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Research goal:  
understand the computational mechanisms 
necessary to make 
a general-purpose intelligent robot



Domain variability: Make tea in any kitchen 



Task variability: Do any household job



Robot factory generates robots that work in the wild
Find a mapping ⇡ : (o, a)⇤ ! a that optimizes
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EDom

"
TdomX

t=0

Rdom(st, at) | ⇡,Wdom

#

<latexit sha1_base64="xVOLMOXB+XYSDd7Yrio0f3/iWtw="></latexit>

Domain specifies
• World (start state dist, transition dynamics)
• Horizon T (could average or discount)
• Reward function (need not be additive, dense, shaped)

There is an optimal policy :-)

But it is hard to find :-(



The space of distributions over domains

factory
uncertainty

about domain

narrow task, 
known in advance

broad competence, 
known in advance

narrow task, 
not known in advance

broad competence, 
not known in advance

complexity of (near)
optimal policy

P (Dom)

<latexit sha1_base64="EGbNFungKZEGMhTP/V438ZCeIuE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoMQL2FXInoM6sFjBPOAzRJmJ7PJkHksM71CWPIZXjwo4tWv8ebfOEn2oIkFDUVVN91dUcKZAc/7dgpr6xubW8Xt0s7u3v5B+fCobVSqCW0RxZXuRthQziRtAQNOu4mmWEScdqLx7czvPFFtmJKPMEloKPBQspgRDFYKmtWeFtmdEtPzfrni1bw53FXi56SCcjT75a/eQJFUUAmEY2MC30sgzLAGRjidlnqpoQkmYzykgaUSC2rCbH7y1D2zysCNlbYlwZ2rvycyLIyZiMh2Cgwjs+zNxP+8IIX4OsyYTFKgkiwWxSl3Qbmz/90B05QAn1iCiWb2VpeMsMYEbEolG4K//PIqaV/U/Hrt8qFeadzkcRTRCTpFVeSjK9RA96iJWogghZ7RK3pzwHlx3p2PRWvByWeO0R84nz+1m5Dk</latexit>



How to construct a good policy for a given                  ?
Pick a model class and methodology for acquiring the models that 
perform well while minimizing total construction cost:
• Human
• model specification
• simulator (physical or software) construction
• reward shaping
• data labeling, gathering, …

• Machine
• optimization
• learning
• parameter tuning

P (Dom)

<latexit sha1_base64="EGbNFungKZEGMhTP/V438ZCeIuE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoMQL2FXInoM6sFjBPOAzRJmJ7PJkHksM71CWPIZXjwo4tWv8ebfOEn2oIkFDUVVN91dUcKZAc/7dgpr6xubW8Xt0s7u3v5B+fCobVSqCW0RxZXuRthQziRtAQNOu4mmWEScdqLx7czvPFFtmJKPMEloKPBQspgRDFYKmtWeFtmdEtPzfrni1bw53FXi56SCcjT75a/eQJFUUAmEY2MC30sgzLAGRjidlnqpoQkmYzykgaUSC2rCbH7y1D2zysCNlbYlwZ2rvycyLIyZiMh2Cgwjs+zNxP+8IIX4OsyYTFKgkiwWxSl3Qbmz/90B05QAn1iCiWb2VpeMsMYEbEolG4K//PIqaV/U/Hrt8qFeadzkcRTRCTpFVeSjK9RA96iJWogghZ7RK3pzwHlx3p2PRWvByWeO0R84nz+1m5Dk</latexit>

Pick model class where
• humans have most insight
• optimization is easiest
• learning will generalize best



Ways to represent a policy: a policy!  

⇡ : (o, a)⇤ ! a
World

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

b⇡

<latexit sha1_base64="bKXCU+MkVcBSKZUE+hARTB6sh1Y=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5id7U2GzD6cmY2EJd/hxYMiXv0Yb/6Nk2QPmljQUFR1093lJYIrbdvfVmFtfWNzq7hd2tnd2z8oHx61VJxKhk0Wi1h2PKpQ8AibmmuBnUQiDT2BbW90O/PbY5SKx9GDniTohnQQ8YAzqo3k9p64j0Oqs17Cp/1yxa7ac5BV4uSkAjka/fJXz49ZGmKkmaBKdR070W5GpeZM4LTUSxUmlI3oALuGRjRE5Wbzo6fkzCg+CWJpKtJkrv6eyGio1CT0TGdI9VAtezPxP6+b6uDazXiUpBojtlgUpILomMwSID6XyLSYGEKZ5OZWwoZUUqZNTiUTgrP88ippXVSdWvXyvlap3+RxFOEETuEcHLiCOtxBA5rA4BGe4RXerLH1Yr1bH4vWgpXPHMMfWJ8/StWScw==</latexit>

model

code

Search for policies is 
difficult with long 

horizon



Ways to represent a policy: Q values  

⇡ : (o, a)⇤ ! a
World

argmax

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

bQ

<latexit sha1_base64="NC+p3RZcs6CEwx2Y8US+JM06XCM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cW7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx3czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8tZ0UK25dXcOvEq8gtRQgeag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxDfBDmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9y/pV67LWuC3iKKMTdIrOkYeuUQPdoyZqI4oUekav6M0B58V5dz4WrSWnmDlGf+B8/gCdr5F7</latexit>

model

code

Dynamic programming 
is only helpful when we 

will eventually visit 
much of the state space



Ways to represent a policy: plan online, with search control 

⇡ : (o, a)⇤ ! a
World

Planner

First element

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

model

code

Transition model for raw 
input and action space is 

difficult to learn; 
horizon is long



Ways to represent a policy: plan at higher level of abstraction 

⇡ : (o, a)⇤ ! a
World

PlannerPerception
Estimation

First element

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>

model

code

Even with some action 
abstraction, planning 
horizons may be too 

long



Ways to represent a policy: add hierarchical plan / execution 

⇡ : (o, a)⇤ ! a
World

PlannerPerception
Estimation

Execution

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

bg

<latexit sha1_base64="k4BOcIKmVzs0DXBfkJM+nW0yZO4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8uF0UK25dXcOvEq8gtRQgdag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxBfBzmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9Rv3yvlFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC/HZGR</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>

model

code



Different ways to obtain a policy

factory
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about domain

complexity of (near)
optimal policy

classic engineering



Different ways to obtain a policy

factory
uncertainty

about domain

complexity of (near)
optimal policy

(neuro) dynamic programming
== RL in simulation

classic engineering



RL in the factory

simulator

RL

compile

Evaluation

• Reward during learning 
doesn’t matter

• Number of interactions with simulator 
doesn’t matter

• Measure quality of best policy found 
versus computation time  

computation time

value of
current 
best
policy

argmax

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a
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MetaWorld: suite of RL problems designed for meta-learning

Yu, Quillen, He, Julien, Hausmann, Finn, Levine, CoRL 2019



Reward function for pick and place task
def compute_reward(self, actions, obs, mode = 'general'):

if isinstance(obs, dict):
obs = obs['state_observation']

objPos = obs[3:6]

rightFinger, leftFinger = 
self.get_site_pos('rightEndEffector’), 

self.get_site_pos('leftEndEffector')
fingerCOM = (rightFinger + leftFinger)/2

heightTarget = self.heightTarget
placingGoal = self._state_goal

reachDist = np.linalg.norm(objPos - fingerCOM)
placingDist = np.linalg.norm(objPos[:2] -

placingGoal[:-1])

def reachReward():
reachRew = -reachDist# + min(actions[-1], -1)/50
reachDistxy = np.linalg.norm(objPos[:-1] -

fingerCOM[:-1])
zRew = np.linalg.norm(fingerCOM[-1] -

self.init_fingerCOM[-1])
if reachDistxy < 0.06: #0.02

reachRew = -reachDist
else:

reachRew = -reachDistxy - zRew
#incentive to close fingers when reachDist is 

small
if reachDist < 0.05:

reachRew = -reachDist + max(actions[-
1],0)/50

return reachRew , reachDist

def pickCompletionCriteria():
tolerance = 0.01
if objPos[2] >= (heightTarget- tolerance):

return True
else:

return False

if pickCompletionCriteria():
self.pickCompleted = True

def general_pickReward():
hScale = 50
if self.placeCompleted or (self.pickCompleted and 

objGrasped()):
return hScale*heightTarget

elif objGrasped() and (objPos[2]> (self.objHeight + 
0.005)):

return hScale* min(heightTarget, objPos[2])
else:

return 0

def placeReward():
# c1 = 1000 ; c2 = 0.01 ; c3 = 0.001
c1 = 1000 ; c2 = 0.01 ; c3 = 0.001
placeRew = 1000*(self.maxPlacingDist - placingDist) 

