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Class Structure
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Model-free Reinforcement Learning 

Imitation Learning

Model-based Reinforcement Learning 

Unifying Perspectives on RL and IRL

Frontiers

Exploration Learning from Prior Data Learning across tasks

Policy Gradient ADP



How should we optimize this objective?
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Gradient Ascent Dynamic Programming Model-Based Optimization

Each method has it’s own +/-



Taking the gradient of return
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(approximating using samples)

(Monte-Carlo approximation)



Resulting Algorithm (REINFORCE)
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What makes policy gradient challenging?
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Hard to tell what matters without many samples

What we do

Single sample estimate
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For every (s, a) pair, weight by only the sum of rewards in the current trajectory 

Couples together all actions

Makes policy gradient unstable, requires huge numbers of samples and huge batch size

Susceptible to scale variations Susceptible to lucky samples



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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Lecture outline

Reducing the Variance of Policy Gradient with Baselines

Covariant Parameterization - Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization



What makes policy gradient challenging?
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Hard to tell what matters without many samples

What we do

Single sample estimate
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For every (s, a) pair, weight by only the sum of rewards in the current trajectory 

Susceptible to scale variations



Policy gradient is susceptible to scale variations

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 gradient



Why do baselines really reduce variance?

Whiteboard

Let’s define variance: 



Lecture outline

Reducing the Variance of Policy Gradient with Baselines

Covariant Parameterization - Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization
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Gradient ascent is steepest ascent on linear approximation under the Euclidean metric!

max
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TX
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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>

<latexit sha1_base64="+fDqhJjlYEUl0iDTgFpK4c0o6sc=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpexKUS9C0Yt4qmA/YLuUbJptQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz88JEcAOu++2srK6tb2wWtorbO7t7+6WDw5ZRqaasSZVQuhMSwwSXrAkcBOskmpE4FKwdjm6nfvuJacOVfIRxwoKYDCSPOCVgJf8a31e6MGRAznqlslt1Z8DLxMtJGeVo9Epf3b6iacwkUEGM8T03gSAjGjgVbFLspoYlhI7IgPmWShIzE2Szkyf41Cp9HCltSwKeqb8nMhIbM45D2xkTGJpFbyr+5/kpRFdBxmWSApN0vihKBQaFp//jPteMghhbQqjm9lZMh0QTCjalog3BW3x5mbTOq95FtfZQK9dv8jgK6BidoAry0CWqozvUQE1EkULP6BW9OeC8OO/Ox7x1xclnjtAfOJ8/4PmQWw==</latexit>

= J(✓)
<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1



Take a deeper look at REINFORCE
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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>

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>

<latexit sha1_base64="qtQRNIyTwnfhZ8gMU82/wViWuKo=">AAACNnicbZDNSgMxFIUz/lv/qi7dBItQEcqMiLoRRDciCBWsFjpluJOmbTCTGZI7Qhn6VG58DnfduFDErY9g2s5CWy8EPs65N8k9YSKFQdcdODOzc/MLi0vLhZXVtfWN4ubWvYlTzXiNxTLW9RAMl0LxGgqUvJ5oDlEo+UP4eDn0H564NiJWd9hLeDOCjhJtwQCtFBRvfOxyBHpGxxAIekB9kEkXqK8glBDkHdflMexTX9sbMcimRvtBseRW3FHRafByKJG8qkHx1W/FLI24QibBmIbnJtjMQKNgkvcLfmp4AuwROrxhUUHETTMbrd2ne1Zp0Xas7VFIR+rviQwiY3pRaDsjwK6Z9Ibif14jxfZpMxMqSZErNn6onUqKMR1mSFtCc4ayZwGYFvavlHVBA0ObdMGG4E2uPA33hxXvuHJ0e1Q6v8jjWCI7ZJeUiUdOyDm5IlVSI4w8kwF5Jx/Oi/PmfDpf49YZJ5/ZJn/K+f4BnbKrUw==</latexit>

✓ = ✓i + ↵r✓J(✓)|✓=✓i

Linear approximation

Quadratic Constraint

<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1

Gradient ascent is steepest ascent on linear approximation under the Euclidean metric!



When might this fail?
Large step sizes may cause collapse Sensitive to Policy Parameterization

Must use very small step sizes, slow! Can struggle for a deep neural network!

<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1

Very different!



Parameterization dependence of PG
Sensitive to Policy Parameterization

Not covariant!

