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What does she 
even mean?



Research goal:  
understand the computational mechanisms 
necessary to make 
a general-purpose intelligent robot



What makes this hard?
• Enormous variability in task demands and environments

(countries, houses, families, jobs)

• Enormous state space (miles, millions of objects)

• Long horizon (years)

How can we 
approach this 

problem? Rationally!



Rational agents
An agent is rational if it selects actions that

• in expectation,
• given the information it has about the state of the environment,
• will maximize its expected utility

Realistically, only ever “bounded”:  
subject to the agent’s cognitive/hardware/energy/time constraints

Who are the 
rational agents 
here, anyway?



Rational (robot factory)
Find a mapping ⇡ : (o, a)⇤ ! a that optimizes expected future reward

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit> ⇡

<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>⇡

<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>
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EDom

"
TdomX

t=0

Rdom(st, at) | ⇡,Wdom

#

<latexit sha1_base64="xVOLMOXB+XYSDd7Yrio0f3/iWtw="></latexit>

Engineer has uncertainty over
• physical state
• objective function
• physical dynamics
• ...



Design-time rationality
• Build a distribution of world simulators that mirrors 

the distribution of worlds (objects, houses, 
landscapes, humans) our robots could ever possibly  
encounter

• Design a completely general-purpose substrate for 
(meta) behavior learning

• Implement a very very large instance of that 
learning method

• Train it until it achieves general-purpose 
intelligence, inventing the best possible algorithms 
for the problem distribution

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit> ⇡

<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>⇡

<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>
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Seems cool 
and beautiful!

Evolution did something 
like this for you

But I don't think 
it can scale



Leverage structured prior

AI

Take all possible advantage of:
• the structure of the physical (and social) world
• algorithmic insights from computer science and cognitive science

• abstraction, composition, inference
• our accumulated cultural knowledge 

Reject the 
bitter lesson

Love the world 
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Leverage runtime inference
Performing computation at runtime may make action-selection slower
But it can be worthwhile

• Can reduce sample complexity for learning  
[Limits of autoregressive models and their alternatives, Lin et al, 21]

• Can make the easy cases fast!
• circuit complexity for worst-case planning may be terrible 

[What Planning Problems Can A Relational Neural Network Solve?, Mao, et al, NeurIPS23]

Simple example: navigating in a novel 2D grid maze with n locations
• problem input: start state, goal set, maze map
• size of a tabular goal-conditioned policy : start x goal x map = n x 2^n x 2^n 

• difficult to find compact policy (if one exists)
• size of a tabular transition model: start x map = n x 2^n

• size of structured model : O(1)   (or O(log n) to count bits)
• time for action-selection is O(min(n, 4^h)) worst case



Symbol: a bit pattern that represents an aspect of the world

• Represents the same thing no matter where it is in memory
• For now, adopt a correlational theory of representation
• Not necessarily discrete: a float can represent the temperature outside

What are symbols good for?
• Inference:  meaning-preserving manipulation of representations

• correct independent of the actual meaning relationship
• re-uses the same circuits for computations "about"

 completely different things
• important for efficient learning: 

• build (networks for) inference algorithms into the agent
• learn grounded representations

• Communication

101010110

symbolic != prior knowledge



Solve the problem that you have!

AI

The set of situations any individual is 
likely to encounter in its lifetime is 
orders of magnitude smaller than set 
of actually possible situations

Policies contain answers to all the 
problems: exponentially large circuit 
complexity for some domains

Planners find the answer to the 
problem at hand at some 
computational cost



(Rational robot) factory
Find an action  that optimizes expected future reward

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit> ⇡

<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>⇡
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⇡
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⇡
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⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

<latexit sha1_base64="wU9N8iAZUxUZhrRaMUhOas7zCJM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq0H6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4Axu+M8A==</latexit>a

<latexit sha1_base64="wKq0ucKLTWpMs08TUUP/T85JS1I="></latexit>

Es⇠Belief

"
X

t

R(s, a) | continue optimally

#

Robot has uncertainty over
• physical state
• social state (human desires)
• physical dynamics
• ... That's me!



