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Reinforcement Learning

Markov Decision Process (MDP):



What does agent learn?

Policy 

Value Function:  

Action-Value Function:  

Transition Function:



Max vs Softmax: action selection strategy

● Greedy action-selection strategy! 
● Optimal actions are chosen. 
● No explorations.

● More explorations 
● Suboptimal actions can be chosen. 
● Less exploitations
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✏
<latexit sha1_base64="SEQP6esk+tguRJ3nKCx/EkbCxdQ=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgqiQqPnYFNy4r2Ae0oUymk3boZCbOTIQS+hNuXCji1t9x5984SYOo9cCFwzn3cu89QcyZNq776ZSWlldW18rrlY3Nre2d6u5eW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYXGd+54EqzaS4M9OY+hEeCRYygo2Vun0aa8alGFRrbt3NgRaJV5AaFGgOqh/9oSRJRIUhHGvd89zY+ClWhhFOZ5V+ommMyQSPaM9SgSOq/TS/d4aOrDJEoVS2hEG5+nMixZHW0yiwnRE2Y/3Xy8T/vF5iwks/ZSJODBVkvihMODISZc+jIVOUGD61BBPF7K2IjLHCxNiIKnkIVxnOv19eJO2TundaP709qzUaRRxlOIBDOAYPLqABN9CEFhDg8AjP8OLcO0/Oq/M2by05xcw+/ILz/gVk/5BV</latexit> +(1� ✏)

<latexit sha1_base64="wTSoSkrm5EfK8e2Sy6G7shVwntg=">AAAB9HicbVDLSsNAFJ3UV62vqks3g0WoiCWx4mNXcOOygn1AG8pketMOnczEmUmhhH6HGxeKuPVj3Pk3pmkQtR64cDjnXu69xws508a2P63c0vLK6lp+vbCxubW9U9zda2oZKQoNKrlUbY9o4ExAwzDDoR0qIIHHoeWNbmZ+awxKMynuzSQENyADwXxGiUkk96TsnHYh1IxLcdwrluyKnQIvEicjJZSh3it+dPuSRgEIQznRuuPYoXFjogyjHKaFbqQhJHREBtBJqCABaDdOj57io0TpY1+qpITBqfpzIiaB1pPASzoDYob6rzcT//M6kfGv3JiJMDIg6HyRH3FsJJ4lgPtMATV8khBCFUtuxXRIFKEmyamQhnA9w8X3y4ukeVZxqpXq3XmpVsviyKMDdIjKyEGXqIZuUR01EEUP6BE9oxdrbD1Zr9bbvDVnZTP76Bes9y9y5JFh</latexit>

max
a2A

Q(s, a)
<latexit sha1_base64="+cLzG67QTTwWUOwkk04ixDbTqtM=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqCBlasXLruLGZQv2Ap2hnEnTNjSTGZKMWIZu3Pgqblwo4tZ3cOfbmGmLePsh8PGfc8g5vx9xprTjfFiZufmFxaXscm5ldW19w97caqgwloTWSchD2fJBUc4ErWumOW1FkkLgc9r0h5dpvXlDpWKhuNajiHoB9AXrMQLaWB171w3gtpOAy4QhPSDA8cUY1wrqEA46dt4pOhPhv1CaQR7NVO3Y7243JHFAhSYclGqXnEh7CUjNCKfjnBsrGgEZQp+2DQoIqPKSyRVjvG+cLu6F0jyh8cT9PpFAoNQo8E1nuqn6XUvN/2rtWPfOvISJKNZUkOlHvZhjHeI0EtxlkhLNRwaASGZ2xWQAEog2weUmIZynOvk6+S80joqlcrFcO85XKrM4smgH7aECKqFTVEFXqIrqiKA79ICe0LN1bz1aL9brtDVjzWa20Q9Zb588f5fe</latexit>

max
a2A

Q(s, a)
<latexit sha1_base64="+cLzG67QTTwWUOwkk04ixDbTqtM=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqCBlasXLruLGZQv2Ap2hnEnTNjSTGZKMWIZu3Pgqblwo4tZ3cOfbmGmLePsh8PGfc8g5vx9xprTjfFiZufmFxaXscm5ldW19w97caqgwloTWSchD2fJBUc4ErWumOW1FkkLgc9r0h5dpvXlDpWKhuNajiHoB9AXrMQLaWB171w3gtpOAy4QhPSDA8cUY1wrqEA46dt4pOhPhv1CaQR7NVO3Y7243JHFAhSYclGqXnEh7CUjNCKfjnBsrGgEZQp+2DQoIqPKSyRVjvG+cLu6F0jyh8cT9PpFAoNQo8E1nuqn6XUvN/2rtWPfOvISJKNZUkOlHvZhjHeI0EtxlkhLNRwaASGZ2xWQAEog2weUmIZynOvk6+S80joqlcrFcO85XKrM4smgH7aECKqFTVEFXqIrqiKA79ICe0LN1bz1aL9brtDVjzWa20Q9Zb588f5fe</latexit>