<latexit sha1_base64="zbmPlgYHqALtpPU16xM/GUXYk9Q=">AAACCHicbZC7SgNBFIZn4y3G26qlhYNBiAhhNwS1EYI2FhYRzAWSZZmdzCZDZi/MnBXCktLGV7GxUMTWR7DzbZwkK2j0h4GP/5zDmfN7seAKLOvTyC0sLi2v5FcLa+sbm1vm9k5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94Oam37phUPApvYRQzJyD9kPucEtCWa+5fl7owYECO8DmekWvj42+suGbRKltT4b9gZ1BEmequ+dHtRTQJWAhUEKU6thWDkxIJnAo2LnQTxWJCh6TPOhpDEjDlpNNDxvhQOz3sR1K/EPDU/TmRkkCpUeDpzoDAQM3XJuZ/tU4C/pmT8jBOgIV0tshPBIYIT1LBPS4ZBTHSQKjk+q+YDogkFHR2BR2CPX/yX2hWyvZJuXpTLdYusjjyaA8doBKy0SmqoStURw1E0T16RM/oxXgwnoxX423WmjOymV30S8b7F7qzl+Y=</latexit>

L(✓) = ✓1 + ✓2
<latexit sha1_base64="5B8EH9NGn/UxzYZ0MwnZ+0oBb/0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSlqBuh6MZlBfuAJobJdNIMnTyYuRFKqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7j58KrsCyvo3S2vrG5lZ5u7Kzu7d/YB4edVWSSco6NBGJ7PtEMcFj1gEOgvVTyUjkC9bzxzczv/fIpOJJfA+TlLkRGcU84JSAljyz6qQh92x8hR0IGRDPfmh4Zs2qW3PgVWIXpIYKtD3zyxkmNItYDFQQpQa2lYKbEwmcCjatOJliKaFjMmIDTWMSMeXm8+On+FQrQxwkUlcMeK7+nshJpNQk8nVnRCBUy95M/M8bZBBcujmP0wxYTBeLgkxgSPAsCTzkklEQE00IlVzfimlIJKGg86roEOzll1dJt1G3z+vNu2atdV3EUUbH6ASdIRtdoBa6RW3UQRRN0DN6RW/Gk/FivBsfi9aSUcxU0R8Ynz/xqpOu</latexit>

�1 = ✓21
<latexit sha1_base64="zEaDy9PROdyNgBDMGDvfOAKty9I=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3FiSUtSNUHTjsoJ9QBPDZDpphk4ezNwIJXbhr7hxoYhbf8Odf+P0sdDWAxcO59zLvff4qeAKLOvbKCwtr6yuFddLG5tb2zvm7l5LJZmkrEkTkciOTxQTPGZN4CBYJ5WMRL5gbX9wPfbbD0wqnsR3MEyZG5F+zANOCWjJMw+cNOReFV9iB0IGxKve56f2yDPLVsWaAC8Se0bKaIaGZ345vYRmEYuBCqJU17ZScHMigVPBRiUnUywldED6rKtpTCKm3Hxy/wgfa6WHg0TqigFP1N8TOYmUGka+7owIhGreG4v/ed0Mggs353GaAYvpdFGQCQwJHoeBe1wyCmKoCaGS61sxDYkkFHRkJR2CPf/yImlVK/ZZpXZbK9evZnEU0SE6QifIRueojm5QAzURRY/oGb2iN+PJeDHejY9pa8GYzeyjPzA+fwAzGZTy</latexit>

�2 = ✓�1
2

<latexit sha1_base64="4bjtsxJNfRPEnCnfqrHew+BruxQ=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAVIaqkKo8FqYKFgaFI9CG1aeS4TmvVech2kKooP8DCr7AwgBArOxt/g9NmgJYjWT4+515d3+OEjAppGN9abmFxaXklv1pYW9/Y3NK3d5oiiDgmDRywgLcdJAijPmlIKhlph5wgz2Gk5YyuU7/1QLiggX8vxyGxPDTwqUsxkkqy9YPbUjcc0iN4CdPbNnuxUT5N4PH0WenFJ2Zi60WjbEwA54mZkSLIULf1r24/wJFHfIkZEqJjGqG0YsQlxYwkhW4kSIjwCA1IR1EfeURY8WSbBB4qpQ/dgKvjSzhRf3fEyBNi7Dmq0kNyKGa9VPzP60TSvbBi6oeRJD6eDnIjBmUA02hgn3KCJRsrgjCn6q8QDxFHWKoACyoEc3bledKslM2zcvWuWqxdZXHkwR7YByVggnNQAzegDhoAg0fwDF7Bm/akvWjv2se0NKdlPbvgD7TPH1DRmTY=</latexit>