Planning: one type of symbolic inference
• Symbolic expressions represent states of the external world

• Current world state
• Transition model represents dynamics of world states
• Goal / reward model represents utility of world states

• Planning algorithm 
• Semantics preserving, domain independent

101010110

1011011

0100110 011001010

1010111

10010100



Robot policy representation: prevailing view

force/tactile/
proprioception

audio/visual 
perception

motor 
commands



Policy representation: with inference

force/tactile/
proprioception

audio/visual 
perception

motor 
commands

motor 
control

encoder

models

planner



Flexible, general world model representation : desiderata

• can represent very complex state / goal spaces
• including hybrid discrete-continuous

• learnable with low sample complexity / high generalization ability
• key is (nearly) independent substructure : factoring, lifting

• efficient for planning
• nearly deterministic outcomes
• independent substructure

• can be guided by linguistic input / LLMs, but not required
• can incorporate learned search-control knowledge

• can model partial information



What are our symbols?      Images?

<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T



Latent, compressed encoding

<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ
<latexit sha1_base64="qloy1DslW/f8hh7DpxQl36JNv20=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3R1SzMzkrFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Bw8uIIa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8OsI/+</latexit>

ŝ0
<latexit sha1_base64="rT0gI9MlQSDMgdD1vLwxremqmRI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVtKJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3U6Y8pZs3ZoFxxq+4CZJ14OalAjsag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8W5M3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIMb/1MqCRFrthyUZhKgjGZ/06GQnOGcmoJZVrYWwkbU00Z2oRKNgRv9eV10r6qetfV2mOtUr/L4yjCGZzDJXhwA3V4gAa0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPH3x2j64=</latexit>

T̂

Map input state into lower-
dimensional vector

•      is an abstraction
•     is smaller, easier to learn

<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ
<latexit sha1_base64="rT0gI9MlQSDMgdD1vLwxremqmRI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVtKJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3U6Y8pZs3ZoFxxq+4CZJ14OalAjsag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8W5M3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIMb/1MqCRFrthyUZhKgjGZ/06GQnOGcmoJZVrYWwkbU00Z2oRKNgRv9eV10r6qetfV2mOtUr/L4yjCGZzDJXhwA3V4gAa0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPH3x2j64=</latexit>

T̂



Factored encoding

<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ
<latexit sha1_base64="qloy1DslW/f8hh7DpxQl36JNv20=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3R1SzMzkrFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Bw8uIIa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8OsI/+</latexit>

ŝ0
<latexit sha1_base64="rT0gI9MlQSDMgdD1vLwxremqmRI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVtKJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3U6Y8pZs3ZoFxxq+4CZJ14OalAjsag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8W5M3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIMb/1MqCRFrthyUZhKgjGZ/06GQnOGcmoJZVrYWwkbU00Z2oRKNgRv9eV10r6qetfV2mOtUr/L4yjCGZzDJXhwA3V4gAa0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPH3x2j64=</latexit>

T̂

Divide latent vector into individually 
meaningful pieces called factors

• learn separate transition model 
for each factor

• not yet very advantageous (but 
does enable IW() style planning

F1: temperature
F2: heater-running
F3: window-open
F4: precipitation



Factored encoding: enables locality and sparsity
<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ
<latexit sha1_base64="qloy1DslW/f8hh7DpxQl36JNv20=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3R1SzMzkrFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Bw8uIIa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8OsI/+</latexit>

ŝ0
<latexit sha1_base64="rT0gI9MlQSDMgdD1vLwxremqmRI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVtKJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ/dzvPHFtRKyaOE24H9GREqFgFK3U6Y8pZs3ZoFxxq+4CZJ14OalAjsag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8W5M3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIMb/1MqCRFrthyUZhKgjGZ/06GQnOGcmoJZVrYWwkbU00Z2oRKNgRv9eV10r6qetfV2mOtUr/L4yjCGZzDJXhwA3V4gAa0gMEEnuEV3pzEeXHenY9la8HJZ07hD5zPH3x2j64=</latexit>

T̂ Locality: whether and how factors 
change depends on  only a few other 
factors
Sparsity:  most factors don’t change 
most of the time

if heater-running:
temperature := f(temperature, window-opening)

Can result in dramatic reduction in 
complexity of the function to be learned

Enables powerful general-purpose search 
“heuristics” based on an assumption that 
actions don’t “interfere” with each other