+ c1*(np.exp(-(placingDist**2)/c2) + np.exp(-
(placingDist**2)/c3))

placeRew = max(placeRew,0)
if mode == 'general':

cond = self.pickCompleted and objGrasped()
else:

cond = self.pickCompleted and (reachDist < 0.1) 
and not(objDropped())

if self.placeCompleted:
return [-200*actions[-1] + placeRew, 

placingDist]
elif cond:

if abs(objPos[0] - placingGoal[0]) < 0.05 and \
abs(objPos[1] - placingGoal[1]) < 0.05:
return [-200*actions[-1] + placeRew, 

placingDist]
else:

return [placeRew, placingDist]
else:

return [0 , placingDist

reachRew, reachDist = reachReward()
if mode == 'general':

pickRew = general_pickReward()
else:

pickRew = orig_pickReward()
placeRew , placingDist = placeReward()
# assert ((placeRew >=0) and (pickRew>=0))
if self.placeCompleted:

reachRew = 0
reachDist = 0

reward = reachRew + pickRew + placeRew
return [reward, reachRew, reachDist, pickRew, placeRew, 

placing

def objDropped():
return (objPos[2] < 

(self.objHeight + 0.005)) and (placingDist
>0.02) and (reachDist > 0.02)

# Object on the ground, far away 
from the goal, and from the gripper

#Can tweak the margin limits

def objGrasped(thresh = 0):
sensorData = self.data.sensordata
return (sensorData[0]>thresh) and 

(sensorData[1]> thresh)

def placeCompletionCriteria():
if abs(objPos[0] - placingGoal[0]) 

< 0.05 and \
abs(objPos[1] -

placingGoal[1]) < 0.05 and \
objPos[2] < self.objHeight + 

0.05:
return True

else:
return False

if placeCompletionCriteria():
self.placeCompleted = True

def orig_pickReward():
# hScale = 50
hScale = 100
if self.placeCompleted or 

(self.pickCompleted and not(objDropped())):
return hScale*heightTarget

# elif (reachDist < 0.1) and 
(objPos[2]> (self.objHeight + 0.005)) :

elif (reachDist < 0.1) and 
(objPos[2]> (self.objHeight + 0.005)) :

return hScale* 
min(heightTarget, objPos[2])

else:
return 0

Dist]



Reward function for pick and place task
hand 
close to 
obj

obj 
grasped

pick ever 
completed

hand 
close 
to goal

place ever 
completed

reward

0 0 * * 0 -distXY(hand, obj) – distZ(hand,obj)

1 0 0 * 0 -dist(hand, obj) + c1 * closeCmd

1 1 0 * 0 -dist(hand,obj) + c1 * closeCmd + c2 * min(obj.z, targetHt)

1 1 1 * 0 -dist(hand,obj) + c1 * closeCmd + c2 * targetHt + placeRew

1 1 1 0 0 -dist(hand,obj) + c1 * closeCmd + c2 * targetHt + placeRew + 
c3 * openCmd

* * * * 1 c2 * targetHt + placeRew + c3 * openCmd

place ever completed:  |objx – goalx| < c4 and |objy-goaly|< c5 and |objz – goalz| < c6
pick ever completed: objz > targetHt + c7
obj grasp: test on current finger sensors
hand close to obj, hand close to goal:  constant x,y,z thresholds
placeDist = |objxy – goalxy|
placeRew =  max(0, c8*(c9- placingDist) + c10*(exp(-(placingDist**2)/c11) +exp(-(placingDist**2)/c12)))



Reward function for pick and place task
hand 
close to 
obj

obj 
grasped

pick ever 
completed

hand 
close to 
goal

place ever 
completed

reward

0 0 * * 0 move toward object

1 0 0 * 0 move toward object  + close fingers

1 1 0 * 0 move toward object + close fingers + raise

1 1 1 * 0 move toward object + close fingers + move toward goal

1 1 1 0 0 move toward object + close fingers + move toward goal + 
open fingers

* * * * 1 move toward goal + open fingers

place ever completed:  |objx – goalx| < c4 and |objy-goaly|< c5 and |objz – goalz| < c6
pick ever completed: objz > targetHt + c7
obj grasp: test on current finger sensors
hand close to obj, hand close to goal:  constant x,y,z thresholds
placeDist = |objxy – goalxy|
placeRew =  max(0, c8*(c9- placingDist) + c10*(exp(-(placingDist**2)/c11) +exp(-(placingDist**2)/c12)))



Goal for HPN planner

goal = Goal([Pose(target_obj, (0.2, -0.1, 0.5, 3.14)])



RL in the factory vs planning in the wild: engineering effort
reward goal
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a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>

argmax

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

bQ

<latexit sha1_base64="NC+p3RZcs6CEwx2Y8US+JM06XCM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cW7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx3czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8tZ0UK25dXcOvEq8gtRQgeag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxDfBDmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9y/pV67LWuC3iKKMTdIrOkYeuUQPdoyZqI4oUekav6M0B58V5dz4WrSWnmDlGf+B8/gCdr5F7</latexit>

simulator

RL

compile

physicsURDF operatorsURDF featurescontrollers



Models for robot manipulation planning
Raw simulator

• Action space: incremental joint torques or displacements
• Horizon: several 1000
• Heuristic: learned goal-conditioned value function?   
• Exploration needed to learn heuristic begs the original question

Proposed abstract model
• Action space is 
• lifted:  independent of particular objects
• compositional: can address huge space of states and goals

• Horizon: hierarchical ~8 mode-level, ~20 motion-level, ~2 controller-level
• Heuristic: domain independent (can be improved by learning)
• Exploration: not needed

What makes an abstraction useful?
• Makes computational problem much easier
• Doesn’t make solution quality too much worse
• Not too hard to implement / maintain
• Solves most problems you care about



Multi-modal motion planning:  
a useful abstraction for many problems!

Assume:
• robot and objects (for now) are kinematic chains in a 3D workspace
• state represented in terms of poses (and other properties of objects and robot)

Mode:  smooth dynamics of a small set of state vars as a function of robot joint motions
• robot moving in free space
• robot moving while holding A in grasp G and other objects are fixed
• …

Mode family: set of modes with same changing variables but different values of static vars
Mode family specified by:
• changeable params
• controller for entering, moving through, and exiting the mode
• testable description of set of world configurations from which mode can be entered

and into which it can be exited Kingston, Wells, Moll, Kavraki ICRA 2020



Multi-modal motion planning:  
a useful abstraction for many problems!
We model meta-world as a lifted
MMMP with mode families:
• free-space motion
• pick; move-holding; place
• touch; push; disengage
• grasp; operate; ungrasp

Easy to add new ones!



Solved 43/50 so far.  Need
• mode for frictional interactions
• concept for pushing into a hole
• controller for tight insertions/extractions

No learning!  Fairly general code.  
Needs to know object models / shapes



Built-in mechanisms:  planner, hierarchical execution

Modules and models:
• control
• basic pick and place controllers

• perception
• object segmenters and 
• simple shape matching 

• planning
• operator models for basic 

controllers

World

PlannerPerception
Estimation

Execution

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

bg

<latexit sha1_base64="k4BOcIKmVzs0DXBfkJM+nW0yZO4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8uF0UK25dXcOvEq8gtRQgdag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxBfBzmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9Rv3yvlFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC/HZGR</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>



Hierarchical planning in the now

many short plans
optimistic execution
flexible reconsideration and 

replanning

G

G1
1 G2
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2O2
2G1

2O1
2G1

1

P3O2
3P1 G1

1G2
3G1

3G2
1

LPK and Lozano-Perez, IJRR 2013



Hierarchical planning in the  now

Only learning was done by 
lpk and tlp, not the robot!



Domain uncertainty requires learning in the wild
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optimal policy

RL in simulation

classic engineering Alpha-Zero

RL in the wild

Mu-Zero

more
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more
engineering

Hierarchical planning
in the now



Learning in the wild All reward matters!

number of interactions

cumulative
reward



Domain uncertainty requires learning in the wild

factory’s
uncertainty

about domain

complexity of (near)
optimal policy

RL in simulation

classic engineering Alpha-Zero

RL in the wild

Meta-RL

Mu-Zero

more
learning

more
engineering

Hierarchical planning
in the now

Continual 
composable learning 

models for HPN

Bayesian RL



Now, what can we learn?

