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Today's lecture

" Behavior Cloning!

" Modeling humans!

" DAgger!

" DART!

" HVIL
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The impact of inaccurate dynamics
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|p1ps1|sq ´ p2ps1|sq| § ✏

<latexit sha1_base64="P6ZnWTVQ3Q8oZwmxIsFJ77txntE="></latexit>
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|p1pstq ´ p2pstq| § ✏t

<latexit sha1_base64="qQvwbag7u+uI25Qwc95o/6V1ZHE="></latexit>

Image: Sergey Levine
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A policy is a (stochastic) function

st+1stst-1

at-1 atagent

environment

! pat |stq
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Image: Bojarski et al. 2016
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A policy is a (stochastic) function

st+1stst-1

at-1 atagent

environment

ot-1 ot

! pat |ot q
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observation action
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Behavior Cloning

observations 
+ 

actions

training 
data

supervised 
learning

no data!

! ! pat|otq

<latexit sha1_base64="uBggm0UoQMNlEdnz9Q1V2X1/FA4="></latexit>

p⇡pst` 1|stq “
Ø

ot ,at

ppot|stq! pat|otqppst` 1|st, atq

! ✓pat|otq « ! ûpat|otq
p⇡! pst` 1|stq « p⇡û pst` 1|stq

<latexit sha1_base64="+uSkd087Ff6CxE+7kNhk+k7oBCY="></latexit>
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But wait...

Video: NVIDIA
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How did they do it?

augmented data to better cover test distribution

Image: Bojarski et al. 2016
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Modeling humans is hard
" Perhaps!

" Perhaps                  , so!

# Generally, this requires!

# Can use RNN, other models!

# Modeling memory is hard !  prior structure may help!

" Perhaps there is insu$cient data!

# Demonstrating is a burden!!

" Perhaps demonstrations are inconsistent!

# Humans are fallible!

# Some supervision is hard to give

ot ä oût

<latexit sha1_base64="GRnoJoNqlNCAlS9PURof8N5Kwls="></latexit>

ot ä st

<latexit sha1_base64="aQe7BUD3TdKUuJ+SnKw0G+kSRcg="></latexit>

ppot` 1|ot , atq ä ppot` 1|o0, a0, . . . , ot , atq

<latexit sha1_base64="cSTnLmSJUfqx6hG+CcxMPXPhf/0="></latexit>

! ! pat |o0, a0, . . . , otq

<latexit sha1_base64="oBOeO5SBeUCzGtCO5XwxwuIidIc="></latexit>
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Modeling memory

st+1stst-1

at-1 atagent

environment

ot-1 ot
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Modeling memory

st+1stst-1

at-1 at

agent

environment

ot-1 ot

mt-1 mt

! ! pmt , at |mt« 1, otq

<latexit sha1_base64="h81ucB2kOaYlYxRYWgGxCLoB7kg="></latexit>
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DAgger: Dataset Aggregation

Can we collect demonstration data for              ?!p! ! potq

<latexit sha1_base64="emoH1NPRk2EpR1J00vVfyhS9uV0="></latexit>

Algorithm 1 DAgger

Collect datasetD of teacher demonstrations
po0, aû

0, o1, aû
1, . . .q ã p! û

Train ! " on D
Execute ! " to get po0, a0, . . .q ã p! !

Ask teacher to labelaû
t |ot ã ! û

Aggregatepo0, aû
0, o1, aû

1, . . .q into D
Repeat!

<latexit sha1_base64="hvGjqwV4vAPlede5JWL4z1YY3gY="></latexit>
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DAgger demo

Video: StŽphane Ross
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DAgger: Dataset Aggregation
Can we collect demonstration data for              ?!p! ! potq

<latexit sha1_base64="emoH1NPRk2EpR1J00vVfyhS9uV0="></latexit>

Algorithm 1 DAgger

Collect datasetD of teacher demonstrations
po0, aû

0, o1, aû
1, . . .q ã p! û

Train ! " on D
Execute ! " to get po0, a0, . . .q ã p! !

Ask teacher to labelaû
t |ot ã ! û

Aggregatepo0, aû
0, o1, aû

1, . . .q into D
Repeat!

<latexit sha1_base64="hvGjqwV4vAPlede5JWL4z1YY3gY="></latexit>

but how?
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DAgger: Dataset Aggregation
Can we collect demonstration data for              ?!