“Lifted” (object-based) encoding: objects index factors

obj1

obj2

obj3

obj4

obj5

objk

<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ

several factors
for each object:
properties

several factors for each 
tuple  of objects:
relations

<latexit sha1_base64="0GrgM2zsNYOi8NkXAtM56eO6hRQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21oNlmSrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJKPdpKwICZDySNOiXXSg+rzfrniVb058Crxc1KBHI1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM1PneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10XWQcZmklkm6WBSlAluFZ3/jAdeMWjFxhFDN3a2Yjogm1Lp0Si4Ef/nlVdK6qPqX1dp9rVK/yeMowgmcwjn4cAV1uIMGNIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfP1XIjdg=</latexit>oi
<latexit sha1_base64="0GrgM2zsNYOi8NkXAtM56eO6hRQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21oNlmSrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJKPdpKwICZDySNOiXXSg+rzfrniVb058Crxc1KBHI1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM1PneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10XWQcZmklkm6WBSlAluFZ3/jAdeMWjFxhFDN3a2Yjogm1Lp0Si4Ef/nlVdK6qPqX1dp9rVK/yeMowgmcwjn4cAV1uIMGNIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfP1XIjdg=</latexit>oi

<latexit sha1_base64="KTHU35Q+MloMX/oSKHvy+O6VwPk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzQOSJcxOZpMx81hmZoWw5BO8eFDEq1/kzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZPuVe+xV674VX8GtEyCnFQgR71X/ur2FUkFlZZwbEwn8BMbZlhbRjidlLqpoQkmIzygHUclFtSE2ezUCTpxSh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpN/0Z9pimxfOwIJpq5WxEZYo2JdemUXAjB4svLpHlWDS6q53fnldp1HkcRjuAYTiGAS6jBLdShAQQG8Ayv8OZx78V79z7mrQUvnzmEP/A+fwBXTI3Z</latexit>oj

<latexit sha1_base64="QQ1BbTfvQuRdBszu94i8osv2uk0=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5JIUZdFNy4r2Ae0IUymN+3QyYOZG2kJ/RU3LhRx64+482+ctllo64GBwzn3cO8cPxFcoW1/G4WNza3tneJuaW//4PDIPC63VZxKBi0Wi1h2fapA8AhayFFAN5FAQ19Axx/fzf3OE0jF4+gRpwm4IR1GPOCMopY8s9xHmOhchhAms2rs8QvPrNg1ewFrnTg5qZAcTc/86g9iloYQIRNUqZ5jJ+hmVCJnAmalfqogoWxMh9DTNKIhKDdb3D6zzrUysIJY6hehtVB/JzIaKjUNfT0ZUhypVW8u/uf1Ugxu3IxHSYoQseWiIBUWxta8CGvAJTAUU00ok1zfarERlZShrqukS3BWv7xO2pc156pWf6hXGrd5HUVySs5IlTjkmjTIPWmSFmFkQp7JK3kzZsaL8W58LEcLRp45IX9gfP4AS/yUnA==</latexit>

temp(oi)
<latexit sha1_base64="9eIidNUOap4MqvMzYs61VxZc45I=">AAACA3icbVDLSgMxFM34rPU16k43wSJUkDIjRV0W3bisYB/QDkMmvdPGZiZDkhHLUHDjr7hxoYhbf8Kdf2P6WGjrgcDhnHu4uSdIOFPacb6thcWl5ZXV3Fp+fWNza9ve2a0rkUoKNSq4kM2AKOAshppmmkMzkUCigEMj6F+N/MY9SMVEfKsHCXgR6cYsZJRoI/n2flvDg8llEngiFAyLwmcnWPh3x75dcErOGHieuFNSQFNUffur3RE0jSDWlBOlWq6TaC8jUjPKYZhvpwoSQvukCy1DYxKB8rLxDUN8ZJQODoU0L9Z4rP5OZCRSahAFZjIiuqdmvZH4n9dKdXjhZSxOUg0xnSwKU461wKNCcIdJoJoPDCFUMvNXTHtEEqpNbXlTgjt78jypn5bcs1L5plyoXE7ryKEDdIiKyEXnqIKuURXVEEWP6Bm9ojfryXqx3q2PyeiCNc3soT+wPn8A8omXtA==</latexit>

