
Sampling-Based Motion Planning:
Single-Query Planners

CSCI 545 Introduction to Robotics 
Instructor: Stefanos Nikolaidis
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Samping-Based Methods

• Multi-Query Planning Algorithms
• Cache roadmap for multiple queries
• Environment is static

• Single-Query Planning Algorithms
• Recompute roadmap for each query
• Environment can change across queries (not within)
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steer
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Rapidly-Exploring Random Trees (RRTs)

• When to stop?
• when inside a prespecified goal region

• How to retrieve the path? 
• retain a pointer to parents



Rapidly-Exploring Random Trees (RRTs)
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Rapidly-Exploring Random Trees (RRTs)



Rapidly-Exploring Random Trees (RRTs)



Intuition behind RRT

• Vertices that are isolated, on the boundary, have higher 
“visibility” and are more likely to be selected.



Transition-RRTs
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Transition-RRTs



Definitions

• A robustly feasible planning problem



Completeness

• When is an algorithm complete?



Completeness and Optimality

• When is an algorithm complete?
• If there is a solution, the algorithm will find it, otherwise it will 

report failure

• Probabilistic Completeness: a weaker notion of completeness

• Probabilistic Optimality: a weaker notion of optimality



Probabilistic Completeness

• An algorithm ALG is probabilistically complete if, for any 
robustly feasible motion planning problem defined by 
P = (Qfree, qs, qg)

<latexit sha1_base64="NatkrX19sWF+JBX++cJkmss/NaA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJrPhYCEU3LluwD2hDmExv2qGThzMToYS68VfcuFDErX/hzr8xSYuo9cC9HM65l5l7nJAzqQzjU8vNzS8sLuWXCyura+sb+uZWUwaRoNCgAQ9E2yESOPOhoZji0A4FEM/h0HKGV6nfugMhWeDfqFEIlkf6PnMZJSqRbH2nhi9wqW7HrgAYH+JbW6atf2DrRaNsZMCzxJySIpqiZusf3V5AIw98RTmRsmMaobJiIhSjHMaFbiQhJHRI+tBJqE88kFacXTDG+4nSw24gkvIVztSfGzHxpBx5TjLpETWQf71U/M/rRMo9s2Lmh5ECn04eciOOVYDTOHCPCaCKjxJCqGDJXzEdEEGoSkIrZCGcpzj5PnmWNI/KZqVcqR8Xq5fTOPJoF+2hEjLRKaqia1RDDUTRPXpEz+hFe9CetFftbTKa06Y72+gXtPcvvTeVTA==</latexit>

lim
N!1

P (ALG returns a solution to P ) = 1
<latexit sha1_base64="Ey54gRx9GZDhVXJDokzwnzN/GWg="></latexit>

Is RRT probabilistically complete?



Asymptotic Optimality

• We let.            the cost of the best path from running RRT N 
times and c* the cost of the optimal path. 

Y RRT
N

<latexit sha1_base64="pefN3JO3sfChqJihaVu/Mf3jG3Y=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRWfOyKblxJLX1pG8tkOmmHTiZhZiKU0L9w40IRt/6NO//GJA2i1gMXDufcy733OAFnSpvmp5FbWFxaXsmvFtbWNza3its7LeWHktAm8bkvOw5WlDNBm5ppTjuBpNhzOG0748vEbz9QqZgvGnoSUNvDQ8FcRrCOpbvb/vV9VK83pqhfLJllMwWaJ1ZGSpCh1i9+9AY+CT0qNOFYqa5lBtqOsNSMcDot9EJFA0zGeEi7MRXYo8qO0oun6CBWBsj1ZVxCo1T9ORFhT6mJ58SdHtYj9ddLxP+8bqjdMztiIgg1FWS2yA050j5K3kcDJinRfBITTCSLb0VkhCUmOg6pkIZwnuDk++V50joqW5Vy5ea4VL3I4sjDHuzDIVhwClW4gho0gYCAR3iGF0MZT8ar8TZrzRnZzC78gvH+BeHQkIk=</latexit>



Asymptotic Optimality

• We let.            the cost of the best path from running RRT N 
times and c* the cost of the optimal path. 

Y RRT
N

<latexit sha1_base64="pefN3JO3sfChqJihaVu/Mf3jG3Y=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRWfOyKblxJLX1pG8tkOmmHTiZhZiKU0L9w40IRt/6NO//GJA2i1gMXDufcy733OAFnSpvmp5FbWFxaXsmvFtbWNza3its7LeWHktAm8bkvOw5WlDNBm5ppTjuBpNhzOG0748vEbz9QqZgvGnoSUNvDQ8FcRrCOpbvb/vV9VK83pqhfLJllMwWaJ1ZGSpCh1i9+9AY+CT0qNOFYqa5lBtqOsNSMcDot9EJFA0zGeEi7MRXYo8qO0oun6CBWBsj1ZVxCo1T9ORFhT6mJ58SdHtYj9ddLxP+8bqjdMztiIgg1FWS2yA050j5K3kcDJinRfBITTCSLb0VkhCUmOg6pkIZwnuDk++V50joqW5Vy5ea4VL3I4sjDHuzDIVhwClW4gho0gYCAR3iGF0MZT8ar8TZrzRnZzC78gvH+BeHQkIk=</latexit>
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• Find a suboptimal path quickly, then improve over time.
• Produce an initial path of cost Cs

• Next run, we stop only if C’s < Cs
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• Might bias future solutions

• Idea 2: build a new tree from scratch



Anytime RRTs

• Find a suboptimal path quickly, then improve over time.
• Produce an initial path of cost Cs

• Next run, we stop only if C’s < Cs

• Idea 1: keep old trees
• Might converge to a local minimum
• Might bias future solutions

• Idea 2: build a new tree from scratch

• Better Ideas: Use a heuristic to consider a subset of nodes of 
previous nodes that lead to an improved solution



Bidirectional RRTs

• Start from both start node and goal node and merge trees 



Bidirectional RRTs



Bidirectional RRTs



Shortcutting

• Output of RRTs is almost unusable.

• Simple Shortcutting Algorithm



Shortcutting

• Output of RRTs is almost unusable.

• Simple Shortcutting Algorithm:
Repeat:

Select two points randomly
Attempt to connect them
If path shortest than previous one, replace path



Special Case: Time-Varying Planning



Time-Varying Planning

• Time-Varying Obstacles O(t)

• State-space? 



Time-Varying Planning

• Time-Varying Obstacles O(t)

• State-space: x = (q, t) 

• X_obs?



Time-Varying Planning

• Time-Varying Obstacles O(t)

• State-space: x = (q, t) 

•

• Goal: compute a continuous time-monotonic path  

Xobs = {(q, t) 2 X|A(q) \O(t) 6= ?}
<latexit sha1_base64="0v7i7YmxQ9f9z+5apw/Dcd2ncew="></latexit>

⌧ [0, 1] ! Xfree
<latexit sha1_base64="dsw5yNvr+L9dBTlrBIARF9NT2aI=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGHGiMst6MVjBLNAZgg9nZqkSc9Cd40Shpy8+CtePCji1W/w5t84mQRR44OCx3tVVNVzIyk0muankZubX1hcyi8XVlbX1jeKm1sNHcaKQ52HMlQtl2mQIoA6CpTQihQw35XQdAeXY795C0qLMLjBYQSOz3qB8ARnmEqd4q6NLG6bh5ZjK9HrI1MqvKOtTuIpgFGnWDLLZgY6S6wpKZ Epap3ih90NeexDgFwyrduWGaGTMIWCSxgV7FhDxPiA9aCd0oD5oJ0ke2NE91OlS71QpRUgzdSfEwnztR76btrpM+zrv95Y/M9rx+idOYkIohgh4JNFXiwphnScCe0KBRzlMCWMK5HeSnmfKcYxTa6QhXA+xsn3y7OkcVS2KuXK9XGpejGNI092yB45IBY5JVVyRWqkTji5J4/kmbwYD8aT8Wq8TVpzxnRmm/yC8f4FET2ZBQ==</latexit>



