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INTRODUCTION
• Learning transferrable knowledge across similar but different settings is a
fundamental component to generalized intelligence.

• Our agent is endowed with two basic yet general theories for transfer
learning:
1. A task shares a common abstract structure that is invariant across

domains, and
2. The behavior of specific features of the environment remain constant

across domains.
• RL agents showed poor ability transferring learned knowledge across
different trials.

• The proposed model revealed similar performance trends as human learners,
and more importantly, demonstrated transfer behavior across trials and
learning situations.

• We approach the problem from the perspective of active causal theory
learning, where we expect an agent endowed with no information to learn
the underlying abstract mechanics and commonalities between
environments through interaction.

• In this work, we adhere to two general principles of learning:
1. Causal relations induce state changes in the environment, and non-

causal relations do not (referred to as our bottom-up β theory).
2. Causal structures that have previously been useful may be useful in the

future (referred to as our top-down γ theory).
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Figure 1: (a) Starting configuration of a 3-lever OpenLock room. The arm in
the middle can interact with levers by either pushing outward or pulling
inward. The door can be pushed only after being unlocked. The black circle on
the door indicates whether or not the door is unlocked. (b) Pushing on a lever.
(c) Opening the door. (d) CC3 causal structure. (e) CE3 causal structure. (f)
CC4 causal structure. (g) CE4 causal structure.

Figure 3: RL results for baseline and transfer conditions. Baseline (no
transfer) results show the best-performing algorithms (PPO, TRPO) achieving
approximately 10 and 25 attempts by the end of the baseline training for CC4
and CE4, respectively. A2C is the only algorithm to show positive transfer;
A2C performed better with training for the CC4 condition. The last 50
iterations are not shown due to the use of a smoothing function.
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Attribute Learning: Attributes provide time-invariant properties of an object;
we learn which attributes are associated with causal events.

Schema Learning: We utilize a Bayesian hierarchy, starting abstract
structural schemas 𝑔", that encode abstract descriptions of the task.

• Next we infer which chains are most useful based on which instantiated
schemas are believed to be most useful:

• The agent makes decisions by combining the top-down schema reasoning
(prior) and the bottom-up attribute learning (likelihood) to obtain a final
posterior for a chain, and the agent executes the chain with the highest
posterior at each time step:

RESULTS

Figure 4: Results using the proposed theory-based causal transfer. (a)
Proposed model baseline results for CC4/CE4. We see an asymmetry
between the difficulty of CC and CE. (b) Human baseline performance from
Edmonds et. al 2018. (c) Proposed model transfer results for training in
CC3/CE3. (d) Human transfer performance from Edmonds et. al 2018.
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• Finally, the agent computes the belief in each possible subchain as
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Intervention Selection: The agent marginalizes over the causal relations 𝑐𝑟%
and states 𝑠% to obtain a final, action-level term to select interventions:

• The agent uses a model-based planner to produce action sequences
capable of opening the door. The agent's final planning goal is

a⇤t = argmax
ai2⌦A⇤
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<latexit sha1_base64="sOLvsTR+UxzYVUnkzdX/sW+KxoQ=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDbbSbt0s4m7k2II/R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRDJosEpHq+FSD4BKayFFAJ1ZAQ19A2x/fzvz2BJTmkXzANAYvpEPJA84oGsnrITwhYjZUkE775YpTdeawV4mbkwrJ0eiXv3qDiCUhSGSCat11nRi9jCrkTMC01Es0xJSN6RC6hkoagvay+dFT+8woAzuIlCmJ9lz9PZHRUOs09E1nSHGkl72Z+J/XTTC49jIu4wRBssWiIBE2RvYsAXvAFTAUqSGUKW5utdmIKsrQ5FQyIbjLL6+SVq3qXlRr95eV+k0eR5GckFNyTlxyRerkjjRIkzDySJ7JK3mzJtaL9W59LFoLVj5zTP7A+vwBueeSuA==</latexit>

