
harder imitation 
learning



Recall: imitation learning

• Observe states, expert actions (s, a)
• Train classifier to predict a(s) using this data

• Issues:
• moving off-policy slightly leads to states that you haven’t seen
• so a(s) becomes unreliable

• and so generates even more unfamiliar states -> catastrophe

• Fixes
• multiple observations
• Dagger
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There remain serious problems

• Expert’s intent
• Bias in on-policy data

• Dagger will collect too much lane following, not enough intersections



Crucial issue: intent
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Incorporating intent

<latexit sha1_base64="DzapVDsZbkwx2ffee4BEm424EZI=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgVpCQi6kYo6sJlBfuAJoTJdNIOnTyYuRFKyC+48VfcuFDErTt3/o3TNgttPXDhcM693HuPnwiuwLK+jYXFpeWV1dJaeX1jc2vb3NltqTiVlDVpLGLZ8YligkesCRwE6ySSkdAXrO0Pr8d++4FJxePoHkYJc0PSj3jAKQEteWY1cygR+Ca/dAQLwMm04Ac4zj1+jInHjxzJ+wNwcs+sWDVrAjxP7IJUUIGGZ345vZimIYuACqJU17YScDMigVPB8rKTKpYQOiR91tU0IiFTbjb5KMeHWunhIJa6IsAT9fdERkKlRqGvO0MCAzXrjcX/vG4KwYWb8ShJgUV0uihIBYYYj+PBPS4ZBTHShFDJ9a2YDogkFHSIZR2CPfvyPGmd1Oyzmn13WqlfFXGU0D46QFVko3NUR7eogZqIokf0jF7Rm/FkvBjvxse0dcEoZvbQHxifP33cnNA=</latexit>

D = {(oi, ai)}

<latexit sha1_base64="oETHQr/jHIiGtydcfxhPntq9hGM=">AAACLnicbVDbShxBEO3xno3RjXnMS+MSWCEsMyKJIIIYIj4quCrsLENNb89uY1+G7hrJMswX+eKv6EMgEfHVz7D38uDtQMHhnCqq6qS5FA7D8F8wMzs3v7C49KH2cfnTymr989qpM4VlvM2MNPY8Bcel0LyNAiU/zy0HlUp+ll78Gvlnl9w6YfQJDnPeVdDXIhMM0EtJ/Xc8ACxjHHCEajdWqflTgu0roatkotLYFSoRVDYPmmWcZtRUidihE3PjO4VEbCT1RtgKx6BvSTQlDTLFUVK/jXuGFYprZBKc60Rhjl2/GQWTvKrFheM5sAvo846nGhR33XL8bkW/eaVHM2N9aaRj9flECcq5oUp9pwIcuNfeSHzP6xSYbXdLofMCuWaTRVkhKRo6yo72hOUM5dATYFb4WykbgAWGPuGaDyF6/fJbcrrZin60ouOtxt7+NI4l8pW skyaJyE+yRw7JEWkTRq7IDflP7oLr4G9wHzxMWmeC6cwX8gLB4xOT1ai+</latexit>

✓̂ = argmin✓
X

i

l(F (oi; ✓), ai)

<latexit sha1_base64="tt/7FbmgJcgJHX1GZd6UwBauxFc=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZRERAU3RUFcVrAPaEKZTCfN0MmDmRuhhLjxV9y4UMStf+HOv3HaZqGtBy4czrmXe+/xEsEVWNa3sbC4tLyyWlorr29sbm2bO7stFaeSsiaNRSw7HlFM8Ig1gYNgnUQyEnqCtb3h9dhvPzCpeBzdwyhhbkgGEfc5JaClnrl/U80cz8dxfomdgEDmQMCA5Mc9s2LVrAnwPLELUkEFGj3zy+nHNA1ZBFQQpbq2lYCbEQmcCpaXnVSxhNAhGbCuphEJmXKzyQc5PtJKH/ux1BUBnqi/JzISKjUKPd0ZEgjUrDcW//O6KfgXbsajJAUW0ekiPxUYYjyOA/e5ZBTESBNCJde3YhoQSSjo0Mo6BHv25XnSOqnZZzX77rRSvyriKKEDdIiqyEbnqI5uUQM1EUWP6Bm9ojfjyXgx3o2PaeuCUczsoT8wPn8Ab7OWQQ==</latexit>

F (o; ✓̂)

Traditional story:

Obtain:

Compute:

Controller is:

<latexit sha1_base64="ptOKpH4pSIaHPNoZOk8ZsdA4tT4=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnBxEgSwt5mLlmyu3fs7gnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvTAQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuhdSg4AoblluBrUQjlaHAh3B0M/UfnlAbHqt7O06wK+lA8Ygzap30mHXCiLBJj/fKFb/qz0CWSZCTCuSo98pfnX7MUonKMkGNaQd+YrsZ1ZYzgZNSJzWYUDaiA2w7qqhE081mB0/IiVP6JIq1K2XJTP09kVFpzFiGrlNSOzSL3lT8z2unNrrqZlwlqUXF5ouiVBAbk+n3pM81MivGjlCmubuVsCHVlFmXUcmFECy+vEyaZ9XgohrcnVdq13kcRTiCYziFAC6hBrdQhwYwkPAMr/Dmae/Fe/c+5q0FL585hD/wPn8Aj8eQQQ==</latexit>ci