Modules and models:
• control
• sensorimotor controllers

• perception
• object segmenters and 
• feature detectors 

• execution
• abstract partial polices

• planner
• operator models for 

controllers and policies

World

PlannerPerception
Estimation

Execution

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

bg

<latexit sha1_base64="k4BOcIKmVzs0DXBfkJM+nW0yZO4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8uF0UK25dXcOvEq8gtRQgdag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxBfBzmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9Rv3yvlFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC/HZGR</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>



Now, what can we learn?

Modules and models:
• control
• sensorimotor controllers

• perception
• object segmenters and
• feature detectors

• execution
• abstract partial polices

• planner
• operator models for new 

controllers and policies

World

PlannerPerception
Estimation

Execution

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

bg

<latexit sha1_base64="k4BOcIKmVzs0DXBfkJM+nW0yZO4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8uF0UK25dXcOvEq8gtRQgdag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxBfBzmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9Rv3yvlFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC/HZGR</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>



M0M:   Manipulation with 0 Models
We 
• believe in objects (for now restricted to be rigid)
• know the robot kinematics, and an abstract multi-modal model for pick/place/push
Use pre-trained perception modules
• UOIS-Net for 

class agnostic (!) 
segmentation
[Xie et al, 2020]

• GPD to 
predict grasps
[Gualtieri et al, 2016]

• MSN for point-cloud
shape completion
[Liu et al, 2020]

• MaskRCNN for some
category detections
[He et al, 2017]

Curtis, Fang, Garrett, LPK, Lozano-Perez



Look M0M, no additional learning!



Now, what can we learn?

Modules and models:
• control
• sensorimotor controllers

• perception
• object segmenters and 
• feature detectors 

• execution
• abstract partial polices

• planner
• operator models for new 

controllers and policies

World

PlannerPerception
Estimation

Execution

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

bg

<latexit sha1_base64="k4BOcIKmVzs0DXBfkJM+nW0yZO4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8uF0UK25dXcOvEq8gtRQgdag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxBfBzmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9Rv3yvlFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC/HZGR</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>



How can a competent robot acquire a new ability?

• Learn new primitive skill 
• Examples: Cutting, pushing, stirring, pouring,

throwing
• Closed-loop low-level policy intended to achieve some 

objective, possibly parameterized

• Add that skill to existing skill set to accomplish new goals!
• For flexibility, use a general-purpose planner
• Learn description of skill's preconditions and effects
• Representation should generalize over objects, locations, etc.

Most robot learning:
assume given

Our focus



Result: Contains(Dest, Liquid)
Skill: Pour(Gain) 
Preconditions:
• Contains(Source, Liquid)
• Holding(Source, Grasp)
• Shape(Source) = (Swidth, Sheight)
• Shape(Dest) = (Dwidth, Dheight)
• RelPose(Source, Dest) = (Rx, Ry)
• Constraint(Sw, Sh, Dw, Dh, Rx, Ry, Grasp, Gain)

Operator description:  when will skill achieve result?
Generalized idea of mode switch

Gain

Rx, Ry

Dheight

Dwidth

Sheight

Swidth

Grasp

Wang, Garrett, LPK, Lozano-Perez, IROS 2018



Learning the operator constraint:
supervised training

Gaussian Process
Regression

Labeled training data

GRIPPER

Sw, Sh, Dw, Dh, Rx, Ry, Grasp, Gain score

labeled training data

constraint(✓) ⌘ g(✓) > 0
<latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="QNdxm2Myl1Ty66YCvgzqeqNGrOE=">AAACDHicbZDNSgMxFIXv1P9adXTrJiiCbsqMG12J4MZlBatCp5RMetuGZjJjcqdYhr6FG1/FjQtFXLvzbUxrEa0eCHyck3BzT5wpaSkIPrzS3PzC4tLySnm1sra+4W9WrmyaG4F1karU3MTcopIa6yRJ4U1mkCexwuu4fzbOrwdorEz1JQ0zbCa8q2VHCk7OavnViPCOCpFqS4ZLTaP9iHpI/IBFeJvLAet+GycsaPm7QTWYiP2FcAq7MFWt5b9H7VTkCWoSilvbCIOMmgU3JIXCUTnKLWZc9HkXGw41T9A2i8leI7bnnDbrpMYdTWzi/nxR8MTaYRK7mwmnnp3NxuZ/WSOnznGzkDrLCbX4GtTJFaOUjUtibWlQkBo64MJI91cmetxwQa7KsishnF35L1wdVsOgGl4EsAzbsAP7EMIRnMI51KAOAu7hEZ7hxXvwnrzXr7pK3rS3Lfgl7+0TWcmdtA==</latexit><latexit sha1_base64="QNdxm2Myl1Ty66YCvgzqeqNGrOE=">AAACDHicbZDNSgMxFIXv1P9adXTrJiiCbsqMG12J4MZlBatCp5RMetuGZjJjcqdYhr6FG1/FjQtFXLvzbUxrEa0eCHyck3BzT5wpaSkIPrzS3PzC4tLySnm1sra+4W9WrmyaG4F1karU3MTcopIa6yRJ4U1mkCexwuu4fzbOrwdorEz1JQ0zbCa8q2VHCk7OavnViPCOCpFqS4ZLTaP9iHpI/IBFeJvLAet+GycsaPm7QTWYiP2FcAq7MFWt5b9H7VTkCWoSilvbCIOMmgU3JIXCUTnKLWZc9HkXGw41T9A2i8leI7bnnDbrpMYdTWzi/nxR8MTaYRK7mwmnnp3NxuZ/WSOnznGzkDrLCbX4GtTJFaOUjUtibWlQkBo64MJI91cmetxwQa7KsishnF35L1wdVsOgGl4EsAzbsAP7EMIRnMI51KAOAu7hEZ7hxXvwnrzXr7pK3rS3Lfgl7+0TWcmdtA==</latexit><latexit sha1_base64="litWqRDc6DbdvbPVqkHmG5Tdbus=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBDiJex60ZMEvXiMYB6QDWF20kmGzM6uM73BsOQvvPgrXjwo4lVv/o2TB6KJBQ1FVTfdXUEshUHX/XKWlldW19YzG9nNre2d3dzeftVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/2rs1wagjYjULQ5jaIasq0RHcIZWauWKPsI9pjxSBjUTCkcFH3uA7IT6cJeIAe3+CBfUbeXybtGdgC4Sb0byZIZyK/fptyOehKCQS2ZMw3NjbKZMo+ASRlk/MRAz3mddaFiqWAimmU7+GtFjq7RpJ9K2FNKJ+nsiZaExwzCwnSHDnpn3xuJ/XiPBznkzFSpOEBSfLuokkmJExyHRttDAUQ4tYVwLeyvlPaYZRxtl1obgzb+8SKqnRc8tejduvnQ5iyNDDskRKRCPnJESuSZlUiGcPJAn8kJenUfn2Xlz3qetS85s5oD8gfPxDS1KnzI=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit>

✓
<latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit>

g(✓)
<latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit><latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit><latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit><latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit>



Gaussian process regression
Represent distribuion over funcions!
• ✕ : observaions 

• ⎯ : mean 
• ◼ : stdev

• ⎯ : high probability super level set

✓
<latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit>

g(✓)
<latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit><latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit><latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit><latexit sha1_base64="0TG2Jj1Ntj2XS3jvblVHMtFBxu4=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZTtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUkTQRIESOokGpgIJ7WB8O/PbT6CNiKMHnCTgKzaMRCg4Qys9Dqs9HAGy83654tbcOegq8XJSITka/fJXbxDzVEGEXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtfSiCkwfjY/eErPrDKgYaxtRUjn6u+JjCljJiqwnYrhyCx7M/E/r5tieO1nIkpShIgvFoWppBjT2fd0IDRwlBNLGNfC3kr5iGnG0WZUsiF4yy+vktZFzXNr3v1lpX6Tx1EkJ+SUVIlHrkid3JEGaRJOFHkmr+TN0c6L8+58LFoLTj5zTP7A+fwBMIeP/g==</latexit>