P
a2A e�Q(s,a)Q(s, a)
P

a2A e�Q(s,a)
<latexit sha1_base64="To8jGrDaMfksbiuGRdbSBwrz7C4="></latexit>

0 1 2

3 4 5

6 7 8
O

: R|A| ! R
<latexit sha1_base64="Bz1PRBS7pMajcr8Xf/VxBDr/FEQ=">AAACJXicbVDLSsNAFJ34tr6iLt0MFsFVSVR84aLixmUVq0ITy2Q6bYdOMmHmRikxP+PGX3HjwiKCK3/FSa1FrQcGzpxzL/feE8SCa3Ccd2tsfGJyanpmtjA3v7C4ZC+vXGqZKMqqVAqprgOimeARqwIHwa5jxUgYCHYVdE5y/+qWKc1ldAHdmPkhaUW8ySkBI9XtIy/gLQk8ZPrQCwm0KRHpeXaT3g9/x9l95ineagNRSt7hbwOf1+2iU3L6wKPEHZAiGqBSt3teQ9IkZBFQQbSuuU4MfkoUcCpYVvASzWJCO6TFaoZGxKzlp/0rM7xhlAZuSmVeBLiv/uxISah1NwxMZb6h/uvl4n9eLYHmvp/yKE6ARfRrUDMRGCTOI8MNrhgF0TWEUMXNrpi2iSIUTLCFfggHOXaHJ4+Sy62Su13aPtsplsuDOGbQGlpHm8hFe6iMTlEFVRFFD+gJvaCe9Wg9W6/W21fpmDXoWUW/YH18Aonzpzs=</latexit>

mean Q(s, ·)
<latexit sha1_base64="FP94mimEEBEP9yc0FuEIdESbNk4=">AAACAnicbVDJSgNBEO1xjXGLehIvjUGIIGHGiMst4MWjglkgE0JPp5I06e4ZumvEMAQv/ooXD4p49Su8+TdOFsTtQcHjvSqq6gWRFBZd98OZmZ2bX1jMLGWXV1bX1nMbm1UbxoZDhYcyNPWAWZBCQwUFSqhHBpgKJNSC/vnIr92AsSLU1ziIoKlYV4uO4AxTqZXb9hFu0ahEAdNDn14V7IHP2yHut3J5t+iOQf8Sb0ryZIrLVu7db4c8VqCRS2Ztw3MjbCbMoOAShlk/thAx3mddaKRUMwW2mYxfGNK9VGnTTmjS0kjH6veJhClrBypIOxXDnv3tjcT/vEaMndNmInQUI2g+WdSJJcWQjvKgbWGAoxykhHEj0lsp7zHDOKapZcchnI1w/PXyX1I9LHqlYunqKF8uT+PIkB2ySwrEIyekTC7IJakQTu7IA3kiz8698+i8OK+T1hlnOrNFfsB5+wThMJc2</latexit>

mean Q(s, ·)
<latexit sha1_base64="FP94mimEEBEP9yc0FuEIdESbNk4=">AAACAnicbVDJSgNBEO1xjXGLehIvjUGIIGHGiMst4MWjglkgE0JPp5I06e4ZumvEMAQv/ooXD4p49Su8+TdOFsTtQcHjvSqq6gWRFBZd98OZmZ2bX1jMLGWXV1bX1nMbm1UbxoZDhYcyNPWAWZBCQwUFSqhHBpgKJNSC/vnIr92AsSLU1ziIoKlYV4uO4AxTqZXb9hFu0ahEAdNDn14V7IHP2yHut3J5t+iOQf8Sb0ryZIrLVu7db4c8VqCRS2Ztw3MjbCbMoOAShlk/thAx3mddaKRUMwW2mYxfGNK9VGnTTmjS0kjH6veJhClrBypIOxXDnv3tjcT/vEaMndNmInQUI2g+WdSJJcWQjvKgbWGAoxykhHEj0lsp7zHDOKapZcchnI1w/PXyX1I9LHqlYunqKF8uT+PIkB2ySwrEIyekTC7IJakQTu7IA3kiz8698+i8OK+T1hlnOrNFfsB5+wThMJc2</latexit>



Generalized Value Iteration
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[Littman & Szepesvári, 1996]

, repeat:

convergence if:

Q(s, a) = R(s, a) + �
R
s0 T (s

0|s, a)
N

Q(s0, ·)ds0
<latexit sha1_base64="U7TzaiLKVvWtQxqoYrKph9t1qpI="></latexit>

initialize bQ0
<latexit sha1_base64="hd7SX9Zd7KUyCt3JWXJjKBKYluk=">AAAB9XicbVDLSsNAFJ3UV62vqitx4WARXJXEgo9dwI3LFuwD2hgmk0k7dDIJMxNLCV37C25cKOLWf+nO7/AHnKRF1HrgwuGce7n3Hi9mVCrT/DAKS8srq2vF9dLG5tb2Tnl3ryWjRGDSxBGLRMdDkjDKSVNRxUgnFgSFHiNtb3id+e17IiSN+K0ax8QJUZ/TgGKktHTXG1GfDJCCDTc1J265YlbNHHCRWHNSsQ8e3Gh69Fl3y9OeH+EkJFxhhqTsWmasnBQJRTEjk1IvkSRGeIj6pKspRyGRTppfPYEnWvFhEAldXMFc/TmRolDKcejpzhCpgfzrZeJ/XjdRwaWTUh4ninA8WxQkDKoIZhFAnwqCFRtrgrCg+laIB0ggrHRQpTyEqwzn3y8vktZZ1apVaw2rYttghiI4BMfgFFjgAtjgBtRBE2AgwCN4Bi/GyHgyXo23WWvBmM/sg18w3r8AAo2WBA==</latexit>

bQt+1(s, a) R(s, a) + �
R
s0 T (s

0|s, a)
N bQt(s0, ·)ds0

<latexit sha1_base64="vfLbc4m2Jpo7HLtPyeYk2JpDQDU="></latexit>

until convergence

sup
bQ, bQ0

|
N bQ(s, ·)�

N bQ0(s, ·)|
|| bQ(s, ·)� bQ0(s, ·)||1

 1
<latexit sha1_base64="tEq7qAbUImkUvH8wiiPwKDKPz2I="></latexit>

Bellman will be a   -contraction�
<latexit sha1_base64="5RDPha5Bjhx4yW50gCJOaFw/T2g=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0ms+HErePFYwdZCG8pmu2nX7mbD7kYoof/BiwdFvPp/vPlv3KRB1Ppg4PHeDDPzgpgzbVz30yktLa+srpXXKxubW9s71d29jpaJIrRNJJeqG2BNOYto2zDDaTdWFIuA07tgcpX5dw9UaSajWzONqS/wKGIhI9hYqdMfYSHwoFpz624OtEi8gtSgQGtQ/egPJUkEjQzhWOue58bGT7EyjHA6q/QTTWNMJnhEe5ZGWFDtp/m1M3RklSEKpbIVGZSrPydSLLSeisB2CmzG+q+Xif95vcSEF37KojgxNCLzRWHCkZEoex0NmaLE8KklmChmb0VkjBUmxgZUyUO4zHD2/fIi6ZzUvUa9cXNaazaLOMpwAIdwDB6cQxOuoQVtIHAPj/AML450npxX523eWnKKmX34Bef9C58Zj0o=</latexit>

KN :=
<latexit sha1_base64="Govf9fCPt0SHUFsEO3qjkuhlWwA=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIrvkAouBHcVLAPaEOYTCft0MlMmJkUSuifuHGhiFv/xJ1/4yQNotYDFw7n3Mu99wQxo0o7zqdVWlpeWV0rr1c2Nre2d+zdvbYSicSkhQUTshsgRRjlpKWpZqQbS4KigJFOML7J/M6ESEUFf9DTmHgRGnIaUoy0kXzbvvPTfkCHQtOIqNnVtW9XnZqTAy4StyBVUKDp2x/9gcBJRLjGDCnVc51YeymSmmJGZpV+okiM8BgNSc9QjsweL80vn8EjowxgKKQprmGu/pxIUaTUNApMZ4T0SP31MvE/r5fo8MJLKY8TTTieLwoTBrWAWQxwQCXBmk0NQVhScyvEIyQR1iasSh7CZYaz75cXSfuk5tZr9fvTaqNRxFEGB+AQHAMXnIMGuAVN0AIYTMAjeAYvVmo9Wa/W27y1ZBUz++AXrPcvh46TuA==</latexit>
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and their convex combinationsa
<latexit sha1_base64="F2D/FvNhHLsAPKNyXxvNekAF7Nw=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF48JmAWSIfR0apI2PQvdPUII+QIvHhTx6id582/smQyixgcFj/eqqKrnxYIrbdufVmFpeWV1rbhe2tjc2t4p7+61VJRIhk0WiUh2PKpQ8BCbmmuBnVgiDTyBbW98k/rtB5SKR+GdnsToBnQYcp8zqo3UoP1yxa7aGcgicXJSgRz1fvmjN4hYEmComaBKdR071u6USs2ZwFmplyiMKRvTIXYNDWmAyp1mh87IkVEGxI+kqVCTTP05MaWBUpPAM50B1SP110vF/7xuov1Ld8rDONEYsvkiPxFERyT9mgy4RKbFxBDKJDe3EjaikjJtsillIVylOP9+eZG0TqrOafW0cVapXedxFOEADuEYHLiAGtxCHZrAAOERnuHFureerFfrbd5asPKZffgF6/0L3CWNHA==</latexit>

