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Idea 1: Imita+on Learning via Behavior Cloning
Given: Demonstra/ons of op/mal behavior

Goal: Train a policy to mimic the demonstrator

Discrete vs continuous

Maximum likelihood



So does behavior cloning really work?

n Imitation Learning ≠ Supervised Learning

Not the same!



Concrete Instantation: DAgger

DAgger: Dataset Aggregation

Ross et al. ‘11



Noising the Data Collection Process
Key idea: force the human to correct for noise during training

Maximize likelihood 

Under noise during data collection

DART: Noise Injec0on for Robust Imita0on Learning, Laskey et al CoRL ‘17



Generating Corrective Labels for Imitation Learning with Learned Dynamics

Find states (st), ac/ons (at) that lead back to 
op/mal states under true learned dynamics, 

where learned dynamics can be trusted
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ks⇤t+1 � f̂�(st, at)k  ✏

Under approximately Lipschitz smooth 
models, trust models around training data

When can we trust learned dynamics     ?
<latexit sha1_base64="j0x2/oc/IRPRAtS4Bz0Pq+ote80=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1haaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCanhUijeQoGSd1LNaRxK3g5Ht1O//cS1EYl6wHHKg5gOlIgEo2gl3x9SzKNJz0+HoletuXV3BrJMvILUoECzV/3y+wnLYq6QSWpM13NTDHKqUTDJJxU/MzylbEQHvGupojE3QT67eUJOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0XWQC5VmyBWbL4oySTAh0wBIX2jOUI4toUwLeythQ6opQxtTxYbgLb68TB7P6t5l/eL+vNa4KeIowxEcwyl4cAUNuIMmtIBBCs/wCm9O5rw4787HvLXkFDOH8AfO5w9lvZHv</latexit>

f̂�
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f̂�

minimizing MSE on expert data
+ spectral norm

CCIL: Continuity-based data augmentation for corrective imitation learning, Ke et al ICLR ‘24
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What if we underfit the data?

n Behavior cloning can underfit the data

Q: won’t a bigger model just solve the problem?

Kind of, but there’s a fundamental problem!



Distributional Expressivity

n Policy expressivity is a combination of expressivity of the 
function approximator and of the distribution family 

Categorical Gaussian Diffusion policy

Tradeoff between expressivity and tractability



Let us consider a case with Gaussian policy

How does this distributional expressivity manifest?

Not a maLer of network size! It’s about distribu/onal expressivity



Why might we fail to fit the expert?

1. Output mixture of Gaussians
2. Latent variable models
3. Autoregressive discre/za/on
4. Diffusion models
5. …

Multimodal behavior à use more expressive probability distributions
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Why might we fail to fit the expert?

1. Output mixture of Gaussians
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Why might we fail to fit the expert?

1. Output mixture of Gaussians
2. Latent variable models
3. Autoregressive discretization
4. Diffusion models
5. …
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Challenge 1: Generalization

PI0, Black et al, 2024

Positional Failures Semantic Failures



Bringing Vision-Language Models to Robots
Recast imitation learning for robotics as a vision language prediction problem

Inherit generalization/semantic properties of VLMs

PI0, Black et al, 2024



Taking Imitation a Step Further: VLAs



Challenge 2: Data Collection

Data throughput can be low for teleoperation interfaces, especially for 
high-dexterity problems



Can we just sensorize people?
Universal Manipulation Interface

Extract motion through SLAM for imitation learning – minimal embodiment gap

UMI, Chi et al, 2024



UMI in action

UMI, Chi et al, 2024



Perspec'ves on Imita'on – don’t believe everything you see online

n Pros:

n Easy to use, no additional infra

n Can sometimes be unreasonably effective

n Cons:

n Challenges of compounding error, multimodality

n Doesn’t perfectly generalize

n Very expensive in terms of data collection!

training
data

supervised
learning
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Ok so how can we learn policies?

max
✓

E⌧⇠⇡✓

"
TX

t=0

r(st, at)

#
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Model-free RL Model-based RL Imitation Learning



What is model-free RL?



What if we performed gradient ascent?

max
✓

E⌧⇠⇡✓

"
TX

t=0

r(st, at)

#
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Gradient wrt expectation variable, not of integrand!
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=

Z
p✓(⌧)R(⌧)d⌧

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

r✓Ex⇠p✓(x) [f(x)]
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r✓Ex⇠g(x) [f✓(x)]