constraint(✓) ⌘ g(✓) > 0
<latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="QNdxm2Myl1Ty66YCvgzqeqNGrOE=">AAACDHicbZDNSgMxFIXv1P9adXTrJiiCbsqMG12J4MZlBatCp5RMetuGZjJjcqdYhr6FG1/FjQtFXLvzbUxrEa0eCHyck3BzT5wpaSkIPrzS3PzC4tLySnm1sra+4W9WrmyaG4F1karU3MTcopIa6yRJ4U1mkCexwuu4fzbOrwdorEz1JQ0zbCa8q2VHCk7OavnViPCOCpFqS4ZLTaP9iHpI/IBFeJvLAet+GycsaPm7QTWYiP2FcAq7MFWt5b9H7VTkCWoSilvbCIOMmgU3JIXCUTnKLWZc9HkXGw41T9A2i8leI7bnnDbrpMYdTWzi/nxR8MTaYRK7mwmnnp3NxuZ/WSOnznGzkDrLCbX4GtTJFaOUjUtibWlQkBo64MJI91cmetxwQa7KsishnF35L1wdVsOgGl4EsAzbsAP7EMIRnMI51KAOAu7hEZ7hxXvwnrzXr7pK3rS3Lfgl7+0TWcmdtA==</latexit><latexit sha1_base64="QNdxm2Myl1Ty66YCvgzqeqNGrOE=">AAACDHicbZDNSgMxFIXv1P9adXTrJiiCbsqMG12J4MZlBatCp5RMetuGZjJjcqdYhr6FG1/FjQtFXLvzbUxrEa0eCHyck3BzT5wpaSkIPrzS3PzC4tLySnm1sra+4W9WrmyaG4F1karU3MTcopIa6yRJ4U1mkCexwuu4fzbOrwdorEz1JQ0zbCa8q2VHCk7OavnViPCOCpFqS4ZLTaP9iHpI/IBFeJvLAet+GycsaPm7QTWYiP2FcAq7MFWt5b9H7VTkCWoSilvbCIOMmgU3JIXCUTnKLWZc9HkXGw41T9A2i8leI7bnnDbrpMYdTWzi/nxR8MTaYRK7mwmnnp3NxuZ/WSOnznGzkDrLCbX4GtTJFaOUjUtibWlQkBo64MJI91cmetxwQa7KsishnF35L1wdVsOgGl4EsAzbsAP7EMIRnMI51KAOAu7hEZ7hxXvwnrzXr7pK3rS3Lfgl7+0TWcmdtA==</latexit><latexit sha1_base64="litWqRDc6DbdvbPVqkHmG5Tdbus=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBDiJex60ZMEvXiMYB6QDWF20kmGzM6uM73BsOQvvPgrXjwo4lVv/o2TB6KJBQ1FVTfdXUEshUHX/XKWlldW19YzG9nNre2d3dzeftVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB/2rs1wagjYjULQ5jaIasq0RHcIZWauWKPsI9pjxSBjUTCkcFH3uA7IT6cJeIAe3+CBfUbeXybtGdgC4Sb0byZIZyK/fptyOehKCQS2ZMw3NjbKZMo+ASRlk/MRAz3mddaFiqWAimmU7+GtFjq7RpJ9K2FNKJ+nsiZaExwzCwnSHDnpn3xuJ/XiPBznkzFSpOEBSfLuokkmJExyHRttDAUQ4tYVwLeyvlPaYZRxtl1obgzb+8SKqnRc8tejduvnQ5iyNDDskRKRCPnJESuSZlUiGcPJAn8kJenUfn2Xlz3qetS85s5oD8gfPxDS1KnzI=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit><latexit sha1_base64="lBPr34DqUBiXujgBrQaqNIzeNAE=">AAACF3icbVBNS8NAEN34bf2KevSyWIR6KYkIehLRi8cKtgpNKZvtpF3cbOLupFhC/4UX/4oXD4p41Zv/xm0NotUHA4/3ZpiZF6ZSGPS8D2dqemZ2bn5hsbS0vLK65q5vNEySaQ51nshEX4XMgBQK6ihQwlWqgcWhhMvw+nTkX/ZBG5GoCxyk0IpZV4lIcIZWarvVAOEWc54og5oJhcNKgD1AtksDuMlEn3a/hSPqtd2yV/XGoH+JX5AyKVBru+9BJ+FZDAq5ZMY0fS/FVs40Ci5hWAoyAynj16wLTUsVi8G08vFfQ7pjlQ6NEm1LIR2rPydyFhsziEPbGTPsmUlvJP7nNTOMDlu5UGmGoPjXoiiTFBM6Col2hAaOcmAJ41rYWynvMc042ihLNgR/8uW/pLFX9b2qf75fPj4p4lggW2SbVIhPDsgxOSM1Uiec3JEH8kSenXvn0XlxXr9ap5xiZpP8gvP2CS6KnzY=</latexit>

0
<latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit>

(✓i, g(✓i))
<latexit sha1_base64="hC70aPT4iL4SbKLQ+uBnd52bsWE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrQgJRFBl0U3LivYC7QhTKaTduhkEmZOhBK68VXcuFDErY/hzrdx2gbR1h8GPv5zDmfOHySCa3CcL6uwsrq2vlHcLG1t7+zu2fsHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6GZabz8wpXks72GcMC8iA8lDTgkYy7ePKj0YMiA+P8ODH65Wfbvs1JyZ8DK4OZRRroZvf/b6MU0jJoEKonXXdRLwMqKAU8EmpV6qWULoiAxY16AkEdNeNjtggk+N08dhrMyTgGfu74mMRFqPo8B0RgSGerE2Nf+rdVMIr7yMyyQFJul8UZgKDDGepoH7XDEKYmyAUMXNXzEdEkUomMxKJgR38eRlaJ3XXKfm3l2U69d5HEV0jE5QBbnoEtXRLWqgJqJogp7QC3q1Hq1n6816n7cWrHzmEP2R9fEN+42VWg==</latexit><latexit sha1_base64="hC70aPT4iL4SbKLQ+uBnd52bsWE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrQgJRFBl0U3LivYC7QhTKaTduhkEmZOhBK68VXcuFDErY/hzrdx2gbR1h8GPv5zDmfOHySCa3CcL6uwsrq2vlHcLG1t7+zu2fsHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6GZabz8wpXks72GcMC8iA8lDTgkYy7ePKj0YMiA+P8ODH65Wfbvs1JyZ8DK4OZRRroZvf/b6MU0jJoEKonXXdRLwMqKAU8EmpV6qWULoiAxY16AkEdNeNjtggk+N08dhrMyTgGfu74mMRFqPo8B0RgSGerE2Nf+rdVMIr7yMyyQFJul8UZgKDDGepoH7XDEKYmyAUMXNXzEdEkUomMxKJgR38eRlaJ3XXKfm3l2U69d5HEV0jE5QBbnoEtXRLWqgJqJogp7QC3q1Hq1n6816n7cWrHzmEP2R9fEN+42VWg==</latexit><latexit sha1_base64="hC70aPT4iL4SbKLQ+uBnd52bsWE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrQgJRFBl0U3LivYC7QhTKaTduhkEmZOhBK68VXcuFDErY/hzrdx2gbR1h8GPv5zDmfOHySCa3CcL6uwsrq2vlHcLG1t7+zu2fsHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6GZabz8wpXks72GcMC8iA8lDTgkYy7ePKj0YMiA+P8ODH65Wfbvs1JyZ8DK4OZRRroZvf/b6MU0jJoEKonXXdRLwMqKAU8EmpV6qWULoiAxY16AkEdNeNjtggk+N08dhrMyTgGfu74mMRFqPo8B0RgSGerE2Nf+rdVMIr7yMyyQFJul8UZgKDDGepoH7XDEKYmyAUMXNXzEdEkUomMxKJgR38eRlaJ3XXKfm3l2U69d5HEV0jE5QBbnoEtXRLWqgJqJogp7QC3q1Hq1n6816n7cWrHzmEP2R9fEN+42VWg==</latexit><latexit sha1_base64="hC70aPT4iL4SbKLQ+uBnd52bsWE=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrQgJRFBl0U3LivYC7QhTKaTduhkEmZOhBK68VXcuFDErY/hzrdx2gbR1h8GPv5zDmfOHySCa3CcL6uwsrq2vlHcLG1t7+zu2fsHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6GZabz8wpXks72GcMC8iA8lDTgkYy7ePKj0YMiA+P8ODH65Wfbvs1JyZ8DK4OZRRroZvf/b6MU0jJoEKonXXdRLwMqKAU8EmpV6qWULoiAxY16AkEdNeNjtggk+N08dhrMyTgGfu74mMRFqPo8B0RgSGerE2Nf+rdVMIr7yMyyQFJul8UZgKDDGepoH7XDEKYmyAUMXNXzEdEkUomMxKJgR38eRlaJ3XXKfm3l2U69d5HEV0jE5QBbnoEtXRLWqgJqJogp7QC3q1Hq1n6816n7cWrHzmEP2R9fEN+42VWg==</latexit>