<latexit sha1_base64="Nu+ud62A2Y3La8sDMC20A1rQhPw=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARKkhJVNSNUNSFywr2Ak0Jk+mkHTq5MHMilJAHceOruHGhiBsXgm/jNO1CW38Y+PjPOZw5vxcLrsCyvo3CwuLS8kpxtbS2vrG5ZW7vNFWUSMoaNBKRbHtEMcFD1gAOgrVjyUjgCdbyhtfjeuuBScWj8B5GMesGpB9yn1MC2nLNk9ShROCb7NIRzAcnraSO5+Moc/kRzpHmSFx+6EjeH4CTuWbZqlq58DzYUyijqequ+en0IpoELAQqiFId24qhmxIJnAqWlZxEsZjQIemzjsaQBEx10/y4DB9op4f9SOoXAs7d3xMpCZQaBZ7uDAgM1GxtbP5X6yTgX3RTHsYJsJBOFvmJwBDhcVK4xyWjIEYaCJVc/xXTAZGEgs6zpEOwZ0+eh+Zx1T6r2nen5drVNI4i2kP7qIJsdI5q6BbVUQNR9Iie0St6M56MF+Pd+Ji0FozpzC76I+PrB2KdoPE=</latexit>

D = {(oi, ci, ai)}

<latexit sha1_base64="8Bdj/LjUEx1ovSxXwh7pXhWSt2I="></latexit>

✓̂ = argmin✓
X

i

l(F (oi, ci; ✓), ai)

<latexit sha1_base64="79j8o7P0zioFhAoW/dbHfH+OX+c=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRKkhJRFRwUxTEZQV7gaaUyXTSDJ1cmDkRSsjaja/ixoUibn0Cd76N0zYLbf1h4OM/53Dm/G4suALL+jYKC4tLyyvF1dLa+sbmlrm901RRIilr0EhEsu0SxQQPWQM4CNaOJSOBK1jLHV6P660HJhWPwnsYxawbkEHIPU4JaKtn7t9UUsf1cJQd4wnQ7BI7PoHUAZ8ByY56ZtmqWhPhebBzKKNc9Z755fQjmgQsBCqIUh3biqGbEgmcCpaVnESxmNAhGbCOxpAETHXTySkZPtROH3uR1C8EPHF/T6QkUGoUuLozIOCr2drY/K/WScC76KY8jBNgIZ0u8hKBIcLjXHCfS0ZBjDQQKrn+K6Y+kYSCTq+kQ7BnT56H5knVPqvad6fl2lUeRxHtoQNUQTY6RzV0i+qogSh6RM/oFb0ZT8aL8W58TFsLRj6zi/7I+PwBfSuZhg==</latexit>

F (o, c; ✓̂)

With intent:

Obtain:

Compute:

Controller is:



Intent via command input
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Branched intent
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Training

• Control
• steering and acceleration

• (likely a PID accepts this, turns into signals!)

• 3 Camera Trick
• But this isn’t good enough

• Aggressive data augmentation on images
• Noise injection during expert driving

• essentially, 
• perturb vehicle response to expert
• let expert recover
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CARLA
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CARLA  results

Codevilla, 18



Not just simulation…
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Link to 
weather ideas

Codevilla, 18



Straightforward DAGGER isn’t that good

DAGGER

Expert

Prakash, 20



DAGGER Issue

Prakash, 20



Strategies

• Identify states where current policy is uncertain
• “Critical states”
• entropy of policy classifier

• one might use other measures

• Subsample the collection of new states to fixed size
• “replay buffer”

Prakash, 20



Concentrate on states 
where policy doesn’t 

know what to do

Knock out states which
are “duplicated” or

“redundant”

Prakash, 20



Variants

• DA-CS
• use critical states, but not replay buffer

• DA-RB
• use both

• DA-RB+
• use noise perturbations on expert as in Codevilla 18

• DA-RB+(E)
• use ensemble of multiple DA-RB+ models (from training iterations)



Prakash, 20

Expert

DA-RB+(E)

DAGGER



Notice the massive impact of weather

Prakash, 20
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Learning by watching

• Q:  why use only expert data for imitation learning?
• Other cars are also driven by experts - benefit from them

• Issues:
• recover state representation for other cars
• recover control intentions for other cars



• Key property of a good BEV
• you can figure out what the BEV from *another* vehicle looks like
• from that, can figure out what the LIDAR, image, etc looks like

• Intention
• represent as a sequence of waypoints
• which you can get for another car by just waiting to see what it does

• and tracking

Zhang 21



Occlusion creates issues.  Observed vehicle
state misses the occluded vehicle, so waypoints

imputed by tracking are weird (you can’t tell
it’s braking because something is in front of it,

because you can’t tell there is something in
front of it).  Waypoints could be fixed by 
smoothing from original non LbW model

 (waypoint refurbishment)

Q: does this create collision problems?
A: apparently not

Q: why?
A:  < please supply >

Zhang 21



Big strength: Data efficiency

Zhang 21



Waypoint refurbishment helps

Zhang 21


