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Recap: Course Overview

MDPs and RL

Imitation Learning Off-Policy/MBRL

Search Motion Planning

Stability/CertificationTrajOpt

Filtering/Smoothing Localization

SLAMMapping



Lecture Outline
Recap + Policy Gradient

Basic Actor Critic Algorithms

Making Actor-Critic Practical



Reinforcement Learning Formalism
7

Policy
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Rules for choosing actions

Needs to be learned

max
✓

E⌧⇠⇡✓

"
TX

t=0

r(st, at)

#
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⇡✓
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Trajectory sampled using policy



Learning Algorithms for Robotics

On-Policy Algorithms Off-Policy 
Algorithms

Imitation Learning

Update
Update

Buffer

Simple, performant,
Data inefficient

Data-efficient, 
sometimes unstable

Performant, efficient, but 
compounding error and 
expensive data collection 

Buffer



What if we just performed gradient ascent?

max
✓

E⌧⇠⇡✓

"
TX

t=0

r(st, at)

#

<latexit sha1_base64="X8hBjFt2JPPVEIoy2642W0B+4t0="></latexit><latexit sha1_base64="X8hBjFt2JPPVEIoy2642W0B+4t0="></latexit><latexit sha1_base64="X8hBjFt2JPPVEIoy2642W0B+4t0="></latexit><latexit sha1_base64="X8hBjFt2JPPVEIoy2642W0B+4t0="></latexit>

Gradient wrt expectation variable, not of integrand!

<latexit sha1_base64="FNz3YluqW2Edl8oMDxWhJr40v9Y=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1UxIp6kYounFZxT6gCWUymbZDJ5MwcyOU0A9w46+4caGIWz/AnX/jpM1CWw8M93DOvcy9x48F12Db39bS8srq2npho7i5tb2zW9rbb+koUZQ1aSQi1fGJZoJL1gQOgnVixUjoC9b2R9eZ335gSvNI3sM4Zl5IBpL3OSVgpF6pfIldLgHHPReGDEjFBZKc4Lu8BlkxXXbVngIvEicnZZSj0St9uUFEk5BJoIJo3XXsGLyUKOBUsEnRTTSLCR2RAesaKknItJdOj5ngY6MEuB8p88xiU/X3REpCrcehbzpDAkM972Xif143gf6Fl3IZJ8AknX3UTwSGCGfJ4IArRkGMDSFUcbMrpkOiCAWTX9GE4MyfvEhap1XnrFq7rZXrV3kcBXSIjlAFOegc1dENaqAmougRPaNX9GY9WS/Wu/Uxa12y8pkD9AfW5w95BpoB</latexit>

=

Z
p✓(⌧)R(⌧)d⌧

<latexit sha1_base64="He4krnKBZ61hHXzu5DR4XpeDFug="></latexit>

r✓Ex⇠p✓(x) [f(x)]
<latexit sha1_base64="BXVTiD68lT9tMnpCrtk5s7sV+u4="></latexit>

r✓Ex⇠g(x) [f✓(x)]

Standard gradient descent (supervised learning) REINFORCE gradient descent (RL)



Taking the gradient of sum of rewards
14

J(✓) =

Z
p✓(⌧)R(⌧)d(⌧)

<latexit sha1_base64="d8qE/esKTTTezOvSI38YS1R+n8o=">AAACHHicbVDLSsNAFJ34rPUVdelmsCjtpiQq6EYouhFXVewDmhAmk2k7dPJg5kYooR/ixl9x40IRNy4E/8Zpm4W2Hhju4Zx7mXuPnwiuwLK+jYXFpeWV1cJacX1jc2vb3NltqjiVlDVoLGLZ9oligkesARwEayeSkdAXrOUPrsZ+64FJxePoHoYJc0PSi3iXUwJa8syTm7IDfQakgo8usMMjwImXTaWRtkhawXd5DfLqmSWrak2A54mdkxLKUffMTyeIaRqyCKggSnVsKwE3IxI4FWxUdFLFEkIHpMc6mkYkZMrNJseN8KFWAtyNpX56u4n6eyIjoVLD0NedIYG+mvXG4n9eJ4XuuZvxKEmBRXT6UTcVGGI8TgoHXDIKYqgJoZLrXTHtE0ko6DyLOgR79uR50jyu2lbVvj0t1S7zOApoHx2gMrLRGaqha1RHDUTRI3pGr+jNeDJejHfjY9q6YOQze+gPjK8f1VmfVA==</latexit><latexit sha1_base64="d8qE/esKTTTezOvSI38YS1R+n8o=">AAACHHicbVDLSsNAFJ34rPUVdelmsCjtpiQq6EYouhFXVewDmhAmk2k7dPJg5kYooR/ixl9x40IRNy4E/8Zpm4W2Hhju4Zx7mXuPnwiuwLK+jYXFpeWV1cJacX1jc2vb3NltqjiVlDVoLGLZ9oligkesARwEayeSkdAXrOUPrsZ+64FJxePoHoYJc0PSi3iXUwJa8syTm7IDfQakgo8usMMjwImXTaWRtkhawXd5DfLqmSWrak2A54mdkxLKUffMTyeIaRqyCKggSnVsKwE3IxI4FWxUdFLFEkIHpMc6mkYkZMrNJseN8KFWAtyNpX56u4n6eyIjoVLD0NedIYG+mvXG4n9eJ4XuuZvxKEmBRXT6UTcVGGI8TgoHXDIKYqgJoZLrXTHtE0ko6DyLOgR79uR50jyu2lbVvj0t1S7zOApoHx2gMrLRGaqha1RHDUTRI3pGr+jNeDJejHfjY9q6YOQze+gPjK8f1VmfVA==</latexit><latexit sha1_base64="d8qE/esKTTTezOvSI38YS1R+n8o=">AAACHHicbVDLSsNAFJ34rPUVdelmsCjtpiQq6EYouhFXVewDmhAmk2k7dPJg5kYooR/ixl9x40IRNy4E/8Zpm4W2Hhju4Zx7mXuPnwiuwLK+jYXFpeWV1cJacX1jc2vb3NltqjiVlDVoLGLZ9oligkesARwEayeSkdAXrOUPrsZ+64FJxePoHoYJc0PSi3iXUwJa8syTm7IDfQakgo8usMMjwImXTaWRtkhawXd5DfLqmSWrak2A54mdkxLKUffMTyeIaRqyCKggSnVsKwE3IxI4FWxUdFLFEkIHpMc6mkYkZMrNJseN8KFWAtyNpX56u4n6eyIjoVLD0NedIYG+mvXG4n9eJ4XuuZvxKEmBRXT6UTcVGGI8TgoHXDIKYqgJoZLrXTHtE0ko6DyLOgR79uR50jyu2lbVvj0t1S7zOApoHx2gMrLRGaqha1RHDUTRI3pGr+jNeDJejHfjY9q6YOQze+gPjK8f1VmfVA==</latexit><latexit sha1_base64="d8qE/esKTTTezOvSI38YS1R+n8o=">AAACHHicbVDLSsNAFJ34rPUVdelmsCjtpiQq6EYouhFXVewDmhAmk2k7dPJg5kYooR/ixl9x40IRNy4E/8Zpm4W2Hhju4Zx7mXuPnwiuwLK+jYXFpeWV1cJacX1jc2vb3NltqjiVlDVoLGLZ9oligkesARwEayeSkdAXrOUPrsZ+64FJxePoHoYJc0PSi3iXUwJa8syTm7IDfQakgo8usMMjwImXTaWRtkhawXd5DfLqmSWrak2A54mdkxLKUffMTyeIaRqyCKggSnVsKwE3IxI4FWxUdFLFEkIHpMc6mkYkZMrNJseN8KFWAtyNpX56u4n6eyIjoVLD0NedIYG+mvXG4n9eJ4XuuZvxKEmBRXT6UTcVGGI8TgoHXDIKYqgJoZLrXTHtE0ko6DyLOgR79uR50jyu2lbVvj0t1S7zOApoHx2gMrLRGaqha1RHDUTRI3pGr+jNeDJejHfjY9q6YOQze+gPjK8f1VmfVA==</latexit>

r✓J(✓) = r✓

Z
p✓(⌧)R(⌧)d(⌧)