Time-Varying Planning

• Time-Varying Obstacles O(t)

• State-space: x = (q, t) 

•

• Goal: compute a continuous time-monotonic path  

Xobs = {(q, t) 2 X|A(q) \O(t) 6= ?}
<latexit sha1_base64="0v7i7YmxQ9f9z+5apw/Dcd2ncew="></latexit>

⌧ [0, 1] ! Xfree
<latexit sha1_base64="dsw5yNvr+L9dBTlrBIARF9NT2aI=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGHGiMst6MVjBLNAZgg9nZqkSc9Cd40Shpy8+CtePCji1W/w5t84mQRR44OCx3tVVNVzIyk0muankZubX1hcyi8XVlbX1jeKm1sNHcaKQ52HMlQtl2mQIoA6CpTQihQw35XQdAeXY795C0qLMLjBYQSOz3qB8ARnmEqd4q6NLG6bh5ZjK9HrI1MqvKOtTuIpgFGnWDLLZgY6S6wpKZ Epap3ih90NeexDgFwyrduWGaGTMIWCSxgV7FhDxPiA9aCd0oD5oJ0ke2NE91OlS71QpRUgzdSfEwnztR76btrpM+zrv95Y/M9rx+idOYkIohgh4JNFXiwphnScCe0KBRzlMCWMK5HeSnmfKcYxTa6QhXA+xsn3y7OkcVS2KuXK9XGpejGNI092yB45IBY5JVVyRWqkTji5J4/kmbwYD8aT8Wq8TVpzxnRmm/yC8f4FET2ZBQ==</latexit>

s1  s2 ! t1  t2, (q1, t1) = ⌧(s1), (q2, t2) = ⌧(s2)
<latexit sha1_base64="odoA3iokcMuakPn8iG4LAOE+L5w="></latexit>



Time-Varying Planning Example

• Piecewise-linear motion 



Planning in Discrete-Continuous Spaces

CSCI 545 Introduction to Robotics 
Instructor: Stefanos Nikolaidis



Modes



Problem Setting

• State space X= Q x M . A state is represented as x = (q , m), 
where             and                 

• An obstacle region O(m) that depends on the mode m

• A robotic arm A (m)

•

• Each state x has a finite action space 

q 2 Q
<latexit sha1_base64="cyyunA7bd0U6V6nVa8dhou2icr4=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiRWfOyKbly2YB/QhjKZTtqhk0k6MxFK6E+4caGIW3/HnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k9vU7zxQqVgo7vUsom6AR4L5jGBtpO4U9ZlATTQoV+yqnQEtEycnFcjRGJQ/+sOQxAEVmnCsVM+xI+0mWGpGOJ2X+rGiESYTPKI9QwUOqHKT7N45OjHKEPmhNCU0ytSfEwkOlJoFnukMsB6rv14q/uf1Yu1fuQkTUaypIItFfsyRDlH6PBoySYnmM0MwkczcisgYS0y0iaiUhXCd4uL75WXSPqs6tWqteV6p3+RxFOEIjuEUHLiEOtxBA1pAgMMjPMOLNbWerFfrbdFasPKZQ/gF6/0L3bmPVg==</latexit>

m 2 M
<latexit sha1_base64="g79KABYSGqGHBafGw7oAusL/CGA=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKWyM+LgFvXgRIpgHJEuYncwmQ2Zml5lZISz5CC8eFPHq93jzb5zdLKLGgoaiqpvuLj/iTBvX/XQKS8srq2vF9dLG5tb2Tnl3r63DWBHaIiEPVdfHmnImacsww2k3UhQLn9OOP7lO/c4DVZqF8t5MI+oJPJIsYAQbK3UE6jOJbgflilt1M6BFUstJBXI0B+WP/jAksaDSEI617tXcyHgJVoYRTmelfqxphMkEj2jPUokF1V6SnTtDR1YZoiBUtqRBmfpzIsFC66nwbafAZqz/eqn4n9eLTXDhJUxGsaGSzBcFMUcmROnvaMgUJYZPLcFEMXsrImOsMDE2oVIWwmWKs++XF0n7pFqrV+t3p5XGVR5HEQ7gEI6hBufQgBtoQgsITOARnuHFiZwn59V5m7cWnHxmH37Bef8CedyPJA==</latexit>

Qobs = {(q,m) 2 X|A(q,m) \O(m) 6= ?}
<latexit sha1_base64="kX0qXCT9bo5ffPCe3IeUAcmXK4c="></latexit>

U(x)
<latexit sha1_base64="PpRtngxdyCmS9VUuTo4awcL8bkQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpqxY9b0YvHCqYttKFstpt26e4m7G7EEvoXvHhQxKt/yJv/xiQNotYHA4/3ZpiZ54WcaWPbn1ZhaXllda24XtrY3NreKe/utXUQKUIdEvBAdT2sKWeSOoYZTruholh4nHa8yXXqd+6p0iyQd2YaUlfgkWQ+I9ikklN9OB6UK3bNzoAWST0nFcjRGpQ/+sOARIJKQzjWule3Q+PGWBlGOJ2V+pGmISYTPKK9hEosqHbj7NYZOkqUIfIDlZQ0KFN/TsRYaD0VXtIpsBnrv14q/uf1IuNfuDGTYWSoJPNFfsSRCVD6OBoyRYnh04RgolhyKyJjrDAxSTylLITLFGffLy+S9kmt3qg1bk8rzas8jiIcwCFUoQ7n0IQbaIEDBMbwCM/wYgnryXq13uatBSuf2YdfsN6/AGswjfc=</latexit>



Problem Setting

• Each state x has a finite action space

• A mode transition function 

U(x)
<latexit sha1_base64="PpRtngxdyCmS9VUuTo4awcL8bkQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpqxY9b0YvHCqYttKFstpt26e4m7G7EEvoXvHhQxKt/yJv/xiQNotYHA4/3ZpiZ54WcaWPbn1ZhaXllda24XtrY3NreKe/utXUQKUIdEvBAdT2sKWeSOoYZTruholh4nHa8yXXqd+6p0iyQd2YaUlfgkWQ+I9ikklN9OB6UK3bNzoAWST0nFcjRGpQ/+sOARIJKQzjWule3Q+PGWBlGOJ2V+pGmISYTPKK9hEosqHbj7NYZOkqUIfIDlZQ0KFN/TsRYaD0VXtIpsBnrv14q/uf1IuNfuDGTYWSoJPNFfsSRCVD6OBoyRYnh04RgolhyKyJjrDAxSTylLITLFGffLy+S9kmt3qg1bk8rzas8jiIcwCFUoQ7n0IQbaIEDBMbwCM/wYgnryXq13uatBSuf2YdfsN6/AGswjfc=</latexit>

fm : X ⇥ U ! M
<latexit sha1_base64="7EqE3+YkOaRO5+JMoniiOKTLcc4=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcldSKr1XRjRuhgn1AW8JkOmmHTiZh5kYppSs3/oobF4q49Rvc+TdO0iBqPXDhcM693HuPFwmuwXE+rZnZufmFxdxSfnlldW3d3tis6zBWlNVoKELV9IhmgktWAw6CNSPFSOAJ1vAGF4nfuGVK81DewDBinYD0JPc5JWAk197x3eAMN3EbeMA0ruG24r0+EKXCO3zl2gWn6KTA06SUkQLKUHXtj3Y3pHHAJFBBtG6VnAg6I6KAU8HG+XasWUTogPRYy1BJzNLOKH1jjPeM0sV+qExJwKn6c2JEAq2HgWc6AwJ9/ddLxP+8Vgz+SWfEZRQDk3SyyI8FhhAnmeAuV4yCGBpCqOLmVkz7RBEKJrl8GsJpgqPvl6dJ/aBYKhfL14eFynkWRw5to120j0roGFXQJaqiGqLoHj2iZ/RiPVhP1qv1NmmdsbKZLfQL1vsXv2eYLQ==</latexit>