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



Taking the gradient of sum of rewards
14

J(✓) =

Z
p✓(⌧)R(⌧)d(⌧)
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<latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit><latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit><latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit><latexit sha1_base64="oaYTODa/3cX4sYzKeKFqrgj0A2o=">AAACNnicbVBNSwMxEM3Wr1q/qh69BIugl7Irgl6EohcvQhWrhW4ps2nahmazSzIrlKW/you/w1svHhTx6k8wbRfR1gdhHu/NMJkXxFIYdN2Rk1tYXFpeya8W1tY3NreK2zv3Jko04zUWyUjXAzBcCsVrKFDyeqw5hIHkD0H/cuw/PHJtRKTucBDzZghdJTqCAVqpVbw+p75QSONW6mOPIwwPfYTkiPoKAgk/KvVl1J3vus1qe1pbxZJbdieg88TLSIlkqLaKL347YknIFTIJxjQ8N8ZmChoFk3xY8BPDY2B96PKGpQpCbprp5OwhPbBKm3YibZ89YaL+nkghNGYQBrYzBOyZWW8s/uc1EuycNVOh4gS5YtNFnURSjOg4Q9oWmjOUA0uAaWH/SlkPNDC0SRdsCN7syfPk/rjsuWXv5qRUucjiyJM9sk8OiUdOSYVckSqpEUaeyIi8kXfn2Xl1PpzPaWvOyWZ2yR84X9+kO6s2</latexit>

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

r✓J(✓) = r✓

Z
p✓(⌧)R(⌧)d(⌧)

=

Z
r✓p✓(⌧)R(⌧)d(⌧)

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

REINFORCE trick



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

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

log p✓(⌧) = log p(s0) +
T�1X

t=0

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

r✓ log p✓(⌧) = r✓ log p(s0) +
T�1X

t=0

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

r✓ log p✓(⌧) =
T�1X

t=0

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

Model Free!!

Dynamics PolicyInitial State



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

"
r✓ log p✓(⌧)

TX

t=0

r(st, at)

#

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

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

at⇠⇡(at|st)

"
TX

t=0

r✓ log ⇡✓(at|st)
TX

t0=0

r(st, at)

#

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

⇡ 1

N

NX

i=0

TX

t=0

r✓ log ⇡✓(a
i
t|sit)

TX

t0=0

r(sit0 , a
i
t0)

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

(approximating using samples)



What does this mean?
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r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧

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

Increase the likelihood of actions in high return trajectories
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<latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="SDYjVcTpQXnDIMaGsK4YgBTScVQ="></latexit><latexit sha1_base64="XPy93Lla4KCO4tGQBCoCnSkrHcY="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit><latexit sha1_base64="cYAjdXOFvMdhRQzg29nN8ojFza0="></latexit>



Resulting Algorithm (REINFORCE)
18

r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧

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

Collect Data Take Gradient 
Step

On-policy



Continuous Policy Gradient - Pseudocode
18

Pseudocode example (with continuous actions): 
# Given: 
# actions - (N*T) x Da tensor of actions 
# states - (N*T) x Ds tensor of states 
# q_values – (N*T) x 1 tensor of estimated state-action values 
# Build the graph: 
pred_mean, pred_cov = policy.predictions(states) # This should return (N*T) x Da tensor of action logits 
negative_likelihoods = -gaussian_log_likelihood(actions, mean= pred_mean, cov = pred_cov) 
weighted_negative_likelihoods = tf.multiply(negative_likelihoods, returns) 
loss = tf.reduce_mean(weighted_negative_likelihoods) 
gradients = loss.gradients(loss, variables)



Discrete Policy Gradient - Pseudocode
18

Pseudocode example (with discrete actions): 

# Given: 
# actions - (N*T) x Da tensor of actions 
# states - (N*T) x Ds tensor of states 
# Build the graph: 
logits = policy.predictions(states) # This should return (N*T) x Da tensor of action logits 
negative_likelihoods = tf.nn.softmax_cross_entropy_with_logits(labels=actions, 
logits=logits) 
loss = tf.reduce_mean(negative_likelihoods) 
gradients = loss.gradients(loss, variables)



How is this related to supervised learning?
19

PG = select good data + increase likelihood of selected data

r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧
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Reinforcement Learning Supervised Learning

max
✓

E(x,y)⇠D [log p✓(y|x)]
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Lecture Outline
Recap

Imita9on Learning: Improvements – Mul9modality

Policy Gradient

Improving Policy Gradient



What makes policy gradient challenging?
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High variance estimator!!

Hard to tell what matters without many samples

Averaged return estimate

What we actually want

What we do

Single sample estimate
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Variance Reduction with Causality
Idea: Trajectory returns depend on past and future, but we only care about the 
future, since actions cannot affect the past. Instead, consider “return-to-go”
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Can we reduce variance further?