DAgger can reduce the imitation loss from                to

p! ! potq

<latexit sha1_base64="emoH1NPRk2EpR1J00vVfyhS9uV0="></latexit>

Algorithm 1 DAgger

Collect datasetD of teacher demonstrations
po0, aû

0, o1, aû
1, . . .q ã p! û

Train ! " on D
Execute ! " to get po0, a0, . . .q ã p! !

Ask teacher to labelaû
t |ot ã ! û

Aggregatepo0, aû
0, o1, aû

1, . . .q into D
Repeat!

<latexit sha1_base64="hvGjqwV4vAPlede5JWL4z1YY3gY="></latexit>

but how?

Op!T2q

<latexit sha1_base64="C64+gZYj5rAO+HhvDFju1sk6Ano="></latexit>

Op!Tq

<latexit sha1_base64="fhn0NBi2s6zaStu1l5u5AtN6n/E="></latexit>
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Goal-conditioned Behavior Cloning

" Can we train one policy to reach multiple goals?!

" How can we know the goal?!

# E.g., what is the goal in a demonstration                                   ?!

! ! pat |st , gtq

<latexit sha1_base64="eDXCIqQPNL3dmgXXvmA9On2FnH0="></latexit>

ps0, a0, s1, a1, . . .q

<latexit sha1_base64="KVNWpQdBrMABX6O7aXR7HaHkAaw="></latexit>
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Goal-conditioned Behavior Cloning

" Can we train one policy to reach multiple goals?!

" How can we know the goal?!

# E.g., what is the goal in a demonstration                                   ?!

" Idea: take each     as the goal of the demonstration

! ! pat |st , gtq

<latexit sha1_base64="eDXCIqQPNL3dmgXXvmA9On2FnH0="></latexit>

ps0, a0, s1, a1, . . .q

<latexit sha1_base64="KVNWpQdBrMABX6O7aXR7HaHkAaw="></latexit>

st

<latexit sha1_base64="+jpZtR0w146OqgVYfIb3HZvsVVo="></latexit>

ps0, a0, . . . , st« 1, at« 1, stq

<latexit sha1_base64="ZbmF9018WFaLMSxHfublBjxr930="></latexit>
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DART: Disturbances Augmenting Robot Training

Image: Laskey et al. 2017
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DART

Image: Michael Laskey
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Grasping task

Behavior Cloning DART
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Modeling memory

st+1stst-1

at-1 at

agent

environment

ot-1 ot

mt-1 mt

! ! pmt , at |mt« 1, otq

<latexit sha1_base64="h81ucB2kOaYlYxRYWgGxCLoB7kg="></latexit>
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HVIL: Hierarchical Variational Imitation Learning

Video: Fox et al. 2019
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Imitation Learning as inference

" Behavior Cloning with cross-entropy loss maximizes!

" With latent execution structure      we have!

" Evidence Lower Bound (ELBO):!

" Inference network                    samples execution structure!

# which guides training of the agent

logp! ! pDq Ò
Ø

i

log! " pai |oi q ` constÒ log! " pa|oq ` const

<latexit sha1_base64="6p2eBYmrEimQuCtIyE9dphwNXrw="></latexit>

m

<latexit sha1_base64="1zaU4pQSiD9bDJVWSiV640wa0VY="></latexit>

m

<latexit sha1_base64="1zaU4pQSiD9bDJVWSiV640wa0VY="></latexit>

log! ! pa|oq Òlog
Ø

m

! ! pm, a|oq

<latexit sha1_base64="srM5f6bZgq13PYfuwYoh6CXBCTU="></latexit>

log! ! pa|oq! Em|o,aã q! rlog! ! pm, a|oq « logq" pm|a, oqs

<latexit sha1_base64="gryZegFfW3qpz0p58t6v2n3CHdI="></latexit>

q! pm|a, oq

<latexit sha1_base64="i/b2t9isUJInX4xzOTN240fPI6U="></latexit>

! ! pm, a|oq

<latexit sha1_base64="sD1cM4iPNlc6VGg9nlPz2YFCibg="></latexit>
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HVIL
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Recap

observations 
+ 

actions

training 
data

supervised 
learning

! ! pat|otq
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