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1. What is Reinforcement Learning?

2. Value-based Methods
• Q-learning
• Deep Q-network
• Double Q-learning, Prioritized Replay, Dueling Architecture

3. Policy Gradient Methods
• REINFORCE
• Trust region policy optimization
• Proximal policy optimization algorithms
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• Reinforcement learning is a sequential decision making problem

• Agent
• Receives an observation of the current state
• Selects an action
• Receives a reward from the environment

• Environment 
• Receives an action from the agent
• Give a reward to the agent
• Change the environment state

Goal: Find an optimal strategy maximizing
total future reward

What is Reinforcement Learning (RL)?
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* source : UCL Course on RL (http://www0.cs.ucl.ac.uk/staff/d.silver/web/Teaching.html)
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• Reinforcement learning is a sequential decision making problem

• Agent (Player)
• Receives RGB screen
• Control joystick
• Receives scores

• Environment (Machine)
• Receives the joystick input
• Give scores to the player
• Change the environment state

(e.g., memory, screen, ...)

Goal: Find an optimal strategy maximizing score

Example: Atari Game
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• Reinforcement learning  vs. Other machine learning tasks
• No supervisor to follow, only a scalar reward signal
• Feedback can be delayed
• Agent’s behavior affects the subsequent data

• If defining a reward function is difficult, one can learn from demonstrations

• Imitation Learning: copying expert’s behavior
• Inverse RL: inferring rewards from expert’s behavior
• But, this lecture only covers the case when the reward oracle/function is available

What is Reinforcement Learning (RL)?

6* source : UC Berkeley Course on DeepRL (http://rail.eecs.berkeley.edu/deeprlcourse/)

How to define reward?

makes difficult to learn
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• RL can be formulated by Markov Decision Process
• : a set of states
• : a set of actions
• : a conditional state transition probability, i.e.,

• : a reward function, i.e., 
• : a discount factor

• The agent chooses an action according to

• Goal: find optimal policy             maximizing total future reward

Markov Decision Process (MDP)
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⇡(a|s)
<latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit><latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit><latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit><latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit>

E
⇥P1

t=1 �
t�1rt

⇤
<latexit sha1_base64="yB3awgl1bKg5Wv6GrPQt2XnvyM0="></latexit><latexit sha1_base64="6a1+zlPZeBLzQiFRxiQ2vYZQwa8="></latexit><latexit sha1_base64="6a1+zlPZeBLzQiFRxiQ2vYZQwa8="></latexit><latexit sha1_base64="4VFdetPtpBx6AqbSYPxn1I2gijY="></latexit>

P(st, at, st+1) = Pr(st+1|st, at) = Pr(st+1|st, at, st�1, at�1, . . . , s1, a1)
<latexit sha1_base64="90g4hdcwMHd14nLoN067xFlYEYc="></latexit><latexit sha1_base64="90g4hdcwMHd14nLoN067xFlYEYc="></latexit><latexit sha1_base64="90g4hdcwMHd14nLoN067xFlYEYc="></latexit><latexit sha1_base64="90g4hdcwMHd14nLoN067xFlYEYc="></latexit>

a1 ⇠ ⇡(·|s1)
<latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="jkzfMaiTjLQcn0doAX2Q+FVN7NI="></latexit><latexit sha1_base64="jkzfMaiTjLQcn0doAX2Q+FVN7NI="></latexit><latexit sha1_base64="8WzLtg+oZtSKlcHcCQ2ozblZ9G8="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit><latexit sha1_base64="9FRY3F+ww0uMg/z6rCx5btmV02I="></latexit>

a2 ⇠ ⇡(·|s2)
<latexit sha1_base64="C7PKyW+c/YGwQp6WLX3IDy4v+2M="></latexit><latexit sha1_base64="C7PKyW+c/YGwQp6WLX3IDy4v+2M="></latexit><latexit sha1_base64="C7PKyW+c/YGwQp6WLX3IDy4v+2M="></latexit><latexit sha1_base64="C7PKyW+c/YGwQp6WLX3IDy4v+2M="></latexit>

s3 ⇠ Pr(·|s2, a2)
<latexit sha1_base64="s4xLv+Kd9FMMRlDzrQpIITZbjlk="></latexit><latexit sha1_base64="s4xLv+Kd9FMMRlDzrQpIITZbjlk="></latexit><latexit sha1_base64="s4xLv+Kd9FMMRlDzrQpIITZbjlk="></latexit><latexit sha1_base64="s4xLv+Kd9FMMRlDzrQpIITZbjlk="></latexit>

s2 ⇠ Pr(·|s1, a1)
<latexit sha1_base64="rknJT7AruHseGLKFZiVCrZ3OGgw="></latexit><latexit sha1_base64="rknJT7AruHseGLKFZiVCrZ3OGgw="></latexit><latexit sha1_base64="rknJT7AruHseGLKFZiVCrZ3OGgw="></latexit><latexit sha1_base64="rknJT7AruHseGLKFZiVCrZ3OGgw="></latexit>

⇡(a|s)
<latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit><latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit><latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit><latexit sha1_base64="zj+rH2zVeiDf3rB6pruW53hpwP8="></latexit>



Algorithmic Intelligence Lab

• Value functions of a state    under a policy    :
• State-value function:
• Action-value function:

• Advantage function: 

• indicates which state is good /              indicate which action is good under 

• Optimal value functions: 

• The optimal policy can be derived from them:

Value Functions
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⇡
<latexit sha1_base64="plJMtNZ8i4CRRrf5pAXA9IhE5co="></latexit><latexit sha1_base64="plJMtNZ8i4CRRrf5pAXA9IhE5co="></latexit><latexit sha1_base64="plJMtNZ8i4CRRrf5pAXA9IhE5co="></latexit><latexit sha1_base64="plJMtNZ8i4CRRrf5pAXA9IhE5co="></latexit>

s
<latexit sha1_base64="IQ6f3KMTSGSpYIY4ZO/hdV+tzn0="></latexit><latexit sha1_base64="IQ6f3KMTSGSpYIY4ZO/hdV+tzn0="></latexit><latexit sha1_base64="IQ6f3KMTSGSpYIY4ZO/hdV+tzn0="></latexit><latexit sha1_base64="IQ6f3KMTSGSpYIY4ZO/hdV+tzn0="></latexit>

v⇡(s) = Ea1,...⇠⇡

⇥P1
t=1 �

t�1rt|s1 = s
⇤

<latexit sha1_base64="e4sJzawkbMip3mtAGtixKsPROj8="></latexit><latexit sha1_base64="NYP5xFYMg9boCmBdfwKQ0Sphc4g="></latexit><latexit sha1_base64="NYP5xFYMg9boCmBdfwKQ0Sphc4g="></latexit><latexit sha1_base64="zu5X7SHtOGHsE3iF1I6dS3qYnCc="></latexit>

q⇡(s, a) = Ea2,...⇠⇡

⇥P1
t=1 �

t�1rt|s1 = s, a1 = a
⇤

<latexit sha1_base64="4uhoI3squH1SEuXNx/wIHwoYt4A="></latexit><latexit sha1_base64="M9hjUZdChubVL/u40bziV72iE5s="></latexit><latexit sha1_base64="M9hjUZdChubVL/u40bziV72iE5s="></latexit><latexit sha1_base64="VB2IshUvFKXANXL65acD6lwFUkE="></latexit>

* source : Richard Sutton and Andrew Barto, Reinforcement Learning: An Introduction, 2nd edition, 2018

A⇡(s, a) = q⇡(s, a)� v⇡(s)
<latexit sha1_base64="V1eDMDGpurCypqGD7j9cBD8Y+4U="></latexit><latexit sha1_base64="yAytNoh+PBGZM1R5sziGhFlqc5A="></latexit><latexit sha1_base64="yAytNoh+PBGZM1R5sziGhFlqc5A="></latexit><latexit sha1_base64="1QkNoeWfIUEFFd294MOrMDJ9BVg="></latexit>

v⇡
<latexit sha1_base64="bVXOT/2WEpLJ9F//R+G22gv8/aE=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aRdutmE3U2hhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSUsnmWLos0QkqhNSjYJL9A03AjupQhqHAtvh+H5eb09QaZ7IJzNNMYjpUPKIM2qs5U/6vZT3qzW37i5E1sEroAaFmv3qV2+QsCxGaZigWnc9NzVBTpXhTOCs0ss0ppSN6RC7FiWNUQf5YtkZubDOgESJsk8asnB/T+Q01noah7YzpmakV2tz879aNzPRbZBzmWYGJVt+FGWCmITMLycDrpAZMbVAmeJ2V8JGVFFmbD4VG4K3evI6tK7qnuXH61rjroijDGdwDpfgwQ004AGa4AMDDs/wCm+OdF6cd+dj2VpyiplT+CPn8wffaY62</latexit><latexit sha1_base64="bVXOT/2WEpLJ9F//R+G22gv8/aE=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aRdutmE3U2hhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSUsnmWLos0QkqhNSjYJL9A03AjupQhqHAtvh+H5eb09QaZ7IJzNNMYjpUPKIM2qs5U/6vZT3qzW37i5E1sEroAaFmv3qV2+QsCxGaZigWnc9NzVBTpXhTOCs0ss0ppSN6RC7FiWNUQf5YtkZubDOgESJsk8asnB/T+Q01noah7YzpmakV2tz879aNzPRbZBzmWYGJVt+FGWCmITMLycDrpAZMbVAmeJ2V8JGVFFmbD4VG4K3evI6tK7qnuXH61rjroijDGdwDpfgwQ004AGa4AMDDs/wCm+OdF6cd+dj2VpyiplT+CPn8wffaY62</latexit><latexit sha1_base64="bVXOT/2WEpLJ9F//R+G22gv8/aE=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aRdutmE3U2hhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSUsnmWLos0QkqhNSjYJL9A03AjupQhqHAtvh+H5eb09QaZ7IJzNNMYjpUPKIM2qs5U/6vZT3qzW37i5E1sEroAaFmv3qV2+QsCxGaZigWnc9NzVBTpXhTOCs0ss0ppSN6RC7FiWNUQf5YtkZubDOgESJsk8asnB/T+Q01noah7YzpmakV2tz879aNzPRbZBzmWYGJVt+FGWCmITMLycDrpAZMbVAmeJ2V8JGVFFmbD4VG4K3evI6tK7qnuXH61rjroijDGdwDpfgwQ004AGa4AMDDs/wCm+OdF6cd+dj2VpyiplT+CPn8wffaY62</latexit><latexit sha1_base64="bVXOT/2WEpLJ9F//R+G22gv8/aE=">AAAB7HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSib7aRdutmE3U2hhP4GLx4U8eoP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSUsnmWLos0QkqhNSjYJL9A03AjupQhqHAtvh+H5eb09QaZ7IJzNNMYjpUPKIM2qs5U/6vZT3qzW37i5E1sEroAaFmv3qV2+QsCxGaZigWnc9NzVBTpXhTOCs0ss0ppSN6RC7FiWNUQf5YtkZubDOgESJsk8asnB/T+Q01noah7YzpmakV2tz879aNzPRbZBzmWYGJVt+FGWCmITMLycDrpAZMbVAmeJ2V8JGVFFmbD4VG4K3evI6tK7qnuXH61rjroijDGdwDpfgwQ004AGa4AMDDs/wCm+OdF6cd+dj2VpyiplT+CPn8wffaY62</latexit>

⇡
<latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit><latexit sha1_base64="BD88AXvjS3lujLi2A79/yugFl1Y=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorYdeKvpu1at5c5FV8AuoQqFG3/3qDRKWxVwhk9SYru+lGORUo2CSTyu9zPCUsjEd8q5FRWNugny+6pScWWdAokTbp5DM3d8TOY2NmcSh7YwpjsxybWb+V+tmGF0HuVBphlyxxUdRJgkmZHY3GQjNGcqJBcq0sLsSNqKaMrTpVGwI/vLJq9C6qPmW7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/5Hz+AE+/jc0=</latexit>

q⇡, A⇡
<latexit sha1_base64="SZdGAgW79tGEZr3oAVtuXOWdmjs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgQsqMCLqsunFZwT5gOpRMmmlDM8mYZIQy9DPcuFDErV/jzr8x085CWw8kHM65l3vvCRPOtHHdb6e0srq2vlHerGxt7+zuVfcP2lqmitAWkVyqbog15UzQlmGG026iKI5DTjvh+Db3O09UaSbFg5kkNIjxULCIEWys5D/2ewk7u87/frXm1t0Z0DLxClKDAs1+9as3kCSNqTCEY619z01MkGFlGOF0WumlmiaYjPGQ+pYKHFMdZLOVp+jEKgMUSWWfMGim/u7IcKz1JA5tZYzNSC96ufif56cmugoyJpLUUEHmg6KUIyNRfj8aMEWJ4RNLMFHM7orICCtMjE2pYkPwFk9eJu3zumf5/UWtcVPEUYYjOIZT8OASGnAHTWgBAQnP8ApvjnFenHfnY15acoqeQ/gD5/MHz2qQ7g==</latexit><latexit sha1_base64="SZdGAgW79tGEZr3oAVtuXOWdmjs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgQsqMCLqsunFZwT5gOpRMmmlDM8mYZIQy9DPcuFDErV/jzr8x085CWw8kHM65l3vvCRPOtHHdb6e0srq2vlHerGxt7+zuVfcP2lqmitAWkVyqbog15UzQlmGG026iKI5DTjvh+Db3O09UaSbFg5kkNIjxULCIEWys5D/2ewk7u87/frXm1t0Z0DLxClKDAs1+9as3kCSNqTCEY619z01MkGFlGOF0WumlmiaYjPGQ+pYKHFMdZLOVp+jEKgMUSWWfMGim/u7IcKz1JA5tZYzNSC96ufif56cmugoyJpLUUEHmg6KUIyNRfj8aMEWJ4RNLMFHM7orICCtMjE2pYkPwFk9eJu3zumf5/UWtcVPEUYYjOIZT8OASGnAHTWgBAQnP8ApvjnFenHfnY15acoqeQ/gD5/MHz2qQ7g==</latexit><latexit sha1_base64="SZdGAgW79tGEZr3oAVtuXOWdmjs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgQsqMCLqsunFZwT5gOpRMmmlDM8mYZIQy9DPcuFDErV/jzr8x085CWw8kHM65l3vvCRPOtHHdb6e0srq2vlHerGxt7+zuVfcP2lqmitAWkVyqbog15UzQlmGG026iKI5DTjvh+Db3O09UaSbFg5kkNIjxULCIEWys5D/2ewk7u87/frXm1t0Z0DLxClKDAs1+9as3kCSNqTCEY619z01MkGFlGOF0WumlmiaYjPGQ+pYKHFMdZLOVp+jEKgMUSWWfMGim/u7IcKz1JA5tZYzNSC96ufif56cmugoyJpLUUEHmg6KUIyNRfj8aMEWJ4RNLMFHM7orICCtMjE2pYkPwFk9eJu3zumf5/UWtcVPEUYYjOIZT8OASGnAHTWgBAQnP8ApvjnFenHfnY15acoqeQ/gD5/MHz2qQ7g==</latexit><latexit sha1_base64="SZdGAgW79tGEZr3oAVtuXOWdmjs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgQsqMCLqsunFZwT5gOpRMmmlDM8mYZIQy9DPcuFDErV/jzr8x085CWw8kHM65l3vvCRPOtHHdb6e0srq2vlHerGxt7+zuVfcP2lqmitAWkVyqbog15UzQlmGG026iKI5DTjvh+Db3O09UaSbFg5kkNIjxULCIEWys5D/2ewk7u87/frXm1t0Z0DLxClKDAs1+9as3kCSNqTCEY619z01MkGFlGOF0WumlmiaYjPGQ+pYKHFMdZLOVp+jEKgMUSWWfMGim/u7IcKz1JA5tZYzNSC96ufif56cmugoyJpLUUEHmg6KUIyNRfj8aMEWJ4RNLMFHM7orICCtMjE2pYkPwFk9eJu3zumf5/UWtcVPEUYYjOIZT8OASGnAHTWgBAQnP8ApvjnFenHfnY15acoqeQ/gD5/MHz2qQ7g==</latexit>