L(�) = �0.5
1 + ��1

2

<latexit sha1_base64="ENlfdFwZ8rX+9alCmJsv9sMT7gk=">AAACAHicbVA9SwNBEN3zM8avUwsLm8UgWIU7CWojBG0sLCKYD0jCMbfZJEv29o7dOSEcafwrNhaK2Poz7Pw3bj4KTXww8Hhvhpl5YSKFQc/7dpaWV1bX1nMb+c2t7Z1dd2+/ZuJUM15lsYx1IwTDpVC8igIlbySaQxRKXg8HN2O//si1EbF6wGHC2xH0lOgKBmilwD1sKQglBFkL+xwh8Ef0jl5RP3ALXtGbgC4Sf0YKZIZK4H61OjFLI66QSTCm6XsJtjPQKJjko3wrNTwBNoAeb1qqIOKmnU0eGNETq3RoN9a2FNKJ+nsig8iYYRTazgiwb+a9sfif10yxe9nOhEpS5IpNF3VTSTGm4zRoR2jOUA4tAaaFvZWyPmhgaDPL2xD8+ZcXSe2s6J8XS/elQvl6FkeOHJFjckp8ckHK5JZUSJUwMiLP5JW8OU/Oi/PufExbl5zZzAH5A+fzBw4PlWc=</latexit>r✓1L = 1
<latexit sha1_base64="jChabuMcBhVZi5PWWZUO8QLoRJI=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuQlAbIWhjYRHBfEASjrnNJlmyt3fszgnhSONfsbFQxNafYee/cfNRaOKDgcd7M8zMC2IpDLrut5NZWV1b38hu5ra2d3b38vsHdRMlmvEai2SkmwEYLoXiNRQoeTPWHMJA8kYwvJn4jUeujYjUA45i3gmhr0RPMEAr+fmjtoJAgp+2ccAR/NKY3tEr6vn5glt0p6DLxJuTApmj6ue/2t2IJSFXyCQY0/LcGDspaBRM8nGunRgeAxtCn7csVRBy00mnD4zpqVW6tBdpWwrpVP09kUJozCgMbGcIODCL3kT8z2sl2LvspELFCXLFZot6iaQY0UkatCs0ZyhHlgDTwt5K2QA0MLSZ5WwI3uLLy6ReKnrnxfJ9uVC5nseRJcfkhJwRj1yQCrklVVIjjIzJM3klb86T8+K8Ox+z1owznzkkf+B8/gAPmpVo</latexit>r✓2L = 1

<latexit sha1_base64="gdGJ+G90j1CZXfrWG3wun/vJzkw=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBC8GHbF10UIevHgQcEkQjYuvZNJMmR2dpnpFcKyv+LFX/HiQRFv4s84eRzUWDBQXdVNT1eYSGHQdT+dmdm5+YXFwlJxeWV1bb20sVk3caoZr7FYxvouBMOlULyGAiW/SzSHKJS8EfYvhn7jgWsjYnWLg4S3Iugq0REM0EpB6dRXEEoIMj/picDL6RU9o27liI7r+2zfFvlY87HHEUailwelsltxR6DTxJuQMpngOih9+O2YpRFXyCQY0/TcBFsZaBRM8rzop4YnwPrQ5U1LFUTctLLRhTndtUqbdmJtn0I6Un9OZBAZM4hC2xkB9sxfbyj+5zVT7Jy2MqGSFLli40WdVFKM6TAu2haaM5QDS4BpYf9KWQ80MLShFm0I3t+Tp0n9oOIdVw5vDsvV80kcBbJNdsge8cgJqZJLck1qhJFH8kxeyZvz5Lw4787HuHXGmcxskV9wvr4BJCqgZw==</latexit>

r�1L = 0.5��0.5
1 = 0.5✓�1

1
<latexit sha1_base64="Gv9pjTNim22+4cf+6aGfG3T1Ihg=">AAACGXicbVA9SwNBEN3zM8avqKXNYhBsDHdB1EYQbSwsIpgPSOIxt9kkS/b2jt05IRz5Gzb+FRsLRSy18t+4l6TQ6IOFN+/NMDsviKUw6Lpfztz8wuLScm4lv7q2vrFZ2NqumSjRjFdZJCPdCMBwKRSvokDJG7HmEAaS14PBZebX77k2IlK3OIx5O4SeEl3BAK3kF9yWgkCCn7bivvDLI3pNz+jhpLhLD62QldjnCJlQHvmFoltyx6B/iTclRTJFxS98tDoRS0KukEkwpum5MbZT0CiY5KN8KzE8BjaAHm9aqiDkpp2OLxvRfat0aDfS9imkY/XnRAqhMcMwsJ0hYN/Mepn4n9dMsHvaToWKE+SKTRZ1E0kxollMtCM0ZyiHlgDTwv6Vsj5oYGjDzNsQvNmT/5JaueQdl45ujornF9M4cmSX7JED4pETck6uSIVUCSMP5Im8kFfn0Xl23pz3SeucM53ZIb/gfH4DU1WeoQ==</latexit>

r�2L = ���2
2 = �✓22



Modified Constraint on Policy Gradient
<latexit sha1_base64="H0mhbXj3uZoIlzxlvlj36dg0glM="></latexit>