Modes



Problem Setting

• Each state x has a finite action space

• A mode transition function

• A state transition function

• An initial state

• A goal region    

U(x)
<latexit sha1_base64="PpRtngxdyCmS9VUuTo4awcL8bkQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpqxY9b0YvHCqYttKFstpt26e4m7G7EEvoXvHhQxKt/yJv/xiQNotYHA4/3ZpiZ54WcaWPbn1ZhaXllda24XtrY3NreKe/utXUQKUIdEvBAdT2sKWeSOoYZTruholh4nHa8yXXqd+6p0iyQd2YaUlfgkWQ+I9ikklN9OB6UK3bNzoAWST0nFcjRGpQ/+sOARIJKQzjWule3Q+PGWBlGOJ2V+pGmISYTPKK9hEosqHbj7NYZOkqUIfIDlZQ0KFN/TsRYaD0VXtIpsBnrv14q/uf1IuNfuDGTYWSoJPNFfsSRCVD6OBoyRYnh04RgolhyKyJjrDAxSTylLITLFGffLy+S9kmt3qg1bk8rzas8jiIcwCFUoQ7n0IQbaIEDBMbwCM/wYgnryXq13uatBSuf2YdfsN6/AGswjfc=</latexit>

fm : X ⇥ U ! M
<latexit sha1_base64="7EqE3+YkOaRO5+JMoniiOKTLcc4=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcldSKr1XRjRuhgn1AW8JkOmmHTiZh5kYppSs3/oobF4q49Rvc+TdO0iBqPXDhcM693HuPFwmuwXE+rZnZufmFxdxSfnlldW3d3tis6zBWlNVoKELV9IhmgktWAw6CNSPFSOAJ1vAGF4nfuGVK81DewDBinYD0JPc5JWAk197x3eAMN3EbeMA0ruG24r0+EKXCO3zl2gWn6KTA06SUkQLKUHXtj3Y3pHHAJFBBtG6VnAg6I6KAU8HG+XasWUTogPRYy1BJzNLOKH1jjPeM0sV+qExJwKn6c2JEAq2HgWc6AwJ9/ddLxP+8Vgz+SWfEZRQDk3SyyI8FhhAnmeAuV4yCGBpCqOLmVkz7RBEKJrl8GsJpgqPvl6dJ/aBYKhfL14eFynkWRw5to120j0roGFXQJaqiGqLoHj2iZ/RiPVhP1qv1NmmdsbKZLfQL1vsXv2eYLQ==</latexit>

f(x, u) = (q, fm(x, u))
<latexit sha1_base64="3DU06O9Bt373Hlq22bYkBaP8cHw=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARWiglseJjIRTduKxgH9CGMJlO2qGThzMTscQu/BU3LhRx62+482+cpEHUeuDCmXPuZe49TsiokIbxqeXm5hcWl/LLhZXVtfUNfXOrJYKIY9LEAQt4x0GCMOqTpqSSkU7ICfIcRtrO6CLx27eECxr413IcEstDA5+6FCOpJFvfcUt3lagMz2DppgJd20ufZVsvGlUjBZwlZkaKIEPD1j96/QBHHvElZkiIrmmE0ooRlxQzMin0IkFChEdoQLqK+sgjworT/SdwXyl96AZclS9hqv6ciJEnxNhzVKeH5FD89RLxP68bSffEiqkfRpL4ePqRGzEoA5iEAfuUEyzZWBGEOVW7QjxEHGGpIiukIZwmOPo+eZa0DqpmrVq7OizWz7M48mAX7IESMMExqINL0ABNgME9eATP4EV70J60V+1t2prTsplt8Ava+xcT+JO1</latexit>

xs 2 Xfree
<latexit sha1_base64="jVhrWMmM7gWxO61mUX5xKlZS6kQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVVIVH7uiG5cV7APaECbTm3boZBJmJsUS+iduXCji1j9x5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzxTeZ3JiAVi8S9nsbghmQoWMAo0UbybPvBU7jPBO56aSABZp5ddWpODrxI6gWpogJNz/7oDyKahCA05USpXt2JtZsSqRnlMKv0EwUxoWMyhJ6hgoSg3DS/fIaPjDLAQSRNCY1z9edESkKlpqFvOkOiR+qvl4n/eb1EB5duykScaBB0vihIONYRzmLAAyaBaj41hFDJzK2YjogkVJuwKnkIVxnOv19eJO2TWv20dnp3Vm1cF3GU0QE6RMeoji5QA92iJmohiiboET2jFyu1nqxX623eWrKKmX30C9b7F0Syk5A=</latexit>

XG 2 Xfree
<latexit sha1_base64="k+sWf6x3ToJTEbDrl0i9m6fdhTM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lU/LgVPeixgm0DbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/MUmDqPXBwOO9GWbm+TFnSlvWp1FZWl5ZXauu1zY2t7Z3zN29jooSSaFNIx5JxycKOBPQ1kxzcGIJJPQ5dP3xTe53JyAVi8SDnsbghmQoWMAo0Znkmabj3eI+E9jx0kACzDyzbjWsAniR2CWpoxItz/zoDyKahCA05USpnm3F2k2J1IxymNX6iYKY0DEZQi+jgoSg3LS4fIaPMmWAg0hmJTQu1J8TKQmVmoZ+1hkSPVJ/vVz8z+slOrh0UybiRIOg80VBwrGOcB4DHjAJVPNpRgiVLLsV0xGRhOosrFoRwlWO8++XF0nnpGGfNk7vz+rN6zKOKjpAh+gY2egCNdEdaqE2omiCHtEzejFS48l4Nd7mrRWjnNlHv2C8fwHNV5NE</latexit>



Goal

• Compute a continuous path:

• Compute an action trajectory:

⌧ : [0, 1] ! Qfree
<latexit sha1_base64="W9y6/5uIFTCXFo0tnyBMIfwLBZg=">AAACCXicbVDJSgNBEO1xjXGLevTSGAQPEmaMuJ2CXjwmYBbIDKGnU5M06VnorlHCkKsXf8WLB0W8+gfe/BsnkyBqfFDweK+KqnpuJIVG0/w05uYXFpeWcyv51bX1jc3C1nZDh7HiUOehDFXLZRqkCKCOAiW0IgXMdyU03cHV2G/egtIiDG5wGIHjs14gPMEZplKnQG1k8QVtm4eWQ20len1kSoV3tNZJPAUw6hSKZsnMQGeJNSVFMkW1U/iwuyGPfQiQS6Z12zIjdBKmUHAJo7wda4gYH7AetFMaMB+0k2SfjOh+qnSpF6q0AqSZ+nMiYb7WQ99NO32Gff3XG4v/ee0YvTMnEUEUIwR8ssiLJcWQjmOhXaGAoxymhHEl0lsp7zPFOKbh5bMQzsc4+X55ljSOSla5VK4dFyuX0zhyZJfskQNikVNSIdekSuqEk3vySJ7Ji/FgPBmvxtukdc6YzuyQXzDevwBBM5mW</latexit>