⇡⇤(s) = argmaxa q⇤(s, a)
<latexit sha1_base64="uBBiJ6Hzf9bsorHar3MH8Zg6mT0=">AAACI3icbZDLSgMxFIbP1Hu9jbp0EyyFVkVm3ChCoejGZQWrQqcMZ9K0Dc1cTDJiKb6LG1/FjQtF3LjwXUynFbT1QMLH/59Dcv4gEVxpx/m0cjOzc/MLi0v55ZXVtXV7Y/NKxamkrE5jEcubABUTPGJ1zbVgN4lkGAaCXQe9s6F/fcek4nF0qfsJa4bYiXibU9RG8u0TL+H+bkmVKx7KjhfivY/kdqjsYzlf/KFK5phe45k703y74Bw4WZFpcMdQqO54e48AUPPtd68V0zRkkaYClWq4TqKbA5SaU8Ee8l6qWIK0hx3WMBhhyFRzkO34QIpGaZF2LM2JNMnU3xMDDJXqh4HpDFF31aQ3FP/zGqluHzcHPEpSzSI6eqidCqJjMgyMtLhkVIu+AaSSm78S2kWJVJtY8yYEd3Llabg6PHANX7iF6imMahG2YQdK4MIRVOEcalAHCo/wDK/wZj1ZL9a79TFqzVnjmS34U9bXNyi5ovo=</latexit><latexit sha1_base64="/3EOj1SjCsp4fA5MKIVqVTmOYNY="></latexit><latexit sha1_base64="/3EOj1SjCsp4fA5MKIVqVTmOYNY="></latexit><latexit sha1_base64="OgIm2Z19hQzWWkVQLMhURK0FN34=">AAACI3icbZDLSgMxFIYz9VbHW9Wlm2AptCJlxo0iFIpuXFawF+iU4UyatqGZi0lGLKXv4sZXceNCKW5c+C6m0xG09UDCx/+fQ3J+L+JMKsv6NDIrq2vrG9lNc2t7Z3cvt3/QkGEsCK2TkIei5YGknAW0rpjitBUJCr7HadMbXs/85gMVkoXBnRpFtONDP2A9RkBpyc1dOhFzT4qyVHFA9B0fHl3A9zPlFEpm4YcqiaN7tafvRHNzeatsJYWXwU4hj9Kqubmp0w1J7NNAEQ5Stm0rUp0xCMUIpxPTiSWNgAyhT9saA/Cp7IyTHSe4oJUu7oVCn0DhRP09MQZfypHv6U4f1EAuejPxP68dq95FZ8yCKFY0IPOHejHHKsSzwHCXCUoUH2kAIpj+KyYDEECUjtXUIdiLKy9D46xsa76189WrNI4sOkLHqIhsdI6q6AbVUB0R9IRe0Bt6N56NV2NqfMxbM0Y6c4j+lPH1DRY6oXE=</latexit>

v⇤(s) = max⇡ v⇡(s), q⇤(s, a) = max⇡ q⇡(s, a)
<latexit sha1_base64="hOgYHYFJLQ1vku6YUYpOzUbdSaA="></latexit><latexit sha1_base64="ndlXfvoAxedLW9x+l1cO7f02Cto="></latexit><latexit sha1_base64="ndlXfvoAxedLW9x+l1cO7f02Cto="></latexit><latexit sha1_base64="YyFIOxv+OZ6dbhzVIMgYv5vZGEA="></latexit>
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• Model-based vs. model-free algorithms
• Model-based/free: the transition probability      is known/unknown

• On-policy vs. off-policy algorithms
• On-policy needs to generate new samples when policy is changed
• Off-policy is able to (re)use samples which is generated from other policies

• Value-based vs. policy-based algorithms
• Value-based learns value functions, and then derive policy
• Policy-based optimizes policy directly from the objective, i.e.,
• Some methods, e.g., Actor Critic, use both value and policy functions

Types of RL Algorithms for Learning a Good Policy
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P
<latexit sha1_base64="+LpokmBcyRd+mlQsI0nORklggtA=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUib88G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A4cbkWY=</latexit><latexit sha1_base64="+LpokmBcyRd+mlQsI0nORklggtA=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUib88G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A4cbkWY=</latexit><latexit sha1_base64="+LpokmBcyRd+mlQsI0nORklggtA=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUib88G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A4cbkWY=</latexit><latexit sha1_base64="+LpokmBcyRd+mlQsI0nORklggtA=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lE0GPRi8cKthbSUDbbTbt0sxt2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmSgU36HnfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNK9iBgmuGQd5ChYL9WMJJFgj9HktvAfn5g2XMkHnKYsTMhI8phTglYK+gnBMSUib88G9YbX9OZwV4lfkgaUaA/qX/2holnCJFJBjAl8L8UwJxo5FWxW62eGpYROyIgFlkqSMBPm88gz98wqQzdW2j6J7lz9vZGTxJhpEtnJIqJZ9grxPy/IML4Ocy7TDJmki4/iTLio3OJ+d8g1oyimlhCquc3q0jHRhKJtqWZL8JdPXiXdi6Zv+f1lo3VT1lGFEziFc/DhClpwB23oAAUFz/AKbw46L86787EYrTjlzjH8gfP5A4cbkWY=</latexit>

* source : UC Berkeley Course on DeepRL (http://rail.eecs.berkeley.edu/deeprlcourse/)

E
⇥P1

t=1 �
t�1rt

⇤
<latexit sha1_base64="yB3awgl1bKg5Wv6GrPQt2XnvyM0="></latexit><latexit sha1_base64="6a1+zlPZeBLzQiFRxiQ2vYZQwa8="></latexit><latexit sha1_base64="6a1+zlPZeBLzQiFRxiQ2vYZQwa8="></latexit><latexit sha1_base64="4VFdetPtpBx6AqbSYPxn1I2gijY="></latexit>

Note: sample efficiency ≠ training time
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2. Value-based Methods
• Q-learning
• Deep Q-network
• Double Q-learning, Prioritized Replay, Dueling Architecture

Table of Contents
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Algorithmic Intelligence Lab

Q-learning algorithm [Watkins, 1989] repeats 1-3 until convergence

1. Choose an action    from the current state    using the   -greedy policy
• -greedy choose a random action with probability   , otherwise

2. Observe a reward   , a new state

3. Update

• Intuition: Q-learning updates the q-value incrementally
to satisfy the Bellman equation for the optimal action-value function:

• For high-dimensional state and/or action spaces, parameterize

• The update rule for    : 

Q-Learning with Function Approximation

11

a
<latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrSYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit><latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrSYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit><latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrSYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit><latexit sha1_base64="DcxH1t8VfbGREJT8ZMrfQnx14cc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjrSYdlCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/DX4zl</latexit>

s
<latexit sha1_base64="IPLIJyyiyGUWQMPrp67GMfbLPnc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYelCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/ep4z3</latexit><latexit sha1_base64="IPLIJyyiyGUWQMPrp67GMfbLPnc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYelCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/ep4z3</latexit><latexit sha1_base64="IPLIJyyiyGUWQMPrp67GMfbLPnc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYelCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/ep4z3</latexit><latexit sha1_base64="IPLIJyyiyGUWQMPrp67GMfbLPnc=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYelCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/ep4z3</latexit> "

<latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit>

r
<latexit sha1_base64="bGRaWgSPycV+qtBF0H0VhMzGH3k=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYalCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/dI4z2</latexit><latexit sha1_base64="bGRaWgSPycV+qtBF0H0VhMzGH3k=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYalCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/dI4z2</latexit><latexit sha1_base64="bGRaWgSPycV+qtBF0H0VhMzGH3k=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYalCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/dI4z2</latexit><latexit sha1_base64="bGRaWgSPycV+qtBF0H0VhMzGH3k=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraYalCtu1V2IrIOXQwVyNQblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LEoaofazxaIzcmGdIQljZZ80ZOH+nshopPU0CmxnRM1Yr9bm5n+1XmrCGz/jMkkNSrb8KEwFMTGZX02GXCEzYmqBMsXtroSNqaLM2GxKNgRv9eR1aF9VPcvN60r9No+jCGdwDpfgQQ3qcA8NaAEDhGd4hTfn0Xlx3p2PZWvByWdO4Y+czx/dI4z2</latexit>

s0
<latexit sha1_base64="TtGSovhTUbRhWNPaaWSn5sF5tFc=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF9FQSKeix6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9n9fYT10bE6hEnCfcjOlQiFIyitR7Meb9ccavuXGQVvBwqkKvRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOedeiohE3fjbfdErOrDMgYaztU0jm7u+JjEbGTKLAdkYUR2a5NjP/q3VTDK/9TKgkRa7Y4qMwlQRjMjubDITmDOXEAmVa2F0JG1FNGdpwSjYEb/nkVWhdVj3L97VK/SaPowgncAoX4MEV1OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cj5/AD8pjSg=</latexit><latexit sha1_base64="TtGSovhTUbRhWNPaaWSn5sF5tFc=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF9FQSKeix6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9n9fYT10bE6hEnCfcjOlQiFIyitR7Meb9ccavuXGQVvBwqkKvRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOedeiohE3fjbfdErOrDMgYaztU0jm7u+JjEbGTKLAdkYUR2a5NjP/q3VTDK/9TKgkRa7Y4qMwlQRjMjubDITmDOXEAmVa2F0JG1FNGdpwSjYEb/nkVWhdVj3L97VK/SaPowgncAoX4MEV1OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cj5/AD8pjSg=</latexit><latexit sha1_base64="TtGSovhTUbRhWNPaaWSn5sF5tFc=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF9FQSKeix6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9n9fYT10bE6hEnCfcjOlQiFIyitR7Meb9ccavuXGQVvBwqkKvRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOedeiohE3fjbfdErOrDMgYaztU0jm7u+JjEbGTKLAdkYUR2a5NjP/q3VTDK/9TKgkRa7Y4qMwlQRjMjubDITmDOXEAmVa2F0JG1FNGdpwSjYEb/nkVWhdVj3L97VK/SaPowgncAoX4MEV1OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cj5/AD8pjSg=</latexit><latexit sha1_base64="TtGSovhTUbRhWNPaaWSn5sF5tFc=">AAAB6XicbZBNS8NAEIYn9avWr6pHL4tF9FQSKeix6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYXFh7emWFn3iCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9n9fYT10bE6hEnCfcjOlQiFIyitR7Meb9ccavuXGQVvBwqkKvRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOedeiohE3fjbfdErOrDMgYaztU0jm7u+JjEbGTKLAdkYUR2a5NjP/q3VTDK/9TKgkRa7Y4qMwlQRjMjubDITmDOXEAmVa2F0JG1FNGdpwSjYEb/nkVWhdVj3L97VK/SaPowgncAoX4MEV1OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cj5/AD8pjSg=</latexit>

q(s, a) ⇡ q(s, a; ✓)
<latexit sha1_base64="gpzwXO7vgi32DXDODJ8EA/Fv/ZA=">AAACJnicbZDPSiNBEMZ74rpq1DXq0UuzQYgoMiMLK4gQ1otHhU0UMiHUdGpMY890212zawh5Gi++yl48KCLefJTt/DmsZgsafv19VXTXlxglHYXha1Ca+zT/eWFxqby8svplrbK+0XS6sAIbQittLxNwqGSODZKk8NJYhCxReJFcn4z8i19ondT5T+obbGdwlctUCiAvdSrHNzW3BzsxGGP1LR/fjmLqIcFOeTtWmBJYq3+/d3ZjUKYHtU6lGu6H4+KzEE2hyqZ11qk8xl0tigxzEgqca0WhofYALEmhcFiOC4cGxDVcYctjDhm69mC85pBve6XLU239yYmP1X8nBpA5188S35kB9dxHbyT+z2sVlB62BzI3BWEuJg+lheKk+Sgz3pUWBam+BxBW+r9y0QMLgnyyZR9C9HHlWWge7Eeez79V6z+mcSyyLfaV1VjEvrM6O2VnrMEEu2N/2CN7Cu6Dh+A5eJm0loLpzCZ7V8HbX4o5o/k=</latexit><latexit sha1_base64="gpzwXO7vgi32DXDODJ8EA/Fv/ZA=">AAACJnicbZDPSiNBEMZ74rpq1DXq0UuzQYgoMiMLK4gQ1otHhU0UMiHUdGpMY890212zawh5Gi++yl48KCLefJTt/DmsZgsafv19VXTXlxglHYXha1Ca+zT/eWFxqby8svplrbK+0XS6sAIbQittLxNwqGSODZKk8NJYhCxReJFcn4z8i19ondT5T+obbGdwlctUCiAvdSrHNzW3BzsxGGP1LR/fjmLqIcFOeTtWmBJYq3+/d3ZjUKYHtU6lGu6H4+KzEE2hyqZ11qk8xl0tigxzEgqca0WhofYALEmhcFiOC4cGxDVcYctjDhm69mC85pBve6XLU239yYmP1X8nBpA5188S35kB9dxHbyT+z2sVlB62BzI3BWEuJg+lheKk+Sgz3pUWBam+BxBW+r9y0QMLgnyyZR9C9HHlWWge7Eeez79V6z+mcSyyLfaV1VjEvrM6O2VnrMEEu2N/2CN7Cu6Dh+A5eJm0loLpzCZ7V8HbX4o5o/k=</latexit><latexit sha1_base64="gpzwXO7vgi32DXDODJ8EA/Fv/ZA=">AAACJnicbZDPSiNBEMZ74rpq1DXq0UuzQYgoMiMLK4gQ1otHhU0UMiHUdGpMY890212zawh5Gi++yl48KCLefJTt/DmsZgsafv19VXTXlxglHYXha1Ca+zT/eWFxqby8svplrbK+0XS6sAIbQittLxNwqGSODZKk8NJYhCxReJFcn4z8i19ondT5T+obbGdwlctUCiAvdSrHNzW3BzsxGGP1LR/fjmLqIcFOeTtWmBJYq3+/d3ZjUKYHtU6lGu6H4+KzEE2hyqZ11qk8xl0tigxzEgqca0WhofYALEmhcFiOC4cGxDVcYctjDhm69mC85pBve6XLU239yYmP1X8nBpA5188S35kB9dxHbyT+z2sVlB62BzI3BWEuJg+lheKk+Sgz3pUWBam+BxBW+r9y0QMLgnyyZR9C9HHlWWge7Eeez79V6z+mcSyyLfaV1VjEvrM6O2VnrMEEu2N/2CN7Cu6Dh+A5eJm0loLpzCZ7V8HbX4o5o/k=</latexit><latexit sha1_base64="gpzwXO7vgi32DXDODJ8EA/Fv/ZA=">AAACJnicbZDPSiNBEMZ74rpq1DXq0UuzQYgoMiMLK4gQ1otHhU0UMiHUdGpMY890212zawh5Gi++yl48KCLefJTt/DmsZgsafv19VXTXlxglHYXha1Ca+zT/eWFxqby8svplrbK+0XS6sAIbQittLxNwqGSODZKk8NJYhCxReJFcn4z8i19ondT5T+obbGdwlctUCiAvdSrHNzW3BzsxGGP1LR/fjmLqIcFOeTtWmBJYq3+/d3ZjUKYHtU6lGu6H4+KzEE2hyqZ11qk8xl0tigxzEgqca0WhofYALEmhcFiOC4cGxDVcYctjDhm69mC85pBve6XLU239yYmP1X8nBpA5188S35kB9dxHbyT+z2sVlB62BzI3BWEuJg+lheKk+Sgz3pUWBam+BxBW+r9y0QMLgnyyZR9C9HHlWWge7Eeez79V6z+mcSyyLfaV1VjEvrM6O2VnrMEEu2N/2CN7Cu6Dh+A5eJm0loLpzCZ7V8HbX4o5o/k=</latexit>