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

(✓ � ✓i)
TG(✓ � ✓i)  ✏

<latexit sha1_base64="hbhRz3xACejaxLvJs0+EuKm7RVQ="></latexit>

✓i+1 = ✓i + ↵G�1r✓J(✓)|✓=✓i

Rescales according to G-1

Adaptive choice of G can avoid sensitivity to policy parameterization!



Covariant Policy Gradient Updates

What should G be?

Let us use the constraint as 
KL divergence on the policy
(2nd order Taylor expansion)

<latexit sha1_base64="H0mhbXj3uZoIlzxlvlj36dg0glM="></latexit>

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

(✓ � ✓i)
TG(✓ � ✓i)  ✏

<latexit sha1_base64="Y95LIZP3jPvfPKaGkewi/nDEuVg="></latexit>

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

DKL(⇡✓||⇡✓i)  ✏

Measures functional distance, not parameter distance



Resulting “Natural” Policy Gradient
<latexit sha1_base64="Y95LIZP3jPvfPKaGkewi/nDEuVg="></latexit>

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

DKL(⇡✓||⇡✓i)  ✏

2nd order approximation of KL à Fisher Information Metric
<latexit sha1_base64="LxkMQolp2ox7bgoOnhNCMa1GBP8="></latexit>

F = E⇡✓

⇥
(r✓ log ⇡✓)(r✓ log ⇡✓)

T
⇤

<latexit sha1_base64="VVMxZBYEpr7vGJjCOkQsvKBvKM0="></latexit>

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

(✓ � ✓i)
TF (✓ � ✓i)  ✏

<latexit sha1_base64="j5MYLuv2OSw7xqLtQ3ot3P2ZYos="></latexit>

✓i+1 = ✓i + ↵F�1r✓J(✓)|✓=✓iResulting update Covariant to parameterization



Natural Policy Gradient in Action

Peters, Schaal ‘08



Lecture outline

Reducing the Variance of Policy Gradient with Baselines

Covariant Parameterization - Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization



Natural Policy Gradient - is it enough?
Huge matrix inversion Step-size?

F – Rdxd

For a standard convnet – d is in the millions

Hessian is way out of memory / hard to invert! Can easily overstep and collapse performance

Also, only a single gradient step at a time before recollecting data!

<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1



Trust Region Policy Optimization

3 key ideas: 
1. On-policy updates à importance sampled objective
2. Huge matrix inversion à conjugate gradient method
3. Step size may be too large à backtracking line search

TRPO, Schulman ‘15



Trust Region Policy Optimization

3 key ideas: 
1. On-policy updates à importance sampled objective
2. Huge matrix inversion à conjugate gradient method
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Trust Region Policy Optimization – Importance Sampling

If policies are close, we can show that this is not so bad!

Original Objective

Importance Sampling

<latexit sha1_base64="u9tdg2jUAGoMg5WIhBmJmXRs1pk=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBDiJexKUC9C0It4imAekF3C7GQ2GTL7YKZXCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb39bK6tr6xmZhq7i9s7u3Xzo4bOk4VYw3WSxj1fGp5lJEvIkCJe8kitPQl7ztj26nfvuJKy3i6BHHCfdCOohEIBhFI7n3FReHHOkZuSa9Utmu2jOQZeLkpAw5Gr3Sl9uPWRryCJmkWncdO0EvowoFk3xSdFPNE8pGdMC7hkY05NrLZjdPyKlR+iSIlakIyUz9PZHRUOtx6JvOkOJQL3pT8T+vm2Jw5WUiSlLkEZsvClJJMCbTAEhfKM5Qjg2hTAlzK2FDqihDE1PRhOAsvrxMWudV56Jae6iV6zd5HAU4hhOogAOXUIc7aEATGCTwDK/wZqXWi/VufcxbV6x85gj+wPr8ATyikIU=</latexit>

