUD52eCwHt40Sgu3Y2me0Hig/uzISKRUNwpNZX9H9dfri/95zVS3D/yMiSTVIOhwUDvlWMe4nxJuMQlU864hhEpmdsX0hkhCtckyb0Jw/548Tmq7tuvY7sVesXw4imMWraMNVEIu2kdldIoqqIooekBP6AW9Wo/Ws/VmvQ9Lc9aoZw39gvXxBcFInwc=</latexit><latexit sha1_base64="HbG5Rb1+KuDa6l5L1pKD4n1RSV8=">AAACGHicbVDLSgMxFM3Ud31VXboJFqGCjDMi6LKoiAuFCvYBnXHIpLcazGSGJCMtYz/Djb/ixoUibt35N6YPRK0HAifn3Mu994QJZ0o7zqeVm5icmp6ZncvPLywuLRdWVmsqTiWFKo15LBshUcCZgKpmmkMjkUCikEM9vD3q+/U7kIrF4lJ3E/Ajci1Ym1GijRQUdjqBs23b9nYnOMMeE/hEApS8iOgbSnh23LuK7r9/572toFB0bGcAPE7cESmiESpB4cNrxTSNQGjKiVJN10m0nxGpGeXQy3upgoTQW3INTUMFiUD52eCwHt40Sgu3Y2me0Hig/uzISKRUNwpNZX9H9dfri/95zVS3D/yMiSTVIOhwUDvlWMe4nxJuMQlU864hhEpmdsX0hkhCtckyb0Jw/548Tmq7tuvY7sVesXw4imMWraMNVEIu2kdldIoqqIooekBP6AW9Wo/Ws/VmvQ9Lc9aoZw39gvXxBcFInwc=</latexit><latexit sha1_base64="HbG5Rb1+KuDa6l5L1pKD4n1RSV8=">AAACGHicbVDLSgMxFM3Ud31VXboJFqGCjDMi6LKoiAuFCvYBnXHIpLcazGSGJCMtYz/Djb/ixoUibt35N6YPRK0HAifn3Mu994QJZ0o7zqeVm5icmp6ZncvPLywuLRdWVmsqTiWFKo15LBshUcCZgKpmmkMjkUCikEM9vD3q+/U7kIrF4lJ3E/Ajci1Ym1GijRQUdjqBs23b9nYnOMMeE/hEApS8iOgbSnh23LuK7r9/572toFB0bGcAPE7cESmiESpB4cNrxTSNQGjKiVJN10m0nxGpGeXQy3upgoTQW3INTUMFiUD52eCwHt40Sgu3Y2me0Hig/uzISKRUNwpNZX9H9dfri/95zVS3D/yMiSTVIOhwUDvlWMe4nxJuMQlU864hhEpmdsX0hkhCtckyb0Jw/548Tmq7tuvY7sVesXw4imMWraMNVEIu2kdldIoqqIooekBP6AW9Wo/Ws/VmvQ9Lc9aoZw39gvXxBcFInwc=</latexit>