✓  ✓ + ↵
h
r + �max

a0
q(s0, a0; ✓)� q(s, a; ✓)

i
r✓q(s, a; ✓)

<latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit><latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit><latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit><latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit>

q(s, a) q(s, a) + ↵
h
r + �max

a0
q(s0, a0)� q(s, a)

i

<latexit sha1_base64="D8iLdCMmeYcUSmE+iCymM2dZgII="></latexit><latexit sha1_base64="D8iLdCMmeYcUSmE+iCymM2dZgII="></latexit><latexit sha1_base64="D8iLdCMmeYcUSmE+iCymM2dZgII="></latexit><latexit sha1_base64="D8iLdCMmeYcUSmE+iCymM2dZgII="></latexit>

q⇤(s, a) = Es0⇠Pr(·|s,a)

h
r + �max

a0
q⇤(s

0, a0)
i

<latexit sha1_base64="WkggG5v3NtbXAUATTYB37kj2rds="></latexit><latexit sha1_base64="WkggG5v3NtbXAUATTYB37kj2rds="></latexit><latexit sha1_base64="WkggG5v3NtbXAUATTYB37kj2rds="></latexit><latexit sha1_base64="WkggG5v3NtbXAUATTYB37kj2rds="></latexit>

Incremental
update

✓
<latexit sha1_base64="y9+0Gm7Vya/kIjC2+JxLZe6enek="></latexit><latexit sha1_base64="y9+0Gm7Vya/kIjC2+JxLZe6enek="></latexit><latexit sha1_base64="y9+0Gm7Vya/kIjC2+JxLZe6enek="></latexit><latexit sha1_base64="y9+0Gm7Vya/kIjC2+JxLZe6enek="></latexit>

"
<latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit> "

<latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit><latexit sha1_base64="q2hPMkGNOCosIhJBGAMU+F+r6Rw=">AAAB8nicbZBNS8NAEIY39avWr6pHL8EieCqJCHosevFYwX5AGspmO2mXbnbD7qRQQn+GFw+KePXXePPfuG1z0NYXFh7emWFn3igV3KDnfTuljc2t7Z3ybmVv/+DwqHp80jYq0wxaTAmluxE1ILiEFnIU0E010CQS0InG9/N6ZwLacCWfcJpCmNCh5DFnFK0V9CZUQ2q4ULJfrXl1byF3HfwCaqRQs1/96g0UyxKQyAQ1JvC9FMOcauRMwKzSywyklI3pEAKLkiZgwnyx8sy9sM7AjZW2T6K7cH9P5DQxZppEtjOhODKrtbn5Xy3IML4Ncy7TDEGy5UdxJlxU7vx+d8A1MBRTC5Rpbnd12YhqytCmVLEh+Ksnr0P7qu5bfryuNe6KOMrkjJyTS+KTG9IgD6RJWoQRRZ7JK3lz0Hlx3p2PZWvJKWZOyR85nz+50ZGH</latexit>

called by Temporal Difference (TD) errors

a = argmaxa q(s, a)
<latexit sha1_base64="1zle3qE5NTLRpavQv2YIJyiMMk4=">AAAB/HicbZDJSgNBEIZrXGPcRnP00iQIESXMeNGLEPTiMYJZIDOEmk4nadKz2N0jhhBfRQ8eFPHqg3jzbewsB038oeHjryqq+g8SwZV2nG9raXlldW09s5Hd3Nre2bX39msqTiVlVRqLWDYCVEzwiFU114I1EskwDASrB/2rcb1+z6TicXSrBwnzQ+xGvMMpamO17BxeeCi7XogPLSR3RXWCRy274JScicgiuDMolPPe8TMAVFr2l9eOaRqySFOBSjVdJ9H+EKXmVLBR1ksVS5D2scuaBiMMmfKHk+NH5NA4bdKJpXmRJhP398QQQ6UGYWA6Q9Q9NV8bm//VmqnunPtDHiWpZhGdLuqkguiYjJMgbS4Z1WJgAKnk5lZCeyiRapNX1oTgzn95EWqnJdfwjVsoX8JUGTiAPBTBhTMowzVUoAoUBvAEr/BmPVov1rv1MW1dsmYzOfgj6/MHYASVZw==</latexit><latexit sha1_base64="ZGRqC+jMICNBytWqiTY/pC1Z7Mo=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN6FFqChlxo1uhEE3LivYC3RKOZOmbWgyMyYZcSj1Kdy7caGIWx/EXd/G9LLQ1h8CH/85h3PyBzFnSjvO2MqsrK6tb2Q3c1vbO7t79v5BTUWJJLRKIh7JRgCKchbSqmaa00YsKYiA03owuJ7U6w9UKhaFdzqNaUtAL2RdRkAbq23n4dIH2fMFPLYB35fUKRy37aJTdqbCy+DOoegV/JPnsZdW2va334lIImioCQelmq4T69YQpGaE01HOTxSNgQygR5sGQxBUtYbT40f4yDgd3I2keaHGU/f3xBCEUqkITKcA3VeLtYn5X62Z6O5Fa8jCONE0JLNF3YRjHeFJErjDJCWapwaASGZuxaQPEog2eeVMCO7il5ehdlZ2Dd+6Re8KzZRFh6iASshF58hDN6iCqoigFL2gN/RuPVmv1of1OWvNWPOZPPoj6+sHaW6W7Q==</latexit><latexit sha1_base64="ZGRqC+jMICNBytWqiTY/pC1Z7Mo=">AAAB/HicbZDLSgMxFIYz9VbrbbRLN6FFqChlxo1uhEE3LivYC3RKOZOmbWgyMyYZcSj1Kdy7caGIWx/EXd/G9LLQ1h8CH/85h3PyBzFnSjvO2MqsrK6tb2Q3c1vbO7t79v5BTUWJJLRKIh7JRgCKchbSqmaa00YsKYiA03owuJ7U6w9UKhaFdzqNaUtAL2RdRkAbq23n4dIH2fMFPLYB35fUKRy37aJTdqbCy+DOoegV/JPnsZdW2va334lIImioCQelmq4T69YQpGaE01HOTxSNgQygR5sGQxBUtYbT40f4yDgd3I2keaHGU/f3xBCEUqkITKcA3VeLtYn5X62Z6O5Fa8jCONE0JLNF3YRjHeFJErjDJCWapwaASGZuxaQPEog2eeVMCO7il5ehdlZ2Dd+6Re8KzZRFh6iASshF58hDN6iCqoigFL2gN/RuPVmv1of1OWvNWPOZPPoj6+sHaW6W7Q==</latexit><latexit sha1_base64="bcinYc2DhMGlN7Oi5QjzKOHnnqA=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiVJCSuNGNUHTjsoK9QBPCyXTSDp1cnJmIIdRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z34/4Uwqy/o2Siura+sb5c3K1vbO7p65f9CRcSoIbZOYx6Lng6ScRbStmOK0lwgKoc9p1x9fT+vdByoki6M7lSXUDWEYsYARUNryzCpcOiCGTgiPHuD7ujyFE8+sWQ1rJrwMdgE1VKjlmV/OICZpSCNFOEjZt61EuTkIxQink4qTSpoAGcOQ9jVGEFLp5rPjJ/hYOwMcxEK/SOGZ+3sih1DKLPR1ZwhqJBdrU/O/Wj9VwYWbsyhJFY3IfFGQcqxiPE0CD5igRPFMAxDB9K2YjEAAUTqvig7BXvzyMnTOGrbmW7vWvCriKKNDdITqyEbnqIluUAu1EUEZekav6M14Ml6Md+Nj3loyipkq+iPj8wdNhZPe</latexit>
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• Q-learning is known to be unstable or even to diverge when using nonlinear 
function approximators such as neural networks

• Because even small updates to     may significantly change …

Deep Q-Network (DQN)
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⇡old
<latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit><latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit><latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit><latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit>⇡new

<latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit><latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit><latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit><latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit>

1. Data distribution
+ high-correlated sequential data

q
<latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit>

2. Correlations between
and

q(s, a; ✓)
<latexit sha1_base64="K1hQyMhjV7c2dJyjtoDnXezoyKQ="></latexit><latexit sha1_base64="R75k8n22XmheFOU3xaHVnhRWG/U=">AAACGXicbVBNSwMxFMz6WetX1aOXYJEqFdn1ouCl6MVjBauFbilv07QNJrtr8lYsS/+FePGvePGgiEc99d+YtgraOhAYZubx8iaIpTDoun1nanpmdm4+s5BdXFpeWc2trV+aKNGMV1gkI10NwHApQl5BgZJXY81BBZJfBdenA//qlmsjovACuzGvK2iHoiUYoJUaOfdmx+zBsY8djrCb3aa66LdBKfAV3DVSKPRsoLAHhZ9II5d3990h6CTxvkm+tOUX7/ulbrmR+/CbEUsUD5FJMKbmuTHWU9AomOS9rJ8YHgO7hjavWRqC4qaeDi/r0W2rNGkr0vaFSIfq74kUlDFdFdikAuyYcW8g/ufVEmwd1VMRxgnykI0WtRJJMaKDmmhTaM5Qdi0BpoX9K2Ud0MDQlpm1JXjjJ0+Sy4N9z/JzL186ISNkyCbZIjvEI4ekRM5ImVQIIw/kibyQV+fReXbenPdRdMr5ntkgf+B8fgE+06GP</latexit><latexit sha1_base64="R75k8n22XmheFOU3xaHVnhRWG/U=">AAACGXicbVBNSwMxFMz6WetX1aOXYJEqFdn1ouCl6MVjBauFbilv07QNJrtr8lYsS/+FePGvePGgiEc99d+YtgraOhAYZubx8iaIpTDoun1nanpmdm4+s5BdXFpeWc2trV+aKNGMV1gkI10NwHApQl5BgZJXY81BBZJfBdenA//qlmsjovACuzGvK2iHoiUYoJUaOfdmx+zBsY8djrCb3aa66LdBKfAV3DVSKPRsoLAHhZ9II5d3990h6CTxvkm+tOUX7/ulbrmR+/CbEUsUD5FJMKbmuTHWU9AomOS9rJ8YHgO7hjavWRqC4qaeDi/r0W2rNGkr0vaFSIfq74kUlDFdFdikAuyYcW8g/ufVEmwd1VMRxgnykI0WtRJJMaKDmmhTaM5Qdi0BpoX9K2Ud0MDQlpm1JXjjJ0+Sy4N9z/JzL186ISNkyCbZIjvEI4ekRM5ImVQIIw/kibyQV+fReXbenPdRdMr5ntkgf+B8fgE+06GP</latexit><latexit sha1_base64="YN+B9MzWqiZWJj1vPwyh+Nz59NI=">AAACGXicbVDLSgMxFM3Ud31VXboJFmlFKTNuFNwU3bhUsA/olHInTdtgMjMmd8Qy9Dfc+CtuXCjiUlf+jelD0OqBwOGcc7m5J4ilMOi6n05mZnZufmFxKbu8srq2ntvYrJoo0YxXWCQjXQ/AcClCXkGBktdjzUEFkteC67OhX7vl2ogovMJ+zJsKuqHoCAZopVbOvSmaAzjxsccR9rK7VO/7XVAKfAV3rRQKAxsoHEDhO9LK5d2SOwL9S7wJyZMJLlq5d78dsUTxEJkEYxqeG2MzBY2CST7I+onhMbBr6PKGpSEobprp6LIB3bVKm3YibV+IdKT+nEhBGdNXgU0qwJ6Z9obif14jwc5xMxVhnCAP2XhRJ5EUIzqsibaF5gxl3xJgWti/UtYDDQxtmVlbgjd98l9SPSx5ll96+fLppI5Fsk12SJF45IiUyTm5IBXCyD15JM/kxXlwnpxX520czTiTmS3yC87HFyLqnoA=</latexit>