µ(✓)± 2�(✓)
<latexit sha1_base64="0h9K0u0FtX6Luvcl7+12Rl7u8hE=">AAACCXicbVA9SwNBEN3zM8avU0ubxSDEJtwFQcugjWUE8wG5I+xtNsmS3b1jd04IR1ob/4qNhSK2/gM7/42b5ARNfDDweG+GmXlRIrgBz/tyVlbX1jc2C1vF7Z3dvX334LBp4lRT1qCxiHU7IoYJrlgDOAjWTjQjMhKsFY2up37rnmnDY3UH44SFkgwU73NKwEpdFwcyLQcwZEDOcJBIXMWB4QNJfsSuW/Iq3gx4mfg5KaEc9a77GfRimkqmgApiTMf3EggzooFTwSbFIDUsIXREBqxjqSKSmTCbfTLBp1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4n9dJoX8ZZlwlKTBF54v6qcAQ42ksuMc1oyDGlhCqub0V0yHRhIINr2hD8BdfXibNasX3Kv7teal2lcdRQMfoBJWRjy5QDd2gOmogih7QE3pBr86j8+y8Oe/z1hUnnzlCf+B8fAN3jJjn</latexit><latexit sha1_base64="0h9K0u0FtX6Luvcl7+12Rl7u8hE=">AAACCXicbVA9SwNBEN3zM8avU0ubxSDEJtwFQcugjWUE8wG5I+xtNsmS3b1jd04IR1ob/4qNhSK2/gM7/42b5ARNfDDweG+GmXlRIrgBz/tyVlbX1jc2C1vF7Z3dvX334LBp4lRT1qCxiHU7IoYJrlgDOAjWTjQjMhKsFY2up37rnmnDY3UH44SFkgwU73NKwEpdFwcyLQcwZEDOcJBIXMWB4QNJfsSuW/Iq3gx4mfg5KaEc9a77GfRimkqmgApiTMf3EggzooFTwSbFIDUsIXREBqxjqSKSmTCbfTLBp1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4n9dJoX8ZZlwlKTBF54v6qcAQ42ksuMc1oyDGlhCqub0V0yHRhIINr2hD8BdfXibNasX3Kv7teal2lcdRQMfoBJWRjy5QDd2gOmogih7QE3pBr86j8+y8Oe/z1hUnnzlCf+B8fAN3jJjn</latexit><latexit sha1_base64="0h9K0u0FtX6Luvcl7+12Rl7u8hE=">AAACCXicbVA9SwNBEN3zM8avU0ubxSDEJtwFQcugjWUE8wG5I+xtNsmS3b1jd04IR1ob/4qNhSK2/gM7/42b5ARNfDDweG+GmXlRIrgBz/tyVlbX1jc2C1vF7Z3dvX334LBp4lRT1qCxiHU7IoYJrlgDOAjWTjQjMhKsFY2up37rnmnDY3UH44SFkgwU73NKwEpdFwcyLQcwZEDOcJBIXMWB4QNJfsSuW/Iq3gx4mfg5KaEc9a77GfRimkqmgApiTMf3EggzooFTwSbFIDUsIXREBqxjqSKSmTCbfTLBp1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4n9dJoX8ZZlwlKTBF54v6qcAQ42ksuMc1oyDGlhCqub0V0yHRhIINr2hD8BdfXibNasX3Kv7teal2lcdRQMfoBJWRjy5QDd2gOmogih7QE3pBr86j8+y8Oe/z1hUnnzlCf+B8fAN3jJjn</latexit><latexit sha1_base64="0h9K0u0FtX6Luvcl7+12Rl7u8hE=">AAACCXicbVA9SwNBEN3zM8avU0ubxSDEJtwFQcugjWUE8wG5I+xtNsmS3b1jd04IR1ob/4qNhSK2/gM7/42b5ARNfDDweG+GmXlRIrgBz/tyVlbX1jc2C1vF7Z3dvX334LBp4lRT1qCxiHU7IoYJrlgDOAjWTjQjMhKsFY2up37rnmnDY3UH44SFkgwU73NKwEpdFwcyLQcwZEDOcJBIXMWB4QNJfsSuW/Iq3gx4mfg5KaEc9a77GfRimkqmgApiTMf3EggzooFTwSbFIDUsIXREBqxjqSKSmTCbfTLBp1bp4X6sbSnAM/X3REakMWMZ2U5JYGgWvan4n9dJoX8ZZlwlKTBF54v6qcAQ42ksuMc1oyDGlhCqub0V0yHRhIINr2hD8BdfXibNasX3Kv7teal2lcdRQMfoBJWRjy5QDd2gOmogih7QE3pBr86j8+y8Oe/z1hUnnzlCf+B8fAN3jJjn</latexit>

µ(✓)
<latexit sha1_base64="zxUeXjAq/w1cFjJcU/HOnVwlvxI=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKoMegF48RzAN2lzA7mSRD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHclqeAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtqzNDWYtqoU03IZYJrlgLOAjWTQ0jMhGsk4zvZn7niRnLtXqEScpiSYaKDzgl4KQwklktghEDctGrVP26PwdeJUFBqqhAs1f5ivqaZpIpoIJYGwZ+CnFODHAq2LQcZZalhI7JkIWOKiKZjfP5yVN87pQ+HmjjSgGeq78nciKtncjEdUoCI7vszcT/vDCDwU2cc5VmwBRdLBpkAoPGs/9xnxtGQUwcIdRwdyumI2IIBZdS2YUQLL+8StqX9cCvBw9X1cZtEUcJnaIzVEMBukYNdI+aqIUo0ugZvaI3D7wX7937WLSuecXMCfoD7/MHyDmQ6Q==</latexit><latexit sha1_base64="zxUeXjAq/w1cFjJcU/HOnVwlvxI=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKoMegF48RzAN2lzA7mSRD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHclqeAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtqzNDWYtqoU03IZYJrlgLOAjWTQ0jMhGsk4zvZn7niRnLtXqEScpiSYaKDzgl4KQwklktghEDctGrVP26PwdeJUFBqqhAs1f5ivqaZpIpoIJYGwZ+CnFODHAq2LQcZZalhI7JkIWOKiKZjfP5yVN87pQ+HmjjSgGeq78nciKtncjEdUoCI7vszcT/vDCDwU2cc5VmwBRdLBpkAoPGs/9xnxtGQUwcIdRwdyumI2IIBZdS2YUQLL+8StqX9cCvBw9X1cZtEUcJnaIzVEMBukYNdI+aqIUo0ugZvaI3D7wX7937WLSuecXMCfoD7/MHyDmQ6Q==</latexit><latexit sha1_base64="zxUeXjAq/w1cFjJcU/HOnVwlvxI=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKoMegF48RzAN2lzA7mSRD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHclqeAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtqzNDWYtqoU03IZYJrlgLOAjWTQ0jMhGsk4zvZn7niRnLtXqEScpiSYaKDzgl4KQwklktghEDctGrVP26PwdeJUFBqqhAs1f5ivqaZpIpoIJYGwZ+CnFODHAq2LQcZZalhI7JkIWOKiKZjfP5yVN87pQ+HmjjSgGeq78nciKtncjEdUoCI7vszcT/vDCDwU2cc5VmwBRdLBpkAoPGs/9xnxtGQUwcIdRwdyumI2IIBZdS2YUQLL+8StqX9cCvBw9X1cZtEUcJnaIzVEMBukYNdI+aqIUo0ugZvaI3D7wX7937WLSuecXMCfoD7/MHyDmQ6Q==</latexit><latexit sha1_base64="zxUeXjAq/w1cFjJcU/HOnVwlvxI=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKoMegF48RzAN2lzA7mSRD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHclqeAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtqzNDWYtqoU03IZYJrlgLOAjWTQ0jMhGsk4zvZn7niRnLtXqEScpiSYaKDzgl4KQwklktghEDctGrVP26PwdeJUFBqqhAs1f5ivqaZpIpoIJYGwZ+CnFODHAq2LQcZZalhI7JkIWOKiKZjfP5yVN87pQ+HmjjSgGeq78nciKtncjEdUoCI7vszcT/vDCDwU2cc5VmwBRdLBpkAoPGs/9xnxtGQUwcIdRwdyumI2IIBZdS2YUQLL+8StqX9cCvBw9X1cZtEUcJnaIzVEMBukYNdI+aqIUo0ugZvaI3D7wX7937WLSuecXMCfoD7/MHyDmQ6Q==</latexit>