relpose(oi, oj)
<latexit sha1_base64="Ly2M0KTKy1CF0D6mGsMrBl/1g4U=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQQcqMFHVZdOOygn1AW4ZMmrbRTDIkd8QydOHGX3HjQhG3foQ7/8b0sdDWA4HDOfdwc08YC27A876dzNLyyupadj23sbm1vePu7tWNSjRlNaqE0s2QGCa4ZDXgIFgz1oxEoWCN8O5y7DfumTZcyRsYxqwTkb7kPU4JWClw821gDzaXUiWBcGlGRRXwY6yC26PALXglbwK8SPwZKaAZqoH71e4qmkRMAhXEmJbvxdBJiQZOBRvl2olhMaF3pM9alkoSMdNJJ0eM8KFVurintH0S8ET9nUhJZMwwCu1kRGBg5r2x+J/XSqB33km5jBNgkk4X9RKBQeFxI7jLNaMghpYQqrn9K6YDogkF21vOluDPn7xI6icl/7RUvi4XKhezOrIojw5QEfnoDFXQFaqiGqLoET2jV/TmPDkvzrvzMR3NOLPMPvoD5/MHu2OYIw==</latexit>

contains(oi, oj)
<latexit sha1_base64="NRyzM/LhatOgaQG4hrcl9Ye16T8=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5JIUZdFNy4r2Ae0IUymN+3QyUyYmUhL6K+4caGIW3/EnX/jtM1CWw8MHM65h3vnhAmjSrvut1XY2Nza3inulvb2Dw6P7ONyW4lUEmgRwYTshlgBoxxammoG3UQCjkMGnXB8N/c7TyAVFfxRTxPwYzzkNKIEayMFdrmvYWJymUiAz6oioBeBXXFr7gLOOvFyUkE5moH91R8IksbANWFYqZ7nJtrPsNSUMJiV+qmCBJMxHkLPUI5jUH62uH3mnBtl4ERCmse1s1B/JzIcKzWNQzMZYz1Sq95c/M/rpTq68TPKk1QDJ8tFUcocLZx5Ec6ASiCaTQ3BRFJzq0NGWGKiTV0lU4K3+uV10r6seVe1+kO90rjN6yiiU3SGqshD16iB7lETtRBBE/SMXtGbNbNerHfrYzlasPLMCfoD6/MHRdOUmA==</latexit>

open(oi)

<latexit sha1_base64="0GrgM2zsNYOi8NkXAtM56eO6hRQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21oNlmSrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJKPdpKwICZDySNOiXXSg+rzfrniVb058Crxc1KBHI1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM1PneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10XWQcZmklkm6WBSlAluFZ3/jAdeMWjFxhFDN3a2Yjogm1Lp0Si4Ef/nlVdK6qPqX1dp9rVK/yeMowgmcwjn4cAV1uIMGNIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfP1XIjdg=</latexit>oi

<latexit sha1_base64="KTHU35Q+MloMX/oSKHvy+O6VwPk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzQOSJcxOZpMx81hmZoWw5BO8eFDEq1/kzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZPuVe+xV674VX8GtEyCnFQgR71X/ur2FUkFlZZwbEwn8BMbZlhbRjidlLqpoQkmIzygHUclFtSE2ezUCTpxSh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpN/0Z9pimxfOwIJpq5WxEZYo2JdemUXAjB4svLpHlWDS6q53fnldp1HkcRjuAYTiGAS6jBLdShAQQG8Ayv8OZx78V79z7mrQUvnzmEP/A+fwBXTI3Z</latexit>oj
<latexit sha1_base64="0R3437cX+OsIRVxWzzHKSsxOQCY=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21oNlmSrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJKPdpKwICZDySNOiXXSg+qP++WKV/XmwKvEz0kFcjT65a/eQNE0ZtJSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoJDEzQTY/dYrPnDLAkdKupMVz9fdERmJjJnHoOmNiR2bZm4n/ed3URtdBxmWSWibpYlGUCmwVnv2NB1wzasXEEUI1d7diOiKaUOvSKbkQ/OWXV0nroupfVmv3tUr9Jo+jCCdwCufgwxXU4Q4a0AQKQ3iGV3hDAr2gd/SxaC2gfOYY/gB9/gBY0I3a</latexit>ok



Two kinds of symbols: object names, properties

obj1

obj2

obj3

obj4

obj5

objk Very compact 
models

color(obj2) = #b1b

Properties grounded via 
perceptual detectors

Object names grounded via 
segmentation and tracking;
can be flexible, fluid



Properties can encode belief

obj1

obj2

obj3

obj4

obj5

objk I'm never 
completely sure....