J(✓) =

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

<latexit sha1_base64="DhcVaiEVtEb02RMHZCVjMTwdK40="></latexit>

Es⇠d⇡(✓i),a⇠✓i


⇡✓

⇡✓i

A(s, a)

�

<latexit sha1_base64="16Lu+aH9lq2nCtB7zDh14+p5iKs="></latexit>

Es⇠d⇡(✓),a⇠✓i


⇡✓

⇡✓i

A(s, a)

�

<latexit sha1_base64="ogne5MqHQduNQn0GuLBjEKZT32s="></latexit>

Es⇠d⇡(✓),a⇠✓ [A(s, a)]
Cannot evaluate without resampling

(ish)



Trust Region Policy Optimization

3 key ideas: 
1. On-policy updates à importance sampled objective
2. Huge matrix inversion à conjugate gradient method
3. Step size may be too large à backtracking line search

TRPO, Schulman ‘15



Trust Region Policy Optimization – Conjugate Gradient

Challenging to compute F-1 and then get F-1g

Convert into an iterative minimization problem!

Solution to 
<latexit sha1_base64="YEw3QkzI760sRmmZhw1MOBTEtrg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUr0IRUE8VrAf0C4lm2bb2GyyJFmxLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NQyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRtdTv/VIlWZS3JtxTP0IDwQLGcHGSs2bJ3SJBr1iyS27M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsILP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukeVb2quXKXaVUu8riyMMRHMMpeHAONbiFOjSAwAM8wyu8OdJ5cd6dj3lrzslmDuEPnM8fabyOYQ==</latexit>

Fx = g
<latexit sha1_base64="D93hTa9aeTO7KN+4hFX5kCxXjkY=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApCGJJSlGXRUFcVugN2hgm00k7dDIJMxNpCXkCN76KGxeKuHXtzrdx2mahrT8MfPznHM6c34sYlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6n9fYDEZKGvKEmEXECNODUpxgpbblmqRdQ7o5hzxcIJ3aaVNLxfQPewDE8g1MawFOIXbNola2Z4DLYGRRBprprfvX6IY4DwhVmSMqubUXKSZBQFDOSFnqxJBHCIzQgXY0cBUQ6yeycFJa004d+KPTjCs7c3xMJCqScBJ7uDJAaysXa1Pyv1o2Vf+kklEexIhzPF/kxgyqE02xgnwqCFZtoQFhQ/VeIh0gHo3SCBR2CvXjyMrQqZfu8XL2rFmtXWRx5cASOwQmwwQWogVtQB02AwSN4Bq/gzXgyXox342PemjOymUPwR8bnD/KTmhw=</latexit>

min
x

1

2
xTFx� xT g + csame as

Solution to 



Trust Region Policy Optimization – Conjugate Gradient

Challenging to compute F-1 and then get F-1g

Convert into an iterative minimization problem!

Solve with conjugate gradient

Do coordinate descent in geometry 
aligned orthogonal directions 

https://www.cs.cmu.edu/~quake-papers/painless-conjugate-gradient.pdf



Trust Region Policy Optimization – Conjugate Gradient

<latexit sha1_base64="D93hTa9aeTO7KN+4hFX5kCxXjkY=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApCGJJSlGXRUFcVugN2hgm00k7dDIJMxNpCXkCN76KGxeKuHXtzrdx2mahrT8MfPznHM6c34sYlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6n9fYDEZKGvKEmEXECNODUpxgpbblmqRdQ7o5hzxcIJ3aaVNLxfQPewDE8g1MawFOIXbNola2Z4DLYGRRBprprfvX6IY4DwhVmSMqubUXKSZBQFDOSFnqxJBHCIzQgXY0cBUQ6yeycFJa004d+KPTjCs7c3xMJCqScBJ7uDJAaysXa1Pyv1o2Vf+kklEexIhzPF/kxgyqE02xgnwqCFZtoQFhQ/VeIh0gHo3SCBR2CvXjyMrQqZfu8XL2rFmtXWRx5cASOwQmwwQWogVtQB02AwSN4Bq/gzXgyXox342PemjOymUPwR8bnD/KTmhw=</latexit>

min
x

1

2
xTFx� xT g + c

Find search directions at ever step that are F-orthogonal with previous directions