{✓ | P (g(✓) > 0) > 0.954}
<latexit sha1_base64="mI3e5KFGEkYSv0bA4UZl6nettrA=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0m2FGKupGim5cVrAP6JSSSTNtaCYzJHeEMvQb3Pgrblwo4taVO//GdNqFth5IODnnXm7u8WPBNTjOt5VbWV1b38hvFra2d3b3ivsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Gbqtx6Y0jyS9zCOWTckA8kDTgkYqVeseKkHQwYEeyHv43p5UJ69K/gKO9llX55VsTfpFUuO7WTAy8SdkxKao94rfnn9iCYhk0AF0brjOjF0U6KAU8EmBS/RLCZ0RAasY6gkIdPdNFtpgk+M0sdBpMyRgDP1d0dKQq3HoW8qQwJDvehNxf+8TgLBRTflMk6ASTobFCQCQ4Sn+eA+V4yCGBtCqOLmr5gOiSIUTIoFE4K7uPIyaZ7armO7d9VS7XoeRx4doWNURi46RzV0i+qogSh6RM/oFb1ZT9aL9W59zEpz1rznEP2B9fkDy32aVA==</latexit><latexit sha1_base64="mI3e5KFGEkYSv0bA4UZl6nettrA=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0m2FGKupGim5cVrAP6JSSSTNtaCYzJHeEMvQb3Pgrblwo4taVO//GdNqFth5IODnnXm7u8WPBNTjOt5VbWV1b38hvFra2d3b3ivsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Gbqtx6Y0jyS9zCOWTckA8kDTgkYqVeseKkHQwYEeyHv43p5UJ69K/gKO9llX55VsTfpFUuO7WTAy8SdkxKao94rfnn9iCYhk0AF0brjOjF0U6KAU8EmBS/RLCZ0RAasY6gkIdPdNFtpgk+M0sdBpMyRgDP1d0dKQq3HoW8qQwJDvehNxf+8TgLBRTflMk6ASTobFCQCQ4Sn+eA+V4yCGBtCqOLmr5gOiSIUTIoFE4K7uPIyaZ7armO7d9VS7XoeRx4doWNURi46RzV0i+qogSh6RM/oFb1ZT9aL9W59zEpz1rznEP2B9fkDy32aVA==</latexit><latexit sha1_base64="mI3e5KFGEkYSv0bA4UZl6nettrA=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0m2FGKupGim5cVrAP6JSSSTNtaCYzJHeEMvQb3Pgrblwo4taVO//GdNqFth5IODnnXm7u8WPBNTjOt5VbWV1b38hvFra2d3b3ivsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Gbqtx6Y0jyS9zCOWTckA8kDTgkYqVeseKkHQwYEeyHv43p5UJ69K/gKO9llX55VsTfpFUuO7WTAy8SdkxKao94rfnn9iCYhk0AF0brjOjF0U6KAU8EmBS/RLCZ0RAasY6gkIdPdNFtpgk+M0sdBpMyRgDP1d0dKQq3HoW8qQwJDvehNxf+8TgLBRTflMk6ASTobFCQCQ4Sn+eA+V4yCGBtCqOLmr5gOiSIUTIoFE4K7uPIyaZ7armO7d9VS7XoeRx4doWNURi46RzV0i+qogSh6RM/oFb1ZT9aL9W59zEpz1rznEP2B9fkDy32aVA==</latexit><latexit sha1_base64="mI3e5KFGEkYSv0bA4UZl6nettrA=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0m2FGKupGim5cVrAP6JSSSTNtaCYzJHeEMvQb3Pgrblwo4taVO//GdNqFth5IODnnXm7u8WPBNTjOt5VbWV1b38hvFra2d3b3ivsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Gbqtx6Y0jyS9zCOWTckA8kDTgkYqVeseKkHQwYEeyHv43p5UJ69K/gKO9llX55VsTfpFUuO7WTAy8SdkxKao94rfnn9iCYhk0AF0brjOjF0U6KAU8EmBS/RLCZ0RAasY6gkIdPdNFtpgk+M0sdBpMyRgDP1d0dKQq3HoW8qQwJDvehNxf+8TgLBRTflMk6ASTobFCQCQ4Sn+eA+V4yCGBtCqOLmr5gOiSIUTIoFE4K7uPIyaZ7armO7d9VS7XoeRx4doWNURi46RzV0i+qogSh6RM/oFb1ZT9aL9W59zEpz1rznEP2B9fkDy32aVA==</latexit>



Active learning: robot experience is expensive!
Try pouring in situations that will give us the most useful information
• sample to maximize acquisition function

• high values when 
• mean is close to 0 

(near a boundary)
• stdev is high 

(uncertain about the value)

• ⎯ : 

�(✓) = 2�(✓)� |µ(✓)|
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Straddle algorithm, Bryan et al, NIPS 2016
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GP learning is data efficient and better for sampling!
Percent successful pouring actions as a function of the number of training examples

• ⎯ : randomly chosen  

• ⎯ : neural network classifier

• ⎯ : neural network regression

• ⎯ : GP active learning
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Sampling for planning: quality and diversity
Given values for some parameters, sample values of the others so that:
• action is likely to be successful

• start with most likely to succeed:

• continue with guided rejection sampling in super level set

• action differs from previous attempts

argmax
✓

µ(✓)
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D(S) = log det(⌅S + I)
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Training on real robot is expensive!

Note that we do grasp and motion planning 
during data acquisition!



Integrated results on real  robot
Substantial variability in
• starting arrangement
• goal

Given pick/place operators
Learned pour and push
PDDLStream planner



Deictic rule: “lifted” neural network

Like a graph neural-network, in that
• finite size neural network “kernel”
• can be applied to inputs and outputs of different dimension
• generalizes over object identity

o1
<latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit><latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit><latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit><latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit>

on
<latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit><latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit><latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit><latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit>

p1
<latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit><latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit><latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit><latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit>

pk
<latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit><latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit><latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit><latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit>

o1
<latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit><latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit><latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit><latexit sha1_base64="pV1aVIJDSXuTtagXTFKIdZdgy4E=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk09k2NJssSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hbX1jc6u4XdrZ3ds/KB8eNY3KNMMGU0LpdkQNCi6xYbkV2E410iQS2IpGt7N66wm14Uo+2nGKYUIHksecUeusB9ULeuWKX/XnIqsQ5FCBXPVe+avbVyxLUFomqDGdwE9tOKHaciZwWupmBlPKRnSAHYeSJmjCyXzVKTlzTp/ESrsnLZm7vycmNDFmnESuM6F2aJZrM/O/Wiez8XU44TLNLEq2+CjOBLGKzO4mfa6RWTF2QJnmblfChlRTZl06JRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgN4hld484T34r17H4vWgpfPHMMfeZ8//e2Nlw==</latexit>

on
<latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit><latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit><latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit><latexit sha1_base64="nXDJPQPnQITohi0kvd3kAlRgDT8=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmk2WZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmlZnhvEG01KbdkQtl0LxBgqUvJ0aTpNI8lY0up3VW0/cWKHVI45THiZ0oEQsGEVnPeie6pUrftWfi6xCkEMFctV75a9uX7Ms4QqZpNZ2Aj/FcEINCib5tNTNLE8pG9EB7zhUNOE2nMxXnZIz5/RJrI17Csnc/T0xoYm14yRynQnFoV2uzcz/ap0M4+twIlSaIVds8VGcSYKazO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fWnCN1A==</latexit>

p1
<latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit><latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit><latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit><latexit sha1_base64="YgAuzWg+wuyQict0QiuK5Kx+fug=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5gKro3nfTultfWNza3ydmVnd2//wD08aukkUwybLBGJ6oRUo+ASm4YbgZ1UIY1Dge1wfDurt59QaZ7IRzNJMYjpUPKIM2qs9ZD2/b5b9WreXGQV/AKqUKjRd796g4RlMUrDBNW663upCXKqDGcCp5VepjGlbEyH2LUoaYw6yOerTsmZdQYkSpR90pC5+3sip7HWkzi0nTE1I71cm5n/1bqZia6DnMs0MyjZ4qMoE8QkZHY3GXCFzIiJBcoUt7sSNqKKMmPTqdgQ/OWTV6F1UfMt319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOcF+fd+Vi0lpxi5hj+yPn8Af9zjZg=</latexit>

