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Class Structure
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Model-free Reinforcement Learning 

Imitation Learning

Model-based Reinforcement Learning 

Unifying Perspectives on RL and IRL

Frontiers

Exploration Learning from Prior Data Learning across tasks

Policy Gradient ADP



Lecture outline
Recap: Policy Gradient and Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization

Off-Policy Reinforcement Learning



Taking the gradient of return
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(approximating using samples)

(Monte-Carlo approximation)



Take a deeper look at REINFORCE
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Linear approximation

Quadratic Constraint

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

✓i

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

✓i+1

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



Covariant Policy Gradient Updates

What should G be?

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

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

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

(✓ � ✓i)
TG(✓ � ✓i)  ✏

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

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

DKL(⇡✓||⇡✓i)  ✏

Measures functional distance, not parameter distance



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

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

DKL(⇡✓||⇡✓i)  ✏

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

F = E⇡✓

⇥
(r✓ log ⇡✓)(r✓ log ⇡✓)

T
⇤

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

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

(✓ � ✓i)
TF (✓ � ✓i)  ✏

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

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



Lecture outline
Recap: Policy Gradient and Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization

Off-Policy Reinforcement Learning



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

F – Rdxd

For a standard convnet – d is in the millions

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

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

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

✓i

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

✓i+1



Trust Region Policy Optimization

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

TRPO, Schulman ‘15



Trust Region Policy Optimization

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

TRPO, Schulman ‘15



Off Policy Policy Gradient – Importance Sampling

Problem with original policy gradient objective – hard to evaluate without samples from θ

Must sample to evaluate

Can we be off-policy?

Can rederive policy gradient from this perspective

Has numerical challenges



Expanding the Importance Sampling Objective

Numerically unstable, high variance!



Trust Region Policy Optimization – Importance Sampling without the Pain

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

Original Objective

Importance Sampling

Cannot evaluate without resampling

(ish)

(Surrogate Objective)

Often replaced by A = Q - V



Trust Region Policy Optimization

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

TRPO, Schulman ‘15



Trust Region Policy Optimization – Conjugate Gradient

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

Convert into an iterative minimization problem!

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

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

min
x

1

2
xTFx� xT g + csame as

Solution to 



Trust Region Policy Optimization – Conjugate Gradient

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

Convert into an iterative minimization problem!

Solve with conjugate gradient

Do coordinate descent in geometry 
aligned orthogonal directions 

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



Trust Region Policy Optimization – Conjugate Gradient

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

min
x

1

2
xTFx� xT g + c

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

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

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

Only requires matrix-vector 
product



Trust Region Policy Optimization

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

TRPO, Schulman ‘15



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

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

✓i

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

✓i+1

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

✓i

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

✓i+1

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

✓i

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

✓i+1

Decreasing step size

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

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

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

1

2
(ts)TF (ts) = ✏ ! t =

r
2✏

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

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

t = �t

Backtracking



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

TRPO, Schulman ‘15



Can we say anything formal about updates?

Ensures that policies are non-decreasing in performance

Performance difference 
lemma

Express advantage 
in terms of TVD

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



TRPO in action

TRPO, Schulman ‘15



Why might TRPO not be enough?

Advantage estimation is too high variance Optimization expensive/unstable

TRPO, Schulman ‘15



Better Advantage Estimation - Generalized Advantage Estimation

Advantage estimator

High variance!

N step advantage estimator

1 step advantage estimator

2 step advantage estimator

N-1 step advantage estimator

…

Bi
as

Va
ria

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

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

GAE, Schulman ‘15



Lecture outline
Recap: Policy Gradient and Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization

Off-Policy Reinforcement Learning



Avoiding Second Order Optimization

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

Expensive second order optimization, can we avoid?



Proximal Policy Optimization Update

Proximal Policy Optimization

Trust Region Policy Optimization

Restrict the amount the policy moves

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

max J(✓i) +r✓J(✓)|✓=✓i(✓ � ✓i)

DKL(⇡✓||⇡✓i)  ✏

<latexit sha1_base64="Zw7oDiMFMa02LrqgTtqQx0SqYTg="></latexit>

L(s, a, ✓i, ✓) = min

 
⇡✓(a|s)
⇡✓i(a|s)

A(s, a), clip

 
⇡✓(a|s)
⇡✓i(a|s)

, 1� ✏, 1 + ✏

!
A(s, a)

!

PPO, Schulman ‘17



Proximal Policy Optimization Algorithm

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

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



PPO in Action

PPO, Schulman ‘17



So should we just use PPO for everything?

Engstrom et al, ‘20

Open question!

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



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

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

on-policy
§ Blackbox, can be hard to debug



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

Convergence guarantees Asynchronous/Parallel Methods Better Variance Reduction

Learning from high-
dimensional inputs

Bootstrapping from 
prior data

Multi-agent Policy 
Gradient



Frontiers of Policy Gradient Research
Convergence guarantees and empirical investigations

Practical Algorithms Deviate from TheoryGlobally Convergent in LQR/LQG Case

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

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



Frontiers of Policy Gradient Research
Asynchronous methods for large scale speedup

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



Frontiers of Policy Gradient Research
Better Variance Reduction Methods

Action dependent baselines Alternative Estimators

For factorized spaces, baselines can 
depend on independent action factors 

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

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



Frontiers of Policy Gradient Research
Learning from High Dimensional Observations

Challenging to provide guarantees in partially observed settings!