white
<latexit sha1_base64="nKwcoA8lyTNvxqfnHKNcCW2YpWM=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw8kV000SPRi0dM5JHASmaHBibMzm5mekWy4T+8eNAYr/6LN//GAfagYCWdVKq6090VxFIYdN1vZ2V1bX1jM7eV397Z3dsvHBzWTZRoDjUeyUg3A2ZACgU1FCihGWtgYSChEQxvpn7jEbQRkbrHcQx+yPpK9ARnaKWHNsITIqajgUCYdApFt+TOQJeJl5EiyVDtFL7a3YgnISjkkhnT8twY/ZRpFFzCJN9ODMSMD1kfWpYqFoLx09nVE3pqlS7tRdqWQjpTf0+kLDRmHAa2M2Q4MIveVPzPayXYu/JToeIEQfH5ol4iKUZ0GgHtCg0c5dgSxrWwt1I+YJpxtEHlbQje4svLpF4ueeel8t1FsXKdxZEjx+SEnBGPXJIKuSVVUiOcaPJMXsmbM3JenHfnY9664mQzR+QPnM8fhWSTLA==</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

push
<latexit sha1_base64="ZTLkaZ952L97iqh9ne54vt5r3/Y=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcCGzI7DDBhdnad6SWSDd/hxYPGePVjvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbmd+c8y1EZF6wEnM/ZAOlOgLRtFKfgf5EyKmcWKG026x5JbdOcgq8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPi10EsNjykZ0wNuWKhpy46fzo6fkzCo90o+0LYVkrv6eSGlozCQMbGdIcWiWvZn4n9dOsH/tp0LFCXLFFov6iSQYkVkCpCc0ZygnllCmhb2VsCHVlKHNqWBD8JZfXiWNStm7KFfuL0vVmyyOPJzAKZyDB1dQhTuoQR0YPMIzvMKbM3ZenHfnY9Gac7KZY/gD5/MHx8OSwQ==</latexit>

pull
<latexit sha1_base64="Tgl++7gvsxVdFU4yiPqniSsWnkM=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHbRRI9ELx4xkUcCGzI7NDBhdnad6SWSDd/hxYPGePVjvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nfnNMWgjIvWAkxj8kA2U6AvO0Ep+B+EJEdM4kXLaLZbcsjsHXSVeRkokQ61b/Or0Ip6EoJBLZkzbc2P0U6ZRcAnTQicxEDM+YgNoW6pYCMZP50dP6ZlVerQfaVsK6Vz9PZGy0JhJGNjOkOHQLHsz8T+vnWD/2k+FihMExReL+omkGNFZArQnNHCUE0sY18LeSvmQacbR5lSwIXjLL6+SRqXsXZQr95el6k0WR56ckFNyTjxyRarkjtRInXDySJ7JK3lzxs6L8+58LFpzTjZzTP7A+fwBwy2Svg==</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

0
<latexit sha1_base64="9fcUy+IojPgOgVbR/skgdFCU9Gg=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/cA2lM120y7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKzucZxwP6IDJULBKFrpoYv8CREzd9Irld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsdvGEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKbvk77QnKEcW0KZFvZWwoZUU4Y2pKINwVt8eZk0qxXvvFK9uyjXrvM4CnAMJ3AGHlxCDW6hDg1goOAZXuHNMc6L8+58zFtXnHzmCP7A+fwB66WREw==</latexit>

1
<latexit sha1_base64="adRpIZt3lSaNrO4CYp/+o/gyKs8=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhi/CEiJk36ZXKbsWdgS4TLydlkqPeK311+zFPI1DIJTOm47kJ+hnTKLiESbGbGkgYH7EBdCxVLALjZ7OLJ/TUKn0axtqWQjpTf09kLDJmHAW2M2I4NIveVPzP66QYXvmZUEmKoPh8UZhKijGdvk/7QgNHObaEcS3srZQPmWYcbUhFG4K3+PIyaVYr3nmlendRrl3ncRTIMTkhZ8Qjl6RGbkmdNAgnijyTV/LmGOfFeXc+5q0rTj5zRP7A+fwB7SqRFA==</latexit>

2
<latexit sha1_base64="YtDkI+a6qDElBCOqqCQTPHmMFH0=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkY3U7/1CNqIWN3jOAE/YgMlQsEZWumhi/CEiFl10iuV3Yo7A10mXk7KJEe9V/rq9mOeRqCQS2ZMx3MT9DOmUXAJk2I3NZAwPmID6FiqWATGz2YXT+ipVfo0jLUthXSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPIzoZIUQfH5ojCVFGM6fZ/2hQaOcmwJ41rYWykfMs042pCKNgRv8eVl0qxWvPNK9e6iXLvO4yiQY3JCzohHLkmN3JI6aRBOFHkmr+TNMc6L8+58zFtXnHzmiPyB8/kD7q+RFQ==</latexit>