r + �maxa0 q(s0, a0; ✓)
<latexit sha1_base64="1qYNXfKTJb0EEF4odNAkUvV2G08=">AAACGHicbVA9SwNBFHznZ4xfUUubwyBRFL2zUbAJ2lgqGA3kQni32SSLu3fn7jsxHPkZNlb+DxsLRWzt/DduEgWNDiwMM/N4+yZMpDDkeR/O2PjE5NR0biY/Oze/sFhYWr4wcaoZr7BYxroaouFSRLxCgiSvJpqjCiW/DK+O+/7lDddGxNE5dRNeV9iOREswJCs1Crvr1xtmGw8D6nDCzbzeCtqoFAYKbxsZlnrWLm1j6TvQKBS9HW8A9y/xv0ixvBZsPQDAaaPwHjRjlioeEZNoTM33EqpnqEkwyXv5IDU8QXaFbV6zNELFTT0bHNZz163SdFuxti8id6D+nMhQGdNVoU0qpI4Z9frif14tpdZBPRNRkhKP2HBRK5UuxW6/JbcpNGcku5Yg08L+1WUd1MjIdpm3JfijJ/8lF3s7vuVnfrF8BEPkYBXWYAN82IcynMApVIDBHTzCM7w4986T8+q8DaNjztfMCvyC8/4J1Gqf3w==</latexit><latexit sha1_base64="MIT4JzeadH/NZlbB3edCcETMp3M=">AAACGHicbVDLSgNBEJz1GeMr6tHLYgiJKLrrRcFL0IvHCMYEsiH0TibJ4MzuOtMrhiV/oRd/xYsHRbzmlr9x8hA0sWCgqKqmp8uPBNfoOANrbn5hcWk5tZJeXVvf2Mxsbd/qMFaUlWkoQlX1QTPBA1ZGjoJVI8VA+oJV/LvLoV95YErzMLjBbsTqEtoBb3EKaKRG5jh3X9CHcO5hhyHsp9WB1wYpwZPw2Egg3zN2/hDyP4FGJuscOSPYs8SdkGxxzzt4GhS7pUam7zVDGksWIBWgdc11IqwnoJBTwXppL9YsAnoHbVYzNADJdD0ZHdazc0Zp2q1QmRegPVJ/TyQgte5K3yQlYEdPe0PxP68WY+usnvAgipEFdLyoFQsbQ3vYkt3kilEUXUOAKm7+atMOKKBoukybEtzpk2fJ7cmRa/i1my1ekDFSZJfskQJxySkpkitSImVCyTN5Je/kw3qx3qxP62scnbMmMzvkD6z+N93UoWU=</latexit><latexit sha1_base64="MIT4JzeadH/NZlbB3edCcETMp3M=">AAACGHicbVDLSgNBEJz1GeMr6tHLYgiJKLrrRcFL0IvHCMYEsiH0TibJ4MzuOtMrhiV/oRd/xYsHRbzmlr9x8hA0sWCgqKqmp8uPBNfoOANrbn5hcWk5tZJeXVvf2Mxsbd/qMFaUlWkoQlX1QTPBA1ZGjoJVI8VA+oJV/LvLoV95YErzMLjBbsTqEtoBb3EKaKRG5jh3X9CHcO5hhyHsp9WB1wYpwZPw2Egg3zN2/hDyP4FGJuscOSPYs8SdkGxxzzt4GhS7pUam7zVDGksWIBWgdc11IqwnoJBTwXppL9YsAnoHbVYzNADJdD0ZHdazc0Zp2q1QmRegPVJ/TyQgte5K3yQlYEdPe0PxP68WY+usnvAgipEFdLyoFQsbQ3vYkt3kilEUXUOAKm7+atMOKKBoukybEtzpk2fJ7cmRa/i1my1ekDFSZJfskQJxySkpkitSImVCyTN5Je/kw3qx3qxP62scnbMmMzvkD6z+N93UoWU=</latexit><latexit sha1_base64="ci3MpN0eWWTzj9kXZCPa+HqOeB0=">AAACGHicbVBNS8NAFNzUr1q/qh69BEtpxVITLwpeil48VrBaaEp52W7bpbtJ3H0RS+jP8OJf8eJBEa/e/DduawStDiwMM/N4+8aPBNfoOB9WZm5+YXEpu5xbWV1b38hvbl3pMFaUNWgoQtX0QTPBA9ZAjoI1I8VA+oJd+8OziX99y5TmYXCJo4i1JfQD3uMU0Eid/EHxpqwrcOLhgCHs5dS+1wcpwZNw10mgNDZ2qQKl70AnX3CqzhT2X+KmpEBS1Dv5d68b0liyAKkArVuuE2E7AYWcCjbOebFmEdAh9FnL0AAk0+1ketjYLhqla/dCZV6A9lT9OZGA1HokfZOUgAM9603E/7xWjL3jdsKDKEYW0K9FvVjYGNqTluwuV4yiGBkCVHHzV5sOQAFF02XOlODOnvyXXB1WXcMv3ELtNK0jS3bILikTlxyRGjknddIglNyTR/JMXqwH68l6td6+ohkrndkmv2C9fwLB655W</latexit>

Solution: DQN (Mnih et al., 2015)

1. Experience replay buffer:
- use previous samples
- smoothing data distribution
- remove sequential correlation

⇡old
<latexit sha1_base64="01yezCkdiVbp89WW5/uk2BUR228="></latexit><latexit sha1_base64="rs5DxnH+CrSgtAx9G8/NZaE5MKQ="></latexit><latexit sha1_base64="rs5DxnH+CrSgtAx9G8/NZaE5MKQ="></latexit><latexit sha1_base64="KadbZnn4qfK2+t+oNhTE+yAR3D0="></latexit>

⇡new
<latexit sha1_base64="n7q3fF6bglOFe05Hm8ict7pH+3w="></latexit><latexit sha1_base64="7UI188qv9K3nFqVfgEm4zdZdZ7c="></latexit><latexit sha1_base64="7UI188qv9K3nFqVfgEm4zdZdZ7c="></latexit><latexit sha1_base64="7otM4f+b2uprM7I3YWWdhPKbp3Y="></latexit>

2. Slowly updated target network
- use
- reducing correlations from target

r + �maxa0 q(s0, a0; ✓�)
<latexit sha1_base64="MsGOF4RBEJdbxGTBlbfkgdFCf0U="></latexit><latexit sha1_base64="wJyCVLcHa5XWKJWk2QpfZlanc8Q="></latexit><latexit sha1_base64="wJyCVLcHa5XWKJWk2QpfZlanc8Q="></latexit><latexit sha1_base64="ZVdSeAx0Q0We4LCDieqAxo++fZ4="></latexit>

✓�
<latexit sha1_base64="PWckHddAGWlfPaMW/ZEbFo+e1vQ="></latexit><latexit sha1_base64="pmeez++z2hB4vpXoue6ke6mZCBU="></latexit><latexit sha1_base64="pmeez++z2hB4vpXoue6ke6mZCBU="></latexit><latexit sha1_base64="D3Nb3a2zH2XAMdYNecjtlpRm+8w="></latexit>
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• Q-learning is known to be unstable or even to diverge when using nonlinear 
function approximators such as neural networks

• Because even small updates to     may significantly change …

Deep Q-Network (DQN)
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⇡old
<latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit><latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit><latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit><latexit sha1_base64="vP/BRkniqi5z+EpEXY509Q6Tbuk=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokIuiy6MZlBdsKTSmTyUk7dHJh5kQsIbjxVdy4UMStT+HOt3GaZqGtBwY+/v+cOTO/lwiu0La/jcrS8srqWnW9trG5tb1j7u51VJxKBm0Wi1jeeVSB4BG0kaOAu0QCDT0BXW98NfW79yAVj6NbnCTQD+kw4gFnFLU0MA/c4o5Mgp+7CR+4CA+YxcLPB2bdbthFWYvglFAnZbUG5pfrxywNIUImqFI9x06wn1GJnAnIa26qIKFsTIfQ0xjREFQ/K9bn1rFWfCuIpT4RWoX6eyKjoVKT0NOdIcWRmvem4n9eL8Xgop/xKEkRIjZbFKTCwtia5mH5XAJDMdFAmeT6rRYbUUkZ6tRqOgRn/suL0DltOJpvzurNyzKOKjkkR+SEOOScNMk1aZE2YeSRPJNX8mY8GS/Gu/Exa60Y5cw++VPG5w+w9pg/</latexit>⇡new

<latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit><latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit><latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit><latexit sha1_base64="5yhYMFeFXjetME1PJqpBJy7My0E=">AAACA3icbZDLSsNAFIYn9VbrLepON8EiuCqJCLosunFZwV6gKWUyPW2HTiZh5kQtIeDGV3HjQhG3voQ738Zp2oW2Hhj4+P9z5sz8QSy4Rtf9tgpLyyura8X10sbm1vaOvbvX0FGiGNRZJCLVCqgGwSXUkaOAVqyAhoGAZjC6mvjNO1CaR/IWxzF0QjqQvM8ZRSN17QM/vyMNRAKZH/Ouj/CAqYT7rGuX3Yqbl7MI3gzKZFa1rv3l9yKWhCCRCap123Nj7KRUIWcCspKfaIgpG9EBtA1KGoLupPn+zDk2Ss/pR8ociU6u/p5Iaaj1OAxMZ0hxqOe9ifif106wf9FJuYwTBMmmi/qJcDByJoE4Pa6AoRgboExx81aHDamiDE1sJROCN//lRWicVjzDN2fl6uUsjiI5JEfkhHjknFTJNamROmHkkTyTV/JmPVkv1rv1MW0tWLOZffKnrM8flp2YwQ==</latexit>

1. Data distribution
+ high-correlated sequential data

q
<latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit>

2. Correlations between
and

q(s, a; ✓)
<latexit sha1_base64="K1hQyMhjV7c2dJyjtoDnXezoyKQ="></latexit><latexit sha1_base64="R75k8n22XmheFOU3xaHVnhRWG/U=">AAACGXicbVBNSwMxFMz6WetX1aOXYJEqFdn1ouCl6MVjBauFbilv07QNJrtr8lYsS/+FePGvePGgiEc99d+YtgraOhAYZubx8iaIpTDoun1nanpmdm4+s5BdXFpeWc2trV+aKNGMV1gkI10NwHApQl5BgZJXY81BBZJfBdenA//qlmsjovACuzGvK2iHoiUYoJUaOfdmx+zBsY8djrCb3aa66LdBKfAV3DVSKPRsoLAHhZ9II5d3990h6CTxvkm+tOUX7/ulbrmR+/CbEUsUD5FJMKbmuTHWU9AomOS9rJ8YHgO7hjavWRqC4qaeDi/r0W2rNGkr0vaFSIfq74kUlDFdFdikAuyYcW8g/ufVEmwd1VMRxgnykI0WtRJJMaKDmmhTaM5Qdi0BpoX9K2Ud0MDQlpm1JXjjJ0+Sy4N9z/JzL186ISNkyCbZIjvEI4ekRM5ImVQIIw/kibyQV+fReXbenPdRdMr5ntkgf+B8fgE+06GP</latexit><latexit sha1_base64="R75k8n22XmheFOU3xaHVnhRWG/U=">AAACGXicbVBNSwMxFMz6WetX1aOXYJEqFdn1ouCl6MVjBauFbilv07QNJrtr8lYsS/+FePGvePGgiEc99d+YtgraOhAYZubx8iaIpTDoun1nanpmdm4+s5BdXFpeWc2trV+aKNGMV1gkI10NwHApQl5BgZJXY81BBZJfBdenA//qlmsjovACuzGvK2iHoiUYoJUaOfdmx+zBsY8djrCb3aa66LdBKfAV3DVSKPRsoLAHhZ9II5d3990h6CTxvkm+tOUX7/ulbrmR+/CbEUsUD5FJMKbmuTHWU9AomOS9rJ8YHgO7hjavWRqC4qaeDi/r0W2rNGkr0vaFSIfq74kUlDFdFdikAuyYcW8g/ufVEmwd1VMRxgnykI0WtRJJMaKDmmhTaM5Qdi0BpoX9K2Ud0MDQlpm1JXjjJ0+Sy4N9z/JzL186ISNkyCbZIjvEI4ekRM5ImVQIIw/kibyQV+fReXbenPdRdMr5ntkgf+B8fgE+06GP</latexit><latexit sha1_base64="YN+B9MzWqiZWJj1vPwyh+Nz59NI=">AAACGXicbVDLSgMxFM3Ud31VXboJFmlFKTNuFNwU3bhUsA/olHInTdtgMjMmd8Qy9Dfc+CtuXCjiUlf+jelD0OqBwOGcc7m5J4ilMOi6n05mZnZufmFxKbu8srq2ntvYrJoo0YxXWCQjXQ/AcClCXkGBktdjzUEFkteC67OhX7vl2ogovMJ+zJsKuqHoCAZopVbOvSmaAzjxsccR9rK7VO/7XVAKfAV3rRQKAxsoHEDhO9LK5d2SOwL9S7wJyZMJLlq5d78dsUTxEJkEYxqeG2MzBY2CST7I+onhMbBr6PKGpSEobprp6LIB3bVKm3YibV+IdKT+nEhBGdNXgU0qwJ6Z9obif14jwc5xMxVhnCAP2XhRJ5EUIzqsibaF5gxl3xJgWti/UtYDDQxtmVlbgjd98l9SPSx5ll96+fLppI5Fsk12SJF45IiUyTm5IBXCyD15JM/kxXlwnpxX520czTiTmS3yC87HFyLqnoA=</latexit>

r + �maxa0 q(s0, a0; ✓)
<latexit sha1_base64="1qYNXfKTJb0EEF4odNAkUvV2G08=">AAACGHicbVA9SwNBFHznZ4xfUUubwyBRFL2zUbAJ2lgqGA3kQni32SSLu3fn7jsxHPkZNlb+DxsLRWzt/DduEgWNDiwMM/N4+yZMpDDkeR/O2PjE5NR0biY/Oze/sFhYWr4wcaoZr7BYxroaouFSRLxCgiSvJpqjCiW/DK+O+/7lDddGxNE5dRNeV9iOREswJCs1Crvr1xtmGw8D6nDCzbzeCtqoFAYKbxsZlnrWLm1j6TvQKBS9HW8A9y/xv0ixvBZsPQDAaaPwHjRjlioeEZNoTM33EqpnqEkwyXv5IDU8QXaFbV6zNELFTT0bHNZz163SdFuxti8id6D+nMhQGdNVoU0qpI4Z9frif14tpdZBPRNRkhKP2HBRK5UuxW6/JbcpNGcku5Yg08L+1WUd1MjIdpm3JfijJ/8lF3s7vuVnfrF8BEPkYBXWYAN82IcynMApVIDBHTzCM7w4986T8+q8DaNjztfMCvyC8/4J1Gqf3w==</latexit><latexit sha1_base64="MIT4JzeadH/NZlbB3edCcETMp3M=">AAACGHicbVDLSgNBEJz1GeMr6tHLYgiJKLrrRcFL0IvHCMYEsiH0TibJ4MzuOtMrhiV/oRd/xYsHRbzmlr9x8hA0sWCgqKqmp8uPBNfoOANrbn5hcWk5tZJeXVvf2Mxsbd/qMFaUlWkoQlX1QTPBA1ZGjoJVI8VA+oJV/LvLoV95YErzMLjBbsTqEtoBb3EKaKRG5jh3X9CHcO5hhyHsp9WB1wYpwZPw2Egg3zN2/hDyP4FGJuscOSPYs8SdkGxxzzt4GhS7pUam7zVDGksWIBWgdc11IqwnoJBTwXppL9YsAnoHbVYzNADJdD0ZHdazc0Zp2q1QmRegPVJ/TyQgte5K3yQlYEdPe0PxP68WY+usnvAgipEFdLyoFQsbQ3vYkt3kilEUXUOAKm7+atMOKKBoukybEtzpk2fJ7cmRa/i1my1ekDFSZJfskQJxySkpkitSImVCyTN5Je/kw3qx3qxP62scnbMmMzvkD6z+N93UoWU=</latexit><latexit sha1_base64="MIT4JzeadH/NZlbB3edCcETMp3M=">AAACGHicbVDLSgNBEJz1GeMr6tHLYgiJKLrrRcFL0IvHCMYEsiH0TibJ4MzuOtMrhiV/oRd/xYsHRbzmlr9x8hA0sWCgqKqmp8uPBNfoOANrbn5hcWk5tZJeXVvf2Mxsbd/qMFaUlWkoQlX1QTPBA1ZGjoJVI8VA+oJV/LvLoV95YErzMLjBbsTqEtoBb3EKaKRG5jh3X9CHcO5hhyHsp9WB1wYpwZPw2Egg3zN2/hDyP4FGJuscOSPYs8SdkGxxzzt4GhS7pUam7zVDGksWIBWgdc11IqwnoJBTwXppL9YsAnoHbVYzNADJdD0ZHdazc0Zp2q1QmRegPVJ/TyQgte5K3yQlYEdPe0PxP68WY+usnvAgipEFdLyoFQsbQ3vYkt3kilEUXUOAKm7+atMOKKBoukybEtzpk2fJ7cmRa/i1my1ekDFSZJfskQJxySkpkitSImVCyTN5Je/kw3qx3qxP62scnbMmMzvkD6z+N93UoWU=</latexit><latexit sha1_base64="ci3MpN0eWWTzj9kXZCPa+HqOeB0=">AAACGHicbVBNS8NAFNzUr1q/qh69BEtpxVITLwpeil48VrBaaEp52W7bpbtJ3H0RS+jP8OJf8eJBEa/e/DduawStDiwMM/N4+8aPBNfoOB9WZm5+YXEpu5xbWV1b38hvbl3pMFaUNWgoQtX0QTPBA9ZAjoI1I8VA+oJd+8OziX99y5TmYXCJo4i1JfQD3uMU0Eid/EHxpqwrcOLhgCHs5dS+1wcpwZNw10mgNDZ2qQKl70AnX3CqzhT2X+KmpEBS1Dv5d68b0liyAKkArVuuE2E7AYWcCjbOebFmEdAh9FnL0AAk0+1ketjYLhqla/dCZV6A9lT9OZGA1HokfZOUgAM9603E/7xWjL3jdsKDKEYW0K9FvVjYGNqTluwuV4yiGBkCVHHzV5sOQAFF02XOlODOnvyXXB1WXcMv3ELtNK0jS3bILikTlxyRGjknddIglNyTR/JMXqwH68l6td6+ohkrndkmv2C9fwLB655W</latexit>