Initial set: Xinit = f(sint) 2 X
<latexit sha1_base64="pN5+gOVVw/laRISDJyJVwjad8cU=">AAACBHicbVDNSgMxGMzWv1r/Vj32EixCvZRdEfQiFL14rGDbhXYt2TTbhmazS/KtUEoPXnwVLx4U8epDePNtzLZ70NaBwGTm+0hmgkRwDY7zbRVWVtfWN4qbpa3tnd09e/+gpeNUUdaksYiVFxDNBJesCRwE8xLFSBQI1g5G15nffmBK81jewThhfkQGkoecEjBSzy579xMuOUzxJQ6rOrvA9AR3ucRez644NWcGvEzcnFRQjkbP/ur2Y5pGTAIVROuO6yTgT4gCTgWblrqpZgmhIzJgHUMliZj2J7MQU3xslD4OY2WOBDxTf29MSKT1OArMZERgqBe9TPzP66QQXvgmV5ICk3T+UJgKDDHOGsF9rhgFMTaEUMXNXzEdEkUomN5KpgR3MfIyaZ3WXKfm3p5V6ld5HUVURkeoilx0juroBjVQE1H0iJ7RK3qznqwX6936mI8WrHznEP2B9fkDQWGXLg==</latexit><latexit sha1_base64="pN5+gOVVw/laRISDJyJVwjad8cU=">AAACBHicbVDNSgMxGMzWv1r/Vj32EixCvZRdEfQiFL14rGDbhXYt2TTbhmazS/KtUEoPXnwVLx4U8epDePNtzLZ70NaBwGTm+0hmgkRwDY7zbRVWVtfWN4qbpa3tnd09e/+gpeNUUdaksYiVFxDNBJesCRwE8xLFSBQI1g5G15nffmBK81jewThhfkQGkoecEjBSzy579xMuOUzxJQ6rOrvA9AR3ucRez644NWcGvEzcnFRQjkbP/ur2Y5pGTAIVROuO6yTgT4gCTgWblrqpZgmhIzJgHUMliZj2J7MQU3xslD4OY2WOBDxTf29MSKT1OArMZERgqBe9TPzP66QQXvgmV5ICk3T+UJgKDDHOGsF9rhgFMTaEUMXNXzEdEkUomN5KpgR3MfIyaZ3WXKfm3p5V6ld5HUVURkeoilx0juroBjVQE1H0iJ7RK3qznqwX6936mI8WrHznEP2B9fkDQWGXLg==</latexit><latexit sha1_base64="pN5+gOVVw/laRISDJyJVwjad8cU=">AAACBHicbVDNSgMxGMzWv1r/Vj32EixCvZRdEfQiFL14rGDbhXYt2TTbhmazS/KtUEoPXnwVLx4U8epDePNtzLZ70NaBwGTm+0hmgkRwDY7zbRVWVtfWN4qbpa3tnd09e/+gpeNUUdaksYiVFxDNBJesCRwE8xLFSBQI1g5G15nffmBK81jewThhfkQGkoecEjBSzy579xMuOUzxJQ6rOrvA9AR3ucRez644NWcGvEzcnFRQjkbP/ur2Y5pGTAIVROuO6yTgT4gCTgWblrqpZgmhIzJgHUMliZj2J7MQU3xslD4OY2WOBDxTf29MSKT1OArMZERgqBe9TPzP66QQXvgmV5ICk3T+UJgKDDHOGsF9rhgFMTaEUMXNXzEdEkUomN5KpgR3MfIyaZ3WXKfm3p5V6ld5HUVURkeoilx0juroBjVQE1H0iJ7RK3qznqwX6936mI8WrHznEP2B9fkDQWGXLg==</latexit><latexit sha1_base64="pN5+gOVVw/laRISDJyJVwjad8cU=">AAACBHicbVDNSgMxGMzWv1r/Vj32EixCvZRdEfQiFL14rGDbhXYt2TTbhmazS/KtUEoPXnwVLx4U8epDePNtzLZ70NaBwGTm+0hmgkRwDY7zbRVWVtfWN4qbpa3tnd09e/+gpeNUUdaksYiVFxDNBJesCRwE8xLFSBQI1g5G15nffmBK81jewThhfkQGkoecEjBSzy579xMuOUzxJQ6rOrvA9AR3ucRez644NWcGvEzcnFRQjkbP/ur2Y5pGTAIVROuO6yTgT4gCTgWblrqpZgmhIzJgHUMliZj2J7MQU3xslD4OY2WOBDxTf29MSKT1OArMZERgqBe9TPzP66QQXvgmV5ICk3T+UJgKDDHOGsF9rhgFMTaEUMXNXzEdEkUomN5KpgR3MfIyaZ3WXKfm3p5V6ld5HUVURkeoilx0juroBjVQE1H0iJ7RK3qznqwX6936mI8WrHznEP2B9fkDQWGXLg==</latexit>

Xgoal = f(sgoal) 2 X
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Goal set:

Pm :
<latexit sha1_base64="B/NIYCeyDhBXPEzcEdexiYDtPKA=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUHFVdOOygn1AOy2ZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tygpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB5Dbz249UaRbJBzONqS/wSLKQEWys1O8JbMYE87Qx64vrQbniVt050CrxclKBHI1B+as3jEgiqDSEY627nhsbP8XKMMLprNRLNI0xmeAR7VoqsaDaT+epZ+jMKkMURso+adBc/b2RYqH1VAR2Mkupl71M/M/rJia88lMm48RQSRaHwoQjE6GsAjRkihLDp5ZgopjNisgYK0yMLapkS/CWv7xKWhdVz61695eV+k1eRxFO4BTOwYMa1OEOGtAEAgqe4RXenCfnxXl3PhajBSffOYY/cD5/AJBckok=</latexit><latexit sha1_base64="B/NIYCeyDhBXPEzcEdexiYDtPKA=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUHFVdOOygn1AOy2ZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tygpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB5Dbz249UaRbJBzONqS/wSLKQEWys1O8JbMYE87Qx64vrQbniVt050CrxclKBHI1B+as3jEgiqDSEY627nhsbP8XKMMLprNRLNI0xmeAR7VoqsaDaT+epZ+jMKkMURso+adBc/b2RYqH1VAR2Mkupl71M/M/rJia88lMm48RQSRaHwoQjE6GsAjRkihLDp5ZgopjNisgYK0yMLapkS/CWv7xKWhdVz61695eV+k1eRxFO4BTOwYMa1OEOGtAEAgqe4RXenCfnxXl3PhajBSffOYY/cD5/AJBckok=</latexit><latexit sha1_base64="B/NIYCeyDhBXPEzcEdexiYDtPKA=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUHFVdOOygn1AOy2ZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tygpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB5Dbz249UaRbJBzONqS/wSLKQEWys1O8JbMYE87Qx64vrQbniVt050CrxclKBHI1B+as3jEgiqDSEY627nhsbP8XKMMLprNRLNI0xmeAR7VoqsaDaT+epZ+jMKkMURso+adBc/b2RYqH1VAR2Mkupl71M/M/rJia88lMm48RQSRaHwoQjE6GsAjRkihLDp5ZgopjNisgYK0yMLapkS/CWv7xKWhdVz61695eV+k1eRxFO4BTOwYMa1OEOGtAEAgqe4RXenCfnxXl3PhajBSffOYY/cD5/AJBckok=</latexit><latexit sha1_base64="B/NIYCeyDhBXPEzcEdexiYDtPKA=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIUHFVdOOygn1AOy2ZNNOGJpkhyShl6H+4caGIW//FnX9jpp2Fth4IHM65l3tygpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB5Dbz249UaRbJBzONqS/wSLKQEWys1O8JbMYE87Qx64vrQbniVt050CrxclKBHI1B+as3jEgiqDSEY627nhsbP8XKMMLprNRLNI0xmeAR7VoqsaDaT+epZ+jMKkMURso+adBc/b2RYqH1VAR2Mkupl71M/M/rJia88lMm48RQSRaHwoQjE6GsAjRkihLDp5ZgopjNisgYK0yMLapkS/CWv7xKWhdVz61695eV+k1eRxFO4BTOwYMa1OEOGtAEAgqe4RXenCfnxXl3PhajBSffOYY/cD5/AJBckok=</latexit>