=

Z
r✓p✓(⌧)R(⌧)d(⌧)

<latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="KbQyEfAiPlGqZ/cbEFHiVE7LYpM="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="KbQyEfAiPlGqZ/cbEFHiVE7LYpM="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit>

=

Z
p✓(⌧)

p✓(⌧)
r✓p✓(⌧)R(⌧)d(⌧)

<latexit sha1_base64="aRIjfDlzPYVLStPJ4YB+yA7Qf4Q=">AAACSnicbVA9SwNBEN2LXzF+RS1tFoOgTbgTQRshaGMZxUQhF8LcZi9Zsrd37M4J4cjvs7Gy80fYWChi4yY5RBMHlnm894bZeUEihUHXfXEKC4tLyyvF1dLa+sbmVnl7p2niVDPeYLGM9X0AhkuheAMFSn6faA5RIPldMLgc63cPXBsRq1scJrwdQU+JUDBAS3XKcE59oZD6oQaWJZ3Mxz5HGB36COnRaJ6hvoJAwg9NZx30Ju/dae+UK27VnRSdB14OKiSveqf87HdjlkZcIZNgTMtzE2xnoFEwyUclPzU8ATaAHm9ZqCDipp1NohjRA8t0aRhr++xZE/b3RAaRMcMosM4IsG9mtTH5n9ZKMTxrZ0IlKXLFpovCVFKM6ThX2hWaM5RDC4BpYf9KWR9sqGjTL9kQvNmT50HzuOq5Ve/6pFK7yOMokj2yTw6JR05JjVyROmkQRh7JK3knH86T8+Z8Ol9Ta8HJZ3bJnyosfgP2UrNZ</latexit><latexit sha1_base64="aRIjfDlzPYVLStPJ4YB+yA7Qf4Q=">AAACSnicbVA9SwNBEN2LXzF+RS1tFoOgTbgTQRshaGMZxUQhF8LcZi9Zsrd37M4J4cjvs7Gy80fYWChi4yY5RBMHlnm894bZeUEihUHXfXEKC4tLyyvF1dLa+sbmVnl7p2niVDPeYLGM9X0AhkuheAMFSn6faA5RIPldMLgc63cPXBsRq1scJrwdQU+JUDBAS3XKcE59oZD6oQaWJZ3Mxz5HGB36COnRaJ6hvoJAwg9NZx30Ju/dae+UK27VnRSdB14OKiSveqf87HdjlkZcIZNgTMtzE2xnoFEwyUclPzU8ATaAHm9ZqCDipp1NohjRA8t0aRhr++xZE/b3RAaRMcMosM4IsG9mtTH5n9ZKMTxrZ0IlKXLFpovCVFKM6ThX2hWaM5RDC4BpYf9KWR9sqGjTL9kQvNmT50HzuOq5Ve/6pFK7yOMokj2yTw6JR05JjVyROmkQRh7JK3knH86T8+Z8Ol9Ta8HJZ3bJnyosfgP2UrNZ</latexit><latexit sha1_base64="aRIjfDlzPYVLStPJ4YB+yA7Qf4Q=">AAACSnicbVA9SwNBEN2LXzF+RS1tFoOgTbgTQRshaGMZxUQhF8LcZi9Zsrd37M4J4cjvs7Gy80fYWChi4yY5RBMHlnm894bZeUEihUHXfXEKC4tLyyvF1dLa+sbmVnl7p2niVDPeYLGM9X0AhkuheAMFSn6faA5RIPldMLgc63cPXBsRq1scJrwdQU+JUDBAS3XKcE59oZD6oQaWJZ3Mxz5HGB36COnRaJ6hvoJAwg9NZx30Ju/dae+UK27VnRSdB14OKiSveqf87HdjlkZcIZNgTMtzE2xnoFEwyUclPzU8ATaAHm9ZqCDipp1NohjRA8t0aRhr++xZE/b3RAaRMcMosM4IsG9mtTH5n9ZKMTxrZ0IlKXLFpovCVFKM6ThX2hWaM5RDC4BpYf9KWR9sqGjTL9kQvNmT50HzuOq5Ve/6pFK7yOMokj2yTw6JR05JjVyROmkQRh7JK3knH86T8+Z8Ol9Ta8HJZ3bJnyosfgP2UrNZ</latexit><latexit sha1_base64="aRIjfDlzPYVLStPJ4YB+yA7Qf4Q=">AAACSnicbVA9SwNBEN2LXzF+RS1tFoOgTbgTQRshaGMZxUQhF8LcZi9Zsrd37M4J4cjvs7Gy80fYWChi4yY5RBMHlnm894bZeUEihUHXfXEKC4tLyyvF1dLa+sbmVnl7p2niVDPeYLGM9X0AhkuheAMFSn6faA5RIPldMLgc63cPXBsRq1scJrwdQU+JUDBAS3XKcE59oZD6oQaWJZ3Mxz5HGB36COnRaJ6hvoJAwg9NZx30Ju/dae+UK27VnRSdB14OKiSveqf87HdjlkZcIZNgTMtzE2xnoFEwyUclPzU8ATaAHm9ZqCDipp1NohjRA8t0aRhr++xZE/b3RAaRMcMosM4IsG9mtTH5n9ZKMTxrZ0IlKXLFpovCVFKM6ThX2hWaM5RDC4BpYf9KWR9sqGjTL9kQvNmT50HzuOq5Ve/6pFK7yOMokj2yTw6JR05JjVyROmkQRh7JK3knH86T8+Z8Ol9Ta8HJZ3bJnyosfgP2UrNZ</latexit>

=

Z
p✓(⌧)r✓ log p✓(⌧)R(⌧)d(⌧)

<latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit><latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit><latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit><latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit>

= Ep✓(⌧) [r✓ log p✓(⌧)R(⌧)]
<latexit sha1_base64="HzuI8G6Zlq9euP44/tN35N/homQ="></latexit><latexit sha1_base64="HzuI8G6Zlq9euP44/tN35N/homQ="></latexit><latexit sha1_base64="HzuI8G6Zlq9euP44/tN35N/homQ="></latexit><latexit sha1_base64="HzuI8G6Zlq9euP44/tN35N/homQ="></latexit>

r✓J(✓) = r✓

Z
p✓(⌧)R(⌧)d(⌧)

=

Z
r✓p✓(⌧)R(⌧)d(⌧)

<latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="KbQyEfAiPlGqZ/cbEFHiVE7LYpM="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="fdNhjRsFcbAFICimAplgz+ZAq68="></latexit><latexit sha1_base64="KbQyEfAiPlGqZ/cbEFHiVE7LYpM="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit><latexit sha1_base64="usc/IeQMlT6vdK75r2DJcs16YpE="></latexit>