Solution: DQN [Mnih et al., 2015]

1. Experience replay buffer:
- use previous samples
- smoothing data distribution
- remove sequential correlation

⇡old
<latexit sha1_base64="01yezCkdiVbp89WW5/uk2BUR228="></latexit><latexit sha1_base64="rs5DxnH+CrSgtAx9G8/NZaE5MKQ="></latexit><latexit sha1_base64="rs5DxnH+CrSgtAx9G8/NZaE5MKQ="></latexit><latexit sha1_base64="KadbZnn4qfK2+t+oNhTE+yAR3D0="></latexit>

⇡new
<latexit sha1_base64="n7q3fF6bglOFe05Hm8ict7pH+3w="></latexit><latexit sha1_base64="7UI188qv9K3nFqVfgEm4zdZdZ7c="></latexit><latexit sha1_base64="7UI188qv9K3nFqVfgEm4zdZdZ7c="></latexit><latexit sha1_base64="7otM4f+b2uprM7I3YWWdhPKbp3Y="></latexit>

2. Slowly updated target network
- use
- reducing correlations from target

r + �maxa0 q(s0, a0; ✓�)
<latexit sha1_base64="MsGOF4RBEJdbxGTBlbfkgdFCf0U="></latexit><latexit sha1_base64="wJyCVLcHa5XWKJWk2QpfZlanc8Q="></latexit><latexit sha1_base64="wJyCVLcHa5XWKJWk2QpfZlanc8Q="></latexit><latexit sha1_base64="ZVdSeAx0Q0We4LCDieqAxo++fZ4="></latexit>

✓�
<latexit sha1_base64="PWckHddAGWlfPaMW/ZEbFo+e1vQ="></latexit><latexit sha1_base64="pmeez++z2hB4vpXoue6ke6mZCBU="></latexit><latexit sha1_base64="pmeez++z2hB4vpXoue6ke6mZCBU="></latexit><latexit sha1_base64="D3Nb3a2zH2XAMdYNecjtlpRm+8w="></latexit>

L = E(s,a,r,s0)⇠U(D)

⇣
r + �max

a0
q(s0, a0; ✓�)� q(s, a; ✓)

⌘2
�

<latexit sha1_base64="EpSNfIQBmSwDF+QcImVHihP1xyE="></latexit><latexit sha1_base64="EpSNfIQBmSwDF+QcImVHihP1xyE="></latexit><latexit sha1_base64="EpSNfIQBmSwDF+QcImVHihP1xyE="></latexit><latexit sha1_base64="EpSNfIQBmSwDF+QcImVHihP1xyE="></latexit>

- Add every observation                     to replay buffer
- Update deep Q-network
- Update target network                 at every C steps

✓  ✓ � ↵r✓L
<latexit sha1_base64="9WlSZAIT6dCfSpsM36gum9sWO1A="></latexit><latexit sha1_base64="9WlSZAIT6dCfSpsM36gum9sWO1A="></latexit><latexit sha1_base64="9WlSZAIT6dCfSpsM36gum9sWO1A="></latexit><latexit sha1_base64="9WlSZAIT6dCfSpsM36gum9sWO1A="></latexit>

✓�  ✓
<latexit sha1_base64="4SCchx0OKvlNjbrSSdTfve/hjwY="></latexit><latexit sha1_base64="4SCchx0OKvlNjbrSSdTfve/hjwY="></latexit><latexit sha1_base64="4SCchx0OKvlNjbrSSdTfve/hjwY="></latexit><latexit sha1_base64="4SCchx0OKvlNjbrSSdTfve/hjwY="></latexit>

(s, a, r, s0)
<latexit sha1_base64="MEKg2ZHFBEewb66GzoAPnCKkkCU="></latexit><latexit sha1_base64="MEKg2ZHFBEewb66GzoAPnCKkkCU="></latexit><latexit sha1_base64="MEKg2ZHFBEewb66GzoAPnCKkkCU="></latexit><latexit sha1_base64="MEKg2ZHFBEewb66GzoAPnCKkkCU="></latexit>

D
<latexit sha1_base64="CZMzer/RCpN+KcCQIhzu4t2dBCE="></latexit><latexit sha1_base64="CZMzer/RCpN+KcCQIhzu4t2dBCE="></latexit><latexit sha1_base64="CZMzer/RCpN+KcCQIhzu4t2dBCE="></latexit><latexit sha1_base64="CZMzer/RCpN+KcCQIhzu4t2dBCE="></latexit>

Training Deep Q-Network [Minh et al., 2015]

replay buffer target network



Algorithmic Intelligence Lab

• [Minh et al., 2015] uses same architecture/hyper-parameters for all Atari games
⇒ Robustness of DQN

• Training curve 

• DQN Breakout video

Deep Q-Network for Atari Games
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At human-level or above
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* source : Minh et al., Human-level Control through Deep Reinforcement Learning, Nature 2015

https://youtu.be/TmPfTpjtdgg


Algorithmic Intelligence Lab

• Q-learning is known to overestimate action values

because the max step                     is used to update the same function

• In practice, overestimation errors will differ for actions ⟹ poor policy

Double Q-learning [van Hasselt, 2010] separates selection and evaluation:

• Double DQN [van Hasselt et al., 2015] uses              and                 (target network) 

Advanced Deep Q-learning (1) Double Q-learning
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max q(·, ·)
<latexit sha1_base64="uBpzeOVJzorHKMJF3pQEZRK2fcw=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3YQWoaKUGTe6LLpxWcFeoDOUTCbThmYuJhlxKPVVdOFCEbc+iDvfxnTahbYeSPj4/3PIye8lnEllWd9GYWV1bX2juFna2t7Z3TP3D9oyTgWhLRLzWHQ9LClnEW0ppjjtJoLi0OO0442upn7nngrJ4uhWZQl1QzyIWMAIVlrqm2UnxA/oruYQP1an+X3cN6tW3coLLYM9h2qj4pw8A0Czb345fkzSkEaKcCxlz7YS5Y6xUIxwOik5qaQJJiM8oD2NEQ6pdMf58hN0pBUfBbHQJ1IoV39PjHEoZRZ6ujPEaigXvan4n9dLVXDhjlmUpIpGZPZQkHKkYjRNAvlMUKJ4pgETwfSuiAyxwETpvEo6BHvxy8vQPqvbmm/sauMSZlWEQ6hADWw4hwZcQxNaQCCDJ3iFN+PReDHejY9Za8GYz5ThTxmfP8YKlas=</latexit><latexit sha1_base64="okOlu+EK3wUk8JgFKwZcVkdQaa4=">AAAB/HicbZC7TsMwFIYdrqXcAh1ZrFZIRaAqYYExgoWxSPQiNVHlOE5r1YmD7SCiqDwFOwsDCLHyIGx9G9y0A7Qcydan/z9HPv79hFGpLGtirKyurW9slrbK2zu7e/vmwWFb8lRg0sKccdH1kSSMxqSlqGKkmwiCIp+Rjj+6nvqdByIk5fGdyhLiRWgQ05BipLTUNytuhB7hfd3FAVdnxX3SN2tWwyoKLoM9h5pTdU+fJ07W7JvfbsBxGpFYYYak7NlWorwcCUUxI+Oym0qSIDxCA9LTGKOISC8vlh/DY60EMORCn1jBQv09kaNIyizydWeE1FAuelPxP6+XqvDSy2mcpIrEePZQmDKoOJwmAQMqCFYs04CwoHpXiIdIIKx0XmUdgr345WVonzdszbd2zbkCsyqBI1AFdWCDC+CAG9AELYBBBl7AG3g3noxX48P4nLWuGPOZCvhTxtcPz3SXMQ==</latexit><latexit sha1_base64="okOlu+EK3wUk8JgFKwZcVkdQaa4=">AAAB/HicbZC7TsMwFIYdrqXcAh1ZrFZIRaAqYYExgoWxSPQiNVHlOE5r1YmD7SCiqDwFOwsDCLHyIGx9G9y0A7Qcydan/z9HPv79hFGpLGtirKyurW9slrbK2zu7e/vmwWFb8lRg0sKccdH1kSSMxqSlqGKkmwiCIp+Rjj+6nvqdByIk5fGdyhLiRWgQ05BipLTUNytuhB7hfd3FAVdnxX3SN2tWwyoKLoM9h5pTdU+fJ07W7JvfbsBxGpFYYYak7NlWorwcCUUxI+Oym0qSIDxCA9LTGKOISC8vlh/DY60EMORCn1jBQv09kaNIyizydWeE1FAuelPxP6+XqvDSy2mcpIrEePZQmDKoOJwmAQMqCFYs04CwoHpXiIdIIKx0XmUdgr345WVonzdszbd2zbkCsyqBI1AFdWCDC+CAG9AELYBBBl7AG3g3noxX48P4nLWuGPOZCvhTxtcPz3SXMQ==</latexit><latexit sha1_base64="yAl7h3TXdceimNWVi6MAMiKES6A=">AAAB/HicbZBNS8MwGMdTX+d8q+7oJTiECTJaL3ocevE4wb3AWkaapltYmtQkFUuZX8WLB0W8+kG8+W3Muh5084GEH///85An/yBhVGnH+bZWVtfWNzYrW9Xtnd29ffvgsKtEKjHpYMGE7AdIEUY56WiqGeknkqA4YKQXTK5nfu+BSEUFv9NZQvwYjTiNKEbaSEO75sXoEd43PBwKfVbcp0O77jSdouAyuCXUQVntof3lhQKnMeEaM6TUwHUS7edIaooZmVa9VJEE4QkakYFBjmKi/LxYfgpPjBLCSEhzuIaF+nsiR7FSWRyYzhjpsVr0ZuJ/3iDV0aWfU56kmnA8fyhKGdQCzpKAIZUEa5YZQFhSsyvEYyQR1iavqgnBXfzyMnTPm67hW7feuirjqIAjcAwawAUXoAVuQBt0AAYZeAav4M16sl6sd+tj3rpilTM18Keszx+zi5Qi</latexit>

q(·, ·)
<latexit sha1_base64="qnZSnLFXisY2cgYysgtBM5FRbBo=">AAAB9XicbZDLSgMxFIbP1Futt6pLN0OLUFHKjBtdFt24rGAv0BlLJpNpQzPJmGSUMvQ93Agq4tZ3cefbmE5daOuBhI//P4ec/EHCqNKO82UVlpZXVteK66WNza3tnfLuXluJVGLSwoIJ2Q2QIoxy0tJUM9JNJEFxwEgnGF1O/c49kYoKfqPHCfFjNOA0ohhpI93e1TwcCn2S30f9ctWpO3nZi+D+QLVR8Y6fAaDZL396ocBpTLjGDCnVc51E+xmSmmJGJiUvVSRBeIQGpGeQo5goP8u3ntiHRgntSEhzuLZz9fdEhmKlxnFgOmOkh2rem4r/eb1UR+d+RnmSasLx7KEoZbYW9jQCO6SSYM3GBhCW1Oxq4yGSCGsTVMmE4M5/eRHap3XX8LVbbVzArIpwABWogQtn0IAraEILMEh4hBd4tR6sJ+vNep+1FqyfmX34U9bHN83+k4Y=</latexit><latexit sha1_base64="Cg7lWmrnghOCAM7Nj8n/kIN705s=">AAAB9XicbZC7TsMwFIadcivlVmBksVohFYGqhAXGCBbGItGL1ITKcZzWqmMH2wFVUd+CgYUBhFh5F7a+DW7aAVqOZOvT/58jH/9BwqjStj2xCiura+sbxc3S1vbO7l55/6ClRCoxaWLBhOwESBFGOWlqqhnpJJKgOGCkHQyvp377kUhFBb/To4T4MepzGlGMtJHuH2oeDoU+y++TXrlq1+284DI4c6i6Fe/0eeKOGr3ytxcKnMaEa8yQUl3HTrSfIakpZmRc8lJFEoSHqE+6BjmKifKzfOsxPDZKCCMhzeEa5urviQzFSo3iwHTGSA/UojcV//O6qY4u/YzyJNWE49lDUcqgFnAaAQypJFizkQGEJTW7QjxAEmFtgiqZEJzFLy9D67zuGL51qu4VmFURHIEKqAEHXAAX3IAGaAIMJHgBb+DderJerQ/rc9ZasOYzh+BPWV8/12iVDA==</latexit><latexit sha1_base64="Cg7lWmrnghOCAM7Nj8n/kIN705s=">AAAB9XicbZC7TsMwFIadcivlVmBksVohFYGqhAXGCBbGItGL1ITKcZzWqmMH2wFVUd+CgYUBhFh5F7a+DW7aAVqOZOvT/58jH/9BwqjStj2xCiura+sbxc3S1vbO7l55/6ClRCoxaWLBhOwESBFGOWlqqhnpJJKgOGCkHQyvp377kUhFBb/To4T4MepzGlGMtJHuH2oeDoU+y++TXrlq1+284DI4c6i6Fe/0eeKOGr3ytxcKnMaEa8yQUl3HTrSfIakpZmRc8lJFEoSHqE+6BjmKifKzfOsxPDZKCCMhzeEa5urviQzFSo3iwHTGSA/UojcV//O6qY4u/YzyJNWE49lDUcqgFnAaAQypJFizkQGEJTW7QjxAEmFtgiqZEJzFLy9D67zuGL51qu4VmFURHIEKqAEHXAAX3IAGaAIMJHgBb+DderJerQ/rc9ZasOYzh+BPWV8/12iVDA==</latexit><latexit sha1_base64="2vwiZwmuamOWBsnghFdM+5meCrs=">AAAB9XicbZDLSgMxFIYz9VbrrerSTbAIFaTMuNFl0Y3LCvYC7VgymbQNzSRjckYpQ9/DjQtF3Pou7nwb0+kstPVAwsf/n0NO/iAW3IDrfjuFldW19Y3iZmlre2d3r7x/0DIq0ZQ1qRJKdwJimOCSNYGDYJ1YMxIFgrWD8fXMbz8ybbiSdzCJmR+RoeQDTglY6f6h2qOhgrPsPu2XK27NzQovg5dDBeXV6Je/eqGiScQkUEGM6XpuDH5KNHAq2LTUSwyLCR2TIetalCRixk+zraf4xCohHihtjwScqb8nUhIZM4kC2xkRGJlFbyb+53UTGFz6KZdxAkzS+UODRGBQeBYBDrlmFMTEAqGa210xHRFNKNigSjYEb/HLy9A6r3mWb71K/SqPo4iO0DGqIg9doDq6QQ3URBRp9Ixe0Zvz5Lw4787HvLXg5DOH6E85nz+7f5H9</latexit>

✓  ✓ + ↵
h
r + �max

a0
q(s0, a0; ✓)� q(s, a; ✓)

i
r✓q(s, a; ✓)

<latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit><latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit><latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit><latexit sha1_base64="d0IovjwnTxBn2oRogt87ccBiqCM="></latexit>

✓1  ✓1 + ↵
h
r + �q(s0, argmax

a0
q(s0, a0; ✓1); ✓2)� q(s, a; ✓1)

i
r✓1q(s, a; ✓1)

<latexit sha1_base64="4bPoixc4E/MPp7wVhD+9PSltybc="></latexit><latexit sha1_base64="4bPoixc4E/MPp7wVhD+9PSltybc="></latexit><latexit sha1_base64="4bPoixc4E/MPp7wVhD+9PSltybc="></latexit><latexit sha1_base64="4bPoixc4E/MPp7wVhD+9PSltybc="></latexit>

✓1 = ✓
<latexit sha1_base64="54DTfQysAf8woYwj+q95PcQWNtw="></latexit><latexit sha1_base64="54DTfQysAf8woYwj+q95PcQWNtw="></latexit><latexit sha1_base64="54DTfQysAf8woYwj+q95PcQWNtw="></latexit><latexit sha1_base64="54DTfQysAf8woYwj+q95PcQWNtw="></latexit>
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• Value estimations of DQN and Double DQN on Atari Games

• Double DQN learns Atari Games stably

Advanced Deep Q-learning (1) Double Q-learning

16* source : van Hasselt et al., Deep Reinforcement Learning with Double Q-learning, AAAI 2016

Improve scores over almost games
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• DQN samples transitions                    uniformly from experience replay buffer

• Problem: Unimportant data (e.g., small TD error) might be used with same 

probability as important ones ⟹ sample inefficiency

• Solution [Schaul et al., 2016]: Prioritize data and sample them based on the 
priority

Q1) How to prioritize?