3
<latexit sha1_base64="BxoFW+ratr+P1gVXcCKzG1XErrE=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xkUeEDZkdBpgwO7uZ6TWSDX/hxYPGePVvvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNFGiGW+wSEa6HVDDpVC8gQIlb8ea0zCQvBWMb2Z+65FrIyJ1j5OY+yEdKjEQjKKVHrrInxAxrU57xZJbducgq8TLSAky1HvFr24/YknIFTJJjel4box+SjUKJvm00E0Mjykb0yHvWKpoyI2fzi+ekjOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eJ8HBlZ8KFSfIFVssGiSSYERm75O+0JyhnFhCmRb2VsJGVFOGNqSCDcFbfnmVNCtlr1qu3F2UatdZHHk4gVM4Bw8uoQa3UIcGMFDwDK/w5hjnxXl3PhatOSebOYY/cD5/APA0kRY=</latexit>

4
<latexit sha1_base64="v51shU1fwB6TzI111wCKhRT7bEs=">AAAB8XicbVDLTgJBEJzFF+IL9ehlIjHxRHaRRI9ELx4xkUeEDZkdGpgwO7uZ6TWSDX/hxYPGePVvvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNFGiOTR4JCPdDpgBKRQ0UKCEdqyBhYGEVjC+mfmtR9BGROoeJzH4IRsqMRCcoZUeughPiJhWp71iyS27c9BV4mWkRDLUe8Wvbj/iSQgKuWTGdDw3Rj9lGgWXMC10EwMx42M2hI6lioVg/HR+8ZSeWaVPB5G2pZDO1d8TKQuNmYSB7QwZjsyyNxP/8zoJDq78VKg4QVB8sWiQSIoRnb1P+0IDRzmxhHEt7K2Uj5hmHG1IBRuCt/zyKmlWyt5FuXJXLdWuszjy5IScknPikUtSI7ekThqEE0WeySt5c4zz4rw7H4vWnJPNHJM/cD5/APG5kRc=</latexit>

5
<latexit sha1_base64="Rt4X+Yit2Sz25C6jtIBKKecXtdo=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHZRo0eiF4+YyCPChswOA0yYnd3M9BrJhr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZG6x3HM/ZAOlOgLRtFKDx3kT4iYXky6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzi6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESm75Oe0JyhHFtCmRb2VsKGVFOGNqSCDcFbfHmZNCpl76xcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YKDgGV7hzTHOi/PufMxbc042cwh/4Hz+APM+kRg=</latexit>

6
<latexit sha1_base64="cuu9upNzNRmb6e9hTJBZlp/QSu4=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRqEeiF4+YyCPChswOA0yYnd3M9BrJhr/w4kFjvPo33vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZG6x3HM/ZAOlOgLRtFKDx3kT4iYXky6xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzi6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+lZ8KFSfIFZsv6ieSYESm75Oe0JyhHFtCmRb2VsKGVFOGNqSCDcFbfHmZNCpl76xcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YKDgGV7hzTHOi/PufMxbc042cwh/4Hz+APTDkRk=</latexit>

7
<latexit sha1_base64="kUzgfQazsrnSKpRktugcXUq0PAU=">AAAB8XicbVDLTgJBEJzFF+IL9ehlIjHxRHbRBI9ELx4xkUeEDZkdGpgwO7uZ6TWSDX/hxYPGePVvvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNFGiOTR4JCPdDpgBKRQ0UKCEdqyBhYGEVjC+mfmtR9BGROoeJzH4IRsqMRCcoZUeughPiJhWp71iyS27c9BV4mWkRDLUe8Wvbj/iSQgKuWTGdDw3Rj9lGgWXMC10EwMx42M2hI6lioVg/HR+8ZSeWaVPB5G2pZDO1d8TKQuNmYSB7QwZjsyyNxP/8zoJDq78VKg4QVB8sWiQSIoRnb1P+0IDRzmxhHEt7K2Uj5hmHG1IBRuCt/zyKmlWyt5FuXJ3WapdZ3HkyQk5JefEI1VSI7ekThqEE0WeySt5c4zz4rw7H4vWnJPNHJM/cD5/APZIkRo=</latexit>