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

Robust Asymmetric Learning in POMDPs, Warrington et al ‘20

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



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

Learning from Prior DataOff-policy policy gradient

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

DAPG, Rajeswaran ‘17



Frontiers of Policy Gradient Research
Multi-agent policy gradient

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

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



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



How is this useful for robotics?

More in the sim2real lecture!

Largely useful for pretraining in simulation



Perspective on Policy Gradients

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

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

pros and cons

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

be very slow

§ Several open frontiers still exist for research into PG methods

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

transfer



Lecture outline
Recap: Policy Gradient and Natural Policy Gradient

Trust Region Policy Optimization

Proximal Policy Optimization

Off-Policy Reinforcement Learning



What can we do to make PG suitable for robots?



Why is Policy Gradient sample inefficient?

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

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

r✓J(✓) =

Z
p✓(⌧)r✓ log p✓(⌧)d⌧
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<latexit sha1_base64="6FU0cKCWWIcEdAn1QhVChMIXRzc="></latexit><latexit sha1_base64="6FU0cKCWWIcEdAn1QhVChMIXRzc="></latexit><latexit sha1_base64="6FU0cKCWWIcEdAn1QhVChMIXRzc="></latexit><latexit sha1_base64="6FU0cKCWWIcEdAn1QhVChMIXRzc="></latexit>

Idea: bundle this across many (s, a) with a function approximator What we actually want

What we do

Single sample estimate

Averaged return estimate
Function approximator bundles return estimates across states



Notation: Q functions
2
3

Average

Sum

Bundles estimates across (s, a)

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

Use the magic of (deep) function approximation



Attempt 0: Monte-Carlo Estimation of Q-Functions

Monte-carlo approximation

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

Unbiased, but high variance!
State
Action

Return to Go
On-Policy



Can we do better?
2
4

Much lower variance if estimated well

Has special structure we can exploit!!

Can be learned off-policy!



Attempt 1: Using Recursive Structure

Note the definition of a value function

Value functions are recursive 

Average Q-function over actions sampled from policy

VF!

Q-values via 1-step lookahead



Attempt 1: Using Recursive Structure

Value functions are recursive 

Recipe for policy gradient

Value Bellman equation

1-step lookahead - better estimate of future return



Attempt 1: Using Recursive Structure

TODO replace this

Fit a value function on on-policy data 

Compute the policy gradient

Collect more data

+ lowers variance - Still on-policy



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

Best of both worlds – very similar idea to eligibility traces

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

A✓
1(s1, a1) = r1 + �V (s2)� V (s1)

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

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

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

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

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

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

Geometric sum

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

� controls bias-variance tradeoff

<latexit sha1_base64="cc//TpLMyyP4etOwK8GRhhfeDFI="></latexit>

A✓
�(s1, a1) =

NX

j=1

�jA✓
j (s, a)



Attempt 2: Recursive structure in Q functions directly

Q functions have special recursive structure themselves!

Bellman equation

Decompose temporally via dynamic programming

Can be from 
different policies

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

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

[Q⇡(st+1, at+1)]

Off-policy!



Learning Q-functions via Dynamic Programming

Bellman equation

Same function approximator

How can we convert this recursion into an off-policy  learning objective?

Policy Evaluation: Try to minimize Bellman Error (almost)

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

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

[Q⇡(st+1, at+1]



Why is this not just the gradient of the Bellman Error?
<latexit sha1_base64="j84Xf8wJCsRYAJFRqeLNETlubk4="></latexit>

min
�

E(st,at,st+1)⇠D

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

min
�

E(st,at,st+1)⇠D

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

Approximate using stochastic optimization

Expectation inside the square, 
hard to be unbiased

Often tough empirically with 
function approximators

”Target” moves too much



Improving Policies with Learned Q-functions

Policy Improvement: Improve policy with policy gradient

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

max
✓

Es⇠D,a⇠⇡✓(a|s) [Q
⇡✓ (s, a)]

Replace Monte-Carlo sum of rewards with learned Q function

Lowers variance compared to policy gradient!

+ off-policy



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

Likelihood Ratio/Score Function Pathwise derivative/Reparameterization

Lower variance (empirically)Easier to Apply to Broad Policy Class

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

max
✓

J(✓) = max
✓

Es⇠DEa⇠⇡✓(.|s) [Q
⇡(s, a)]

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

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

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

Remember Lecture 2 and discussion of when gradients can be moved inside



Actor-Critic:  Policy Gradient in terms of Q functions

Collect 
Data

Learn Q function 
via Bellman

Actor: updated using learned critic (Policy Improvement)

Critic: learned via the Bellman update (Policy Evaluation)

Take Gradient 
Step on 𝜋

Lowers variance and is off-policy!

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

min
�

E(st,at,st+1)⇠D



Actor-Critic in Action



Fin.