⇠ = hx0, u0, ..., xL�1, uL�1, xLi
<latexit sha1_base64="XAPyQkV2EMJ8ZgwPrYNwXYZdcfM=">AAACHnicbVBNS8MwGE7n15xfVY9egkPwMEsril6EoRcPO0xwH7COkmbZFpamJUmlo+yXePGvePGgiOBJ/41Z14NuPvCSJ8/7vCTv40eMSmXb30ZhaXllda24XtrY3NreMXf3mjKMBSYNHLJQtH0kCaOcNBRVjLQjQVDgM9LyRzfTfuuBCElDfq/GEekGaMBpn2KktOSZ525C4RV0GeIDRmDi2ZVYl2VZlcRLayfORN9nZ+LVoCsyn2eWbcvOABeJk5MyyFH3zE+3F+I4IFxhhqTsOHakuikSimJGJiU3liRCeIQGpKMpRwGR3TRbbwKPtNKD/VDo4gpm6u+JFAVSjgNfOwOkhnK+NxX/63Vi1b/sppRHsSIczx7qxwyqEE6zgj0qCFZsrAnCguq/QjxEAmGlEy3pEJz5lRdJ89RybMu5OytXr/M4iuAAHIJj4IALUAW3oA4aAINH8AxewZvxZLwY78bHzFow8pl98AfG1w/g9J/e</latexit><latexit sha1_base64="XAPyQkV2EMJ8ZgwPrYNwXYZdcfM=">AAACHnicbVBNS8MwGE7n15xfVY9egkPwMEsril6EoRcPO0xwH7COkmbZFpamJUmlo+yXePGvePGgiOBJ/41Z14NuPvCSJ8/7vCTv40eMSmXb30ZhaXllda24XtrY3NreMXf3mjKMBSYNHLJQtH0kCaOcNBRVjLQjQVDgM9LyRzfTfuuBCElDfq/GEekGaMBpn2KktOSZ525C4RV0GeIDRmDi2ZVYl2VZlcRLayfORN9nZ+LVoCsyn2eWbcvOABeJk5MyyFH3zE+3F+I4IFxhhqTsOHakuikSimJGJiU3liRCeIQGpKMpRwGR3TRbbwKPtNKD/VDo4gpm6u+JFAVSjgNfOwOkhnK+NxX/63Vi1b/sppRHsSIczx7qxwyqEE6zgj0qCFZsrAnCguq/QjxEAmGlEy3pEJz5lRdJ89RybMu5OytXr/M4iuAAHIJj4IALUAW3oA4aAINH8AxewZvxZLwY78bHzFow8pl98AfG1w/g9J/e</latexit><latexit sha1_base64="XAPyQkV2EMJ8ZgwPrYNwXYZdcfM=">AAACHnicbVBNS8MwGE7n15xfVY9egkPwMEsril6EoRcPO0xwH7COkmbZFpamJUmlo+yXePGvePGgiOBJ/41Z14NuPvCSJ8/7vCTv40eMSmXb30ZhaXllda24XtrY3NreMXf3mjKMBSYNHLJQtH0kCaOcNBRVjLQjQVDgM9LyRzfTfuuBCElDfq/GEekGaMBpn2KktOSZ525C4RV0GeIDRmDi2ZVYl2VZlcRLayfORN9nZ+LVoCsyn2eWbcvOABeJk5MyyFH3zE+3F+I4IFxhhqTsOHakuikSimJGJiU3liRCeIQGpKMpRwGR3TRbbwKPtNKD/VDo4gpm6u+JFAVSjgNfOwOkhnK+NxX/63Vi1b/sppRHsSIczx7qxwyqEE6zgj0qCFZsrAnCguq/QjxEAmGlEy3pEJz5lRdJ89RybMu5OytXr/M4iuAAHIJj4IALUAW3oA4aAINH8AxewZvxZLwY78bHzFow8pl98AfG1w/g9J/e</latexit><latexit sha1_base64="XAPyQkV2EMJ8ZgwPrYNwXYZdcfM=">AAACHnicbVBNS8MwGE7n15xfVY9egkPwMEsril6EoRcPO0xwH7COkmbZFpamJUmlo+yXePGvePGgiOBJ/41Z14NuPvCSJ8/7vCTv40eMSmXb30ZhaXllda24XtrY3NreMXf3mjKMBSYNHLJQtH0kCaOcNBRVjLQjQVDgM9LyRzfTfuuBCElDfq/GEekGaMBpn2KktOSZ525C4RV0GeIDRmDi2ZVYl2VZlcRLayfORN9nZ+LVoCsyn2eWbcvOABeJk5MyyFH3zE+3F+I4IFxhhqTsOHakuikSimJGJiU3liRCeIQGpKMpRwGR3TRbbwKPtNKD/VDo4gpm6u+JFAVSjgNfOwOkhnK+NxX/63Vi1b/sppRHsSIczx7qxwyqEE6zgj0qCFZsrAnCguq/QjxEAmGlEy3pEJz5lRdJ89RybMu5OytXr/M4iuAAHIJj4IALUAW3oA4aAINH8AxewZvxZLwY78bHzFow8pl98AfG1w/g9J/e</latexit>
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• Admissible heuristic cost function      (cheap): 

• Evaluated cost function     (expensive): 

• Maintained cost function          (used in       ): 
 
 

,

Two Types of  Cost Functions:

Dt
<latexit sha1_base64="ocZuUf6HODcyphcSE+g05rkLqPI=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnUhcsK9gHtWDJp2oZmMmNyp1CGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN5nfHHNtRKQecBJzP6QDJfqCUbSS3wkpDhmV6e30EbulsltxZyDLxMtJGXLUuqWvTi9iScgVMkmNaXtujH5KNQom+bTYSQyPKRvRAW9bqmjIjZ/OQk/JqVV6pB9p+xSSmfp7I6WhMZMwsJNZSLPoZeJ/XjvB/pWfChUnyBWbH+onkmBEsgZIT2jOUE4soUwLm5WwIdWUoe2paEvwFr+8TBrnFc+tePcX5ep1XkcBjuEEzsCDS6jCHdSgDgye4Ble4c0ZOy/Ou/MxH11x8p0j+APn8wcGd5JA</latexit><latexit sha1_base64="ocZuUf6HODcyphcSE+g05rkLqPI=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnUhcsK9gHtWDJp2oZmMmNyp1CGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN5nfHHNtRKQecBJzP6QDJfqCUbSS3wkpDhmV6e30EbulsltxZyDLxMtJGXLUuqWvTi9iScgVMkmNaXtujH5KNQom+bTYSQyPKRvRAW9bqmjIjZ/OQk/JqVV6pB9p+xSSmfp7I6WhMZMwsJNZSLPoZeJ/XjvB/pWfChUnyBWbH+onkmBEsgZIT2jOUE4soUwLm5WwIdWUoe2paEvwFr+8TBrnFc+tePcX5ep1XkcBjuEEzsCDS6jCHdSgDgye4Ble4c0ZOy/Ou/MxH11x8p0j+APn8wcGd5JA</latexit><latexit sha1_base64="ocZuUf6HODcyphcSE+g05rkLqPI=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnUhcsK9gHtWDJp2oZmMmNyp1CGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN5nfHHNtRKQecBJzP6QDJfqCUbSS3wkpDhmV6e30EbulsltxZyDLxMtJGXLUuqWvTi9iScgVMkmNaXtujH5KNQom+bTYSQyPKRvRAW9bqmjIjZ/OQk/JqVV6pB9p+xSSmfp7I6WhMZMwsJNZSLPoZeJ/XjvB/pWfChUnyBWbH+onkmBEsgZIT2jOUE4soUwLm5WwIdWUoe2paEvwFr+8TBrnFc+tePcX5ep1XkcBjuEEzsCDS6jCHdSgDgye4Ble4c0ZOy/Ou/MxH11x8p0j+APn8wcGd5JA</latexit><latexit sha1_base64="ocZuUf6HODcyphcSE+g05rkLqPI=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdFnUhcsK9gHtWDJp2oZmMmNyp1CGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniKUw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN5nfHHNtRKQecBJzP6QDJfqCUbSS3wkpDhmV6e30EbulsltxZyDLxMtJGXLUuqWvTi9iScgVMkmNaXtujH5KNQom+bTYSQyPKRvRAW9bqmjIjZ/OQk/JqVV6pB9p+xSSmfp7I6WhMZMwsJNZSLPoZeJ/XjvB/pWfChUnyBWbH+onkmBEsgZIT2jOUE4soUwLm5WwIdWUoe2paEvwFr+8TBrnFc+tePcX5ep1XkcBjuEEzsCDS6jCHdSgDgye4Ble4c0ZOy/Ou/MxH11x8p0j+APn8wcGd5JA</latexit>
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<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

s.t.