REINFORCE trick



Taking the gradient of return
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p✓(⌧) = p(s0)⇧
T�1
t=0 p(st+1|st, at)⇡(at|st)

<latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="bowqiUtHTngvOZFQeIiF3znh4tY="></latexit><latexit sha1_base64="bowqiUtHTngvOZFQeIiF3znh4tY="></latexit><latexit sha1_base64="LPZ4lplViOspHoFXD0QZdyVQn0k="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit><latexit sha1_base64="9wJw4pGqNWX1mTOpKrc32AyHl8U="></latexit>

log p✓(⌧) = log p(s0) +
T�1X

t=0

log p(st+1|st, at) + log ⇡(at|st)
<latexit sha1_base64="b0JCduaMGt4Ijd8p+kjRfFCsYYg="></latexit><latexit sha1_base64="b0JCduaMGt4Ijd8p+kjRfFCsYYg="></latexit><latexit sha1_base64="b0JCduaMGt4Ijd8p+kjRfFCsYYg="></latexit><latexit sha1_base64="b0JCduaMGt4Ijd8p+kjRfFCsYYg="></latexit>

r✓ log p✓(⌧) = r✓ log p(s0) +
T�1X

t=0

r✓ log p(st+1|st, at) +r✓ log ⇡(at|st)
<latexit sha1_base64="UaxZslKJl0EtHotJ0Ir9Z+lm6F8="></latexit><latexit sha1_base64="UaxZslKJl0EtHotJ0Ir9Z+lm6F8="></latexit><latexit sha1_base64="UaxZslKJl0EtHotJ0Ir9Z+lm6F8="></latexit><latexit sha1_base64="UaxZslKJl0EtHotJ0Ir9Z+lm6F8="></latexit>

r✓ log p✓(⌧) =
T�1X

t=0

r✓ log ⇡(at|st)
<latexit sha1_base64="GhBHJCeBewIT8QGvxYVLtdWw0nI="></latexit><latexit sha1_base64="GhBHJCeBewIT8QGvxYVLtdWw0nI="></latexit><latexit sha1_base64="GhBHJCeBewIT8QGvxYVLtdWw0nI="></latexit><latexit sha1_base64="GhBHJCeBewIT8QGvxYVLtdWw0nI="></latexit>

Model Free!!

Dynamics PolicyInitial State



Taking the gradient of return
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r✓J(✓) = E⌧⇠p✓(⌧)

"
r✓ log p✓(⌧)

TX

t=0

r(st, at)

#

<latexit sha1_base64="vyjNZvGGYmtBiCrD+SNZqxDWmB4="></latexit><latexit sha1_base64="vyjNZvGGYmtBiCrD+SNZqxDWmB4="></latexit><latexit sha1_base64="vyjNZvGGYmtBiCrD+SNZqxDWmB4="></latexit><latexit sha1_base64="vyjNZvGGYmtBiCrD+SNZqxDWmB4="></latexit>

r✓J(✓) = E s0⇠p(s0)
st+1⇠p(st+1|st,at)

at⇠⇡(at|st)

"
TX

t=0

r✓ log ⇡✓(at|st)
TX

t0=0

r(st, at)

#

<latexit sha1_base64="5RrVWP0QuhC5PWGoLmnx0HOKV+I="></latexit><latexit sha1_base64="5RrVWP0QuhC5PWGoLmnx0HOKV+I="></latexit><latexit sha1_base64="5RrVWP0QuhC5PWGoLmnx0HOKV+I="></latexit><latexit sha1_base64="5RrVWP0QuhC5PWGoLmnx0HOKV+I="></latexit>

⇡ 1

N

NX

i=0

TX

t=0

r✓ log ⇡✓(a
i
t|sit)

TX

t0=0

r(sit0 , a
i
t0)

<latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="XPy93Lla4KCO4tGQBCoCnSkrHcY="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit>

(approximating using samples)



What does this mean?
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r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧

<latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="CxHuwvD1IJWel5f6cgkGaxxVsT8=">AAACO3icbZA9SwNBEIbn/IzxK9raLAZBm3Bno40g2IhVBKOB3BHmNptkcW/v2J0TwpFfZ2Nt50+wsVDE1s0HookDyz687ww7+8aZkpZ8/8VbWFxaXlktrZXXNza3tis7G7c2zQ0XDZ6q1DRjtEJJLRokSYlmZgQmsRJ38f3FyL97EMbKVN/QIBNRgj0tu5IjOaldiUKNscJ2EVJfEA7Z1eGEjtgZC6Umlv14zsH8iM1OhCrtzXd1Rle7UvVr/rjYPARTqMK06u3Kc9hJeZ4ITVyhta3Azygq0JDkSgzLYW5Fhvwee6LlUGMibFSMYxiyA6d0WDc17rjFx+rviQITawdJ7DoTpL6d9Ubif14rp+5pVEid5SQ0nzzUzRWjlI0yZR1pBCc1cIDcSLcr4300yMklX3YhBLNfnofb41rg14JrH0qwB/twCAGcwDlcQh0awOERXuEdPrwn7837nMS14E1z24U/5X19A3+hsNs=</latexit><latexit sha1_base64="CxHuwvD1IJWel5f6cgkGaxxVsT8=">AAACO3icbZA9SwNBEIbn/IzxK9raLAZBm3Bno40g2IhVBKOB3BHmNptkcW/v2J0TwpFfZ2Nt50+wsVDE1s0HookDyz687ww7+8aZkpZ8/8VbWFxaXlktrZXXNza3tis7G7c2zQ0XDZ6q1DRjtEJJLRokSYlmZgQmsRJ38f3FyL97EMbKVN/QIBNRgj0tu5IjOaldiUKNscJ2EVJfEA7Z1eGEjtgZC6Umlv14zsH8iM1OhCrtzXd1Rle7UvVr/rjYPARTqMK06u3Kc9hJeZ4ITVyhta3Azygq0JDkSgzLYW5Fhvwee6LlUGMibFSMYxiyA6d0WDc17rjFx+rviQITawdJ7DoTpL6d9Ubif14rp+5pVEid5SQ0nzzUzRWjlI0yZR1pBCc1cIDcSLcr4300yMklX3YhBLNfnofb41rg14JrH0qwB/twCAGcwDlcQh0awOERXuEdPrwn7837nMS14E1z24U/5X19A3+hsNs=</latexit><latexit sha1_base64="oGz+vFjJl3NXcWrTbh/Ne4zJSUQ=">AAACRnicbVC7SgNBFL0b3/EVtbQZDII2YddGG0G0ESsFo0J2CXcnk2RwdnaZuSuEJV9nY23nJ9hYKGLr5IFo4oVhDufB3DlxpqQl33/xSjOzc/MLi0vl5ZXVtfXKxuaNTXPDRZ2nKjV3MVqhpBZ1kqTEXWYEJrESt/H92UC/fRDGylRfUy8TUYIdLduSIzmqWYlCjbHCZhFSVxD22cXeCO2zYxZKTSz70ZyC+T6bTIQq7Uy7WoOrWan6NX84bBoEY1CF8Vw2K89hK+V5IjRxhdY2Aj+jqEBDkivRL4e5FRnye+yIhoMaE2GjYlhDn+06psXaqXHHLT5kfycKTKztJbFzJkhdO6kNyP+0Rk7to6iQOstJaD56qJ0rRikbdMpa0ghOqucAciPdrox30SAn13zZlRBMfnka3BzUAr8WXPnVk9NxHYuwDTuwBwEcwgmcwyXUgcMjvMI7fHhP3pv36X2NrCVvnNmCP1OCbx5zsYk=</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit>