<latexit sha1_base64="IuEt7G5aftrHFnS7djQnEycn72c=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4WawCHVTEinqRigK4rJCb9DGMJlM26GTCzMToYRsfBU3LhRx62O4822ctllo6w8DH/85hzPn92LOpLKsb2NpeWV1bb2wUdzc2t7ZNff2WzJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjW4m9fYjFZJFYUONY+oEeBCyPiNYacs1D303LbPT7KGBblHO6ApZrlmyKtZUaBHsHEqQq+6aXz0/IklAQ0U4lrJrW7FyUiwUI5xmxV4iaYzJCA9oV2OIAyqddHpAhk6046N+JPQLFZq6vydSHEg5DjzdGWA1lPO1iflfrZuo/qWTsjBOFA3JbFE/4UhFaJIG8pmgRPGxBkwE039FZIgFJkpnVtQh2PMnL0LrrGKfV6r31VLtOo+jAEdwDGWw4QJqcAd1aAKBDJ7hFd6MJ+PFeDc+Zq1LRj5zAH9kfP4AfYyUaQ==</latexit>

dT(i)Fd(i) = 0
Converges in approx N steps!

Only requires matrix-vector 
product



Trust Region Policy Optimization

3 key ideas: 
1. On-policy updates à importance sampled objective
2. Huge matrix inversion à conjugate gradient method
3. Step size may be too large à backtracking line search

TRPO, Schulman ‘15



Trust Region Policy Optimization – Backtracking line search
Decide step size using backtracking line search

<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1

<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1

<latexit sha1_base64="3k4nI6q7r8TE8xPX7leUD5MvSE8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AElRJAN</latexit>

✓i

<latexit sha1_base64="3Rmx9HJLQXhqYpKSzEqUPiZz3M0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vpv57SeujYjVI04SHkR0qMRAMIpW8n0ccaS9TFx401654lbdOcgq8XJSgRyNXvnL78csjbhCJqkxXc9NMMioRsEkn5b81PCEsjEd8q6likbcBNn85ik5s0qfDGJtSyGZq78nMhoZM4lC2xlRHJllbyb+53VTHNwEmVBJilyxxaJBKgnGZBYA6QvNGcqJJZRpYW8lbEQ1ZWhjKtkQvOWXV0nrsupdVWsPtUr9No+jCCdwCufgwTXU4R4a0AQGCTzDK7w5qfPivDsfi9aCk88cwx84nz/LeJGJ</latexit>

✓i+1

Decreasing step size

1. Choose parameter , given search direction s = F-1g
2. Compute maximal step size such that constraint is satisfied -
3. While , set  

<latexit sha1_base64="H0ysgpphwt6rpxCJ905nQmeHrhc=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSBEkLArQT0GvXiMYB6QhDA76SRDZmeXmdlAWPInXjwo4tU/8ebfOEn2oIkFDUVVN91dQSy4Np737aytb2xubed28rt7+weH7tFxXUeJYlhjkYhUM6AaBZdYM9wIbMYKaRgIbASj+5nfGKPSPJJPZhJjJ6QDyfucUWOlruu2AzSUtLkkRe+S+Bddt+CVvDnIKvEzUoAM1a771e5FLAlRGiao1i3fi00npcpwJnCabycaY8pGdIAtSyUNUXfS+eVTcm6VHulHypY0ZK7+nkhpqPUkDGxnSM1QL3sz8T+vlZj+bSflMk4MSrZY1E8EMRGZxUB6XCEzYmIJZYrbWwkbUkWZsWHlbQj+8surpH5V8q9L5cdyoXKXxZGDUziDIvhwAxV4gCrUgMEYnuEV3pzUeXHenY9F65qTzZzAHzifP6xzkb0=</latexit>

� 2 (0, 1) <latexit sha1_base64="uIYf2r+q36F8emu8X/scxE9MXUY="></latexit>

1

2
(ts)TF (ts) = ✏ ! t =

r
2✏

sTFs
<latexit sha1_base64="2Ijk7LhH8L2K9cHfcIzUXVIg5+M=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0FIEMKuBPXgIehFPEUwD0iWZXYymwyZfTDTK4QlNy/+ihcPinj1F7z5N06SBTWxoKGo6qa7y4sFV2BZX8bC4tLyympuLb++sbm1be7sNlSUSMrqNBKRbHlEMcFDVgcOgrViyUjgCdb0Bldjv3nPpOJReAfDmDkB6YXc55SAllzz4KbYgT4D4nJ8jEGV8AX+kUquWbDK1gR4ntgZKaAMNdf87HQjmgQsBCqIUm3bisFJiQROBRvlO4liMaED0mNtTUMSMOWkkz9G+EgrXexHUlcIeKL+nkhJoNQw8HRnQKCvZr2x+J/XTsA/d1IexgmwkE4X+YnAEOFxKLjLJaMghpoQKrm+FdM+kYSCji6vQ7BnX54njZOyfVqu3FYK1cssjhzaR4eoiGx0hqroGtVQHVH0gJ7QC3o1Ho1n4814n7YuGNnMHvoD4+MbwdWXWA==</latexit>