pk
<latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit><latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit><latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit><latexit sha1_base64="im4lb+8b8uqzDvHndMFlZwYWuGU=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYe0P+67Va/mzUVWwS+gCoUafferN0hYFnOFTFJjur6XYpBTjYJJPq30MsNTysZ0yLsWFY25CfL5qlNyZp0BiRJtn0Iyd39P5DQ2ZhKHtjOmODLLtZn5X62bYXQd5EKlGXLFFh9FmSSYkNndZCA0ZygnFijTwu5K2IhqytCmU7Eh+Msnr0LrouZbvr+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8kfP5A1dqjdI=</latexit>

st
<latexit sha1_base64="YIN2fe3C3Rk2qiX6U7kLtT/L5uM=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfTx75b9WreXGQV/AKqUKjRd796g4RlMVfIJDWm63spBjnVKJjk00ovMzylbEyHvGtR0ZibIJ+vOiVn1hmQKNH2KSRz9/dETmNjJnFoO2OKI7Ncm5n/1boZRtdBLlSaIVds8VGUSYIJmd1NBkJzhnJigTIt7K6EjaimDG06FRuCv3zyKrQuar7l+8tq/aaIowwncArn4MMV1OEOGtAEBkN4hld4c6Tz4rw7H4vWklPMHMMfOZ8/aaCN3g==</latexit><latexit sha1_base64="YIN2fe3C3Rk2qiX6U7kLtT/L5uM=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfTx75b9WreXGQV/AKqUKjRd796g4RlMVfIJDWm63spBjnVKJjk00ovMzylbEyHvGtR0ZibIJ+vOiVn1hmQKNH2KSRz9/dETmNjJnFoO2OKI7Ncm5n/1boZRtdBLlSaIVds8VGUSYIJmd1NBkJzhnJigTIt7K6EjaimDG06FRuCv3zyKrQuar7l+8tq/aaIowwncArn4MMV1OEOGtAEBkN4hld4c6Tz4rw7H4vWklPMHMMfOZ8/aaCN3g==</latexit><latexit sha1_base64="YIN2fe3C3Rk2qiX6U7kLtT/L5uM=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfTx75b9WreXGQV/AKqUKjRd796g4RlMVfIJDWm63spBjnVKJjk00ovMzylbEyHvGtR0ZibIJ+vOiVn1hmQKNH2KSRz9/dETmNjJnFoO2OKI7Ncm5n/1boZRtdBLlSaIVds8VGUSYIJmd1NBkJzhnJigTIt7K6EjaimDG06FRuCv3zyKrQuar7l+8tq/aaIowwncArn4MMV1OEOGtAEBkN4hld4c6Tz4rw7H4vWklPMHMMfOZ8/aaCN3g==</latexit><latexit sha1_base64="YIN2fe3C3Rk2qiX6U7kLtT/L5uM=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfTx75b9WreXGQV/AKqUKjRd796g4RlMVfIJDWm63spBjnVKJjk00ovMzylbEyHvGtR0ZibIJ+vOiVn1hmQKNH2KSRz9/dETmNjJnFoO2OKI7Ncm5n/1boZRtdBLlSaIVds8VGUSYIJmd1NBkJzhnJigTIt7K6EjaimDG06FRuCv3zyKrQuar7l+8tq/aaIowwncArn4MMV1OEOGtAEBkN4hld4c6Tz4rw7H4vWklPMHMMfOZ8/aaCN3g==</latexit>

st+1
<latexit sha1_base64="3GXIeeaS0w/F6pOQO6igMJ1tOE0=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFewHtKFstpt26WYTdidCCf0RXjwo4tXf481/46bNQVtfWHh4Z4adeYNECoOu++2U1tY3NrfK25Wd3b39g+rhUdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLnL650nro2I1SNOE+5HdKREKBhFa3XMIMMLbzao1ty6OxdZBa+AGhRqDqpf/WHM0ogrZJIa0/PcBP2MahRM8lmlnxqeUDahI96zqGjEjZ/N152RM+sMSRhr+xSSuft7IqORMdMosJ0RxbFZruXmf7VeiuGNnwmVpMgVW3wUppJgTPLbyVBozlBOLVCmhd2VsDHVlKFNqGJD8JZPXoX2Zd2z/HBVa9wWcZThBE7hHDy4hgbcQxNawGACz/AKb07ivDjvzseiteQUM8fwR87nDwfgj1o=</latexit><latexit sha1_base64="3GXIeeaS0w/F6pOQO6igMJ1tOE0=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFewHtKFstpt26WYTdidCCf0RXjwo4tXf481/46bNQVtfWHh4Z4adeYNECoOu++2U1tY3NrfK25Wd3b39g+rhUdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLnL650nro2I1SNOE+5HdKREKBhFa3XMIMMLbzao1ty6OxdZBa+AGhRqDqpf/WHM0ogrZJIa0/PcBP2MahRM8lmlnxqeUDahI96zqGjEjZ/N152RM+sMSRhr+xSSuft7IqORMdMosJ0RxbFZruXmf7VeiuGNnwmVpMgVW3wUppJgTPLbyVBozlBOLVCmhd2VsDHVlKFNqGJD8JZPXoX2Zd2z/HBVa9wWcZThBE7hHDy4hgbcQxNawGACz/AKb07ivDjvzseiteQUM8fwR87nDwfgj1o=</latexit><latexit sha1_base64="3GXIeeaS0w/F6pOQO6igMJ1tOE0=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFewHtKFstpt26WYTdidCCf0RXjwo4tXf481/46bNQVtfWHh4Z4adeYNECoOu++2U1tY3NrfK25Wd3b39g+rhUdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLnL650nro2I1SNOE+5HdKREKBhFa3XMIMMLbzao1ty6OxdZBa+AGhRqDqpf/WHM0ogrZJIa0/PcBP2MahRM8lmlnxqeUDahI96zqGjEjZ/N152RM+sMSRhr+xSSuft7IqORMdMosJ0RxbFZruXmf7VeiuGNnwmVpMgVW3wUppJgTPLbyVBozlBOLVCmhd2VsDHVlKFNqGJD8JZPXoX2Zd2z/HBVa9wWcZThBE7hHDy4hgbcQxNawGACz/AKb07ivDjvzseiteQUM8fwR87nDwfgj1o=</latexit><latexit sha1_base64="3GXIeeaS0w/F6pOQO6igMJ1tOE0=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFewHtKFstpt26WYTdidCCf0RXjwo4tXf481/46bNQVtfWHh4Z4adeYNECoOu++2U1tY3NrfK25Wd3b39g+rhUdvEqWa8xWIZ625ADZdC8RYKlLybaE6jQPJOMLnL650nro2I1SNOE+5HdKREKBhFa3XMIMMLbzao1ty6OxdZBa+AGhRqDqpf/WHM0ogrZJIa0/PcBP2MahRM8lmlnxqeUDahI96zqGjEjZ/N152RM+sMSRhr+xSSuft7IqORMdMosJ0RxbFZruXmf7VeiuGNnwmVpMgVW3wUppJgTPLbyVBozlBOLVCmhd2VsDHVlKFNqGJD8JZPXoX2Zd2z/HBVa9wWcZThBE7hHDy4hgbcQxNawGACz/AKb07ivDjvzseiteQUM8fwR87nDwfgj1o=</latexit>
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Now, what can we learn?