[Asadi & Littman, 2017]

maxa bQ(s, a)
<latexit sha1_base64="Yxl5dYZRlre9i/wA/ntcjkgBh18=">AAACAXicbVDJSgNBEO2JS2Lcol4EL41BiCBhxuB2G/DiMQGzQCYMNT09SZOehe4eNQzx4q948aCIV//Cmz8gfoaTBVHjg4LHe1VU1XMizqTS9XctMze/sJjNLeWXV1bX1gsbmw0ZxoLQOgl5KFoOSMpZQOuKKU5bkaDgO5w2nf75yG9eUSFZGFyqQUQ7PnQD5jECKpXswrblw42dwBBb18ylPVC4VpIHsG8XinpZHwPPEmNKiiaufX7kskdVu/BmuSGJfRoowkHKtqFHqpOAUIxwOsxbsaQRkD50aTulAfhUdpLxB0O8lyou9kKRVqDwWP05kYAv5cB30k4fVE/+9Ubif147Vt5pJ2FBFCsakMkiL+ZYhXgUB3aZoETxQUqACJbeikkPBBCVhpYfh3A2wvH3y7OkcVg2KuVKzSiaJpogh3bQLiohA50gE12gKqojgm7RPXpET9qd9qA9ay+T1ow2ndlCv6C9fgEVNJkO</latexit>

mean bQ(s, ·)
<latexit sha1_base64="KjfsdIkzv0wQhBup8gMCdof4NvA=">AAACC3icbVDLSgNBEJz1GeMr6tHLYBAUJOwafN0CXjwaMImQDWF2tmMGZ2aXmV41LLl78Ve8eFDEqz/gzR8QP8NNIuKroKGo6qa7K4ilsOi6r87Y+MTk1HRuJj87N7+wWFhartsoMRxqPJKROQ2YBSk01FCghNPYAFOBhEZwfjjwGxdgrIj0CfZiaCl2pkVHcIaZ1C6s+QhXaFSqgOm+T/1LEUKXIa1u2C2fhxFutgtFt+QOQf8S75MUK7T6/pab3jluF178MOKJAo1cMmubnhtjK2UGBZfQz/uJhZjxc3YGzYxqpsC20uEvfbqeKSHtRCYrjXSofp9ImbK2p4KsUzHs2t/eQPzPaybY2W+lQscJguajRZ1EUozoIBgaCgMcZS8jjBuR3Up5lxnGMYsvPwzhYIDdr5f/kvp2ySuXylWvWKmQEXJklayRDeKRPVIhR+SY1Agn1+SW3JMH58a5cx6dp1HrmPM5s0J+wHn+AG/bnbI=</latexit>

median bQ(s, ·)
<latexit sha1_base64="nwpxKqPdVJ8T7ED/zvjX7Md/vwM=">AAACDXicbVDLSgNBEJz1GeMr6tHLYBQUJOwqvm4BLx4TMFHIhjA72zGDM7PLTK8alvyAF3/FiwdFvHr35g+In+EmEfFV0FBUddPdFcRSWHTdV2dkdGx8YjI3lZ+emZ2bLyws1m2UGA41HsnInAbMghQaaihQwmlsgKlAwklwftj3Ty7AWBHpY+zG0FTsTIu24AwzqVVY9RGu0KhUQSiY7vnUvxQhdBjS6rrd9HkY4UarUHRL7gD0L/E+SbFMq+9vucmdSqvw4ocRTxRo5JJZ2/DcGJspMyi4hF7eTyzEjJ+zM2hkVDMFtpkOvunRtUwJaTsyWWmkA/X7RMqUtV0VZJ2KYcf+9vrif14jwfZ+MxU6ThA0Hy5qJ5JiRPvR0FAY4Ci7GWHciOxWyjvMMI5ZgPlBCAd97H69/JfUt0redmm76hXLZTJEjiyTFbJOPLJHyuSIVEiNcHJNbsk9eXBunDvn0Xkato44nzNL5Aec5w8Nb56T</latexit>

bQ0
<latexit sha1_base64="I8PIWBBrKr78HE9zVW3RF+BbJCA=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxA9hYkRl1vAi8cEzAKZEHo6NUmTnoXuGjUMuXnxV7x4UMSrv+DNv3FmEkSNDwoe71V1dT0nlEKjZX0ac/MLi0vLuZX86tr6xqa5td3QQaQ41HkgA9VymAYpfKijQAmtUAHzHAlNZ3iZ+s0bUFoE/jWOQuh4rO8LV3CGidQ192yEO8zeiR0ZwTim9q3owYAhrR2Ou2bBKloZ6CwpTUmBTFHtmh92L+CRBz5yybRul6wQOzFTKLiEcd6ONISMD1kf2gn1mQe6E2f7x/QgUXrUDVRSPtJM/TkRM0/rkecknR7Dgf7rpeJ/XjtC97wTCz+MEHw+WeRGkmJA01BoTyjgKEcJYVyJ5K+UD5hiHJPo8lkIFylOv0+eJY3jYqlcLNdOCpXKNI4c2SX75IiUyBmpkCtSJXXCyT15JM/kxXgwnoxX423SOmdMZ3bILxjvX5L+md4=</latexit>