� : [0, 1] ! U
<latexit sha1_base64="IctQ5vzFu9o1RWQE9+EnoBUBhNs=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFcSEms+FoV3bisYNpCEspkOkmHziRhZqKU0IUbf8WNC0Xc+hHu/BuTNIhaD1w4nHMv997jxYxKZRif2tz8wuLScmWlurq2vrGpb213ZJQITCwcsUj0PCQJoyGxFFWM9GJBEPcY6Xqjy9zv3hIhaRTeqHFMXI6CkPoUI5VJfb3mSBpwdA5t48B0oSNoMFRIiOgOWn29bjSMAnCWmCWpgxLtvv7hDCKccBIqzJCUtmnEyk2RUBQzMqk6iSQxwiMUEDujIeJEumnxxATuZcoA+pHIKlSwUH9OpIhLOeZe1smRGsq/Xi7+59mJ8k/dlIZxokiIp4v8hEEVwTwROKCCYMXGGUFY0OxWiIdIIKyy3KpFCGc5jr9fniWdw4bZbDSvj+qtizKOCqiBXbAPTHACWuAKtIEFMLgHj+AZvGgP2pP2qr1NW+e0cmYH/IL2/gUJAZc2</latexit>



Example

O(OPEN) O(CLOSED)

M = {OPEN, CLOSED}



Example

O(OPEN) O(CLOSED)

xs = (qs, CLOSED), xg = (qg, OPEN)
<latexit sha1_base64="hXiT4fj/kKCx3vMa7m90O0dgyuY=">AAACD3icbVDLSsNAFJ3UV62vqks3g0VpoZTEio+FUKwFF2Ir2ge0JUymk3To5OHMRFpK/8CNv+LGhSJu3brzb0zTIGo9cOFwzr3ce4/hMSqkqn4qsZnZufmF+GJiaXlldS25vlETrs8xqWKXubxhIEEYdUhVUslIw+ME2QYjdaNXHPv1O8IFdZ0bOfBI20aWQ02KkQwkPbnb1wU8gelbXWRh8aJ8XTrLZGFftyailYXlSukyoydTak4NAaeJFpEUiFDRkx+tjot9mzgSMyREU1M92R4iLilmZJRo+YJ4CPeQRZoBdZBNRHsY/jOCO4HSgabLg3IkDNWfE0NkCzGwjaDTRrIr/npj8T+v6UvzqD2kjudL4uDJItNnULpwHA7sUE6wZIOAIMxpcCvEXcQRlkGEiTCE4zEOvl+eJrW9nJbP5a/2U4XTKI442ALbIA00cAgK4BxUQBVgcA8ewTN4UR6UJ+VVeZu0xpRoZhP8gvL+BbVTmMw=</latexit>

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>



Example

O(OPEN) O(CLOSED)

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>

xs = (qs, CLOSED), xg = (qg, OPEN)
<latexit sha1_base64="hXiT4fj/kKCx3vMa7m90O0dgyuY=">AAACD3icbVDLSsNAFJ3UV62vqks3g0VpoZTEio+FUKwFF2Ir2ge0JUymk3To5OHMRFpK/8CNv+LGhSJu3brzb0zTIGo9cOFwzr3ce4/hMSqkqn4qsZnZufmF+GJiaXlldS25vlETrs8xqWKXubxhIEEYdUhVUslIw+ME2QYjdaNXHPv1O8IFdZ0bOfBI20aWQ02KkQwkPbnb1wU8gelbXWRh8aJ8XTrLZGFftyailYXlSukyoydTak4NAaeJFpEUiFDRkx+tjot9mzgSMyREU1M92R4iLilmZJRo+YJ4CPeQRZoBdZBNRHsY/jOCO4HSgabLg3IkDNWfE0NkCzGwjaDTRrIr/npj8T+v6UvzqD2kjudL4uDJItNnULpwHA7sUE6wZIOAIMxpcCvEXcQRlkGEiTCE4zEOvl+eJrW9nJbP5a/2U4XTKI442ALbIA00cAgK4BxUQBVgcA8ewTN4UR6UJ+VVeZu0xpRoZhP8gvL+BbVTmMw=</latexit>

qg
<latexit sha1_base64="xgnyFaBL+4bxdu5khY3oJBy5jvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErevFY0dpCG8pmu0mXbjZxdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsyZ0rb9aZUWFpeWV8qrlbX1jc2t6vbOnYoSSWibRDySXQ8rypmgbc00p91YUhx6nHa88WXmdx6oVCwSt3oSUzfEgWA+I1gb6eZ+EAyqNbtu50DzxClIDQq0BtWP/jAiSUiFJhwr1XPsWLsplpoRTqeVfqJojMkYB7RnqMAhVW6anzpFB0YZIj+SpoRGufpzIsWhUpPQM50h1iP118vE/7xeov0zN2UiTjQVZLbITzjSEcr+RkMmKdF8YggmkplbERlhiYk26VTyEM4znHy/PE/ujupOo964Pq41L4o4yrAH+3AIDpxCE66gBW0gEMAjPMOLxa0n69V6m7WWrGJmF37Bev8Ca6aOBg==</latexit>



Example

O(OPEN) O(CLOSED)

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>

qg
<latexit sha1_base64="xgnyFaBL+4bxdu5khY3oJBy5jvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErevFY0dpCG8pmu0mXbjZxdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsyZ0rb9aZUWFpeWV8qrlbX1jc2t6vbOnYoSSWibRDySXQ8rypmgbc00p91YUhx6nHa88WXmdx6oVCwSt3oSUzfEgWA+I1gb6eZ+EAyqNbtu50DzxClIDQq0BtWP/jAiSUiFJhwr1XPsWLsplpoRTqeVfqJojMkYB7RnqMAhVW6anzpFB0YZIj+SpoRGufpzIsWhUpPQM50h1iP118vE/7xeov0zN2UiTjQVZLbITzjSEcr+RkMmKdF8YggmkplbERlhiYk26VTyEM4znHy/PE/ujupOo964Pq41L4o4yrAH+3AIDpxCE66gBW0gEMAjPMOLxa0n69V6m7WWrGJmF37Bev8Ca6aOBg==</latexit>

xs = (qs, CLOSED), xg = (qg, OPEN)
<latexit sha1_base64="hXiT4fj/kKCx3vMa7m90O0dgyuY=">AAACD3icbVDLSsNAFJ3UV62vqks3g0VpoZTEio+FUKwFF2Ir2ge0JUymk3To5OHMRFpK/8CNv+LGhSJu3brzb0zTIGo9cOFwzr3ce4/hMSqkqn4qsZnZufmF+GJiaXlldS25vlETrs8xqWKXubxhIEEYdUhVUslIw+ME2QYjdaNXHPv1O8IFdZ0bOfBI20aWQ02KkQwkPbnb1wU8gelbXWRh8aJ8XTrLZGFftyailYXlSukyoydTak4NAaeJFpEUiFDRkx+tjot9mzgSMyREU1M92R4iLilmZJRo+YJ4CPeQRZoBdZBNRHsY/jOCO4HSgabLg3IkDNWfE0NkCzGwjaDTRrIr/npj8T+v6UvzqD2kjudL4uDJItNnULpwHA7sUE6wZIOAIMxpcCvEXcQRlkGEiTCE4zEOvl+eJrW9nJbP5a/2U4XTKI442ALbIA00cAgK4BxUQBVgcA8ewTN4UR6UJ+VVeZu0xpRoZhP8gvL+BbVTmMw=</latexit>



Example

O(OPEN) O(CLOSED)