Increase the likelihood of actions in high return trajectories

D
en

sit
y

Action

R = 100

R = 30

R = -10

⇡ 1

N

NX

i=0

TX

t=0

r✓ log ⇡✓(a
i
t|sit)

TX

t0=0

r(sit0 , a
i
t0)

<latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="XPy93Lla4KCO4tGQBCoCnSkrHcY="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit>



Resulting Algorithm (REINFORCE)
18

r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧

<latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="CxHuwvD1IJWel5f6cgkGaxxVsT8=">AAACO3icbZA9SwNBEIbn/IzxK9raLAZBm3Bno40g2IhVBKOB3BHmNptkcW/v2J0TwpFfZ2Nt50+wsVDE1s0HookDyz687ww7+8aZkpZ8/8VbWFxaXlktrZXXNza3tis7G7c2zQ0XDZ6q1DRjtEJJLRokSYlmZgQmsRJ38f3FyL97EMbKVN/QIBNRgj0tu5IjOaldiUKNscJ2EVJfEA7Z1eGEjtgZC6Umlv14zsH8iM1OhCrtzXd1Rle7UvVr/rjYPARTqMK06u3Kc9hJeZ4ITVyhta3Azygq0JDkSgzLYW5Fhvwee6LlUGMibFSMYxiyA6d0WDc17rjFx+rviQITawdJ7DoTpL6d9Ubif14rp+5pVEid5SQ0nzzUzRWjlI0yZR1pBCc1cIDcSLcr4300yMklX3YhBLNfnofb41rg14JrH0qwB/twCAGcwDlcQh0awOERXuEdPrwn7837nMS14E1z24U/5X19A3+hsNs=</latexit><latexit sha1_base64="CxHuwvD1IJWel5f6cgkGaxxVsT8=">AAACO3icbZA9SwNBEIbn/IzxK9raLAZBm3Bno40g2IhVBKOB3BHmNptkcW/v2J0TwpFfZ2Nt50+wsVDE1s0HookDyz687ww7+8aZkpZ8/8VbWFxaXlktrZXXNza3tis7G7c2zQ0XDZ6q1DRjtEJJLRokSYlmZgQmsRJ38f3FyL97EMbKVN/QIBNRgj0tu5IjOaldiUKNscJ2EVJfEA7Z1eGEjtgZC6Umlv14zsH8iM1OhCrtzXd1Rle7UvVr/rjYPARTqMK06u3Kc9hJeZ4ITVyhta3Azygq0JDkSgzLYW5Fhvwee6LlUGMibFSMYxiyA6d0WDc17rjFx+rviQITawdJ7DoTpL6d9Ubif14rp+5pVEid5SQ0nzzUzRWjlI0yZR1pBCc1cIDcSLcr4300yMklX3YhBLNfnofb41rg14JrH0qwB/twCAGcwDlcQh0awOERXuEdPrwn7837nMS14E1z24U/5X19A3+hsNs=</latexit><latexit sha1_base64="oGz+vFjJl3NXcWrTbh/Ne4zJSUQ=">AAACRnicbVC7SgNBFL0b3/EVtbQZDII2YddGG0G0ESsFo0J2CXcnk2RwdnaZuSuEJV9nY23nJ9hYKGLr5IFo4oVhDufB3DlxpqQl33/xSjOzc/MLi0vl5ZXVtfXKxuaNTXPDRZ2nKjV3MVqhpBZ1kqTEXWYEJrESt/H92UC/fRDGylRfUy8TUYIdLduSIzmqWYlCjbHCZhFSVxD22cXeCO2zYxZKTSz70ZyC+T6bTIQq7Uy7WoOrWan6NX84bBoEY1CF8Vw2K89hK+V5IjRxhdY2Aj+jqEBDkivRL4e5FRnye+yIhoMaE2GjYlhDn+06psXaqXHHLT5kfycKTKztJbFzJkhdO6kNyP+0Rk7to6iQOstJaD56qJ0rRikbdMpa0ghOqucAciPdrox30SAn13zZlRBMfnka3BzUAr8WXPnVk9NxHYuwDTuwBwEcwgmcwyXUgcMjvMI7fHhP3pv36X2NrCVvnNmCP1OCbx5zsYk=</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit>