bQ
<latexit sha1_base64="CRIw872NsOybw16xbDAmrNVCQ00=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQqPnYFNy5bsA9sQ5lMJu3QySTMTJQS+hduXCji1r9x5984SYOo9cCFwzn3cu89XsyZ0rb9aZWWlldW18rrlY3Nre2d6u5eR0WJJLRNIh7JnocV5UzQtmaa014sKQ49Trve5Drzu/dUKhaJWz2NqRvikWABI1gb6W7wwHw6xhq1htWaXbdzoEXiFKQGBZrD6sfAj0gSUqEJx0r1HTvWboqlZoTTWWWQKBpjMsEj2jdU4JAqN80vnqEjo/goiKQpoVGu/pxIcajUNPRMZ4j1WP31MvE/r5/o4NJNmYgTTQWZLwoSjnSEsveRzyQlmk8NwUQycysiYywx0SakSh7CVYbz75cXSeek7pzWT1tntUajiKMMB3AIx+DABTTgBprQBgICHuEZXixlPVmv1tu8tWQVM/vwC9b7F0J3kMY=</latexit>

boltz� bQ(s, ·) =
P

a e
� bQ(s,a) bQ(s, a)

P
a e

� bQ(s,a)
<latexit sha1_base64="Jp6GhBlCEZllE3utDpLn+i00F5g="></latexit>

mm!
bQ(s, ·) =

log 1
|A|

P
a e

! bQ(s,a)

!
<latexit sha1_base64="rMeCATlUXMiBsjOPm38COgQThS4="></latexit>

sup
bQ, bQ0

|
N bQ(s, ·)�

N bQ0(s, ·)|
|| bQ(s, ·)� bQ0(s, ·)||1

 1
<latexit sha1_base64="tEq7qAbUImkUvH8wiiPwKDKPz2I="></latexit>





Contraction Mapping
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Properties

• Non-Expansion 

• Differentiable 

• Limits: goes to max, mean, min. 

• Policy to achieve the value can be extracted. 

• The maximum entropy such policy is Boltzmann (!), with some beta.

10

mm!
bQ(s, ·) =

log 1
|A|

P
a e

! bQ(s,a)

!
<latexit sha1_base64="rMeCATlUXMiBsjOPm38COgQThS4="></latexit>



GVI Planning Algorithm
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An Example
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s0
<latexit sha1_base64="KQhkn015UPbnJHuD7Ks3VE/gSbo=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiQqPnYFNy4r2ge0oUymk3boZCbMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89QcyZNq776ZSWlldW18rrlY3Nre2d6u5eW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYXGd+54EqzaS4N9OY+hEeCRYygo2V7vTAHVRrbt3NgRaJV5AaFGgOqh/9oSRJRIUhHGvd89zY+ClWhhFOZ5V+ommMyQSPaM9SgSOq/TQ/dYaOrDJEoVS2hEG5+nMixZHW0yiwnRE2Y/3Xy8T/vF5iwks/ZSJODBVkvihMODISZX+jIVOUGD61BBPF7K2IjLHCxNh0KnkIVxnOv19eJO2TundaP709qzUaRRxlOIBDOAYPLqABN9CEFhAYwSM8w4vDnSfn1Xmbt5acYmYffsF5/wIavI3P</latexit>

a0
<latexit sha1_base64="uqTgYpe2lYJoZ2Wsg1ru4PLF8y4=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiQqPnYFNy4r2ge0oUymk3boZCbMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89QcyZNq776ZSWlldW18rrlY3Nre2d6u5eW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYXGd+54EqzaS4N9OY+hEeCRYygo2V7vDAHVRrbt3NgRaJV5AaFGgOqh/9oSRJRIUhHGvd89zY+ClWhhFOZ5V+ommMyQSPaM9SgSOq/TQ/dYaOrDJEoVS2hEG5+nMixZHW0yiwnRE2Y/3Xy8T/vF5iwks/ZSJODBVkvihMODISZX+jIVOUGD61BBPF7K2IjLHCxNh0KnkIVxnOv19eJO2TundaP709qzUaRRxlOIBDOAYPLqABN9CEFhAYwSM8w4vDnSfn1Xmbt5acYmYffsF5/wL/QY29</latexit>

a1
<latexit sha1_base64="E7y+uxQQeXFnMXbgMN0dYKpBO8M=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiQqPnYFNy4r2ge0oUymk3boZCbMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89QcyZNq776ZSWlldW18rrlY3Nre2d6u5eW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYXGd+54EqzaS4N9OY+hEeCRYygo2V7vDAG1Rrbt3NgRaJV5AaFGgOqh/9oSRJRIUhHGvd89zY+ClWhhFOZ5V+ommMyQSPaM9SgSOq/TQ/dYaOrDJEoVS2hEG5+nMixZHW0yiwnRE2Y/3Xy8T/vF5iwks/ZSJODBVkvihMODISZX+jIVOUGD61BBPF7K2IjLHCxNh0KnkIVxnOv19eJO2TundaP709qzUaRRxlOIBDOAYPLqABN9CEFhAYwSM8w4vDnSfn1Xmbt5acYmYffsF5/wIA1I2+</latexit>

p = 0.34

p = 0.66

r = +0.12
r = +0.12

p = 0.99

p = 0.01
r = +0.03 r = +0.03

bQt+1(s, a) R(s, a) + �
P

s0 T (s
0|s, a)