Dm :
<latexit sha1_base64="c/Yd/gxUkR7HxMip3xFDe9vgMCE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgq6sJlBfuAdloyaaYNTTJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYWV1b3yhulra2d3b3yvsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC8U3mtx6p0iySD2YSU1/goWQhI9hYqdcV2IwI5unttCeu+uWKW3VnQMvEy0kFctT75a/uICKJoNIQjrXueG5s/BQrwwin01I30TTGZIyHtGOpxIJqP52lnqITqwxQGCn7pEEz9fdGioXWExHYySylXvQy8T+vk5jw0k+ZjBNDJZkfChOOTISyCtCAKUoMn1iCiWI2KyIjrDAxtqiSLcFb/PIyaZ5VPbfq3Z9Xatd5HUU4gmM4BQ8uoAZ3UIcGEFDwDK/w5jw5L8678zEfLTj5ziH8gfP5A338kn0=</latexit><latexit sha1_base64="c/Yd/gxUkR7HxMip3xFDe9vgMCE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgq6sJlBfuAdloyaaYNTTJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYWV1b3yhulra2d3b3yvsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC8U3mtx6p0iySD2YSU1/goWQhI9hYqdcV2IwI5unttCeu+uWKW3VnQMvEy0kFctT75a/uICKJoNIQjrXueG5s/BQrwwin01I30TTGZIyHtGOpxIJqP52lnqITqwxQGCn7pEEz9fdGioXWExHYySylXvQy8T+vk5jw0k+ZjBNDJZkfChOOTISyCtCAKUoMn1iCiWI2KyIjrDAxtqiSLcFb/PIyaZ5VPbfq3Z9Xatd5HUU4gmM4BQ8uoAZ3UIcGEFDwDK/w5jw5L8678zEfLTj5ziH8gfP5A338kn0=</latexit><latexit sha1_base64="c/Yd/gxUkR7HxMip3xFDe9vgMCE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgq6sJlBfuAdloyaaYNTTJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYWV1b3yhulra2d3b3yvsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC8U3mtx6p0iySD2YSU1/goWQhI9hYqdcV2IwI5unttCeu+uWKW3VnQMvEy0kFctT75a/uICKJoNIQjrXueG5s/BQrwwin01I30TTGZIyHtGOpxIJqP52lnqITqwxQGCn7pEEz9fdGioXWExHYySylXvQy8T+vk5jw0k+ZjBNDJZkfChOOTISyCtCAKUoMn1iCiWI2KyIjrDAxtqiSLcFb/PIyaZ5VPbfq3Z9Xatd5HUU4gmM4BQ8uoAZ3UIcGEFDwDK/w5jw5L8678zEfLTj5ziH8gfP5A338kn0=</latexit><latexit sha1_base64="c/Yd/gxUkR7HxMip3xFDe9vgMCE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoLgq6sJlBfuAdloyaaYNTTJDklHK0P9w40IRt/6LO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYWV1b3yhulra2d3b3yvsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC8U3mtx6p0iySD2YSU1/goWQhI9hYqdcV2IwI5unttCeu+uWKW3VnQMvEy0kFctT75a/uICKJoNIQjrXueG5s/BQrwwin01I30TTGZIyHtGOpxIJqP52lnqITqwxQGCn7pEEz9fdGioXWExHYySylXvQy8T+vk5jw0k+ZjBNDJZkfChOOTISyCtCAKUoMn1iCiWI2KyIjrDAxtqiSLcFb/PIyaZ5VPbfq3Z9Xatd5HUU4gmM4BQ8uoAZ3UIcGEFDwDK/w5jw5L8678zEfLTj5ziH8gfP5A338kn0=</latexit>