Collect Data Take Gradient 
Step

On-policy



REINFORCE Pseudocode
18

à Simply subtract baseline

à Sum up reward to go

à Regression to learn baseline



How is this related to supervised learning?
19

PG = select good data + increase likelihood of selected data

r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧

<latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="CxHuwvD1IJWel5f6cgkGaxxVsT8=">AAACO3icbZA9SwNBEIbn/IzxK9raLAZBm3Bno40g2IhVBKOB3BHmNptkcW/v2J0TwpFfZ2Nt50+wsVDE1s0HookDyz687ww7+8aZkpZ8/8VbWFxaXlktrZXXNza3tis7G7c2zQ0XDZ6q1DRjtEJJLRokSYlmZgQmsRJ38f3FyL97EMbKVN/QIBNRgj0tu5IjOaldiUKNscJ2EVJfEA7Z1eGEjtgZC6Umlv14zsH8iM1OhCrtzXd1Rle7UvVr/rjYPARTqMK06u3Kc9hJeZ4ITVyhta3Azygq0JDkSgzLYW5Fhvwee6LlUGMibFSMYxiyA6d0WDc17rjFx+rviQITawdJ7DoTpL6d9Ubif14rp+5pVEid5SQ0nzzUzRWjlI0yZR1pBCc1cIDcSLcr4300yMklX3YhBLNfnofb41rg14JrH0qwB/twCAGcwDlcQh0awOERXuEdPrwn7837nMS14E1z24U/5X19A3+hsNs=</latexit><latexit sha1_base64="CxHuwvD1IJWel5f6cgkGaxxVsT8=">AAACO3icbZA9SwNBEIbn/IzxK9raLAZBm3Bno40g2IhVBKOB3BHmNptkcW/v2J0TwpFfZ2Nt50+wsVDE1s0HookDyz687ww7+8aZkpZ8/8VbWFxaXlktrZXXNza3tis7G7c2zQ0XDZ6q1DRjtEJJLRokSYlmZgQmsRJ38f3FyL97EMbKVN/QIBNRgj0tu5IjOaldiUKNscJ2EVJfEA7Z1eGEjtgZC6Umlv14zsH8iM1OhCrtzXd1Rle7UvVr/rjYPARTqMK06u3Kc9hJeZ4ITVyhta3Azygq0JDkSgzLYW5Fhvwee6LlUGMibFSMYxiyA6d0WDc17rjFx+rviQITawdJ7DoTpL6d9Ubif14rp+5pVEid5SQ0nzzUzRWjlI0yZR1pBCc1cIDcSLcr4300yMklX3YhBLNfnofb41rg14JrH0qwB/twCAGcwDlcQh0awOERXuEdPrwn7837nMS14E1z24U/5X19A3+hsNs=</latexit><latexit sha1_base64="oGz+vFjJl3NXcWrTbh/Ne4zJSUQ=">AAACRnicbVC7SgNBFL0b3/EVtbQZDII2YddGG0G0ESsFo0J2CXcnk2RwdnaZuSuEJV9nY23nJ9hYKGLr5IFo4oVhDufB3DlxpqQl33/xSjOzc/MLi0vl5ZXVtfXKxuaNTXPDRZ2nKjV3MVqhpBZ1kqTEXWYEJrESt/H92UC/fRDGylRfUy8TUYIdLduSIzmqWYlCjbHCZhFSVxD22cXeCO2zYxZKTSz70ZyC+T6bTIQq7Uy7WoOrWan6NX84bBoEY1CF8Vw2K89hK+V5IjRxhdY2Aj+jqEBDkivRL4e5FRnye+yIhoMaE2GjYlhDn+06psXaqXHHLT5kfycKTKztJbFzJkhdO6kNyP+0Rk7to6iQOstJaD56qJ0rRikbdMpa0ghOqucAciPdrox30SAn13zZlRBMfnka3BzUAr8WXPnVk9NxHYuwDTuwBwEcwgmcwyXUgcMjvMI7fHhP3pv36X2NrCVvnNmCP1OCbx5zsYk=</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit><latexit sha1_base64="3gB1Ja1ETH9flFH1q8rDzEhB+kE=">AAACRnicbVDLSiNBFL2d8RkfE8elm8Ig6CZ0i+BshOBsxJWCSYR0E25XKklhdXVTdVsITb7OjWt38wluZjEibq08EE28UNThPKhbJ86UtOT7f73Sj6XlldW19fLG5tb2z8rOr6ZNc8NFg6cqNbcxWqGkFg2SpMRtZgQmsRKt+O7PWG/dC2Nlqm9omIkowb6WPcmRHNWpRKHGWGGnCGkgCEfs8nCKjtgZC6Umln1oTsH8iM0nQpX2F13d8dWpVP2aPxm2CIIZqMJsrjqVp7Cb8jwRmrhCa9uBn1FUoCHJlRiVw9yKDPkd9kXbQY2JsFExqWHEDhzTZb3UuOMWn7CfEwUm1g6T2DkTpIGd18bkd1o7p97vqJA6y0loPn2olytGKRt3yrrSCE5q6AByI92ujA/QICfXfNmVEMx/eRE0j2uBXwuuT6r181kda7AH+3AIAZxCHS7gChrA4QGe4T+8eI/eP+/Ve5taS94sswtfpgTvH7OxjQ==</latexit>
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E(x,y)⇠D [log p✓(y|x)]
<latexit sha1_base64="eyxMgmB/c4OW9kDrcdgaGdT+wLU="></latexit><latexit sha1_base64="eyxMgmB/c4OW9kDrcdgaGdT+wLU="></latexit><latexit sha1_base64="eyxMgmB/c4OW9kDrcdgaGdT+wLU="></latexit><latexit sha1_base64="eyxMgmB/c4OW9kDrcdgaGdT+wLU="></latexit>
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<latexit sha1_base64="17PuyQUvUth95dyAuFiATtwoj58="></latexit><latexit sha1_base64="17PuyQUvUth95dyAuFiATtwoj58="></latexit><latexit sha1_base64="17PuyQUvUth95dyAuFiATtwoj58="></latexit><latexit sha1_base64="17PuyQUvUth95dyAuFiATtwoj58="></latexit>
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r✓ log ⇡✓(a
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i
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<latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="XPy93Lla4KCO4tGQBCoCnSkrHcY="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit>
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r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧
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High variance estimator!!
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Variance Reduction with Causality
Idea: Trajectory returns depend on past and future, but we only care about the 
future, since actions cannot affect the past. Instead, consider “return-to-go”
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Can we reduce variance further?

Arbitrarily uncentered, scaled returns can lead to huge variance:
à Imagine all rewards were positive, every action would be pushed up, some more than others
à What if instead, we pushed down some actions and pushed up some others (even if rewards are positive)

Credit: Sergey Levine

high variance



Variance Reduction with a Baseline
Idea: We can reduce variance by subtracting a current state dependent function 
from the policy gradient return 

Baseline: Centers the returns, reduces variance

But does this increase bias??
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Variance Reduction with a Baseline

Let us show this is 0!
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Variance Reduction with a Baseline
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Z
p(st)b(st)r✓

Z
⇡✓(at|st)datdst

<latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="teZTkw6SeyHl6HNO/F+TjfsSuTw=">AAACJnicbZBNSwMxEIZn/bZ+Va9egkWol7LrRY+CF48KVgvdssxmUxvMZpdkVihr/5IX/4l48aCIv8R0W0RbB0Ie3ndCZt44V9KS7795C4tLyyura+u1jc2t7Z367uaNzQrDRZtnKjOdGK1QUos2SVKikxuBaazEbXx/PvZvH4SxMtPXNMxFL8U7LfuSIzkpql+EUhPLmzaiIxZPrlBjrDAqQxoIwhGrWsJc/ihNjOixak0cscQhi+oNv+VXxeYhmEIDpnUZ1V/CJONFKjRxhdZ2Az+nXomGJFdiVAsLK3Lk93gnug41psL2ymrjETt0SsL6mXHHDVepv1+UmFo7TGPXmSIN7Kw3Fv/zugX1T3ul1HlBQvPJR/1CMcrYOD6WSCM4qaED5Ea6WRkfoEFOLuSaCyGYXXkebo5bgd8KrnxYg304gCYEcAJncAGX0AYOT/AK7/DhPXtv3uckrgVvmtse/Cnv6xurtafX</latexit><latexit sha1_base64="teZTkw6SeyHl6HNO/F+TjfsSuTw=">AAACJnicbZBNSwMxEIZn/bZ+Va9egkWol7LrRY+CF48KVgvdssxmUxvMZpdkVihr/5IX/4l48aCIv8R0W0RbB0Ie3ndCZt44V9KS7795C4tLyyura+u1jc2t7Z367uaNzQrDRZtnKjOdGK1QUos2SVKikxuBaazEbXx/PvZvH4SxMtPXNMxFL8U7LfuSIzkpql+EUhPLmzaiIxZPrlBjrDAqQxoIwhGrWsJc/ihNjOixak0cscQhi+oNv+VXxeYhmEIDpnUZ1V/CJONFKjRxhdZ2Az+nXomGJFdiVAsLK3Lk93gnug41psL2ymrjETt0SsL6mXHHDVepv1+UmFo7TGPXmSIN7Kw3Fv/zugX1T3ul1HlBQvPJR/1CMcrYOD6WSCM4qaED5Ea6WRkfoEFOLuSaCyGYXXkebo5bgd8KrnxYg304gCYEcAJncAGX0AYOT/AK7/DhPXtv3uckrgVvmtse/Cnv6xurtafX</latexit><latexit sha1_base64="dtNrL/vR4rFds8YvQR6WQWLnJNE=">AAACMXicbZDLSsQwFIZTr+N4G3XpJjgI42Zo3ehSdONSwbnAtJTTNHWCaVqSU2Go80pufBNx40IRt76Emc4g3g6EfPznP+Tkj3IpDLruszM3v7C4tFxbqa+urW9sNra2uyYrNOMdlslM9yMwXArFOyhQ8n6uOaSR5L3o5mzS791ybUSmrnCU8yCFayUSwQCtFDbOfaGQ5i0T4gGNppevIJIQlj4OOcKYVhY/F19KC0K8q6yxJRpbpGGj6bbdquhf8GbQJLO6CBuPfpyxIuUKmQRjBp6bY1CCRsEkH9f9wvAc2A1c84FFBSk3QVn9eEz3rRLTJNP22OUq9ftECakxozSyzhRwaH73JuJ/vUGByXFQCpUXyBWbPpQUkmJGJ/HRWGjOUI4sANPC7krZEDQwtCHXbQje7y//he5h23Pb3qXbPDmdxVEju2SPtIhHjsgJOScXpEMYuSdP5IW8Og/Os/PmvE+tc85sZof8KOfjE+spqW8=</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit><latexit sha1_base64="fndzScJ2RJQtgx2sMTWd0crkuqU=">AAACMXicbZDNSgMxFIUz/tb6V3XpJliEuikzIuiy6MZlBauFThnuZNI2mMkMyR2hjH0lN76JuHGhiFtfwnRaRFsvhHycey65OWEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcx7t/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk4uX0EoIch9HHCEES0sfip+lBoE+FBYI0s0skiDStWtu0XRefCmUCXTagaVZz9KWBZzhUyCMR3PTbGbg0bBJB+V/czwFNgd9HnHooKYm25e/HhED60S0V6i7bHLFerviRxiY4ZxaJ0x4MDM9sbif71Ohr2zbi5UmiFXbPJQL5MUEzqOj0ZCc4ZyaAGYFnZXygaggaENuWxD8Ga/PA83x3XPrXtXJ9XG+TSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mcWBec6cwe+VPO1zfsaalz</latexit>