p(⇢i|color;�)
<latexit sha1_base64="CmiKWL90GihBKtgKI6xx7tgtvRA=">AAACCHicbVC7SgNBFJ31GeNr1dLCwSDEJuxGQcEmaGMZwTwgG8Ls5CYZMvtg5q4YYkobf8XGQhFbP8HOv3GSbKGJBy4czrl37tzjx1JodJxva2FxaXllNbOWXd/Y3Nq2d3arOkoUhwqPZKTqPtMgRQgVFCihHitggS+h5vevxn7tDpQWUXiLgxiaAeuGoiM4QyO17IM476le1BIPHsI9Ig4nb44uPB+QHdOWnXMKzgR0nrgpyZEU5Zb95bUjngQQIpdM64brxNgcMoWCSxhlvURDzHifdaFhaMgC0M10KT0ySpt2ImUqRDpRf08MWaD1IPBNZ8Cwp2e9sfif10iwc94cijBOEEI+XdRJJMWIjlOhbaGAoxwYwrgS5q+U95hiHE12WROCO3vyPKkWC+5JoXhzmitdpnFkyD45JHnikjNSItekTCqEk0fyTF7Jm/VkvVjv1se0dcFKZ/bIH1ifPxqYmgI=</latexit>

p(⇢i|position;�)
<latexit sha1_base64="Wg6dmqUzumkZV5DlIeS46tDE/cA=">AAACC3icbZC9SgNBFIVn/Y3xb9XSZjAIsQm7UVCwCdpYKphEyIYwO7lJhszuLDN3xbCmt/FVbCwUsfUF7HwbJzGFJh4Y+DjnXoZ7wkQKg5735czNLywuLedW8qtr6xub7tZ2zahUc6hyJZW+CZkBKWKookAJN4kGFoUS6mH/fJTXb0EboeJrHCTQjFg3Fh3BGVqr5e4lxUD3VEvcBwh3iJglyohRNjwNQkB2QFtuwSt5Y9FZ8CdQIBNdttzPoK14GkGMXDJjGr6XYDNjGgWXMMwHqYGE8T7rQsNizCIwzWx8y5DuW6dNO0rbFyMdu783MhYZM4hCOxkx7JnpbGT+lzVS7Jw0MxEnKULMfz7qpJKioqNiaFto4CgHFhjXtgJOeY9pxtHWl7cl+NMnz0KtXPIPS+Wro0LlbFJHjuySPVIkPjkmFXJBLkmVcPJAnsgLeXUenWfnzXn/GZ1zJjs75I+cj2+58Jt2</latexit>

Causal event, ⇢i
<latexit sha1_base64="Q2HYnyd0sJmgyu6uqoNejj5T/Cg=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwkLAbBS2DaSwjmAckyzI7uUmGzD6YuRsMSwobf8XGQhFbP8LOv3HyKDTxwIXDOffO3Hv8WAqNtv1tZdbWNza3stu5nd29/YP84VFDR4niUOeRjFTLZxqkCKGOAiW0YgUs8CU0/WF16jdHoLSIwnscx+AGrB+KnuAMjeTlCx2EB0yrLNFMUhhBiOd00lGDyBNevmiX7BnoKnEWpEgWqHn5r0434klgHuGSad127BjdlCkUXMIk10k0xIwPWR/ahoYsAO2msyMm9NQoXdqLlKkQ6Uz9PZGyQOtx4JvOgOFAL3tT8T+vnWDv2k1FGCcIIZ9/1EskxYhOE6FdoYCjHBvCuBJmV8oHTDGOJrecCcFZPnmVNMol56JUvrssVm4WcWRJgZyQM+KQK1Iht6RG6oSTR/JMXsmb9WS9WO/Wx7w1Yy1mjskfWJ8/xOSYKg==</latexit>
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<latexit sha1_base64="0mqBEznJMbpJAZ/VHqGIlbZkIpk="></latexit>

Uninstantiated
<latexit sha1_base64="ULWOWw46jLJkpbKL7pI6xG8dse4="></latexit>

causal chain
<latexit sha1_base64="Soioi4uIsGAeZIpCRclWu2bjAg0="></latexit>

Figure 2: Illustration of top-down and bottom-up processes. (a) Abstract-
level structure learning hierarchy. (b) The subchain posterior computed using
the abstract-level structure learning and instance-level inductive learning. (c)
Instance-level inductive learning.