⇒ Use TD error 

Q2) How to sample?

• Greedy: sample transitions of maximum TD errors

• Stochastically sample with probability 

• Proportional:

• Rank-based:

Advanced Deep Q-learning (2) Prioritized Replay
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• Prioritized replay           introduces bias
• Because original Q-learning with/without replay buffer uses uniform distribution:

• To correct this bias, use importance-sampling weights
• In practice, increase     linearly from       to 1 

DQN with prioritization [Schaul et al., 2016]
1. Update parameters using            where

2. Update priorities for sampled transitions

• Prioritized replay buffer can be combined with Double Q-learning            

Advanced Deep Q-learning (2) Prioritized Replay
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• Learning speed compared to uniform sampling

Advanced Deep Q-learning (2) Prioritized Replay
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human uniform rank-based proportional
* source : Schaul et al., Prioritized Experience Replay, ICLR 2016



Algorithmic Intelligence Lab

• Comparison scores with Double DQN on Atari games

Advanced Deep Q-learning (2) Prioritized Replay
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Improve scores over almost games

* source : Schaul et al., Prioritized Experience Replay, ICLR 2016
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Intuition from an example: driving car

• In many states, it is unnecessary to estimate
the value of each action choice
• State-value function pays attention to the road

• In some states, left/right actions should be taken
to avoid collision
• Advantage function pays attention to the front of car

when action selection is crucial

• Recall advantage function:

Idea [Wang et al., 2016] Decouple action-value     to state-value    and advantage 

Advanced Deep Q-learning (3) Dueling Architecture
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learn which state is valuable without effect of action

* source: Wang et al., Dueling Network Architectures for Deep Reinforcement Learning, ICML 2016
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• In                    ,     can be arbitrary given an action-value

Q) How to force     to be the (unique, correct) state-value?
A) Make the maximum of the advantage be zero

• Then, 

• In practice, use average instead of maximum for learning stability:

• Dueling architecture
[Wang et al., 2016]

Advanced Deep Q-learning (3) Dueling Architecture
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• This dueling architecture also improves DQN performance

Advanced Deep Q-learning (3) Dueling Architecture
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vs Double DQN vs Double DQN + Prioritized replay

* source: Wang et al., Dueling Network Architectures for Deep Reinforcement Learning, ICML 2016
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3. Policy Gradient Methods
• REINFORCE
• Trust region policy optimization
• Proximal policy optimization algorithms

Table of Contents
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• Value-based methods (e.g., Q-learning) optimize policies indirectly:

• Policy gradient methods (e.g., REINFORCE, Actor-Critic) optimize policies 
directly via maximizing total reward                            :

• Approximated value functions might be used with these methods to resolve 
optimization issues such as high variance

• Policy gradient theorem: If            is the above objective, then

• Simply, higher action-value                  increases action probability 
• Action evaluation & selection should be performed by same policy, i.e., on-policy

Policy Gradient Methods
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where     is the policy parameters✓
<latexit sha1_base64="WnaqmFQOGg2QtwHrwVRe9w4n74o="></latexit><latexit sha1_base64="WnaqmFQOGg2QtwHrwVRe9w4n74o="></latexit><latexit sha1_base64="WnaqmFQOGg2QtwHrwVRe9w4n74o="></latexit><latexit sha1_base64="WnaqmFQOGg2QtwHrwVRe9w4n74o="></latexit>

q(s, a; ✓) ⇡ q⇤(s, a)
<latexit sha1_base64="twLgdgbW2r1PVfIdMPbgyQxd84Y="></latexit><latexit sha1_base64="twLgdgbW2r1PVfIdMPbgyQxd84Y="></latexit><latexit sha1_base64="twLgdgbW2r1PVfIdMPbgyQxd84Y="></latexit><latexit sha1_base64="twLgdgbW2r1PVfIdMPbgyQxd84Y="></latexit>

Find ⇒

r✓J(✓) = E⇡✓ [r✓ log ⇡(a|s; ✓)q⇡✓ (s, a)]
<latexit sha1_base64="ev46Km4ufH7oGDdwa4rDY7HZ2VM="></latexit><latexit sha1_base64="QN8xTT9CTzz8rSbqhhYBEvaYYyE="></latexit><latexit sha1_base64="QN8xTT9CTzz8rSbqhhYBEvaYYyE="></latexit><latexit sha1_base64="I0Hx3w1LGU/AvaBIPkV5/CIgSoM="></latexit>

J(✓)
<latexit sha1_base64="V79RZyOYhcpc29Huai0DbEgouFs="></latexit><latexit sha1_base64="Wiz75V0tepZA+EK1gRiFcBhkRhw="></latexit><latexit sha1_base64="Wiz75V0tepZA+EK1gRiFcBhkRhw="></latexit><latexit sha1_base64="Fzh6xIFsY1GTkFCo2YlqSD3gY3Q="></latexit>

q⇡✓ (s, a)
<latexit sha1_base64="VUF4jD+b7AjHXE61Rim8YyjBqm4="></latexit><latexit sha1_base64="sZ24o0Ne3B36cmqPKbnnlq/Xw6M="></latexit><latexit sha1_base64="sZ24o0Ne3B36cmqPKbnnlq/Xw6M="></latexit><latexit sha1_base64="uQ+DB0ldKvWSG3yyu3UZxM6YLUk="></latexit>

⇡(a|s; ✓)
<latexit sha1_base64="dFAEBKYITafH3SC0IALS6dyOgQ8="></latexit><latexit sha1_base64="O6xFm/b4xZypdEVv3XkziXTDFIE="></latexit><latexit sha1_base64="O6xFm/b4xZypdEVv3XkziXTDFIE="></latexit><latexit sha1_base64="j/VUKgGYWAqAc5d+uxYEasFfipw="></latexit>



Algorithmic Intelligence Lab

REINFORCE [Willams, 1992] uses Monte-Carlo estimates of the policy gradient

1. Sample an episode

2. Compute

3. Update

• Issue: REINFORCE has high variance when estimating gradients

• Solution: Use any baseline function          not depending on actions 

Policy Gradient Methods: REINFORCE
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{s1, a1, r1, . . . , sT , aT , rT } ⇠ ⇡✓
<latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit><latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit><latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit><latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit>

✓  ✓ + ↵�✓
<latexit sha1_base64="wc/hdf6Z702erSVJsdgn+TQ/sE4="></latexit><latexit sha1_base64="C0ZiK40rx/vxtOVz9x96BEXOeik="></latexit><latexit sha1_base64="C0ZiK40rx/vxtOVz9x96BEXOeik="></latexit><latexit sha1_base64="XlLuZHm0tih4nW6tegiU1jgptSo="></latexit> Unbiased estimator of q⇡✓ (st, at)

<latexit sha1_base64="MMm1tlsVarPPXZueztsr4S/Wqq8="></latexit><latexit sha1_base64="N2KtoD3btDYPafdj2m3TOUY6wqA="></latexit><latexit sha1_base64="N2KtoD3btDYPafdj2m3TOUY6wqA="></latexit><latexit sha1_base64="2dNtfSH9LQs/BnIxTaf0C76UeV4="></latexit>

�✓  
PT

t=1r✓ log ⇡(at|st; ✓)
⇣PT

s=t �
s�trs

⌘

<latexit sha1_base64="xqdyPUf4mAhBzPZy1EGAhWXMoW0="></latexit><latexit sha1_base64="KQWy/AJKstP5CVJptfFkzObyZxE="></latexit><latexit sha1_base64="KQWy/AJKstP5CVJptfFkzObyZxE="></latexit><latexit sha1_base64="FX1IfvkI4nCSlsVqUDgfNb37eEY="></latexit>

b(s)
<latexit sha1_base64="BCCKwgS7aKtIoCUFdP4CcDj1+LI="></latexit><latexit sha1_base64="CXqYXGPkpSRlb0dFnJEGGnEwVBE="></latexit><latexit sha1_base64="CXqYXGPkpSRlb0dFnJEGGnEwVBE="></latexit><latexit sha1_base64="TAd+Az8RQvGDaEcH+Wg4DgphQ3s="></latexit>

E⇡✓ [r log ⇡(a|s; ✓)b(s)] =
X

s

µ(s)
X

a

⇡(a|s; ✓)r⇡(a|s; ✓)
⇡(a|s; ✓) b(s)

=
X

s

µ(s)b(s)r
X

a

⇡(a|s; ✓)

=
X

s

µ(s)b(s)r1 = 0
<latexit sha1_base64="X6e8stYxE4Lt94ZjEwoztgvg0Xg="></latexit><latexit sha1_base64="X6e8stYxE4Lt94ZjEwoztgvg0Xg="></latexit><latexit sha1_base64="X6e8stYxE4Lt94ZjEwoztgvg0Xg="></latexit><latexit sha1_base64="X6e8stYxE4Lt94ZjEwoztgvg0Xg="></latexit>



Algorithmic Intelligence Lab

REINFORCE [Willams, 1992] uses Monte-Carlo estimates of the policy gradient

1. Sample an episode

2. Compute

3. Update

• Issue: REINFORCE has high variance when estimating gradients

• Solution: Use any baseline function          not depending on actions 
•
•

• Which          should be used?
• One natural choice is                            since
• In practice, use                                              with parameters      and learn the function 

using TD errors such as Q-learning [Sutton et al., 2000]

Policy Gradient Methods: REINFORCE
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{s1, a1, r1, . . . , sT , aT , rT } ⇠ ⇡✓
<latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit><latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit><latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit><latexit sha1_base64="RDN3khP7eiNE6EA1PsP0VPoGLHw=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSK4KCURQZdFNy4rpA/ohDCZTNqhkwczN0IJ/Q03/oobF4q41JV/47TNQlsPHDiccy8z9wSZ4Aps+9uorK1vbG5Vt2s7u3v7B+bhUVeluaSsQ1ORyn5AFBM8YR3gIFg/k4zEgWC9YHw7y3sPTCqeJi5MMubFZJjwiFMC2vJNGxfKdxpEU2piEaagGsp3teVqy8VTrHiMM+5jGDEgvlm3m/Yc1qpwSlFHJdq++YnDlOYxS4AKotTAsTPwCiKBU8GmNZwrlhE6JkM20DIhMVNeMb9sap1pJ7SiVGomYM3d3xsFiZWaxIGejAmM1HI2M//LBjlE117BkywHltDFQ1EuLEitWU1WyCWjICZaECq5/qtFR0QSCrrMmi7BWT55VXQvmo7W95f11k1ZRxWdoFN0jhx0hVroDrVRB1H0iJ7RK3oznowX4934WIxWjHLnGP2B8fUDGiyfxQ==</latexit>

✓  ✓ + ↵�✓
<latexit sha1_base64="wc/hdf6Z702erSVJsdgn+TQ/sE4="></latexit><latexit sha1_base64="C0ZiK40rx/vxtOVz9x96BEXOeik="></latexit><latexit sha1_base64="C0ZiK40rx/vxtOVz9x96BEXOeik="></latexit><latexit sha1_base64="XlLuZHm0tih4nW6tegiU1jgptSo="></latexit> Unbiased estimator of q⇡✓ (st, at)

<latexit sha1_base64="MMm1tlsVarPPXZueztsr4S/Wqq8="></latexit><latexit sha1_base64="N2KtoD3btDYPafdj2m3TOUY6wqA="></latexit><latexit sha1_base64="N2KtoD3btDYPafdj2m3TOUY6wqA="></latexit><latexit sha1_base64="2dNtfSH9LQs/BnIxTaf0C76UeV4="></latexit>

�✓  
PT

t=1r✓ log ⇡(at|st; ✓)
⇣PT

s=t �
s�trs

⌘

<latexit sha1_base64="xqdyPUf4mAhBzPZy1EGAhWXMoW0="></latexit><latexit sha1_base64="KQWy/AJKstP5CVJptfFkzObyZxE="></latexit><latexit sha1_base64="KQWy/AJKstP5CVJptfFkzObyZxE="></latexit><latexit sha1_base64="FX1IfvkI4nCSlsVqUDgfNb37eEY="></latexit>

b(s)
<latexit sha1_base64="BCCKwgS7aKtIoCUFdP4CcDj1+LI="></latexit><latexit sha1_base64="CXqYXGPkpSRlb0dFnJEGGnEwVBE="></latexit><latexit sha1_base64="CXqYXGPkpSRlb0dFnJEGGnEwVBE="></latexit><latexit sha1_base64="TAd+Az8RQvGDaEcH+Wg4DgphQ3s="></latexit>

r✓J(✓) = E⇡✓ [r log ⇡(a|s; ✓)(q⇡✓ (s, a)� b(s))]
<latexit sha1_base64="5FA1OHSmPy6VrqsSfpSyoxFa5A0="></latexit><latexit sha1_base64="3IyYI3C2xfOZn5jIj636U6c6WOM="></latexit><latexit sha1_base64="3IyYI3C2xfOZn5jIj636U6c6WOM="></latexit><latexit sha1_base64="2egIJqvzgihAlWBjhu+YL2R6N5E="></latexit>

E⇡✓ [r log ⇡(a|s; ✓)b(s)] = 0
<latexit sha1_base64="apfSQSqrkP+jlSKHeimstvZM4t4="></latexit><latexit sha1_base64="vZovYNJ7siJoxtel5zIBH0oRc9Y="></latexit><latexit sha1_base64="vZovYNJ7siJoxtel5zIBH0oRc9Y="></latexit><latexit sha1_base64="4u8Pn+DZHire5J8lzsGXl1WXDCA="></latexit>