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>

q1
<latexit sha1_base64="L5AIlxyDk9VWpA7wmfFppKdQ/0o=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39wBmUK3bVzoAWiZOTCuRoDsof/WFI4oAKTThWqufYkXYTLDUjnM5K/VjRCJMJHtGeoQIHVLlJduoMHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbP3YSJKNZUkPkiP+ZIhyj9Gw2ZpETzqSGYSGZuRWSMJSbapFPKQrhIcfr98iJpn1SdWrV2U680LvM4inAAh3AMDpxBA66hCS0gMIJHeIYXi1tP1qv1Nm8tWPnMPvyC9f4FGc6N0A==</latexit>

qg
<latexit sha1_base64="xgnyFaBL+4bxdu5khY3oJBy5jvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErevFY0dpCG8pmu0mXbjZxdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsyZ0rb9aZUWFpeWV8qrlbX1jc2t6vbOnYoSSWibRDySXQ8rypmgbc00p91YUhx6nHa88WXmdx6oVCwSt3oSUzfEgWA+I1gb6eZ+EAyqNbtu50DzxClIDQq0BtWP/jAiSUiFJhwr1XPsWLsplpoRTqeVfqJojMkYB7RnqMAhVW6anzpFB0YZIj+SpoRGufpzIsWhUpPQM50h1iP118vE/7xeov0zN2UiTjQVZLbITzjSEcr+RkMmKdF8YggmkplbERlhiYk26VTyEM4znHy/PE/ujupOo964Pq41L4o4yrAH+3AIDpxCE66gBW0gEMAjPMOLxa0n69V6m7WWrGJmF37Bev8Ca6aOBg==</latexit>



Example

O(OPEN) O(CLOSED)

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>

q1
<latexit sha1_base64="L5AIlxyDk9VWpA7wmfFppKdQ/0o=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39wBmUK3bVzoAWiZOTCuRoDsof/WFI4oAKTThWqufYkXYTLDUjnM5K/VjRCJMJHtGeoQIHVLlJduoMHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbP3YSJKNZUkPkiP+ZIhyj9Gw2ZpETzqSGYSGZuRWSMJSbapFPKQrhIcfr98iJpn1SdWrV2U680LvM4inAAh3AMDpxBA66hCS0gMIJHeIYXi1tP1qv1Nm8tWPnMPvyC9f4FGc6N0A==</latexit>

qg
<latexit sha1_base64="xgnyFaBL+4bxdu5khY3oJBy5jvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErevFY0dpCG8pmu0mXbjZxdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsyZ0rb9aZUWFpeWV8qrlbX1jc2t6vbOnYoSSWibRDySXQ8rypmgbc00p91YUhx6nHa88WXmdx6oVCwSt3oSUzfEgWA+I1gb6eZ+EAyqNbtu50DzxClIDQq0BtWP/jAiSUiFJhwr1XPsWLsplpoRTqeVfqJojMkYB7RnqMAhVW6anzpFB0YZIj+SpoRGufpzIsWhUpPQM50h1iP118vE/7xeov0zN2UiTjQVZLbITzjSEcr+RkMmKdF8YggmkplbERlhiYk26VTyEM4znHy/PE/ujupOo964Pq41L4o4yrAH+3AIDpxCE66gBW0gEMAjPMOLxa0n69V6m7WWrGJmF37Bev8Ca6aOBg==</latexit>



Example

O(OPEN) O(CLOSED)

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>

q1
<latexit sha1_base64="L5AIlxyDk9VWpA7wmfFppKdQ/0o=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39wBmUK3bVzoAWiZOTCuRoDsof/WFI4oAKTThWqufYkXYTLDUjnM5K/VjRCJMJHtGeoQIHVLlJduoMHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbP3YSJKNZUkPkiP+ZIhyj9Gw2ZpETzqSGYSGZuRWSMJSbapFPKQrhIcfr98iJpn1SdWrV2U680LvM4inAAh3AMDpxBA66hCS0gMIJHeIYXi1tP1qv1Nm8tWPnMPvyC9f4FGc6N0A==</latexit>

q1
<latexit sha1_base64="L5AIlxyDk9VWpA7wmfFppKdQ/0o=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39wBmUK3bVzoAWiZOTCuRoDsof/WFI4oAKTThWqufYkXYTLDUjnM5K/VjRCJMJHtGeoQIHVLlJduoMHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbP3YSJKNZUkPkiP+ZIhyj9Gw2ZpETzqSGYSGZuRWSMJSbapFPKQrhIcfr98iJpn1SdWrV2U680LvM4inAAh3AMDpxBA66hCS0gMIJHeIYXi1tP1qv1Nm8tWPnMPvyC9f4FGc6N0A==</latexit>

qg
<latexit sha1_base64="xgnyFaBL+4bxdu5khY3oJBy5jvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErevFY0dpCG8pmu0mXbjZxdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsyZ0rb9aZUWFpeWV8qrlbX1jc2t6vbOnYoSSWibRDySXQ8rypmgbc00p91YUhx6nHa88WXmdx6oVCwSt3oSUzfEgWA+I1gb6eZ+EAyqNbtu50DzxClIDQq0BtWP/jAiSUiFJhwr1XPsWLsplpoRTqeVfqJojMkYB7RnqMAhVW6anzpFB0YZIj+SpoRGufpzIsWhUpPQM50h1iP118vE/7xeov0zN2UiTjQVZLbITzjSEcr+RkMmKdF8YggmkplbERlhiYk26VTyEM4znHy/PE/ujupOo964Pq41L4o4yrAH+3AIDpxCE66gBW0gEMAjPMOLxa0n69V6m7WWrGJmF37Bev8Ca6aOBg==</latexit>



Example

O(OPEN) O(CLOSED)

qs
<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>

q1
<latexit sha1_base64="L5AIlxyDk9VWpA7wmfFppKdQ/0o=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39wBmUK3bVzoAWiZOTCuRoDsof/WFI4oAKTThWqufYkXYTLDUjnM5K/VjRCJMJHtGeoQIHVLlJduoMHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbP3YSJKNZUkPkiP+ZIhyj9Gw2ZpETzqSGYSGZuRWSMJSbapFPKQrhIcfr98iJpn1SdWrV2U680LvM4inAAh3AMDpxBA66hCS0gMIJHeIYXi1tP1qv1Nm8tWPnMPvyC9f4FGc6N0A==</latexit>

q1
<latexit sha1_base64="L5AIlxyDk9VWpA7wmfFppKdQ/0o=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39wBmUK3bVzoAWiZOTCuRoDsof/WFI4oAKTThWqufYkXYTLDUjnM5K/VjRCJMJHtGeoQIHVLlJduoMHRlliPxQmhIaZerPiQQHSk0Dz3QGWI/VXy8V//N6sfbP3YSJKNZUkPkiP+ZIhyj9Gw2ZpETzqSGYSGZuRWSMJSbapFPKQrhIcfr98iJpn1SdWrV2U680LvM4inAAh3AMDpxBA66hCS0gMIJHeIYXi1tP1qv1Nm8tWPnMPvyC9f4FGc6N0A==</latexit>

qg
<latexit sha1_base64="xgnyFaBL+4bxdu5khY3oJBy5jvc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErevFY0dpCG8pmu0mXbjZxdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsyZ0rb9aZUWFpeWV8qrlbX1jc2t6vbOnYoSSWibRDySXQ8rypmgbc00p91YUhx6nHa88WXmdx6oVCwSt3oSUzfEgWA+I1gb6eZ+EAyqNbtu50DzxClIDQq0BtWP/jAiSUiFJhwr1XPsWLsplpoRTqeVfqJojMkYB7RnqMAhVW6anzpFB0YZIj+SpoRGufpzIsWhUpPQM50h1iP118vE/7xeov0zN2UiTjQVZLbITzjSEcr+RkMmKdF8YggmkplbERlhiYk26VTyEM4znHy/PE/ujupOo964Pq41L4o4yrAH+3AIDpxCE66gBW0gEMAjPMOLxa0n69V6m7WWrGJmF37Bev8Ca6aOBg==</latexit>