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

Credit: Sergey Levine

high variance



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

Baseline: Centers the returns, reduces variance

We can show this is unbiased!
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Variance Reduction with a Baseline

Let us show this is 0!
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Variance Reduc+on with a Baseline
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<latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit>

Z Z
p(st, at)r✓ log ⇡✓(at|st) [b(st)] dstdat

<latexit sha1_base64="InxuJ5gRvXeIcXQc8liyAYmqGwE="></latexit><latexit sha1_base64="InxuJ5gRvXeIcXQc8liyAYmqGwE="></latexit><latexit sha1_base64="InxuJ5gRvXeIcXQc8liyAYmqGwE="></latexit><latexit sha1_base64="InxuJ5gRvXeIcXQc8liyAYmqGwE="></latexit>

Z Z
p(st)⇡✓(at|st)r✓ log ⇡✓(at|st) [b(st)] dstdat

<latexit sha1_base64="NqEf44utHQbe5XcGTr8FAWuthDQ="></latexit><latexit sha1_base64="NqEf44utHQbe5XcGTr8FAWuthDQ="></latexit><latexit sha1_base64="NqEf44utHQbe5XcGTr8FAWuthDQ="></latexit><latexit sha1_base64="NqEf44utHQbe5XcGTr8FAWuthDQ="></latexit>

Z
p(st)b(st)

Z
⇡✓(at|st)r✓ log ⇡✓(at|st)datdst

<latexit sha1_base64="hMKAIYyXuW7CScWmSzmNJwxuA0g="></latexit><latexit sha1_base64="hMKAIYyXuW7CScWmSzmNJwxuA0g="></latexit><latexit sha1_base64="hMKAIYyXuW7CScWmSzmNJwxuA0g="></latexit><latexit sha1_base64="hMKAIYyXuW7CScWmSzmNJwxuA0g="></latexit>Z
p(st)b(st)

Z
r✓⇡✓(at|st)datdst

<latexit sha1_base64="AQ0d+1TVnersGpPu5J7vXvEfcyQ=">AAACMXicbZBNSwMxEIazftb6VfXoJViEeim7Iuix6MVjBauFbllms2kbzGaXZFYoa/+SF/+JePGgiFf/hOm2iLYOhDx5Z4bMvGEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcxzt/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk6uQvIVhBKC3McBRxhRPxU/jxoE+FCURpZoZJEGlapbd4ug8+BNoUqm0Qwqz36UsCzmCpkEYzqem2I3B42CST4q+5nhKbA76POORQUxN9282HhED60S0V6i7bHDFurvjhxiY4ZxaCtjwIGZzY3F/3KdDHtn3VyoNEOu2OSjXiYpJnRsH42E5gzl0AIwLeyslA1AA0Nrctma4M2uPA83x3XPrXtXJ9XG+dSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mclC4405498iecr2/piqlz</latexit><latexit sha1_base64="AQ0d+1TVnersGpPu5J7vXvEfcyQ=">AAACMXicbZBNSwMxEIazftb6VfXoJViEeim7Iuix6MVjBauFbllms2kbzGaXZFYoa/+SF/+JePGgiFf/hOm2iLYOhDx5Z4bMvGEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcxzt/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk6uQvIVhBKC3McBRxhRPxU/jxoE+FCURpZoZJEGlapbd4ug8+BNoUqm0Qwqz36UsCzmCpkEYzqem2I3B42CST4q+5nhKbA76POORQUxN9282HhED60S0V6i7bHDFurvjhxiY4ZxaCtjwIGZzY3F/3KdDHtn3VyoNEOu2OSjXiYpJnRsH42E5gzl0AIwLeyslA1AA0Nrctma4M2uPA83x3XPrXtXJ9XG+dSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mclC4405498iecr2/piqlz</latexit><latexit sha1_base64="AQ0d+1TVnersGpPu5J7vXvEfcyQ=">AAACMXicbZBNSwMxEIazftb6VfXoJViEeim7Iuix6MVjBauFbllms2kbzGaXZFYoa/+SF/+JePGgiFf/hOm2iLYOhDx5Z4bMvGEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcxzt/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk6uQvIVhBKC3McBRxhRPxU/jxoE+FCURpZoZJEGlapbd4ug8+BNoUqm0Qwqz36UsCzmCpkEYzqem2I3B42CST4q+5nhKbA76POORQUxN9282HhED60S0V6i7bHDFurvjhxiY4ZxaCtjwIGZzY3F/3KdDHtn3VyoNEOu2OSjXiYpJnRsH42E5gzl0AIwLeyslA1AA0Nrctma4M2uPA83x3XPrXtXJ9XG+dSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mclC4405498iecr2/piqlz</latexit><latexit sha1_base64="AQ0d+1TVnersGpPu5J7vXvEfcyQ=">AAACMXicbZBNSwMxEIazftb6VfXoJViEeim7Iuix6MVjBauFbllms2kbzGaXZFYoa/+SF/+JePGgiFf/hOm2iLYOhDx5Z4bMvGEqhUHXfXUWFpeWV1ZLa+X1jc2t7crO7o1JMs14iyUy0e0QDJdC8RYKlLydag5xKPlteHcxzt/ec21Eoq5xmPJuDH0leoIBWimoXPpCIU1rJsAjGk6uQvIVhBKC3McBRxhRPxU/jxoE+FCURpZoZJEGlapbd4ug8+BNoUqm0Qwqz36UsCzmCpkEYzqem2I3B42CST4q+5nhKbA76POORQUxN9282HhED60S0V6i7bHDFurvjhxiY4ZxaCtjwIGZzY3F/3KdDHtn3VyoNEOu2OSjXiYpJnRsH42E5gzl0AIwLeyslA1AA0Nrctma4M2uPA83x3XPrXtXJ9XG+dSOEtknB6RGPHJKGuSSNEmLMPJIXsgbeXeenFfnw/mclC4405498iecr2/piqlz</latexit>