Modules and models:
• control
• sensorimotor controllers

• perception
• object segmenters and 
• feature detectors 

• execution
• abstract partial polices

• planner
• operator models for 

controllers and policies
• search control Q

World

PlannerPercepgon
Esgmagon

Execution

Control

�

<latexit sha1_base64="befGyrX0T8oeVH6JLGyJd+eceC0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNevOhUWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlUY4n</latexit>

o

<latexit sha1_base64="A/+E8K88Ra/x3R5YIhKWn3G2jwU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtwvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2y2M+w==</latexit>

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

ba

<latexit sha1_base64="pz2ENksfyg9RlQK+FESaQSud4rE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjIdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH7X/kYs=</latexit>

bT

<latexit sha1_base64="ZZTO5qmtBtrfEKJmrVPNBavPZ+4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK/YI0lM1m0y7d7IbdiVJCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXpoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RmWasjZVQuleSAwTXLI2cBCsl2pGklCwbji+m/ndR6YNV7IFk5QFCRlKHnNKwEp+/4lHbEQgb00H1Zpbd+fAq8QrSA0VaA6qX/1I0SxhEqggxviem0KQEw2cCjat9DPDUkLHZMh8SyVJmAny+clTfGaVCMdK25KA5+rviZwkxkyS0HYmBEZm2ZuJ/3l+BvFNkHOZZsAkXSyKM4FB4dn/OOKaURATSwjV3N6K6YhoQsGmVLEheMsvr5LORd27rF89XNYat0UcZXSCTtE58tA1aqB71ERtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH6I+kX4=</latexit>

( bQ)

<latexit sha1_base64="UioGXOZaza43SZjpGV0jnZWG9NE=">AAAB9HicbVBNS8NAEN34WetX1aOXYBHqpSRS0WPRi8cW7Ae0oWw203bpZhN3J5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8PxZco+N8W2vrG5tb27md/O7e/sFh4ei4qaNEMWiwSESq7VMNgktoIEcB7VgBDX0BLX90N/NbY1CaR/IBJzF4IR1I3ueMopG8UveJBzCkmNanF71C0Sk7c9irxM1IkWSo9Qpf3SBiSQgSmaBad1wnRi+lCjkTMM13Ew0xZSM6gI6hkoagvXR+9NQ+N0pg9yNlSqI9V39PpDTUehL6pjOkONTL3kz8z+sk2L/xUi7jBEGyxaJ+ImyM7FkCdsAVMBQTQyhT3NxqsyFVlKHJKW9CcJdfXiXNy7JbKV/VK8XqbRZHjpySM1IiLrkmVXJPaqRBGHkkz+SVvFlj68V6tz4WrWtWNnNC/sD6/AFo35Hg</latexit>

(b⇡)

<latexit sha1_base64="freJybR4Euv5YblOL9RrzK9DY94=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISqeix6MVjBfsBTSibzbRdutmE3Y1SQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMb2Z+5wGkYrG415ME/IgMBRswSrSR+na56j2yEEZEZ17Cpmd9u+LUnDnwKnFzUkE5mn37ywtjmkYgNOVEqZ7rJNrPiNSMcpiWvFRBQuiYDKFnqCARKD+bHz7Fp0YJ8SCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VA+u/IyJJNUg6GLRIOVYx3iWAg6ZBKr5xBBCJTO3YjoiklBtsiqZENzll1dJ+7zm1msXd/VK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz+O9pMJ</latexit>

bR

<latexit sha1_base64="LSLGDWn9rYLHd4XtuJMq1RxuETc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cq9gPSUDabTbt0sxt2J0oJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemApuwHW/ndLK6tr6RnmzsrW9s7tX3T9oG5VpylpUCaW7ITFMcMlawEGwbqoZSULBOuHoZup3Hpk2XMkHGKcsSMhA8phTAlbye088YkMC+f2kX625dXcGvEy8gtRQgWa/+tWLFM0SJoEKYozvuSkEOdHAqWCTSi8zLCV0RAbMt1SShJkgn508wSdWiXCstC0JeKb+nshJYsw4CW1nQmBoFr2p+J/nZxBfBTmXaQZM0vmiOBMYFJ7+jyOuGQUxtoRQze2tmA6JJhRsShUbgrf48jJpn9W98/rF3XmtcV3EUUZH6BidIg9doga6RU3UQhQp9Ixe0ZsDzovz7nzMW0tOMXOI/sD5/AGfNJF8</latexit>

p

<latexit sha1_base64="n3g2bHEDl6pPMXjqx0bMdoTx8HA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3LGM/A==</latexit>

bs

<latexit sha1_base64="yIO99dPM+tm9vA3b03D4nXNgJmM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYEcjMdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ydP8ZlVIhwrbUsCnqu/J3KSGDNJQtuZEBiZZW8m/uf5GcTXQc5lmgGTdLEozgQGhWf/44hrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb+8b9SaN0UcZXSCTtE58tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH9FZkZ0=</latexit>

bg

<latexit sha1_base64="k4BOcIKmVzs0DXBfkJM+nW0yZO4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7AekoWw2m3bpZjfsTpQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBXcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrTlLWpEkr3QmKY4JK1gYNgvVQzkoSCdcPx7czvPjJtuJIPMElZkJCh5DGnBKzk9594xEYE8uF0UK25dXcOvEq8gtRQgdag+tWPFM0SJoEKYozvuSkEOdHAqWDTSj8zLCV0TIbMt1SShJkgn588xWdWiXCstC0JeK7+nshJYswkCW1nQmBklr2Z+J/nZxBfBzmXaQZM0sWiOBMYFJ79jyOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9Rv3yvlFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwC/HZGR</latexit>

⇡a

<latexit sha1_base64="+6TbuE4FV8z/EpSaJgAhCar1HtQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS30t5H/vVmlt35yCrxCtIDQo0+9Wv3iChWcykoQK17npuaoIcleFUsGmll2mWIh3jkHUtlRgzHeTzY6fkzCoDEiXKljRkrv6eyDHWehKHtjNGM9LL3kz8z+tmJroJci7TzDBJF4uiTBCTkNnnZMAVo0ZMLEGquL2V0BEqpMbmU7EheMsvr5LWRd27rF89XNYat0UcZTiBUzgHD66hAffQBB8ocHiGV3hzpPPivDsfi9aSU8wcwx84nz/B/46p</latexit>



One class of task and motion planning methods:
sample-based forward search

Branching factor: huge!

Discrete layer
• operation, objects

Continuous layer

• values in Rd

Node expansion: expensive!

• inverse kinematics
• robot motion planning

Discrete
Push(a) Pick(c)

Congnuous

Discrete

Continuous

Discrete

2.34 -3.2 -32.2

Push(a)

Kim and Shimanuki, CORL 2019



Learning search control
• Learning value function and policy worked great 

for AlphaZero!
• In our problem:
• how to represent a state is much less clear
• we need very aggressive generalization



Learn to predict value of abstract action choices

DiscretePush(a) Pick(c)

Discrete

Discrete

Reduce effective 
branching

Agenda contains (s,a) 
pairs

Abstract action values 
generalize well

Q(s, adiscrete) = sup
acontinuous

Q(s, (adiscrete, acontinuous))
<latexit sha1_base64="e6gHW1FJKHA9krIU0nUPhj4mHws=">AAACTHicbVBBSxtBGJ2Nrca02miPXoYGIYESdrWgF0HspccIRgNJWGYnX8yQ2Zll5hsxLPsDvXjw5q/oxYMihU5ipKnxwcDjve99M/OSTAqLYXgflFY+fFxdK69XPn3e2PxS3do+t9oZDm2upTadhFmQQkEbBUroZAZYmki4SMY/p/7FFRgrtDrDSQb9lF0qMRScoZfiKj+t2++UxT2Ea8wHwnIDCEWDHtGedVmcv1pcKxTKaW eLgs5C9aXUv0UL041GXK2FzXAGukyiOamROVpx9a430NyloJBLZm03CjPs58yg4BKKSs9ZyBgfs0voeqpYCrafz8oo6K5XBnSojT8K6UxdTOQstXaSJn4yZTiyb72p+J7XdTg87OdCZQ5B8ZeLhk5S1HTaLB0IAxzlxBPGjfBvpXzEDOPo+6/4EqK3X14m53vNaL+5d/qjdnwyr6NMdsg3UicROSDH5BdpkTbh5Ib8Jo/kKbgNHoLn4M/LaCmYZ76S/1Ba/QtMVbVN</latexit>



Graph NN representation generalizes over 
scenes and goals

Graph neural network with fixed-size  parameterization
• W1: map node and arc input to initial node state
• W2: map neighboring node states and arc inputs to message
• W3: map aggregate node states to predicted output

Use several rounds of message-passing to infer relational Q value 

IsObject 1
IsRegion 0
IsGoal 0
Free 1

IsObject 1
IsRegion 0
IsGoal 0
Free 0

Occludes(Red, Gr) 1
Occludes(Gr, Red) 0

OccludesPre
ManipFreeIsObject

IsRegion
IsGoal
Free



Training based on solving simple planning problems

Square error on
predicted Q value

predicted Q value should be
< Q value of action in training set 

Training data tuples: (s, g, op, q)
• squared loss for (s, g, op) in training data
• enforce margin Q(s, g, op’) < Q(s, g, op) – 1 for op’ not in training data



Early results:  trained only moving one large object
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Conclusions
l There has been major progress in algorithms for supervised 

and reinforcement learning
l This does not directly yield solutions for building 

autonomous agents
l Human insight is needed to complement the strengths of 

these algorithms

IJCAI 1997

generally intelligent

in the form of algorithmic and structural biases

really enormously
IJCAI 2019
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Out-takes to watch during quesXons