Special Case: Manipulation Planning



Example 

Robot : A,QA = R1

Part : P,QP = R1
<latexit sha1_base64="QnQOSdM9V5IOmToaiVN/n+WKiGI="></latexit>

M = {Transit, T ransfer}
<latexit sha1_base64="nOQ+Yblz0ZtvSUXL+e275FUrSdc=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwYWUxIqXhVB040ao0Bs0oUymk3boZBJmJkIJxY2v4saFIm59Cne+jZM0iFp/GPj4zzmcOb8XMSqVZX0ahbn5hcWl4nJpZXVtfcPc3GrJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdpfX2HRGShryhxhFxAzTg1KcYKW31zJ0beAGdpCEQl1Qdwgx8IpxJzyxbFSsTnAU7hzLIVe+ZH04/xHFAuMIMSdm1rUi5CRKKYkYmJSeWJEJ4hAakq5GjgEg3yU6YwH3t9KEfCv24gpn7cyJBgZTjwNOdAVJD+beWmv/VurHyz9yE8ihWhOPpIj9mUIUwzQP2qSBYsbEGhAXVf4V4iATCSqdWykI4T3XyffIstI4qdrVSvT0u1y7zOIpgF+yBA2CDU1AD16AOmgCDe/AInsGL8WA8Ga/G27S1YOQz2+CXjPcvKN2WzA==</latexit>

U = {Grasp, Ungrasp}
<latexit sha1_base64="2PYPxklaa6jv5GP+p4vYqjEOjgo=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4EJKYsXLQii60GUF0xaaUCbTSTt0MgkzE6HELnwVNy4UcetruPNtnKRB1PrDwMd/zuGc+f2YUaks69OYmZ2bX1gsLZWXV1bX1s2NzaaMEoGJgyMWibaPJGGUE0dRxUg7FgSFPiMtf3iZ1Vt3REga8Vs1iokXoj6nAcVIaatrbjvwHLrplUAyPoAO72fgjrtmxapaueA02AVUQKFG1/xwexFOQsIVZkjKjm3FykuRUBQzMi67iSQxwkPUJx2NHIVEeml+/xjuaacHg0joxxXM3Z8TKQqlHIW+7gyRGsi/tcz8r9ZJVHDqpZTHiSIcTxYFCYMqglkYsEcFwYqNNCAsqL4V4gESCCsdWTkP4SzT8feXp6F5WLVr1drNUaV+UcRRAjtgF+wDG5yAOrgGDeAADO7BI3gGL8aD8WS8Gm+T1hmjmNkCv2S8fwGy5ZVp</latexit>



Example 

Grasp
<latexit sha1_base64="PL64CLipWO4f7+UmPe7+wAipDww=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HEretBjBdMW2lA22027dLMJuxuhhP4GLx4U8eoP8ua/cZMGUeuDgcd7M8zM82POlLbtT6u0tLyyulZer2xsbm3vVHf32ipKJKEuiXgkuz5WlDNBXc00p91YUhz6nHb8yXXmdx6oVCwS93oaUy/EI8ECRrA2knsjsYoH1Zpdt3OgReIUpAYFWoPqR38YkSSkQhOOleo5dqy9FEvNCKezSj9RNMZkgke0Z6jAIVVemh87Q0dGGaIgkqaERrn6cyLFoVLT0DedIdZj9dfLxP+8XqKDCy9lIk40FWS+KEg40hHKPkdDJinRfGoIJpKZWxEZY4mJNvlU8hAuM5x9v7xI2id1p1Fv3J3WmldFHGU4gEM4BgfOoQm30AIXCDB4hGd4sYT1ZL1ab/PWklXM7MMvWO9f5AWO4A==</latexit>

Ungrasp
<latexit sha1_base64="R0jYSu3NJvfRkdUdV+20kT08Evg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lV/LgVvXisYNpCG8pmu2mXbjbL7kYooT/CiwdFvPp7vPlv3KRB1Ppg4PHeDDPzAsmZNq776ZSWlldW18rrlY3Nre2d6u5eW8eJItQjMY9VN8CaciaoZ5jhtCsVxVHAaSeY3GR+54EqzWJxb6aS+hEeCRYygo2VOp4YKazloFpz624OtEgaBalBgdag+tEfxiSJqDCEY617DVcaP8XKMMLprNJPNJWYTPCI9iwVOKLaT/NzZ+jIKkMUxsqWMChXf06kONJ6GgW2M8JmrP96mfif10tMeOmnTMjEUEHmi8KEIxOj7Hc0ZIoSw6eWYKKYvRWRMVaYGJtQJQ/hKsP598uLpH1Sb5zWT+/Oas3rIo4yHMAhHEMDLqAJt9ACDwhM4BGe4cWRzpPz6rzNW0tOMbMPv+C8fwGKrY/X</latexit>

Transfer
<latexit sha1_base64="4A2bBj/cELMGtYTm0FdO+9VArl0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU/LgVvXis0C9oQ9lsJ+3SzSbuboRS+ie8eFDEq3/Hm//GJA2i1gcDj/dmmJnnRYJrY9ufVmFpeWV1rbhe2tjc2t4p7+61dBgrhk0WilB1PKpRcIlNw43ATqSQBp7Atje+Sf32AyrNQ9kwkwjdgA4l9zmjJpE6DUWl9lH1yxW7amcgi8TJSQVy1Pvlj94gZHGA0jBBte46dmTcKVWGM4GzUi/WGFE2pkPsJlTSALU7ze6dkaNEGRA/VElJQzL158SUBlpPAi/pDKgZ6b9eKv7ndWPjX7pTLqPYoGTzRX4siAlJ+jwZcIXMiElCKFM8uZWwEVWUmSSiUhbCVYrz75cXSeuk6pxWT+/OKrXrPI4iHMAhHIMDF1CDW6hDExgIeIRneLHurSfr1XqbtxasfGYffsF6/wJLlJBG</latexit>



Example 

Robot : A,QA = R1

Part : P,QP = R1
<latexit sha1_base64="QnQOSdM9V5IOmToaiVN/n+WKiGI="></latexit>

M = {Transit, T ransfer}
<latexit sha1_base64="nOQ+Yblz0ZtvSUXL+e275FUrSdc=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwYWUxIqXhVB040ao0Bs0oUymk3boZBJmJkIJxY2v4saFIm59Cne+jZM0iFp/GPj4zzmcOb8XMSqVZX0ahbn5hcWl4nJpZXVtfcPc3GrJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdpfX2HRGShryhxhFxAzTg1KcYKW31zJ0beAGdpCEQl1Qdwgx8IpxJzyxbFSsTnAU7hzLIVe+ZH04/xHFAuMIMSdm1rUi5CRKKYkYmJSeWJEJ4hAakq5GjgEg3yU6YwH3t9KEfCv24gpn7cyJBgZTjwNOdAVJD+beWmv/VurHyz9yE8ihWhOPpIj9mUIUwzQP2qSBYsbEGhAXVf4V4iATCSqdWykI4T3XyffIstI4qdrVSvT0u1y7zOIpgF+yBA2CDU1AD16AOmgCDe/AInsGL8WA8Ga/G27S1YOQz2+CXjPcvKN2WzA==</latexit>

U = {Grasp, Ungrasp}
<latexit sha1_base64="2PYPxklaa6jv5GP+p4vYqjEOjgo=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4EJKYsXLQii60GUF0xaaUCbTSTt0MgkzE6HELnwVNy4UcetruPNtnKRB1PrDwMd/zuGc+f2YUaks69OYmZ2bX1gsLZWXV1bX1s2NzaaMEoGJgyMWibaPJGGUE0dRxUg7FgSFPiMtf3iZ1Vt3REga8Vs1iokXoj6nAcVIaatrbjvwHLrplUAyPoAO72fgjrtmxapaueA02AVUQKFG1/xwexFOQsIVZkjKjm3FykuRUBQzMi67iSQxwkPUJx2NHIVEeml+/xjuaacHg0joxxXM3Z8TKQqlHIW+7gyRGsi/tcz8r9ZJVHDqpZTHiSIcTxYFCYMqglkYsEcFwYqNNCAsqL4V4gESCCsdWTkP4SzT8feXp6F5WLVr1drNUaV+UcRRAjtgF+wDG5yAOrgGDeAADO7BI3gGL8aD8WS8Gm+T1hmjmNkCv2S8fwGy5ZVp</latexit>

When can grasp occur?