J(✓i + ts) < J(✓i)
<latexit sha1_base64="hfNgw++IjezdUT3I4u6HEM/FR+Y=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqBeh6MVjBfsBaSib7aRdusmG3YlQSn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewtr6xuVXcLu3s7u0flA+PWkZlmkOTK6l0J2QGpEigiQIldFINLA4ltMPR3cxvP4E2QiWPOE4hiNkgEZHgDK3kI72h3RCQUeyVK27VnYOuEi8nFZKj0St/dfuKZzEkyCUzxvfcFIMJ0yi4hGmpmxlIGR+xAfiWJiwGE0zmJ0/pmVX6NFLaVoJ0rv6emLDYmHEc2s6Y4dAsezPxP8/PMLoOJiJJM4SELxZFmaSo6Ox/2hcaOMqxJYxrYW+lfMg042hTKtkQvOWXV0nroupdVmsPtUr9No+jSE7IKTknHrkidXJPGqRJOFHkmbySNwedF+fd+Vi0Fpx85pj8gfP5A/6rkG4=</latexit>

t = �t

Backtracking



Trust Region Policy Optimization
3 key ideas: 
1. On-policy updates à importance sampled objective
2. Huge matrix inversion à conjugate gradient method
3. Step size may be too large à backtracking line search

TRPO, Schulman ‘15



Can we say anything formal about updates?

Ensures that policies are non-decreasing in performance

Performance difference 
lemma

Express advantage 
in terms of TVD

Key idea: by bounding how different the policies are, we can bound how different returns are  
TRPO, Schulman ‘15



TRPO in action

TRPO, Schulman ‘15



Why might TRPO not be enough?

Advantage estimation is too high variance Optimization expensive/unstable

TRPO, Schulman ‘15



Better Advantage Estimation - Generalized Advantage Estimation

Advantage estimator

High variance!

N step advantage estimator

1 step advantage estimator

2 step advantage estimator

N-1 step advantage estimator

…

Bi
as

Va
ria

nc
e

<latexit sha1_base64="nzQJCi1/agF4X+gzDEQIPZjkvhE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK0qGWiom4ELxuXFWwrtHU4k6ZtMJkZkjNCKT6IG1/FjQtF3LgQfBvTy8LbgcDH/5/DyfnDREmLvv/pjY1PTE5Nz8xm5uYXFpeyyysVG6eGizKPVWyuQrBCyUiUUaISV4kRoEMlquHNWd+v3gpjZRxdYjcRDQ3tSLYkB3RSkN09ua5jRyAELG8DtkUdFOgRNQGjm7TeBq2BVpy1U6DbA2CFIJvzi/6g6F9gI8iRUZWC7Hu9GfNUiwi5AmtrzE+w0QODkitxl6mnViTAb6Atag4j0MI2eoPj7uiGU5q0FRv3IqQD9ftED7S1XR26Tg3Ysb+9vvifV0uxddjoyShJUUR8uKiVKoox7SdFm9IIjqrrALiR7q+Ud8AAR5dnxoXAfp/8Fyo7RbZf3LvYyx2fjuKYIWtkneQJIwfkmJyTEikTTu7JI3kmL96D9+S9em/D1jFvNLNKfpT38QUwUp0P</latexit>

A✓
1(s1, a1) = r1 + �V (s2)� V (s1)

<latexit sha1_base64="FQWNE4HtDIY6V7mDoKEb+u2Hnl8="></latexit>

A✓
2(s1, a1) = r1 + �r2 + · · ·+ �2V (s3)� V (s1)

<latexit sha1_base64="Lv/+y8DUYZpLS+MSn9dRO2FEMh8="></latexit>

A✓
N�1(s1, a1) = r1 + �r2 + · · ·+ �N�2V (sN�1)� V (s1)

<latexit sha1_base64="P3WgRxC9N01wGybZcHa6lAsPdZo="></latexit>

A✓
N (s1, a1) = r1 + �r2 + · · ·+ �N�1rN � V (s1)

<latexit sha1_base64="P3WgRxC9N01wGybZcHa6lAsPdZo="></latexit>

A✓
N (s1, a1) = r1 + �r2 + · · ·+ �N�1rN � V (s1)

GAE, Schulman ‘15



Generalized Advantage Estimation
Sum up all the estimators in a geometric sum

Best of both worlds – very similar idea to eligibility traces
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Generalized Advantage Estimation in Action

GAE, Schulman ‘15



Lecture outline

Reducing the Variance of Policy Gradient with Baselines

Covariant Parameterization - Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization



Avoiding Second Order Optimization

What if we just restricted how much the policy changes directly!