Z
p(st)b(st)r✓(1)dst

<latexit sha1_base64="fhgdP8UHL9lx1+3SspjFvZ2FBx4=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoOQIIQ7EbQM2lhGMImQC8fcZpMs2ds7dueEcORH2PhXbCwUsbWw89+4+Sg08cGyj/dmmJkXJlIYdN1vJ7eyura+kd8sbG3v7O4V9w+aJk414w0Wy1jfh2C4FIo3UKDk94nmEIWSt8Lh9cRvPXBtRKzucJTwTgR9JXqCAVopKJ76QiFNyibACg1nn68glBBkPg44wrjsVWjXGjQoltyqOwVdJt6clMgc9aD45XdjlkZcIZNgTNtzE+xkoFEwyccFPzU8ATaEPm9bqiDippNNjxrTE6t0aS/W9tkVp+rvjgwiY0ZRaCsjwIFZ9Cbif147xd5lJxMqSZErNhvUSyXFmE4Sol2hOUM5sgSYFnZXygaggaHNsWBD8BZPXibNs6rnVr3b81Ltah5HnhyRY1ImHrkgNXJD6qRBGHkkz+SVvDlPzovz7nzMSnPOvOeQ/IHz+QMREZzv</latexit><latexit sha1_base64="fhgdP8UHL9lx1+3SspjFvZ2FBx4=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoOQIIQ7EbQM2lhGMImQC8fcZpMs2ds7dueEcORH2PhXbCwUsbWw89+4+Sg08cGyj/dmmJkXJlIYdN1vJ7eyura+kd8sbG3v7O4V9w+aJk414w0Wy1jfh2C4FIo3UKDk94nmEIWSt8Lh9cRvPXBtRKzucJTwTgR9JXqCAVopKJ76QiFNyibACg1nn68glBBkPg44wrjsVWjXGjQoltyqOwVdJt6clMgc9aD45XdjlkZcIZNgTNtzE+xkoFEwyccFPzU8ATaEPm9bqiDippNNjxrTE6t0aS/W9tkVp+rvjgwiY0ZRaCsjwIFZ9Cbif147xd5lJxMqSZErNhvUSyXFmE4Sol2hOUM5sgSYFnZXygaggaHNsWBD8BZPXibNs6rnVr3b81Ltah5HnhyRY1ImHrkgNXJD6qRBGHkkz+SVvDlPzovz7nzMSnPOvOeQ/IHz+QMREZzv</latexit><latexit sha1_base64="fhgdP8UHL9lx1+3SspjFvZ2FBx4=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoOQIIQ7EbQM2lhGMImQC8fcZpMs2ds7dueEcORH2PhXbCwUsbWw89+4+Sg08cGyj/dmmJkXJlIYdN1vJ7eyura+kd8sbG3v7O4V9w+aJk414w0Wy1jfh2C4FIo3UKDk94nmEIWSt8Lh9cRvPXBtRKzucJTwTgR9JXqCAVopKJ76QiFNyibACg1nn68glBBkPg44wrjsVWjXGjQoltyqOwVdJt6clMgc9aD45XdjlkZcIZNgTNtzE+xkoFEwyccFPzU8ATaEPm9bqiDippNNjxrTE6t0aS/W9tkVp+rvjgwiY0ZRaCsjwIFZ9Cbif147xd5lJxMqSZErNhvUSyXFmE4Sol2hOUM5sgSYFnZXygaggaHNsWBD8BZPXibNs6rnVr3b81Ltah5HnhyRY1ImHrkgNXJD6qRBGHkkz+SVvDlPzovz7nzMSnPOvOeQ/IHz+QMREZzv</latexit><latexit sha1_base64="fhgdP8UHL9lx1+3SspjFvZ2FBx4=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoOQIIQ7EbQM2lhGMImQC8fcZpMs2ds7dueEcORH2PhXbCwUsbWw89+4+Sg08cGyj/dmmJkXJlIYdN1vJ7eyura+kd8sbG3v7O4V9w+aJk414w0Wy1jfh2C4FIo3UKDk94nmEIWSt8Lh9cRvPXBtRKzucJTwTgR9JXqCAVopKJ76QiFNyibACg1nn68glBBkPg44wrjsVWjXGjQoltyqOwVdJt6clMgc9aD45XdjlkZcIZNgTNtzE+xkoFEwyccFPzU8ATaEPm9bqiDippNNjxrTE6t0aS/W9tkVp+rvjgwiY0ZRaCsjwIFZ9Cbif147xd5lJxMqSZErNhvUSyXFmE4Sol2hOUM5sgSYFnZXygaggaHNsWBD8BZPXibNs6rnVr3b81Ltah5HnhyRY1ImHrkgNXJD6qRBGHkkz+SVvDlPzovz7nzMSnPOvOeQ/IHz+QMREZzv</latexit>

Unbiased!
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Learning Baselines
Baselines are typically learned as deep neural nets from Rs à R1

Minimize with Monte-carlo regression at 
every iteration, club with policy loss
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Allows us to define advantages



How is this useful for robotics?
Can be used to train robots in the real world but only in limited settings



How is this useful for robotics?

More in the sim2real lecture!

Largely useful for pretraining in simulation



Pros/Cons of Policy Gradient Methods
Pros
§ Conceptually simple, easy to implement
§ Stable, good asymptotic performance
§ Compatible with deep models
§ Require minimal modeling

Cons
§ Sample inefficient
§ Unable to reuse prior data effectively à on-

policy
§ Blackbox, can be hard to debug



Lecture Outline
Recap + Policy Gradient

Basic Actor Critic Algorithms

Making Actor-Critic Practical



Why is Policy Gradient sample inefficient?

On-policy, unable to 
effectively use past data High Variance Estimator

Can we develop a low variance off-policy RL algorithm that can bootstrap from prior 
data?
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What can we do to lower variance?

r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧
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Idea: bundle this across many (s, a) with a function approximator What we actually want

What we do

Single sample estimate

Averaged return estimateFunction approximator bundles return estimates across 
states



Notation: Q functions
2
3

Average

Sum

Bundles estimates across (s, a)

Expected sum of rewards in the future, starting from (s, a) on first step, then 𝜋

Use the magic of (deep) function approximation



Estimation of Q-Functions
2
4

Monte-carlo approximation

Idea: Regression from (s, a) to Monte-Carlo estimate

Unbiased, but high variance!State
Action Return to Go



Can we do better?
2
4

Much lower variance if estimated well

Has special structure we can exploit!!