P(color(obj2) = #b1b) > 0.9

Belief space = space of 
distributions over world states

Planning in belief space is not 
technically different from 
planning in "state space"



Sparse, factored, lifted transition rules
<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ

move(A, d):
if contains(A, B) and light(B):

pose(B) := f(relpose(A, B), d)

<latexit sha1_base64="qloy1DslW/f8hh7DpxQl36JNv20=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3R1SzMzkrFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Bw8uIIa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8OsI/+</latexit>

ŝ0
A

B



Sparse, factored, lifted transition rules
<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ

move(A, d):
if contains(A, B) and light(B):

pose(B) := f(relpose(A, B), d)

<latexit sha1_base64="qloy1DslW/f8hh7DpxQl36JNv20=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3R1SzMzkrFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Bw8uIIa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8OsI/+</latexit>

ŝ0
A

B



Sparse, factored, lifted transition rules
<latexit sha1_base64="kBr8kwUyGD4TtQUURZOPxD/tQXM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf6YYmZmg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uRj80=</latexit>

ŝ

move(A, d):
if contains(A, B) and light(B):

pose(B) := f(relpose(A, B), d)

<latexit sha1_base64="qloy1DslW/f8hh7DpxQl36JNv20=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGC/YA2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3R1SzMzkrFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Bw8uIIa3EEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8OsI/+</latexit>

ŝ0
A

B



Causal Action Model: lifted, factored, transition model

behavior move_to(target: loc) :
  body:
    bind d: {[1, 0], [0, 1], [-1, 0], [0, -1]}
    achieve not wall_at(target)
    achieve robot_loc == target - d
    move(d)
  effect:

robot_loc == target

Jiayuan Mao, Crow Description Language, Hybrid Representations for Decision-Making, WAFR24

object var: target
parameter: d
predicate: wall_at, robot_loc
controller: move

Range from completely 
deterministic program to highly 
non-deterministic search space



Learning the motion rule using Popper
Inductive Logic Programming algorithm
Data
pos(new_at(1, 1, 2)).
pos(new_at(1, -1, 0)).
pos(new_at(2, 1, 2)). 
pos(new_at(4, -1, 4)).
pos(new_at(-3, 1, -3)).

neg(new_at(1, 1, 1)).
neg(new_at(2, 1, 3)). 
neg(new_at(-3, 1, -2)). 
neg(new_at(4, -1, 3)). 

Facts
wall_at(3).
wall_at(-2).

mysum(X, Y, Z) :- Z #= X + Y.

free(X) :- \+ wall_at(X).

RESULT
new_at(V0,V1,V2):- mysum(V0,V1,V2),free(V2).
new_at(V0,V1,V2):- wall_at(V3),mysum(V1,V0,V3),mysum(V1,V2,V3).

Cropper & Morel , Learning Programs by Learning From Failures , MLJ21



Continual Learning for Causal Action Models

predicates

controllers

causal 
action 
models

constraint 
samplers

pre-image
• Start with some built-in predicates (innate 

or via LVM or teaching)
• Learn controllers to achieve them (RL on 

top of sensible control-theoretic 
primitives)

• Instantiate CAMs with the predicate as 
effect and controller

• Learn, by experimentation, generative 
models for sampling continuous 
parameters

• Describe the preimage of the effect under 
the controller (sort of like but not the 
same as an initiation set) using existing 
predicates, if possible, but if not, 
instantiate new predicates

• ....

symbolic != prior



Policy representation: with inference

force/tactile/
proprioception

audio/visual 
perception

motor 
commands

motor 
control

encoder

models

planner



Policy representation: our target architecture

scene 
understanding

object-based 
memory

spatial 
memory

planning / 
reasoning

cognitive 
manager language 

generation

motor 
control

force/tactile/
proprioception
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We currently have a patchwork of the needed parts

AI

1. Learned perception plus planning yields strong generalization
2. We can learn to ground predicate symbols from unlabeled demonstrations 
3. We can learn generative models for continuous parameters by experimentation
4. We can learn causal action model structures
5. We can learn "mechanisms" from a single example
6. Generative models can be compositionally structured and learned
7. We can use LLM and LVMs to guide learning
8. Many of these ideas can be integrated, now, 

into a real robot

These pieces don't 
quite fit together yet!

But they illustrate the 
power of the approach
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Learned perception plus planning yields generalized policy

It works with 
completely novel 

objects!

Aidan Curtis, Xiaolin Fang, ..., Caelan Garrett, ICRA 2022



Immediate generalization to novel objects, goals, arrangements 
Put all the 

objects on the 
blue mat!