This can reduce the variance

b(s)
<latexit sha1_base64="BCCKwgS7aKtIoCUFdP4CcDj1+LI="></latexit><latexit sha1_base64="CXqYXGPkpSRlb0dFnJEGGnEwVBE="></latexit><latexit sha1_base64="CXqYXGPkpSRlb0dFnJEGGnEwVBE="></latexit><latexit sha1_base64="TAd+Az8RQvGDaEcH+Wg4DgphQ3s="></latexit>

b(s) = v⇡✓ (s)
<latexit sha1_base64="D7ULe1elpMgf8CMlRsdvtpRa9vw="></latexit><latexit sha1_base64="X6tFOMeN8Ob4wDsM27doNmGEanI="></latexit><latexit sha1_base64="X6tFOMeN8Ob4wDsM27doNmGEanI="></latexit><latexit sha1_base64="UrO5+8WOH0VbHMEV3zkuxxunqw0="></latexit>

Ea⇠⇡(·|s;✓) [q⇡✓ (s, a)� v⇡✓ (s)] = 0
<latexit sha1_base64="EnQQbm7QwcUOMoI+1thbYyevvWw="></latexit><latexit sha1_base64="Q705tXlt2r5qUZNcSwyjJBA2jlo="></latexit><latexit sha1_base64="Q705tXlt2r5qUZNcSwyjJBA2jlo="></latexit><latexit sha1_base64="6DttIvL5jzGkhF7PBzMRx97fCkA="></latexit>

w
<latexit sha1_base64="f9YIhdQZAIOs+k6Q9NkWM63YM1E="></latexit><latexit sha1_base64="ewo2WTKQGGIXtKpYFT2X5W2D4+A="></latexit><latexit sha1_base64="ewo2WTKQGGIXtKpYFT2X5W2D4+A="></latexit><latexit sha1_base64="IRF4RS6HuxoPJQnz91zRKYb4DnA="></latexit>

b(s) = v(s;w) ⇡ v⇡✓ (s)
<latexit sha1_base64="u2yZZwasIj0JuO4hC+58Z07rkFE="></latexit><latexit sha1_base64="PvFzKhS3DoWQsfKUtMTthmG7MgE="></latexit><latexit sha1_base64="PvFzKhS3DoWQsfKUtMTthmG7MgE="></latexit><latexit sha1_base64="7nvSWqDLSb84Nkv3mxB4hIXznrc="></latexit>



Algorithmic Intelligence Lab

Issues in ”vanilla” policy gradient methods such as REINFORCE
• Hard to choose step-size    

• small changes in parameter space can cause poor policy

• Only one gradient step per each sample
• Sample inefficiency

Solution: formulate an optimization problem on generated data from old policy
• That allows small changes in policy space
• That guarantees improvement of policy performance

Trust Region Policy Optimization [Schulman et al., 2015]: for each iteration, solve

Trust Region Policy Optimization (TRPO)

28

↵
<latexit sha1_base64="iXnSBoZin4oRCnZMeRRCZKOiYhc="></latexit><latexit sha1_base64="qE2GLN+aiAzZClZcNuSuOrM3GH8="></latexit><latexit sha1_base64="qE2GLN+aiAzZClZcNuSuOrM3GH8="></latexit><latexit sha1_base64="vmz1wGWLB/AltQFt9uQ73uoHqrQ="></latexit>

maximize
✓

E⇡✓old


⇡✓(a|s)
⇡✓old(a|s)

A⇡✓old
(s, a)

�

subject to E⇡✓old
[DKL(⇡✓old(·|s)||⇡✓(·|s))]  �

<latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="OskdEdwXaJR++8mWHr3w85U7HAo="></latexit><latexit sha1_base64="OskdEdwXaJR++8mWHr3w85U7HAo="></latexit><latexit sha1_base64="x/CDFdhI2eSn1lNf0V+2iHUrgoQ="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit><latexit sha1_base64="mvZaJ2zgbrphmUwAj/aVW2ecVFc="></latexit>

A⇡(s, a) = q⇡(s, a)� v⇡(s)
<latexit sha1_base64="rcb7CxsAWChiUoMDsJfOOM+8VQQ=">AAACB3icbZDLSgMxFIbP1Futt1GXggSL0IKWGRF0I1TduKxgL9AOQybNtKGZi0mmUIbu3Pgqblwo4tZXcOfbmF4Qbf0h8PGfczg5vxdzJpVlfRmZhcWl5ZXsam5tfWNzy9zeqckoEYRWScQj0fCwpJyFtKqY4rQRC4oDj9O617se1et9KiSLwjs1iKkT4E7IfEaw0pZr7l+6rZgV5BEuXtz/4HF/gkXXzFslayw0D/YU8jBVxTU/W+2IJAENFeFYyqZtxcpJsVCMcDrMtRJJY0x6uEObGkMcUOmk4zuG6FA7beRHQr9QobH7eyLFgZSDwNOdAVZdOVsbmf/Vmonyz52UhXGiaEgmi/yEIxWhUSiozQQlig80YCKY/isiXSwwUTq6nA7Bnj15HmonJVvz7Wm+fDWNIwt7cAAFsOEMynADFagCgQd4ghd4NR6NZ+PNeJ+0ZozpzC78kfHxDR7Al4s=</latexit><latexit sha1_base64="rcb7CxsAWChiUoMDsJfOOM+8VQQ=">AAACB3icbZDLSgMxFIbP1Futt1GXggSL0IKWGRF0I1TduKxgL9AOQybNtKGZi0mmUIbu3Pgqblwo4tZXcOfbmF4Qbf0h8PGfczg5vxdzJpVlfRmZhcWl5ZXsam5tfWNzy9zeqckoEYRWScQj0fCwpJyFtKqY4rQRC4oDj9O617se1et9KiSLwjs1iKkT4E7IfEaw0pZr7l+6rZgV5BEuXtz/4HF/gkXXzFslayw0D/YU8jBVxTU/W+2IJAENFeFYyqZtxcpJsVCMcDrMtRJJY0x6uEObGkMcUOmk4zuG6FA7beRHQr9QobH7eyLFgZSDwNOdAVZdOVsbmf/Vmonyz52UhXGiaEgmi/yEIxWhUSiozQQlig80YCKY/isiXSwwUTq6nA7Bnj15HmonJVvz7Wm+fDWNIwt7cAAFsOEMynADFagCgQd4ghd4NR6NZ+PNeJ+0ZozpzC78kfHxDR7Al4s=</latexit><latexit sha1_base64="rcb7CxsAWChiUoMDsJfOOM+8VQQ=">AAACB3icbZDLSgMxFIbP1Futt1GXggSL0IKWGRF0I1TduKxgL9AOQybNtKGZi0mmUIbu3Pgqblwo4tZXcOfbmF4Qbf0h8PGfczg5vxdzJpVlfRmZhcWl5ZXsam5tfWNzy9zeqckoEYRWScQj0fCwpJyFtKqY4rQRC4oDj9O617se1et9KiSLwjs1iKkT4E7IfEaw0pZr7l+6rZgV5BEuXtz/4HF/gkXXzFslayw0D/YU8jBVxTU/W+2IJAENFeFYyqZtxcpJsVCMcDrMtRJJY0x6uEObGkMcUOmk4zuG6FA7beRHQr9QobH7eyLFgZSDwNOdAVZdOVsbmf/Vmonyz52UhXGiaEgmi/yEIxWhUSiozQQlig80YCKY/isiXSwwUTq6nA7Bnj15HmonJVvz7Wm+fDWNIwt7cAAFsOEMynADFagCgQd4ghd4NR6NZ+PNeJ+0ZozpzC78kfHxDR7Al4s=</latexit><latexit sha1_base64="rcb7CxsAWChiUoMDsJfOOM+8VQQ=">AAACB3icbZDLSgMxFIbP1Futt1GXggSL0IKWGRF0I1TduKxgL9AOQybNtKGZi0mmUIbu3Pgqblwo4tZXcOfbmF4Qbf0h8PGfczg5vxdzJpVlfRmZhcWl5ZXsam5tfWNzy9zeqckoEYRWScQj0fCwpJyFtKqY4rQRC4oDj9O617se1et9KiSLwjs1iKkT4E7IfEaw0pZr7l+6rZgV5BEuXtz/4HF/gkXXzFslayw0D/YU8jBVxTU/W+2IJAENFeFYyqZtxcpJsVCMcDrMtRJJY0x6uEObGkMcUOmk4zuG6FA7beRHQr9QobH7eyLFgZSDwNOdAVZdOVsbmf/Vmonyz52UhXGiaEgmi/yEIxWhUSiozQQlig80YCKY/isiXSwwUTq6nA7Bnj15HmonJVvz7Wm+fDWNIwt7cAAFsOEMynADFagCgQd4ghd4NR6NZ+PNeJ+0ZozpzC78kfHxDR7Al4s=</latexit>

is also
approximated by neural networks
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Derive TRPO
• Let                                                                           be the performance of a policy
• This performance can be written as

Trust Region Policy Optimization (TRPO)
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⌘(⇡) = E⇡[v⇡(s1)] = E⇡[
P1

t=1 �
t�1rt]

<latexit sha1_base64="ZHR3rej8O1Dsazb7M1HkvFQmyVE="></latexit><latexit sha1_base64="GonR/AbVPfmfUF/OG32Z1w2q8+I="></latexit><latexit sha1_base64="GonR/AbVPfmfUF/OG32Z1w2q8+I="></latexit><latexit sha1_base64="jYJxxdvaIep32imTAM9Sx1GA7hw="></latexit>

⌘(⇡) = E⇡

" 1X

t=1

�t�1rt

#

= ⌘(⇡old) + E⇡

" 1X

t=1

�t�1rt � v⇡old(s1)

#

= ⌘(⇡old) + E⇡

" 1X

t=1

�t�1(rt + �v⇡old(st+1)� v⇡old(st))

#

= ⌘(⇡old) + E⇡

" 1X

t=1

�t�1A⇡old(st, at)

#

= ⌘(⇡old) +
X

s

⇢⇡(s)
X

a

⇡(a|s)A⇡old(s, a)
<latexit sha1_base64="yGiG/5pisEJqoHAzAw3HF7CgkgM="></latexit><latexit sha1_base64="yGiG/5pisEJqoHAzAw3HF7CgkgM="></latexit><latexit sha1_base64="yGiG/5pisEJqoHAzAw3HF7CgkgM="></latexit><latexit sha1_base64="yGiG/5pisEJqoHAzAw3HF7CgkgM="></latexit>

q⇡old(s, a)
<latexit sha1_base64="i/sLwGMmFem2hvZXOgXLFqNMnR0=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIlSQkoigy6IblxXsBZoQJpNpO3RyceZELCEbX8WNC0Xc+hjufBunbRba+sPAx3/O4cz5/URwBZb1bZSWlldW18rrlY3Nre0dc3evreJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up7UOw9MKh5HdzBOmBuSQcT7nBLQlmce3HuZk3DPAfYIWSyCPK+pU3LimVWrbk2FF8EuoIoKNT3zywlimoYsAiqIUj3bSsDNiAROBcsrTqpYQuiIDFhPY0RCptxsekCOj7UT4H4s9YsAT93fExkJlRqHvu4MCQzVfG1i/lfrpdC/dDMeJSmwiM4W9VOBIcaTNHDAJaMgxhoIlVz/FdMhkYSCzqyiQ7DnT16E9lnd1nx7Xm1cFXGU0SE6QjVkowvUQDeoiVqIohw9o1f0ZjwZL8a78TFrLRnFzD76I+PzB+wWlpY=</latexit><latexit sha1_base64="i/sLwGMmFem2hvZXOgXLFqNMnR0=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIlSQkoigy6IblxXsBZoQJpNpO3RyceZELCEbX8WNC0Xc+hjufBunbRba+sPAx3/O4cz5/URwBZb1bZSWlldW18rrlY3Nre0dc3evreJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up7UOw9MKh5HdzBOmBuSQcT7nBLQlmce3HuZk3DPAfYIWSyCPK+pU3LimVWrbk2FF8EuoIoKNT3zywlimoYsAiqIUj3bSsDNiAROBcsrTqpYQuiIDFhPY0RCptxsekCOj7UT4H4s9YsAT93fExkJlRqHvu4MCQzVfG1i/lfrpdC/dDMeJSmwiM4W9VOBIcaTNHDAJaMgxhoIlVz/FdMhkYSCzqyiQ7DnT16E9lnd1nx7Xm1cFXGU0SE6QjVkowvUQDeoiVqIohw9o1f0ZjwZL8a78TFrLRnFzD76I+PzB+wWlpY=</latexit><latexit sha1_base64="i/sLwGMmFem2hvZXOgXLFqNMnR0=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIlSQkoigy6IblxXsBZoQJpNpO3RyceZELCEbX8WNC0Xc+hjufBunbRba+sPAx3/O4cz5/URwBZb1bZSWlldW18rrlY3Nre0dc3evreJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up7UOw9MKh5HdzBOmBuSQcT7nBLQlmce3HuZk3DPAfYIWSyCPK+pU3LimVWrbk2FF8EuoIoKNT3zywlimoYsAiqIUj3bSsDNiAROBcsrTqpYQuiIDFhPY0RCptxsekCOj7UT4H4s9YsAT93fExkJlRqHvu4MCQzVfG1i/lfrpdC/dDMeJSmwiM4W9VOBIcaTNHDAJaMgxhoIlVz/FdMhkYSCzqyiQ7DnT16E9lnd1nx7Xm1cFXGU0SE6QjVkowvUQDeoiVqIohw9o1f0ZjwZL8a78TFrLRnFzD76I+PzB+wWlpY=</latexit><latexit sha1_base64="i/sLwGMmFem2hvZXOgXLFqNMnR0=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIlSQkoigy6IblxXsBZoQJpNpO3RyceZELCEbX8WNC0Xc+hjufBunbRba+sPAx3/O4cz5/URwBZb1bZSWlldW18rrlY3Nre0dc3evreJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up7UOw9MKh5HdzBOmBuSQcT7nBLQlmce3HuZk3DPAfYIWSyCPK+pU3LimVWrbk2FF8EuoIoKNT3zywlimoYsAiqIUj3bSsDNiAROBcsrTqpYQuiIDFhPY0RCptxsekCOj7UT4H4s9YsAT93fExkJlRqHvu4MCQzVfG1i/lfrpdC/dDMeJSmwiM4W9VOBIcaTNHDAJaMgxhoIlVz/FdMhkYSCzqyiQ7DnT16E9lnd1nx7Xm1cFXGU0SE6QjVkowvUQDeoiVqIohw9o1f0ZjwZL8a78TFrLRnFzD76I+PzB+wWlpY=</latexit>

⇢⇡(s) =
P1

t=1 �
t�1 Pr(st = s|⇡)

<latexit sha1_base64="jHu3KHlurh8kl3o/EiHWJmvG5GA="></latexit><latexit sha1_base64="vhjxVq0RVkQ24WOb4dAr4oN2km0="></latexit><latexit sha1_base64="vhjxVq0RVkQ24WOb4dAr4oN2km0="></latexit><latexit sha1_base64="W6RRyGXb8OkmjYTDUqsBBAE6StE="></latexit>

where
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Derive TRPO
• Let                                                                           be the performance of a policy
• This performance can be written as

• Define 

• is a local approximation of         at                 :

• For fixed         , we can omit                :  

Trust Region Policy Optimization (TRPO)
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⌘(⇡) = E⇡[v⇡(s1)] = E⇡[
P1

t=1 �
t�1rt]