Dt :
<latexit sha1_base64="UJfMKCp0vIT49e6xc+CtX4MbMoE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoHgK6sFjBPOAZBNmJ7PJkNkHM71KWPIfXjwo4tV/8ebfOJvsQRMLBoqqbrqmvFgKjbb9bRVWVtfWN4qbpa3tnd298v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vfJP5rUeutIjCB5zE3A3oMBS+YBSN1OsGFEeMyvR22sOrfrliV+0ZyDJxclKBHPV++as7iFgS8BCZpFp3HDtGN6UKBZN8WuommseUjemQdwwNacC1m85ST8mJUQbEj5R5IZKZ+nsjpYHWk8Azk1lKvehl4n9eJ0H/0k1FGCfIQzY/5CeSYESyCshAKM5QTgyhTAmTlbARVZShKapkSnAWv7xMmmdVx6469+eV2nVeRxGO4BhOwYELqMEd1KEBDBQ8wyu8WU/Wi/VufcxHC1a+cwh/YH3+AIifkoQ=</latexit><latexit sha1_base64="UJfMKCp0vIT49e6xc+CtX4MbMoE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoHgK6sFjBPOAZBNmJ7PJkNkHM71KWPIfXjwo4tV/8ebfOJvsQRMLBoqqbrqmvFgKjbb9bRVWVtfWN4qbpa3tnd298v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vfJP5rUeutIjCB5zE3A3oMBS+YBSN1OsGFEeMyvR22sOrfrliV+0ZyDJxclKBHPV++as7iFgS8BCZpFp3HDtGN6UKBZN8WuommseUjemQdwwNacC1m85ST8mJUQbEj5R5IZKZ+nsjpYHWk8Azk1lKvehl4n9eJ0H/0k1FGCfIQzY/5CeSYESyCshAKM5QTgyhTAmTlbARVZShKapkSnAWv7xMmmdVx6469+eV2nVeRxGO4BhOwYELqMEd1KEBDBQ8wyu8WU/Wi/VufcxHC1a+cwh/YH3+AIifkoQ=</latexit><latexit sha1_base64="UJfMKCp0vIT49e6xc+CtX4MbMoE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoHgK6sFjBPOAZBNmJ7PJkNkHM71KWPIfXjwo4tV/8ebfOJvsQRMLBoqqbrqmvFgKjbb9bRVWVtfWN4qbpa3tnd298v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vfJP5rUeutIjCB5zE3A3oMBS+YBSN1OsGFEeMyvR22sOrfrliV+0ZyDJxclKBHPV++as7iFgS8BCZpFp3HDtGN6UKBZN8WuommseUjemQdwwNacC1m85ST8mJUQbEj5R5IZKZ+nsjpYHWk8Azk1lKvehl4n9eJ0H/0k1FGCfIQzY/5CeSYESyCshAKM5QTgyhTAmTlbARVZShKapkSnAWv7xMmmdVx6469+eV2nVeRxGO4BhOwYELqMEd1KEBDBQ8wyu8WU/Wi/VufcxHC1a+cwh/YH3+AIifkoQ=</latexit><latexit sha1_base64="UJfMKCp0vIT49e6xc+CtX4MbMoE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoHgK6sFjBPOAZBNmJ7PJkNkHM71KWPIfXjwo4tV/8ebfOJvsQRMLBoqqbrqmvFgKjbb9bRVWVtfWN4qbpa3tnd298v5BU0eJYrzBIhmptkc1lyLkDRQoeTtWnAae5C1vfJP5rUeutIjCB5zE3A3oMBS+YBSN1OsGFEeMyvR22sOrfrliV+0ZyDJxclKBHPV++as7iFgS8BCZpFp3HDtGN6UKBZN8WuommseUjemQdwwNacC1m85ST8mJUQbEj5R5IZKZ+nsjpYHWk8Azk1lKvehl4n9eJ0H/0k1FGCfIQzY/5CeSYESyCshAKM5QTgyhTAmTlbARVZShKapkSnAWv7xMmmdVx6469+eV2nVeRxGO4BhOwYELqMEd1KEBDBQ8wyu8WU/Wi/VufcxHC1a+cwh/YH3+AIifkoQ=</latexit>
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• The task and motion planning problem:  
 
 
 
 

• Optimal task-level navigation action sequence: 
 
 

• PETLON: minimizing number of  calls for motion evaluation while still 
guarantees task-level optimality



Proposition 1: if  all task actions in p* are evaluated, it is the optimal solution.

Recall:

Pt :
<latexit sha1_base64="9r47j3uB3tutgplQvkDtLLtLvI8=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFdFNy4r2Ae005JJ0zY0kxmSO0oZ+h9uXCji1n9x59+YaWehrQcCh3Pu5Z6cIJbCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY32Z+85FrIyL1gJOY+yEdKjEQjKKVup2Q4ohRmdamXbzulcpuxZ2BLBMvJ2XIUeuVvjr9iCUhV8gkNabtuTH6KdUomOTTYicxPKZsTIe8bamiITd+Oks9JadW6ZNBpO1TSGbq742UhsZMwsBOZinNopeJ/3ntBAdXfipUnCBXbH5okEiCEckqIH2hOUM5sYQyLWxWwkZUU4a2qKItwVv88jJpnFc8t+LdX5SrN3kdBTiGEzgDDy6hCndQgzow0PAMr/DmPDkvzrvzMR9dcfKdI/gD5/MHmv+SkA==</latexit><latexit sha1_base64="9r47j3uB3tutgplQvkDtLLtLvI8=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFdFNy4r2Ae005JJ0zY0kxmSO0oZ+h9uXCji1n9x59+YaWehrQcCh3Pu5Z6cIJbCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY32Z+85FrIyL1gJOY+yEdKjEQjKKVup2Q4ohRmdamXbzulcpuxZ2BLBMvJ2XIUeuVvjr9iCUhV8gkNabtuTH6KdUomOTTYicxPKZsTIe8bamiITd+Oks9JadW6ZNBpO1TSGbq742UhsZMwsBOZinNopeJ/3ntBAdXfipUnCBXbH5okEiCEckqIH2hOUM5sYQyLWxWwkZUU4a2qKItwVv88jJpnFc8t+LdX5SrN3kdBTiGEzgDDy6hCndQgzow0PAMr/DmPDkvzrvzMR9dcfKdI/gD5/MHmv+SkA==</latexit><latexit sha1_base64="9r47j3uB3tutgplQvkDtLLtLvI8=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFdFNy4r2Ae005JJ0zY0kxmSO0oZ+h9uXCji1n9x59+YaWehrQcCh3Pu5Z6cIJbCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY32Z+85FrIyL1gJOY+yEdKjEQjKKVup2Q4ohRmdamXbzulcpuxZ2BLBMvJ2XIUeuVvjr9iCUhV8gkNabtuTH6KdUomOTTYicxPKZsTIe8bamiITd+Oks9JadW6ZNBpO1TSGbq742UhsZMwsBOZinNopeJ/3ntBAdXfipUnCBXbH5okEiCEckqIH2hOUM5sYQyLWxWwkZUU4a2qKItwVv88jJpnFc8t+LdX5SrN3kdBTiGEzgDDy6hCndQgzow0PAMr/DmPDkvzrvzMR9dcfKdI/gD5/MHmv+SkA==</latexit><latexit sha1_base64="9r47j3uB3tutgplQvkDtLLtLvI8=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkRFFdFNy4r2Ae005JJ0zY0kxmSO0oZ+h9uXCji1n9x59+YaWehrQcCh3Pu5Z6cIJbCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY32Z+85FrIyL1gJOY+yEdKjEQjKKVup2Q4ohRmdamXbzulcpuxZ2BLBMvJ2XIUeuVvjr9iCUhV8gkNabtuTH6KdUomOTTYicxPKZsTIe8bamiITd+Oks9JadW6ZNBpO1TSGbq742UhsZMwsBOZinNopeJ/3ntBAdXfipUnCBXbH5okEiCEckqIH2hOUM5sYQyLWxWwkZUU4a2qKItwVv88jJpnFc8t+LdX5SrN3kdBTiGEzgDDy6hCndQgzow0PAMr/DmPDkvzrvzMR9dcfKdI/gD5/MHmv+SkA==</latexit>

=>

(1)

(1)

(4)

(4)

(2)

(3)
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PETLON:  
Planning Efficiently for Task-Level-Optimal Navigation
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1.

2.

3.

iter 0

Dash: plan value using         , maintained cost function 
Solid: plan true value by      , evaluated cost function
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Planning Efficiently for Task-Level-Optimal Navigation
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1.

2.

3.

iter 1

iter 0

Dash: plan value using         , maintained cost function 
Solid: plan true value by      , evaluated cost function



PETLON:  
Planning Efficiently for Task-Level-Optimal Navigation
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…

1.

2.

3.

• guarantees task-level optimality 
• minimal calls for motion evaluation

iter N

iter 0

• OptOne: evaluate the best plan p*

Dash: plan value using         , maintained cost function 
Solid: plan true value by      , evaluated cost function



PETLON:  
Planning Efficiently for Task-Level-Optimal Navigation
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• So-far-best cost         :  
the cost value of  the so-far best plan 

• Anytime property:  
         monotonically decreasesCsfb

<latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit>

1 2 3 4 5 6 7 8 9

Iteration number
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example run of  OptOne

Csfb
<latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit>
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!17

• OptAll:  
evaluate all feasible plans with costs < 
(also guarantees optimality)  

Csfb
<latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit><latexit sha1_base64="gPCle9QC2ucEl2AtIhb+kKZS4AQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdiLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilTuMxM2EwG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVc+tevfXlfptHkcRzuAcLsGDGtThDprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBfRY+U</latexit>

+

+

+
+

• guarantees task-level optimality 
• more calls for motion evaluation than  

OptOne, fewer calls for task planner  
 



Plan Quality v.s. Efficiency
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Experiments with Domain Scale-ups
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Conclusion

• PETLON:  
An algorithm that saves motion evaluations computation yet 
guarantees optimality in large-domain navigation problem 

• Future work:  
To more efficiently re-use the task-level search  
To include cost estimate in dynamic environments, and  
to impose an exploration mechanism in uncertain environments  
 
 

Thank you!
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