Z
p(st)b(st)r✓

Z
⇡✓(at|st)datdst

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

Z
p(st)b(st)r✓(1)dst

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

Unbiased!

=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="oz4Bv9dOQfBOepiWx8XBjGDeWrs=">AAAB3XicbZBLSwMxFIXv1FetVatbN8EiuCozbnQjCG5ctmAf0A4lk95pYzOZIbkjlNJf4MaFIv4td/4b08dCWw8EPs5JyL0nypS05PvfXmFre2d3r7hfOigfHh1XTsotm+ZGYFOkKjWdiFtUUmOTJCnsZAZ5EilsR+P7ed5+RmNlqh9pkmGY8KGWsRScnNW47Veqfs1fiG1CsIIqrFTvV756g1TkCWoSilvbDfyMwik3JIXCWamXW8y4GPMhdh1qnqANp4tBZ+zCOQMWp8YdTWzh/n4x5Ym1kyRyNxNOI7uezc3/sm5O8U04lTrLCbVYfhTnilHK5luzgTQoSE0ccGGkm5WJETdckOum5EoI1lfehNZVLfBrQcOHIpzBOVxCANdwBw9QhyYIQHiBN3j3nrxX72NZV8Fb9XYKf+R9/gB6sItu</latexit><latexit sha1_base64="oz4Bv9dOQfBOepiWx8XBjGDeWrs=">AAAB3XicbZBLSwMxFIXv1FetVatbN8EiuCozbnQjCG5ctmAf0A4lk95pYzOZIbkjlNJf4MaFIv4td/4b08dCWw8EPs5JyL0nypS05PvfXmFre2d3r7hfOigfHh1XTsotm+ZGYFOkKjWdiFtUUmOTJCnsZAZ5EilsR+P7ed5+RmNlqh9pkmGY8KGWsRScnNW47Veqfs1fiG1CsIIqrFTvV756g1TkCWoSilvbDfyMwik3JIXCWamXW8y4GPMhdh1qnqANp4tBZ+zCOQMWp8YdTWzh/n4x5Ym1kyRyNxNOI7uezc3/sm5O8U04lTrLCbVYfhTnilHK5luzgTQoSE0ccGGkm5WJETdckOum5EoI1lfehNZVLfBrQcOHIpzBOVxCANdwBw9QhyYIQHiBN3j3nrxX72NZV8Fb9XYKf+R9/gB6sItu</latexit><latexit sha1_base64="ZzCpYyLj9bHX7Nht8DFETVMdd9o=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5sTCMEbSwTMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHWcKoYtFotYdQOqUXCJLcONwG6ikEaBwE4wuZv7nSdUmsfywUwT9CM6kjzkjBorNW8G5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0Nn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5qw5mdcJqlByZaLwlQQE5P512TIFTIjppZQpri9lbAxVZQZm03JhuCtvrxO2ldVz616TbdSv83jKMIZnMMleHANdbiHBrSAAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPi42MvQ==</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit>
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Learning Baselines
Baselines are typically learned as deep neural nets from Rs à R1

Minimize with Monte-carlo regression at every 
iteration, club with policy loss

<latexit sha1_base64="BtYyZR3ZxcxH1jWbJjIevzhPmn0="></latexit>
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Allows us to define advantages



Further Improvements on Policy Gradient

Control Step Size

Prevent excessive step size

<latexit sha1_base64="Zw7oDiMFMa02LrqgTtqQx0SqYTg="></latexit>
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Don’t let the policy change too much

This allows for more gradient steps and stable updates

Proximal Policy Optimization



Advanced Policy Gradient in Action: Sim Control



Advanced Policy Gradient in Ac+on: LLMs



Policy Gradient (ish) in Action: Real-World Robots

With small improvements in estimation - can work on robots!

Smith et al

Luo et al

Luo et al



Class Outline

Motion Planning Lazy Search

Search

Feedback Control

LQRMPC

Robotic System Design Filtering

SLAMLocalization

State Estimation Control

Planning

PID Control

Heuristic Search

Learning

Actor-Critic Model-Based RL

Imitation Learning Policy Gradient