<latexit sha1_base64="ZHR3rej8O1Dsazb7M1HkvFQmyVE="></latexit><latexit sha1_base64="GonR/AbVPfmfUF/OG32Z1w2q8+I="></latexit><latexit sha1_base64="GonR/AbVPfmfUF/OG32Z1w2q8+I="></latexit><latexit sha1_base64="jYJxxdvaIep32imTAM9Sx1GA7hw="></latexit>

L⇡old(⇡) = ⌘(⇡old) +
X

s

⇢⇡old(s)
X

a

⇡(a|s)A⇡old(s, a)
<latexit sha1_base64="vYmqIY2+XdEa5a0UYrGSBS6jfyw="></latexit><latexit sha1_base64="vYmqIY2+XdEa5a0UYrGSBS6jfyw="></latexit><latexit sha1_base64="vYmqIY2+XdEa5a0UYrGSBS6jfyw="></latexit><latexit sha1_base64="vYmqIY2+XdEa5a0UYrGSBS6jfyw="></latexit>

L⇡✓old
(·)

<latexit sha1_base64="w1lZ++d4O8Al5mUXAl57JjrSXSk="></latexit><latexit sha1_base64="w1lZ++d4O8Al5mUXAl57JjrSXSk="></latexit><latexit sha1_base64="w1lZ++d4O8Al5mUXAl57JjrSXSk="></latexit><latexit sha1_base64="w1lZ++d4O8Al5mUXAl57JjrSXSk="></latexit>

⌘(·)
<latexit sha1_base64="HQUfQmj2xDo3vPztSd6ymLmgyxg="></latexit><latexit sha1_base64="HQUfQmj2xDo3vPztSd6ymLmgyxg="></latexit><latexit sha1_base64="HQUfQmj2xDo3vPztSd6ymLmgyxg="></latexit><latexit sha1_base64="HQUfQmj2xDo3vPztSd6ymLmgyxg="></latexit>

✓ = ✓old
<latexit sha1_base64="Staj/q8TzNv10Ql/36PB5P8szi4="></latexit><latexit sha1_base64="Staj/q8TzNv10Ql/36PB5P8szi4="></latexit><latexit sha1_base64="Staj/q8TzNv10Ql/36PB5P8szi4="></latexit><latexit sha1_base64="Staj/q8TzNv10Ql/36PB5P8szi4="></latexit>

L⇡✓old
(⇡✓old) = ⌘(⇡✓old)

r✓L⇡✓old
(⇡✓)

��
✓=✓old

= r✓⌘(⇡✓)
��
✓=✓old

<latexit sha1_base64="i2ygsN4X5iTmzfQuqY0R8JJQfsc="></latexit><latexit sha1_base64="i2ygsN4X5iTmzfQuqY0R8JJQfsc="></latexit><latexit sha1_base64="i2ygsN4X5iTmzfQuqY0R8JJQfsc="></latexit><latexit sha1_base64="i2ygsN4X5iTmzfQuqY0R8JJQfsc="></latexit>

⌘(⇡) = ⌘(⇡old) + E⇡

" 1X

t=1

�t�1A⇡old(st, at)

#

= ⌘(⇡old) +
X

s

⇢⇡(s)
X

a

⇡(a|s)A⇡old(s, a)
<latexit sha1_base64="kbDnAKmBh6t5IsVwAH+x1hTbYgY="></latexit><latexit sha1_base64="kbDnAKmBh6t5IsVwAH+x1hTbYgY="></latexit><latexit sha1_base64="kbDnAKmBh6t5IsVwAH+x1hTbYgY="></latexit><latexit sha1_base64="kbDnAKmBh6t5IsVwAH+x1hTbYgY="></latexit>

✓old
<latexit sha1_base64="W7maYqFOu2wl1+AAT2Bzko8tYhI="></latexit><latexit sha1_base64="nR0JAFbMbCsjkS4Kt7yxMXvNqhY="></latexit><latexit sha1_base64="nR0JAFbMbCsjkS4Kt7yxMXvNqhY="></latexit><latexit sha1_base64="nAoDclWidvIDIQP7AquyqIXUmpY="></latexit>

L⇡✓old
(⇡✓) = E⇡✓old

h
⇡✓(a|s)

⇡✓old
(a|s)A⇡✓old

(s, a)
i

<latexit sha1_base64="Hclp4wew6fLjvWhWYYuMSTm3e88="></latexit><latexit sha1_base64="OJAxZzDzCf553tFZwAPZjA7UfA8="></latexit><latexit sha1_base64="OJAxZzDzCf553tFZwAPZjA7UfA8="></latexit><latexit sha1_base64="wZCqaW7W5zmVqmmXP1UHe3fpAmg="></latexit>

⌘(⇡✓old)
<latexit sha1_base64="Ng8QGVli34xCki0xqD34Dfl2PdU="></latexit><latexit sha1_base64="Zt0vOC9KQ4Cqq4X8Y3nNaPvtPG0="></latexit><latexit sha1_base64="Zt0vOC9KQ4Cqq4X8Y3nNaPvtPG0="></latexit><latexit sha1_base64="rkfWl5ZP89X9a9MHJQN/DHW3alA="></latexit>



Algorithmic Intelligence Lab

Theorem [Schulman et al., 2015]
•
• is some constant and

• Policy iteration guarantees non-decreasing performance:

• In practice,
• Theoretical guaranteed      updates

very small steps in policy
• Use a constraint instead of the penalty
• Use average instead of maximum

Trust Region Policy Optimization (TRPO)
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⌘(⇡✓) � L⇡✓old
(⇡✓)� CDmax

KL (⇡✓old ,⇡✓)
<latexit sha1_base64="vP3x2y5k1sjjxIR4/PUiCg1zSfY="></latexit><latexit sha1_base64="vP3x2y5k1sjjxIR4/PUiCg1zSfY="></latexit><latexit sha1_base64="vP3x2y5k1sjjxIR4/PUiCg1zSfY="></latexit><latexit sha1_base64="vP3x2y5k1sjjxIR4/PUiCg1zSfY="></latexit>

C
<latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit><latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit><latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit><latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit>

Dmax
KL (⇡✓old ,⇡✓) = maxs DKL(⇡✓old(·|s)||⇡✓(·|s))

<latexit sha1_base64="A2rmfEHMJwz5eFhxCSg4HNJz2K0="></latexit><latexit sha1_base64="2fhIudht87/8hXvNG5fTGvCIS3M="></latexit><latexit sha1_base64="2fhIudht87/8hXvNG5fTGvCIS3M="></latexit><latexit sha1_base64="WyABh2Gz78rVboKTLha18eSXpdM="></latexit>

L� CDKL
<latexit sha1_base64="OHWNE0+JOrUXjJdKvKBDaPmt1uk="></latexit><latexit sha1_base64="gYmPbuZDbGvCDn/HxqsLjP/lmaM="></latexit><latexit sha1_base64="gYmPbuZDbGvCDn/HxqsLjP/lmaM="></latexit><latexit sha1_base64="ttOvDX3zJ0olbOVD5enqT4qBvSA="></latexit>

⌘
<latexit sha1_base64="CnrW3t0yWOy53Eibv2xoVQauhPs="></latexit><latexit sha1_base64="LfJpTcttij3rDMZy2rrHAdfjPv4="></latexit><latexit sha1_base64="LfJpTcttij3rDMZy2rrHAdfjPv4="></latexit><latexit sha1_base64="scbgPRRG8XrHIqxdlewSKv3fRnE="></latexit>

L
<latexit sha1_base64="0T8lf35d6Baa2u9ZHduDDlJAn1U="></latexit><latexit sha1_base64="ZLc6JpGMHhFGqj3cmaUfVXVwJR4="></latexit><latexit sha1_base64="ZLc6JpGMHhFGqj3cmaUfVXVwJR4="></latexit><latexit sha1_base64="eBEqNz9vF+ak26l2tkkdgZ8NPdQ="></latexit>

✓old
<latexit sha1_base64="YsX99lECV8LzjNLh4LluFo3vPSM="></latexit><latexit sha1_base64="MREZ5JLsIsELf8NPj/fdfvbAFpg="></latexit><latexit sha1_base64="MREZ5JLsIsELf8NPj/fdfvbAFpg="></latexit><latexit sha1_base64="KHgHP3yqgxHE1krOSKNHwH2YKWs="></latexit>

✓
<latexit sha1_base64="inbUWpmk0eyLFpXjr3iJXmRKMYU="></latexit><latexit sha1_base64="uRFiC84ftUY/THxJ1i+FUye97xI="></latexit><latexit sha1_base64="uRFiC84ftUY/THxJ1i+FUye97xI="></latexit><latexit sha1_base64="V2NPgtAS906Ci4maGmuoh12Sc6U="></latexit>

✓new
<latexit sha1_base64="D6tIEkxBsA+m7UR6hV3caJHOC0o="></latexit><latexit sha1_base64="bz1YbfnWLErWO2k5QAKLUVKoCx4="></latexit><latexit sha1_base64="bz1YbfnWLErWO2k5QAKLUVKoCx4="></latexit><latexit sha1_base64="Fpvq0uPzpFJDQqAF80f5XHC+8VE="></latexit>

C
<latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit><latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit><latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit><latexit sha1_base64="Viv4CrdQv0OKg3yxgRpz54IXGjk="></latexit>

* source : Deep RL Bootcamp Lecture (https://youtu.be/xvRrgxcpaHY)

✓new  argmax✓ L⇡✓old
(⇡✓)� CDmax

KL (⇡✓old ,⇡✓)
<latexit sha1_base64="a81EIcaEpxjt5Zf/6hjLOV/w3bI="></latexit><latexit sha1_base64="qPN6Ewy2YRRNegIZyHVF+mBf/GY="></latexit><latexit sha1_base64="qPN6Ewy2YRRNegIZyHVF+mBf/GY="></latexit><latexit sha1_base64="Okj3pj5gaNWlxwMa7olfOEmhv+M="></latexit>

maximize
✓

L⇡✓old
(⇡✓) = E⇡✓old


⇡✓(a|s)
⇡✓old(a|s)

A⇡✓old
(s, a)

�

subject to E⇡✓old
[DKL(⇡✓old(·|s)||⇡✓(·|s))]  �
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• TRPO agent video

• Training curves (TRPO: vine & single path)

TRPO Experiments

32* source : Schulman et al., Trust Region Policy Optimization, ICML 2015

https://youtu.be/KJ15iGGJFvQ
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Issues in TRPO
• To solve the optimization problem, quadratic approximation for the constraint 

is required
• In some cases, such approach is not possible

Adaptive KL Penalty Coefficient [Schulman et al., 2017]

• KL divergence is small/large  ⇒ decrease/increase    , respectively.
• For each iteration, do SGD on the above objective multiple times
• This needs only first-order derivatives

• Still, this has limitations:
• Hard to use multi-output architectures (e.g., policy & value functions)

due to the KL divergence term
• Empirically poor performance when using deep CNNs / RNNs

Proximal Policy Optimization Algorithms
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Clipped Surrogate Objective [Schulman et al., 2017]

where

• The objective suppresses changes in policy without KL divergence
• This figure simply shows how              works

• This objective can be used with multi-output architectures

Proximal Policy Optimization Algorithms
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• On MuJoCo Environments, PPO (clip) outperforms other policy gradient 
methods

• PPO agent video

Proximal Policy Optimization Algorithms

35* source : Schulman et al., Proximal Policy Optimization Algorithms, 2017

https://blog.openai.com/openai-baselines-ppo/
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• Reinforcement learning is another field of machine learning
• RL agents learn the best strategy using only scalar rewards, no supervision
• There are many various algorithms: Q-learning, actor-critic, 
• Sometimes the reward signal is not given

• RL with deep learning, or DeepRL
• Has many issues about optimization, sample efficiency, stability
• To overcome, many methods (e.g., distributed, off-policy) are proposed
• Achieves super-human performance on many tasks

• RL can be applied to a lot of tasks:
• Games (Chess, Go, Starcraft, …)
• Combinatorial optimization (NP problems such as TSP)
• Robotics
• AutoML: finding best hyper-parameters / architectures
• …

Summary

36



Algorithmic Intelligence Lab

[Watkins, 1989] Learning from Delayed Rewards, Ph.D. thesis, University of Cambridge, 1989
link: http://www.cs.rhul.ac.uk/~chrisw/new_thesis.pdf

[Watkins, 1992] Q-learning, Machine Learning, 1992
link: https://link.springer.com/article/10.1007/BF00992698

[Willams, 1992] Simple Statistical Gradient-following Algorithms for Connectionist Reinforcement Learning, Machine 
Learning, 1992
link: https://link.springer.com/article/10.1007/BF00992696

[Sutton et al., 2000] Policy gradient methods for reinforcement learning with function approximation: actor-critic 
algorithms with value function approximation, NIPS 2000
link: https://papers.nips.cc/paper/1713-policy-gradient-methods-for-reinforcement-learning-with-function-
approximation.pdf

[Minh et al., 2015] Human-level Control through Deep Reinforcement Learning, Nature 2015
link: https://www.nature.com/articles/nature14236

[van Hasselt et al., 2016] Deep Reinforcement Learning with Double Q-learning, AAAI 2016
link: https://www.aaai.org/ocs/index.php/AAAI/AAAI16/paper/download/12389/11847

[van Hasselt, 2010] Double Q-learning, NIPS 2010
link: https://papers.nips.cc/paper/3964-double-q-learning

[Schaul et al., 2016] Prioritized Experience Replay, ICLR 2016
link: https://arxiv.org/abs/1511.05952

[Wang et al., 2016] Dueling Network Architectures for Deep Reinforcement Learning, ICML 2016
link: http://proceedings.mlr.press/v48/wangf16.pdf

References

37

http://www.cs.rhul.ac.uk/~chrisw/new_thesis.pdf
https://link.springer.com/article/10.1007/BF00992698
https://link.springer.com/article/10.1007/BF00992696
https://papers.nips.cc/paper/1713-policy-gradient-methods-for-reinforcement-learning-with-function-approximation.pdf
https://www.nature.com/articles/nature14236
https://www.aaai.org/ocs/index.php/AAAI/AAAI16/paper/download/12389/11847
https://papers.nips.cc/paper/3964-double-q-learning
https://arxiv.org/abs/1511.05952
http://proceedings.mlr.press/v48/wangf16.pdf


Algorithmic Intelligence Lab

[Schulman et al., 2015] Trust Region Policy Optimization, ICML 2015
link: http://proceedings.mlr.press/v37/schulman15.pdf

[Schulman et al., 2017] Proximal Policy Optimization Algorithms, 2017
link: https://arxiv.org/abs/1707.06347

Books

Sutton and Barto, Reinforcement Learning: An Introduction, 2nd edition, 2018
link: http://incompleteideas.net/book/the-book-2nd.html

Lectures

UCL Course on Reinforcement Learning
link: http://www0.cs.ucl.ac.uk/staff/d.silver/web/Teaching.html

UC Berkeley Course on Deep Reinforcement Learning
link: http://rail.eecs.berkeley.edu/deeprlcourse/

Deep RL Bootcamp Lectures
link: https://youtu.be/xvRrgxcpaHY

References

38

http://proceedings.mlr.press/v37/schulman15.pdf
https://arxiv.org/abs/1707.06347
http://incompleteideas.net/book/the-book-2nd.html
http://www0.cs.ucl.ac.uk/staff/d.silver/web/Teaching.html
http://rail.eecs.berkeley.edu/deeprlcourse/
https://youtu.be/xvRrgxcpaHY