N bQt(s0, ·)ds0
<latexit sha1_base64="Dvlhi2by4cqOWwB0Elp3ZjAsXrk="></latexit>

�t+1 := bQt+1(s0, ·)� bQt(s0, ·)
<latexit sha1_base64="oinNoUys1VnCNm5jkOkyOGU7bD8="></latexit>

[Asadi & Littman, 2017]

O
= boltz�

<latexit sha1_base64="tTLhgxK9MUI4+0JYEu4qXON+STg=">AAACCnicbVDJSgNBEO2JW4xb1KOX0SB4CjNGXA5CwIvHCGaBTAg9nZqkSc/00F0jxiFnL/6KFw+KePULvPk3dhZEjQ8KHu9VUVXPjwXX6DifVmZufmFxKbucW1ldW9/Ib27VtEwUgyqTQqqGTzUIHkEVOQpoxApo6Auo+/2LkV+/AaW5jK5xEEMrpN2IB5xRNFI7v+v5vCuRh6DPPYRbVGHqS4F3w3bq+YB02M4XnKIzhj1L3CkpkCkq7fyH15EsCSFCJqjWTdeJsZVShZwJGOa8RENMWZ92oWloRM3uVjp+ZWjvG6VjB1KZitAeqz8nUhpqPQh90xlS7Om/3kj8z2smGJy2Uh7FCULEJouCRNgo7VEudocrYCgGhlCmuLnVZj2qKEOTXm4cwtkIx98vz5LaYdEtFUtXR4VyeRpHluyQPXJAXHJCyuSSVEiVMHJPHskzebEerCfr1XqbtGas6cw2+QXr/Qsp95v4</latexit>

O
= mm!

<latexit sha1_base64="c08K31KXqtxKguuZAsYPFUDjyfA=">AAACCHicbVDJSgNBEO1xjXGLevTgYBA8hRkjLgch4MVjBLNAJoSeTiVp0j09dNeIYcjRi7/ixYMiXv0Eb/6NnQVR44OCx3tVVNULY8ENet6nMze/sLi0nFnJrq6tb2zmtrarRiWaQYUpoXQ9pAYEj6CCHAXUYw1UhgJqYf9y5NduQRuuohscxNCUtBvxDmcUrdTK7QUh7yrkEsxFgHCHWqZSDltpoCR06bCVy3sFbwx3lvhTkidTlFu5j6CtWCIhQiaoMQ3fi7GZUo2cCRhmg8RATFmfdqFhaUTt5mY6fmToHlil7XaUthWhO1Z/TqRUGjOQoe2UFHvmrzcS//MaCXbOmimP4gQhYpNFnUS4qNxRKm6ba2AoBpZQprm91WU9qilDm112HML5CCffL8+S6lHBLxaK18f5UmkaR4bskn1ySHxySkrkipRJhTByTx7JM3lxHpwn59V5m7TOOdOZHfILzvsXa1ibAA==</latexit>

bQ(s0, a0)
<latexit sha1_base64="MUI16X+7D8roVH01g0bZHm8HLFM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBEqSEmt+NgV3LhswT6gDWEymbRDJ5MwM1FCqL/ixoUibv0Qd/6NkzSIWg9cOJxzL/fe40aMSmVZn8bS8srq2nppo7y5tb2za+7t92QYC0y6OGShGLhIEkY56SqqGBlEgqDAZaTvTq8zv39HhKQhv1VJROwAjTn1KUZKS45ZGd1Tj0yQgp2adKwT5FjHjlm16lYOuEgaBamCAm3H/Bh5IY4DwhVmSMphw4qUnSKhKGZkVh7FkkQIT9GYDDXlKCDSTvPjZ/BIKx70Q6GLK5irPydSFEiZBK7uDJCayL9eJv7nDWPlX9op5VGsCMfzRX7MoAphlgT0qCBYsUQThAXVt0I8QQJhpfMq5yFcZTj/fnmR9E7rjWa92TmrtlpFHCVwAA5BDTTABWiBG9AGXYBBAh7BM3gxHown49V4m7cuGcVMBfyC8f4F47iTwA==</latexit>