Can be learned off-policy!



Recursive structure in Q functions
2
5

Q functions have special recursive 
structure!

Bellman 
equation

Decompose temporally via dynamic programming

Can be from 
different policies

<latexit sha1_base64="8zr9Yh+IfZD49MtMC6Lb/S8f3KA="></latexit>

Q⇡(st, at) = r(st, at) + E st+1⇠p(.|st,at)
at+1⇠⇡✓(.|st+1)

[Q⇡(st+1, at+1)]



Learning Q-functions via Dynamic Programming

Bellman 
equation

Same function 
approximator

How can we convert this recursion into a learning 
objective?

Can train via 
GD!

Off-
policy

Note: this may look like gradient descent on Bellman error, it is not!

Policy Evaluation: Try to minimize Bellman Error 
(almost)

<latexit sha1_base64="j84Xf8wJCsRYAJFRqeLNETlubk4="></latexit>

min
�

E(st,at,st+1)⇠D

<latexit sha1_base64="nQNE04rfWhz9gqCPq1noZIKZcIw="></latexit>

Q⇡(st, at) = r(st, at) + E st+1⇠p(.|st,at)
at+1⇠⇡✓(.|st+1)

[Q⇡(st+1, at+1]



Improving Policies with Learned Q-functions
Policy Improvement: Improve policy with policy gradient

<latexit sha1_base64="j80vfwXacgKwLRNd+84xzqcfhRE="></latexit>

max
✓

Es⇠D,a⇠⇡✓(a|s) [Q
⇡✓ (s, a)]

Replace Monte-Carlo sum of rewards with learned Q function

Lowers variance compared to policy gradient!



Policy Updates – REINFORCE or Reparameterization
Let’s look a little deeper into the policy update

Likelihood Ratio/Score Function Pathwise derivative/Reparameterization

Lower varianceEasier to Apply to Broad Policy Class

<latexit sha1_base64="uU8kRLkXvHWRrlekPS+FUf0Rba8="></latexit>

max
✓

J(✓) = max
✓

Es⇠DEa⇠⇡✓(.|s) [Q
⇡(s, a)]

<latexit sha1_base64="o9bSXEvvUGz8GTdO1rrS4HkrI2Y="></latexit>

r✓J(✓) = Es⇠DEa⇠⇡✓(.|s) [r✓ log ⇡✓(a|s)Q⇡(s, a)]
<latexit sha1_base64="bX21ve+534x21lcobJq1A2TUlVo="></latexit>

r✓J(✓) = Es⇠DEz⇠p(z) [raQ
⇡(s, a)|a=µ✓+z�✓r✓(µ✓ + z�✓)]



Actor-Critic:  Policy Gradient in terms of Q functions

Collect 
Data

Learn Q function 
via Bellman

Actor: updated using learned critic (Policy Improvement)

Critic: learned via the Bellman update (Policy Evaluation)

Take Gradient 
Step on 𝜋

Lowers variance and is off-policy!

<latexit sha1_base64="Gp4op7xWb16snFivQkIS9Qt/GI4="></latexit>

min
�

E(st,at,st+1)⇠D
⇥
(Q⇡

�(st, at)� (r(st, at) + Eat+1⇠⇡(.|st+1)

⇥
Q�̄(st+1, at+1)

⇤
))2

⇤



Actor-Critic in Action



Lecture Outline
Recap + Policy Gradient

Basic Actor Critic Algorithms

Making Actor-Critic Practical



Going from Batch Updates to Online Updates
This algorithm can go from full batch mode to fully online updates

Collect 
Data

Learn Q function 
via Bellman

Actor: 1 gradient 
step on policy 

gradient

Critic: 1 gradient step on 
Bellman error

Take Gradient 
Step on pi

1 sample

Target 
Update

Allows for much more immediate updates



Challenges of doing online updates

When updates are performed online, two issues persist: 
1. Correlated updates since samples are correlated
2. Optimization objective changes constantly, unstable

Collect 
Data

Learn Q function 
via Bellman

Actor: 1 gradient 
step on policy 

gradient

Critic: 1 gradient step on 
Bellman error

Take Gradient 
Step on pi

1 sample

Target 
Update



Decorrelating updates with replay buffers
2
7

Updates can be decorrelated by storing and shuffling data in a replay buffer 

Instead of doing updates in order, 
sample batches from replay buffer

How?

1. Sample uniformly
2. Prioritize by TD-error
3. Prioritize by target error
4. … open area of research!

<latexit sha1_base64="YPN6HWASVu1hWz7oAMMZz2HVXQI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFXbisYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5mg2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnYu6d1lvPDRqzZuijjKcwCmcgwdX0IR7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/d8uRYw==</latexit>D

Sampled from replay buffer



Slowing moving targets with target networks
2
7

Continuous updates can be unstable since there is a churn of projection and backup

If we set       to      every update, the update becomes very unstable

Move      to      slowly!

Polyak averaging

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="EKtXfS7WrSxxvvbMmN5d5kqVU9Y=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy223bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6JmgkvWNNwI1kkUwygUrB2Ob2d++4kpzWP5YCYJCyIcSj7gFI2VHv0QVeYnIz7tlStu1Z2DrBIvJxXI0eiVv/x+TNOISUMFat313MQEGSrDqWDTkp9qliAd45B1LZUYMR1k84un5MwqfTKIlS1pyFz9PZFhpPUkCm1nhGakl72Z+J/XTc3gOsi4TFLDJF0sGqSCmJjM3id9rhg1YmIJUsXtrYSOUCE1NqSSDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ANuTkQ0=</latexit>

�̄

<latexit sha1_base64="EKtXfS7WrSxxvvbMmN5d5kqVU9Y=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oUy223bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6JmgkvWNNwI1kkUwygUrB2Ob2d++4kpzWP5YCYJCyIcSj7gFI2VHv0QVeYnIz7tlStu1Z2DrBIvJxXI0eiVv/x+TNOISUMFat313MQEGSrDqWDTkp9qliAd45B1LZUYMR1k84un5MwqfTKIlS1pyFz9PZFhpPUkCm1nhGakl72Z+J/XTc3gOsi4TFLDJF0sGqSCmJjM3id9rhg1YmIJUsXtrYSOUCE1NqSSDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ANuTkQ0=</latexit>

�̄
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="cu2lzjoJGVk8nJSlfO9sU7Vze0U=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoFMuMFHUjFN24rGAf0BlKJk3b0MyD5I5Qhn6EG3/FjQtF3Lpw59+YaQfU1gOBk3POJbnHiwRXYFlfRm5peWV1Lb9e2Njc2t4xd/eaKowlZQ0ailC2PaKY4AFrAAfB2pFkxPcEa3mj69Rv3TOpeBjcwThirk8GAe9zSkBLXbPseEQmTjTkE3yJS/aJAyQ+xqmAyzi9/AS6ZtGqWFPgRWJnpIgy1Lvmp9MLaeyzAKggSnVsKwI3IRI4FWxScGLFIkJHZMA6mgbEZ8pNpktN8JFWergfSn0CwFP190RCfKXGvqeTPoGhmvdS8T+vE0P/wk14EMXAAjp7qB8LDCFOG8I9LhkFMdaEUMn1XzEdEkko6B4LugR7fuVF0jyt2GeV6m21WLvK6sijA3SISshG56iGblAdNRBFD+gJvaBX49F4Nt6M91k0Z2Qz++gPjI9vkfKdTg==</latexit>

�̄ = (1� ⌧)�+ ⌧ �̄



A Practical Off-Policy RL Algorithm
2
7

Collect 
Data

Learn Q function 
via Bellman

Actor: 1 gradient 
step on policy 

gradient

Critic: 1 gradient step on 
Bellman error

Take Gradient 
Step on pi

1 sample

Target 
Update

Polyak
Averaging

Add to 
Buffer Sample batch from buffer



Simplify -- Can we get rid of a parametric actor?