Expensive second order optimization, can we avoid?



Proximal Policy Optimization Update

Proximal Policy Optimization

Trust Region Policy Optimization

Restrict the amount the policy moves
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Proximal Policy Optimization Algorithm

ü Multiple minibatch gradient steps
ü No second order optimization
ü Simple and stable, without huge updates
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PPO in Action

Dextreme, Handa ’22
A system for general in-hand reorientation, Chen ‘21



PPO in Action

PPO, Schulman ‘17



So should we just use PPO for everything?

Engstrom et al, ‘20

Open question!

Code optimizations may make a 
bigger impact than algorithmic ones  
à needs more investigation!



Lecture outline

Reducing the Variance of Policy Gradient with Baselines

Covariant Parameterization - Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization



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



Frontiers of Policy Gradient Research
Major open challenges in policy gradient research: 

Convergence guarantees Asynchronous/Parallel Methods Better Variance Reduction

Learning from high-
dimensional inputs

Bootstrapping from 
prior data

Multi-agent Policy 
Gradient



Frontiers of Policy Gradient Research
Convergence guarantees and empirical investigations

Practical Algorithms Deviate from TheoryGlobally Convergent in LQR/LQG Case

Global Convergence of Policy Gradient Methods for the Linear Quadratic Regulator, Fazel et al ’19
Global Convergence of Policy Gradient Methods to (Almost) Locally Optimal Policies, Zhang et al, ‘19
Globally convergent policy search over dynamic filters for output estimation, Umenberger ‘21

Is the Policy Gradient a Gradient?, Nota et al, ’19
A Closer Look at Deep Policy Gradients, Ilyas et al ’19
An Empirical Analysis of Proximal Policy Optimization with Kronecker-factored Natural 
Gradients, Song et al ‘18
What Matters In On-Policy Reinforcement Learning? A Large-Scale Empirical Study, 
Andrychowicz et al ‘20



Frontiers of Policy Gradient Research
Asynchronous methods for large scale speedup

IMPALA: Scalable Distributed Deep-RL with Importance Weighted Actor-Learner Architectures, Espeholt ‘18 Accelerated Methods for Deep Reinforcement Learning, Stooke et al ‘19



Frontiers of Policy Gradient Research
Better Variance Reduction Methods

Action dependent baselines Alternative Estimators

For factorized spaces, baselines can 
depend on independent action factors 

The Mirage of Action-Dependent Baselines in Reinforcement Learning, Tucker et 
al ‘18
Variance Reduction for Policy Gradient with Action-Dependent Factorized 
Baselines, Wu et al ’18

Q-Prop: Sample-Efficient Policy Gradient with An Off-Policy Critic, Gu et al ‘16 
Backpropagation through the Void: Optimizing control variates for black-box gradient estimation, 
Grathwohl et al ‘17
Categorical Reparameterization with Gumbel-Softmax, Jang et al ‘16



Frontiers of Policy Gradient Research
Learning from High Dimensional Observations

Challenging to provide guarantees in partially observed settings!

Learning Quadrupedal Locomotion over Challenging Terrain, Lee et al ‘20 A System for General In-Hand Reorientation, Chen et al ‘21

Robust Asymmetric Learning in POMDPs, Warrington et al ‘20

Learning robust perceptive locomotion for quadrupedal robots in the wild, Miki et al ‘22



Frontiers of Policy Gradient Research
Bootstrapping from Prior/Off-Policy Data

Learning from Prior DataOff-policy policy gradient

Off-Policy Actor-Critic, Degris et al ‘13 Advantage Weighted Actor Critic, Nair et al ’20
DDPGfD,  Vecerik ‘17

DAPG, Rajeswaran ‘17



Frontiers of Policy Gradient Research
Multi-agent policy gradient

Primary challenges:
1. Non-stationarity
2. Data-efficiency
3. Communication

Multi-Agent Actor-Critic for Mixed Cooperative-Competitive Environments, Lowe et al ‘17Counterfactual Multi-Agent Policy Gradients, Foerster et al ‘17



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



Summary

§ Policy gradient methods form an effective solution technique to the RL problem

§ Techniques range from vanilla policy gradient to NPG to PPO, each with it’s own 

pros and cons

§ PG can be very adept at solving black-box optimization asymptotically, but can 

be very slow

§ Several open frontiers still exist for research into PG methods

§ Most promising use of PG methods in robotics is through simulation to reality 

transfer



Fin.