bQ(s0, a1)
<latexit sha1_base64="EYNh/opJO/T+JWGq7Pjh/E2uTzg=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBEqSEms+NgV3LhswT6gDWEymbZDJ5MwM1FCqL/ixoUibv0Qd/6NkzSIWg9cOJxzL/fe40WMSmVZn8bS8srq2nppo7y5tb2za+7td2UYC0w6OGSh6HtIEkY56SiqGOlHgqDAY6TnTa8zv3dHhKQhv1VJRJwAjTkdUYyUllyzMrynPpkgBds16VonyLWPXbNq1a0ccJHYBamCAi3X/Bj6IY4DwhVmSMqBbUXKSZFQFDMyKw9jSSKEp2hMBppyFBDppPnxM3ikFR+OQqGLK5irPydSFEiZBJ7uDJCayL9eJv7nDWI1unRSyqNYEY7ni0YxgyqEWRLQp4JgxRJNEBZU3wrxBAmElc6rnIdwleH8++VF0j2t2416o31WbTaLOErgAByCGrDBBWiCG9ACHYBBAh7BM3gxHown49V4m7cuGcVMBfyC8f4F5T2TwQ==</latexit>
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✓
<latexit sha1_base64="knGdMn0xReZYWGO9VkaYl80PCnY=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKewa8XELevEYwTwgWcLsZJKMmZ1ZZnqFsOQfvHhQxKv/482/cXaziBoLGoqqbrq7gkhwA6776RSWlldW14rrpY3Nre2d8u5ey6hYU9akSijdCYhhgkvWBA6CdSLNSBgI1g4m16nffmDacCXvYBoxPyQjyYecErBSqwdjBqRfrrhVNwNeJF5OKihHo1/+6A0UjUMmgQpiTNdzI/ATooFTwWalXmxYROiEjFjXUklCZvwku3aGj6wywEOlbUnAmfpzIiGhMdMwsJ0hgbH566Xif143huGFn3AZxcAknS8axgKDwunreMA1oyCmlhCqub0V0zHRhIINqJSFcJni7PvlRdI6qXq1au32tFK/yuMoogN0iI6Rh85RHd2gBmoiiu7RI3pGL45ynpxX523eWnDymX30C877F7y/j18=</latexit> .

.

.

[Mnih et al., 2015]

s
<latexit sha1_base64="d0SkknmjHALu9tUEssf1X4Gl4nQ=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF48JmAWSIfR0apI2PQvdPUII+QIvHhTx6id582/smQyixgcFj/eqqKrnxYIrbdufVmFpeWV1rbhe2tjc2t4p7+61VJRIhk0WiUh2PKpQ8BCbmmuBnVgiDTyBbW98k/rtB5SKR+GdnsToBnQYcp8zqo3UUP1yxa7aGcgicXJSgRz1fvmjN4hYEmComaBKdR071u6USs2ZwFmplyiMKRvTIXYNDWmAyp1mh87IkVEGxI+kqVCTTP05MaWBUpPAM50B1SP110vF/7xuov1Ld8rDONEYsvkiPxFERyT9mgy4RKbFxBDKJDe3EjaikjJtsillIVylOP9+eZG0TqrOafW0cVapXedxFOEADuEYHLiAGtxCHZrAAOERnuHFureerFfrbd5asPKZffgF6/0L922NLg==</latexit>

bQ(s, a1; ✓)
<latexit sha1_base64="1y4j+1yiEYNCoDH9S1PoEdwrbj4=">AAACAXicbVDJSgNBEO1xN26jXgQvjUGIIGHGiAteRC8eFUwMJEOo6VRMk56F7holhHjxV7x4UMSrf+HNv3EyCeL2oODxXhVV9fxYSUOO82GNjU9MTk3PzObm5hcWl+zllYqJEi2wLCIV6aoPBpUMsUySFFZjjRD4Cq/8zunAv7pBbWQUXlI3Ri+A61C2pABKpYa9Vr+VTWwD8YuC2YaGe1SnNhJsNey8U3Qy8L/EHZE8G+G8Yb/Xm5FIAgxJKDCm5joxeT3QJIXCfq6eGIxBdOAaaykNIUDj9bIP+nwzVZq8Fem0QuKZ+n2iB4Ex3cBPOwOgtvntDcT/vFpCrQOvJ8M4IQzFcFErUZwiPoiDN6VGQaqbEhBaprdy0QYNgtLQclkIhwPsfb38l1R2im6pWLrYzR+fjOKYYetsgxWYy/bZMTtj56zMBLtjD+yJPVv31qP1Yr0OW8es0cwq+wHr7RP5qpYT</latexit>