Example 

Robot : A,QA = R1

Part : P,QP = R1
<latexit sha1_base64="QnQOSdM9V5IOmToaiVN/n+WKiGI="></latexit>

M = {Transit, T ransfer}
<latexit sha1_base64="nOQ+Yblz0ZtvSUXL+e275FUrSdc=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwYWUxIqXhVB040ao0Bs0oUymk3boZBJmJkIJxY2v4saFIm59Cne+jZM0iFp/GPj4zzmcOb8XMSqVZX0ahbn5hcWl4nJpZXVtfcPc3GrJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdpfX2HRGShryhxhFxAzTg1KcYKW31zJ0beAGdpCEQl1Qdwgx8IpxJzyxbFSsTnAU7hzLIVe+ZH04/xHFAuMIMSdm1rUi5CRKKYkYmJSeWJEJ4hAakq5GjgEg3yU6YwH3t9KEfCv24gpn7cyJBgZTjwNOdAVJD+beWmv/VurHyz9yE8ihWhOPpIj9mUIUwzQP2qSBYsbEGhAXVf4V4iATCSqdWykI4T3XyffIstI4qdrVSvT0u1y7zOIpgF+yBA2CDU1AD16AOmgCDe/AInsGL8WA8Ga/G27S1YOQz2+CXjPcvKN2WzA==</latexit>

U = {Grasp, Ungrasp}
<latexit sha1_base64="2PYPxklaa6jv5GP+p4vYqjEOjgo=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4EJKYsXLQii60GUF0xaaUCbTSTt0MgkzE6HELnwVNy4UcetruPNtnKRB1PrDwMd/zuGc+f2YUaks69OYmZ2bX1gsLZWXV1bX1s2NzaaMEoGJgyMWibaPJGGUE0dRxUg7FgSFPiMtf3iZ1Vt3REga8Vs1iokXoj6nAcVIaatrbjvwHLrplUAyPoAO72fgjrtmxapaueA02AVUQKFG1/xwexFOQsIVZkjKjm3FykuRUBQzMi67iSQxwkPUJx2NHIVEeml+/xjuaacHg0joxxXM3Z8TKQqlHIW+7gyRGsi/tcz8r9ZJVHDqpZTHiSIcTxYFCYMqglkYsEcFwYqNNCAsqL4V4gESCCsdWTkP4SzT8feXp6F5WLVr1drNUaV+UcRRAjtgF+wDG5yAOrgGDeAADO7BI3gGL8aD8WS8Gm+T1hmjmNkCv2S8fwGy5ZVp</latexit>

qA = qP
<latexit sha1_base64="swuZ4FOv78847w3GcZEqi5BRPj4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyo+FgIVTcuK9iHtFPJpGkbmslMk4xQhn6FGxeKuPVz3Pk3ZqaDqPVA4HDOueTe44WcKW3bn1Zubn5hcSm/XFhZXVvfKG5u1VUQSUJrJOCBbHpYUc4ErWmmOW2GkmLf47ThDa8Sv/FApWKBuNXjkLo+7gvWYwRrI92NOhfoHI061ftiyS7bKdAscTJSggwm/9HuBiTyqdCEY6Vajh1qN8ZSM8LppNCOFA0xGeI+bRkqsE+VG6cLT9CeUbqoF0jzhEap+nMixr5SY98zSR/rgfrrJeJ/XivSvVM3ZiKMNBVk+lEv4kgHKLkedZmkRPOxIZhIZnZFZIAlJtp0VEhLOEtw/H3yLKkflJ3D8uHNUalymdWRhx3YhX1w4AQqcA1VqAEBHx7hGV4saT1Zr9bbNJqzsplt+AXr/QuISI+3</latexit>



Example 

qA
<latexit sha1_base64="auqpuBPzSQKc3iBCCTYTpF4s/44=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiQqPnZVNy4r2ge0sUymk3boZBJnJkIJ/QQ3LhRx6xe582+cpEHUeuDC4Zx7ufceL+JMadv+tApz8wuLS8Xl0srq2vpGeXOrqcJYEtogIQ9l28OKciZoQzPNaTuSFAcepy1vdJn6rQcqFQvFrR5H1A3wQDCfEayNdHN/d94rV+yqnQHNEicnFchR75U/uv2QxAEVmnCsVMexI+0mWGpGOJ2UurGiESYjPKAdQwUOqHKT7NQJ2jNKH/mhNCU0ytSfEwkOlBoHnukMsB6qv14q/ud1Yu2fugkTUaypINNFfsyRDlH6N+ozSYnmY0MwkczcisgQS0y0SaeUhXCW4vj75VnSPKg6h9XD66NK7SKPowg7sAv74MAJ1OAK6tAAAgN4hGd4sbj1ZL1ab9PWgpXPbMMvWO9fMImN3w==</latexit>

qP
<latexit sha1_base64="n6fseMtw9cDjW2c1fzA7n2ZCPKI=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QRplMJ+3QySTOTIQS+gluXCji1i9y5984SYOo9cDA4ZxzmXuPF3GmtG1/WoWFxaXlleJqaW19Y3OrvL3TVmEsCW2RkIey62FFORO0pZnmtBtJigOP0443vkj9zgOVioXiRk8i6gZ4KJjPCNZGur6/bd6VK3bVzoDmiZOTCuQw+Y/+ICRxQIUmHCvVc+xIuwmWmhFOp6V+rGiEyRgPac9QgQOq3CRbdYoOjDJAfijNExpl6s+JBAdKTQLPJAOsR+qvl4r/eb1Y+6duwkQUayrI7CM/5kiHKL0bDZikRPOJIZhIZnZFZIQlJtq0U8pKOEtx/H3yPGkfVZ1atXZVrzTO8zqKsAf7cAgOnEADLqEJLSAwhEd4hheLW0/Wq/U2ixasfGYXfsF6/wJHRY3u</latexit>



Example 

qA
<latexit sha1_base64="auqpuBPzSQKc3iBCCTYTpF4s/44=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiQqPnZVNy4r2ge0sUymk3boZBJnJkIJ/QQ3LhRx6xe582+cpEHUeuDC4Zx7ufceL+JMadv+tApz8wuLS8Xl0srq2vpGeXOrqcJYEtogIQ9l28OKciZoQzPNaTuSFAcepy1vdJn6rQcqFQvFrR5H1A3wQDCfEayNdHN/d94rV+yqnQHNEicnFchR75U/uv2QxAEVmnCsVMexI+0mWGpGOJ2UurGiESYjPKAdQwUOqHKT7NQJ2jNKH/mhNCU0ytSfEwkOlBoHnukMsB6qv14q/ud1Yu2fugkTUaypINNFfsyRDlH6N+ozSYnmY0MwkczcisgQS0y0SaeUhXCW4vj75VnSPKg6h9XD66NK7SKPowg7sAv74MAJ1OAK6tAAAgN4hGd4sbj1ZL1ab9PWgpXPbMMvWO9fMImN3w==</latexit>

How can we represent 
the transfer phase?