Critic Update

Actor Update

What if we removed this explicit actor completely?



Directly Learning Q*

min
�

E(s,a,s0)⇠D

"
Q⇡

�(st, at)� (r(st, at) + max
at+1

⇥
Q�̄(st+1, at+1)

⇤
)

�2#

<latexit sha1_base64="jUNgAs7pIhItVAQV0FaDR/yiURg="></latexit><latexit sha1_base64="jUNgAs7pIhItVAQV0FaDR/yiURg="></latexit><latexit sha1_base64="jUNgAs7pIhItVAQV0FaDR/yiURg="></latexit><latexit sha1_base64="jUNgAs7pIhItVAQV0FaDR/yiURg="></latexit>

⇡(a|s) = max
a

Q(s, a)
<latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="JWcpfwZm91PYbWLemjOvK63u8EA=">AAAB+XicbZBLSwMxFIXv1FetVUe33QSL0IKUGTe6EQQ3LluwD+gM5U6atqGZB0lGLGMXbvwrblwo4h9x578xfSy09UDg45yEm3uCRHClHefbym1sbm3v5HcLe8X9g0P7qNhScSopa9JYxLIToGKCR6ypuRask0iGYSBYOxjfzPL2PZOKx9GdniTMD3EY8QGnqI3Vs0tewiv4qKrkinghPvQynJJGRZ0RrPbsslNz5iLr4C6hDEvVe/aX149pGrJIU4FKdV0n0X6GUnMq2LTgpYolSMc4ZF2DEYZM+dl8iSk5NU6fDGJpTqTJ3P39IsNQqUkYmJsh6pFazWbmf1k31YNLP+NRkmoW0cWgQSqIjsmsEdLnklEtJgaQSm7+SugIJVJteiuYEtzVldehdV5znZrbcCAPJTiBCrhwAddwC3VoAoUneIE3eLeerVfrY1FXzlr2dgx/ZH3+AGQ1lNk=</latexit><latexit sha1_base64="JWcpfwZm91PYbWLemjOvK63u8EA=">AAAB+XicbZBLSwMxFIXv1FetVUe33QSL0IKUGTe6EQQ3LluwD+gM5U6atqGZB0lGLGMXbvwrblwo4h9x578xfSy09UDg45yEm3uCRHClHefbym1sbm3v5HcLe8X9g0P7qNhScSopa9JYxLIToGKCR6ypuRask0iGYSBYOxjfzPL2PZOKx9GdniTMD3EY8QGnqI3Vs0tewiv4qKrkinghPvQynJJGRZ0RrPbsslNz5iLr4C6hDEvVe/aX149pGrJIU4FKdV0n0X6GUnMq2LTgpYolSMc4ZF2DEYZM+dl8iSk5NU6fDGJpTqTJ3P39IsNQqUkYmJsh6pFazWbmf1k31YNLP+NRkmoW0cWgQSqIjsmsEdLnklEtJgaQSm7+SugIJVJteiuYEtzVldehdV5znZrbcCAPJTiBCrhwAddwC3VoAoUneIE3eLeerVfrY1FXzlr2dgx/ZH3+AGQ1lNk=</latexit><latexit sha1_base64="KnnzfxjtxKpklyftZok5pvspVC4=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFakJK40Y1QdOOyBfuAJoSb6aQdOnkwMxFL7MKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HuPn3AmlWV9Gyura+sbm4Wt4vbO7t6+eXDYlnEqCG2RmMei64OknEW0pZjitJsICqHPaccfXU/9zh0VksXRrRon1A1hELGAEVBa8sySk7AKPMgqvsROCPdeBhPcrMhTDFXPLFs1awa8TOyclFGOhmd+Of2YpCGNFOEgZc+2EuVmIBQjnE6KTippAmQEA9rTNIKQSjebPTHBJ1rp4yAWuiKFZ+rviQxCKcehrztDUEO56E3F/7xeqoILN2NRkioakfmiIOVYxXiaCO4zQYniY02ACKZvxWQIAojSuRV1CPbiy8ukfVazrZrdtMr1qzyOAiqhY1RBNjpHdXSDGqiFCHpEz+gVvRlPxovxbnzMW1eMfOYI/YHx+QPY15ZE</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit><latexit sha1_base64="sl5kodOfZMV6dX39NS+BZcr14pM=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQxCAhJ2RdCLEPTiMQHzgGRZeiezyZDZBzOzYlhz8OKvePGgiFc/wpt/4yTZgyYWNBRV3XR3eTFnUlnWt5FbWV1b38hvFra2d3b3zP2DlowSQWiTRDwSHQ8k5SykTcUUp51YUAg8Ttve6Hrqt++okCwKb9U4pk4Ag5D5jIDSkmsWezErw4Os4EvcC+DeTWGCG2V5gqHimiWras2Al4mdkRLKUHfNr14/IklAQ0U4SNm1rVg5KQjFCKeTQi+RNAYyggHtahpCQKWTzp6Y4GOt9LEfCV2hwjP190QKgZTjwNOdAaihXPSm4n9eN1H+hZOyME4UDcl8kZ9wrCI8TQT3maBE8bEmQATTt2IyBAFE6dwKOgR78eVl0jqt2lbVbpyValdZHHlUREeojGx0jmroBtVRExH0iJ7RK3oznowX4934mLfmjGzmEP2B8fkD2heWSA==</latexit>

Collect 
Data

Learn Q function 
via Bellman Critic: 1 gradient step on 

Bellman error
1 sample

Target 
Update

Polyak
Averaging

Add to 
Buffer Sample batch from buffer

No actor updates, just learn Q!

Directly do max in the Bellman update



How can we maximize w.r.t a?

⇡(a|s) = max
a

Q(s, a)
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Analytic maximization can be very difficult to perform in continuous action spaces
Much easier in discrete spaces! à just do categorical max!

Some ideas to do maximization: 
1. Sampling based (QT-opt  (Kalashnikov et al))
2. Optimization based (NAF,  Gu et al)



Practical Actor-Critic in Action

Trained using QT-Opt



Practical Actor-Critic in Action

Trained using DDPG



What makes off-policy RL hard?
Deadly triad: 
1. Function Approximation
2. Bootstrapping
3. Off-policy learning

min
�
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"
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⇥
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These in combination lead to many of the difficulties in stabilizing 
off-policy RL with function approximation



Zooming out – what makes off-policy RL hard?

Deadly triad: 
1. Function Approximation
2. Bootstrapping
3. Off-policy learning

Diverges even with linear 
function approximation, 

when off-policy + 
bootstrapping

61% of runs show divergence of Q-values



Lecture Outline
Recap + Policy Gradient

Basic Actor Critic Algorithms

Making Actor-Critic Practical



Recap: Course Overview

MDPs and RL

Imitation Learning Off-Policy/MBRL

Search Motion Planning

Stability/CertificationTrajOpt

Filtering/Smoothing Localization

SLAMMapping