bQ(s, a|A|; ✓)
<latexit sha1_base64="rwIcy8iy3fvgfaP4oOwu2OQ92LQ=">AAACDnicbVDJSgNBEO1xjXGLevTSGAIKEiYqLniJevGoYEwgE0JNp5I06VnorlHCmC/w4q948aCIV8/e/BtnYhC3BwWP96qoqueGShqy7XdrbHxicmo6M5OdnZtfWMwtLV+aINICKyJQga65YFBJHyskSWEt1Aieq7Dq9k5Sv3qF2sjAv6B+iA0POr5sSwGUSM1cwbmWLewC8fN1swnN+MbxgLoCFD+6GRw61EWCjWYubxftIfhfUhqRPBvhrJl7c1qBiDz0SSgwpl6yQ2rEoEkKhYOsExkMQfSgg/WE+uChacTDdwa8kCgt3g50Uj7xofp9IgbPmL7nJp3prea3l4r/efWI2vuNWPphROiLz0XtSHEKeJoNb0mNglQ/ISC0TG7logsaBCUJZochHKTY/Xr5L7ncKpa2i9vnO/ny8SiODFtla2ydldgeK7NTdsYqTLBbds8e2ZN1Zz1Yz9bLZ+uYNZpZYT9gvX4AiM2b6w==</latexit>

✓  ✓ + ↵
�
R(s, a) + �

N bQ(s0, ·; ✓)� bQ(s, a; ✓)
�
r✓

bQ(s, a; ✓)
<latexit sha1_base64="kTLh1qLdzJ/ZJccth1h/J4SrwGk="></latexit> O

= mm!
<latexit sha1_base64="c08K31KXqtxKguuZAsYPFUDjyfA=">AAACCHicbVDJSgNBEO1xjXGLevTgYBA8hRkjLgch4MVjBLNAJoSeTiVp0j09dNeIYcjRi7/ixYMiXv0Eb/6NnQVR44OCx3tVVNULY8ENet6nMze/sLi0nFnJrq6tb2zmtrarRiWaQYUpoXQ9pAYEj6CCHAXUYw1UhgJqYf9y5NduQRuuohscxNCUtBvxDmcUrdTK7QUh7yrkEsxFgHCHWqZSDltpoCR06bCVy3sFbwx3lvhTkidTlFu5j6CtWCIhQiaoMQ3fi7GZUo2cCRhmg8RATFmfdqFhaUTt5mY6fmToHlil7XaUthWhO1Z/TqRUGjOQoe2UFHvmrzcS//MaCXbOmimP4gQhYpNFnUS4qNxRKm6ba2AoBpZQprm91WU9qilDm112HML5CCffL8+S6lHBLxaK18f5UmkaR4bskn1ySHxySkrkipRJhTByTx7JM3lxHpwn59V5m7TOOdOZHfILzvsXa1ibAA==</latexit>

generalized DQN with  
DQN with target network 
DQN no target network

return

timestep # (☓103) timestep # (☓103)

mm!
<latexit sha1_base64="EvueAvTXHQo/Cmphf9qG1myzByI=">AAACDnicbVBNS8NAEN3Ur1qtRj16CZaCp5JY0HorCOKxgv2AtpTNdtou3U3C7kQsIb/Ai7/CuxcPigiePHvz35imRdT6YOHtezOzs88NBNdo259GZml5ZXUtu57b2MxvbZs7uw3th4pBnfnCVy2XahDcgzpyFNAKFFDpCmi647Op37wGpbnvXeEkgK6kQ48POKOYSD2z2EG4wXROpKAfR+ldyUjKuBd1fAlDGsc9s2CX7BTWInHmpFDNv4XF89x9rWd+dPo+CyV4yATVuu3YAXYjqpAzAXGuE2oIKBvTIbQT6lEJuhula8RWMVH61sBXyfHQStWfHRGVWk+km1RKiiP915uK/3ntEAeVbsS9IETw2OyhQSgs9K1pNlafK2AoJgmhTPFkV4uNqKIMkwRzaQinUxx/f3mRNI5KTrlUvnQK1QqZIUv2yQE5JA45IVVyQWqkThi5JQ/kiTwbd8aj8WK8zkozxrxnj/yC8f4F0Qig3w==</latexit>

[Kim, Asadi, Konidaris & Littman, 2019]
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[Geist et al., 2019]

⌦
�
⇡(·|s)

�
=

P
a ⇡(a|s) ln

�
⇡(a|s)

�
+ ln(|A|)

<latexit sha1_base64="G/wEOx1t8kh30PP0XBlsBVhIKNs="></latexit>

=
log 1

|A|
P

a e
!Q(s,a)

!
= mm! Q(s, ·)

<latexit sha1_base64="gVYmP2dQMyvdXPDfZQoVAa8HDB4="></latexit>

⌦⇤(Q) := max⇡
⇣P

a ⇡(a|s)Q(s, a)� 1
!⌦

�
⇡(·|s)

�⌘

<latexit sha1_base64="kV7wE9ITCXIIls7qjGPQqKozVIs="></latexit>



Conclusion

• Mellowmax provides an alternative to Boltzmann exploration or 
epsilon greedy: 

• Better convergence guarantees 

• Rich value-dependent exploration. 

• Useful smoothness behavior.
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