qP
<latexit sha1_base64="n6fseMtw9cDjW2c1fzA7n2ZCPKI=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QRplMJ+3QySTOTIQS+gluXCji1i9y5984SYOo9cDA4ZxzmXuPF3GmtG1/WoWFxaXlleJqaW19Y3OrvL3TVmEsCW2RkIey62FFORO0pZnmtBtJigOP0443vkj9zgOVioXiRk8i6gZ4KJjPCNZGur6/bd6VK3bVzoDmiZOTCuQw+Y/+ICRxQIUmHCvVc+xIuwmWmhFOp6V+rGiEyRgPac9QgQOq3CRbdYoOjDJAfijNExpl6s+JBAdKTQLPJAOsR+qvl4r/eb1Y+6duwkQUayrI7CM/5kiHKL0bDZikRPOJIZhIZnZFZIQlJtq0U8pKOEtx/H3yPGkfVZ1atXZVrzTO8zqKsAf7cAgOnEADLqEJLSAwhEd4hheLW0/Wq/U2ixasfGYXfsF6/wJHRY3u</latexit>



Example 

qA
<latexit sha1_base64="auqpuBPzSQKc3iBCCTYTpF4s/44=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiQqPnZVNy4r2ge0sUymk3boZBJnJkIJ/QQ3LhRx6xe582+cpEHUeuDC4Zx7ufceL+JMadv+tApz8wuLS8Xl0srq2vpGeXOrqcJYEtogIQ9l28OKciZoQzPNaTuSFAcepy1vdJn6rQcqFQvFrR5H1A3wQDCfEayNdHN/d94rV+yqnQHNEicnFchR75U/uv2QxAEVmnCsVMexI+0mWGpGOJ2UurGiESYjPKAdQwUOqHKT7NQJ2jNKH/mhNCU0ytSfEwkOlBoHnukMsB6qv14q/ud1Yu2fugkTUaypINNFfsyRDlH6N+ozSYnmY0MwkczcisgQS0y0SaeUhXCW4vj75VnSPKg6h9XD66NK7SKPowg7sAv74MAJ1OAK6tAAAgN4hGd4sbj1ZL1ab9PWgpXPbMMvWO9fMImN3w==</latexit>

TRANSFER
<latexit sha1_base64="OH1sb1Oo/fI12ecx/BEF08kL3So=">AAAB73icbVDLSsNAFL2pr1pfVZdugkVwVRIrPnZVUVxJrX1BG8pkOm2HTiZxZiKU0J9w40IRt/6OO//GSRpErQcuHM65l3vvcQNGpbKsTyMzN7+wuJRdzq2srq1v5De3GtIPBSZ17DNftFwkCaOc1BVVjLQCQZDnMtJ0Rxex33wgQlKf19Q4II6HBpz2KUZKS61a9ezm7uqy2s0XrKKVwJwldkoKkKLSzX90ej4OPcIVZkjKtm0FyomQUBQzMsl1QkkChEdoQNqacuQR6UTJvRNzTys9s+8LXVyZifpzIkKelGPP1Z0eUkP514vF/7x2qPonTkR5ECrC8XRRP2Sm8s34ebNHBcGKjTVBWFB9q4mHSCCsdES5JITTGEffL8+SxkHRLhVLt4eF8nkaRxZ2YBf2wYZjKMM1VKAOGBg8wjO8GPfGk/FqvE1bM0Y6sw2/YLx/AfVWj2Y=</latexit>

qP
<latexit sha1_base64="n6fseMtw9cDjW2c1fzA7n2ZCPKI=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QRplMJ+3QySTOTIQS+gluXCji1i9y5984SYOo9cDA4ZxzmXuPF3GmtG1/WoWFxaXlleJqaW19Y3OrvL3TVmEsCW2RkIey62FFORO0pZnmtBtJigOP0443vkj9zgOVioXiRk8i6gZ4KJjPCNZGur6/bd6VK3bVzoDmiZOTCuQw+Y/+ICRxQIUmHCvVc+xIuwmWmhFOp6V+rGiEyRgPac9QgQOq3CRbdYoOjDJAfijNExpl6s+JBAdKTQLPJAOsR+qvl4r/eb1Y+6duwkQUayrI7CM/5kiHKL0bDZikRPOJIZhIZnZFZIQlJtq0U8pKOEtx/H3yPGkfVZ1atXZVrzTO8zqKsAf7cAgOnEADLqEJLSAwhEd4hheLW0/Wq/U2ixasfGYXfsF6/wJHRY3u</latexit>



Example 

Robot : A,QA = R1

Part : P,QP = R1
<latexit sha1_base64="QnQOSdM9V5IOmToaiVN/n+WKiGI="></latexit>

M = {Transit, T ransfer}
<latexit sha1_base64="nOQ+Yblz0ZtvSUXL+e275FUrSdc=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwYWUxIqXhVB040ao0Bs0oUymk3boZBJmJkIJxY2v4saFIm59Cne+jZM0iFp/GPj4zzmcOb8XMSqVZX0ahbn5hcWl4nJpZXVtfcPc3GrJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdpfX2HRGShryhxhFxAzTg1KcYKW31zJ0beAGdpCEQl1Qdwgx8IpxJzyxbFSsTnAU7hzLIVe+ZH04/xHFAuMIMSdm1rUi5CRKKYkYmJSeWJEJ4hAakq5GjgEg3yU6YwH3t9KEfCv24gpn7cyJBgZTjwNOdAVJD+beWmv/VurHyz9yE8ihWhOPpIj9mUIUwzQP2qSBYsbEGhAXVf4V4iATCSqdWykI4T3XyffIstI4qdrVSvT0u1y7zOIpgF+yBA2CDU1AD16AOmgCDe/AInsGL8WA8Ga/G27S1YOQz2+CXjPcvKN2WzA==</latexit>
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<latexit sha1_base64="FMm2U0JWeieAqbLyFd7Pbwxpg20=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiS2+NgV3bisaB/QhjKZTtqhk0mcmQgl9BPcuFDErV/kzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yVXqdx6oVCwUd3oaUTfAI8F8RrA20u39QA3KFbtqZ0CLxMlJBXI0B+WP/jAkcUCFJhwr1XPsSLsJlpoRTmelfqxohMkEj2jPUIEDqtwkO3WGjowyRH4oTQmNMvXnRIIDpaaBZzoDrMfqr5eK/3m9WPvnbsJEFGsqyHyRH3OkQ5T+jYZMUqL51BBMJDO3IjLGEhNt0illIVykOP1+eZG0T6pOrVq7qVcal3kcRTiAQzgGB86gAdfQhBYQGMEjPMOLxa0n69V6m7cWrHxmH37Bev8CfdaOEg==</latexit>
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qg
<latexit sha1_base64="6CeJJ8XKmAK062quvfoniNlTXWM=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRWfOyKblxWtA9oY5lMJ+nQySTOTIQS+gluXCji1i9y5984aYOo9cCFwzn3cu89XsyZ0rb9aRUWFpeWV4qrpbX1jc2t8vZOS0WJJLRJIh7JjocV5UzQpmaa004sKQ49Ttve6DLz2w9UKhaJWz2OqRviQDCfEayNdHN/F/TLFbtqT4HmiZOTCuRo9MsfvUFEkpAKTThWquvYsXZTLDUjnE5KvUTRGJMRDmjXUIFDqtx0euoEHRhlgPxImhIaTdWfEykOlRqHnukMsR6qv14m/ud1E+2fuSkTcaKpILNFfsKRjlD2NxowSYnmY0MwkczcisgQS0y0Sac0DeE8w8n3y/OkdVR1atXa9XGlfpHHUYQ92IdDcOAU6nAFDWgCgQAe4RleLG49Wa/W26y1YOUzu/AL1vsXaiGOBQ==</latexit>





Manipulation Planning

• Sample configurations where mode transition can occur 
(valid grasp configuration with resting object)



Manipulation Planning

• Compute sub-roadmaps



Manipulation Planning

• Attempt to connect each pair of vertices in the two 
roadmaps with transit or transfer paths



Manipulation Planning



Manipulation Planning

• Connect to goal configuration



Manipulation Planning

• Search graph