Put each object in the bowl of the closest color



Put all the objects on the blue mat



Cross-embodiment generalization



We currently have a patchwork of the needed parts

AI

1. Learned perception plus planning yields strong generalization
2. We can learn to ground predicate symbols from unlabeled demonstrations 
3. We can learn generative models for continuous parameters by experimentation
4. We can learn causal action model structures
5. We can learn "mechanisms" from a single example
6. Generative models can be compositionally structured and learned
7. We can use LLM and LVMs to guide learning
8. Many of these ideas can be integrated, now, 

into a real robot



Active learning: training on real robot is expensive!

Note that we do grasp and motion planning 
during data acquisition!

Zi Wang, Caelan Garrett, ..., IROS 2018



We currently have a patchwork of the needed parts

AI

1. Learned perception plus planning yields strong generalization
2. We can learn to ground predicate symbols from unlabeled demonstrations 
3. We can learn generative models for continuous parameters by experimentation
4. We can learn causal action model structures
5. We can learn "mechanisms" from a single example
6. Generative models can be compositionally structured and learned
7. We can use LLM and LVMs to guide learning
8. Many of these ideas can be integrated, now, 

into a real robot



What can We Learn from a Single Demonstration

grasp
tool

“hook” place 
tool

grasp 
target

High-order concepts as a “program”!
Modeled as a sequence of contacts

name, type,

hook (r: robot, tool: object,
target: object)

→ action_sequence

??

Mao, Lozano-Perez, Tenenbaum, Kaelbling. CoRL 2023. Learning Reusable Manipulation Strategies.



Key idea: model manipulation “strategies” as a program of

The Contact Mode Subgoals in Hook-Using

a sequence of subgoals about contacts among objects
behavior hook(target, tool):
body:

    achieve holding(tool, ?grasp1)
    move-with-contact(tool, target, ?traj)

place_down(tool)
grasp(target, ?grasp2)

grasp
tool

“hook” place 
tool

grasp 
target

Mao, Lozano-Perez, Tenenbaum, Kaelbling. CoRL 2023. Learning Reusable Manipulation Strategies.
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The Contact Mode Subgoals in Hook-Using

a sequence of subgoals about contacts among objects

The sequence of subgoals can be learned
from a single demonstration!

Mao, Lozano-Perez, Tenenbaum, Kaelbling. CoRL 2023. Learning Reusable Manipulation Strategies.

Key idea: model manipulation “strategies” as a program of

behavior hook(target, tool):
body:

    achieve holding(tool, ?grasp1)
    move-with-contact(tool, target, ?traj)

place_down(tool)
grasp(target, ?grasp2)



The Contact Mode Subgoals in Hook-Using

a sequence of subgoals about contacts among objects

The sequence of subgoals can be learned
from a single demonstration!

Mao, Lozano-Perez, Tenenbaum, Kaelbling. CoRL 2023. Learning Reusable Manipulation Strategies.

Key idea: model manipulation “strategies” as a program of

Concrete values for grasping and
trajectories vary across instances

behavior hook(target, tool):
body:

    achieve holding(tool, ?grasp1)
    move-with-contact(tool, target, ?traj)

place_down(tool)
grasp(target, ?grasp2)



Learning Contact Constraints and Values

*: The demonstration is given in simulation so we can extract contact points directly

Single Demo:
Using a “hook”

behavior hook(target, tool):
body:

    achieve holding(tool, ?grasp1)
    move-with-contact(tool, target, ?traj)

place_down(tool)
grasp(target, ?grasp2)

The high-level concept as a constraint set
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Learning Contact Constraints and Values

*: The demonstration is given in simulation so we can extract contact points directly

Single Demo:
Using a “hook”

behavior hook(target, tool):
body:

    achieve holding(tool, ?grasp1)
    move-with-contact(tool, target, ?traj)

place_down(tool)
grasp(target, ?grasp2)

The high-level concept as a constraint set
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Sampling-Based Opt.
following the Program

Leveraging Additional
Visual Cues



Learning Mechanisms Improves Planning Efficiency

Goal:
holding(plate)



Learning Mechanisms Improves Planning Efficiency

Goal:
holding(plate)



Further compose learned mechanisms via planning

Goal: holding(box)
The caliper is too flat to be grasped.

Goal: on(box, ramp)
Box may slide down the ramp.



We currently have a patchwork of the needed parts

AI

1. Learned perception plus planning yields strong generalization
2. We can learn to ground predicate symbols from unlabeled demonstrations 
3. We can learn generative models for continuous parameters by experimentation
4. We can learn causal action model structures
5. We can learn "mechanisms" from a single example
6. Generative models can be compositionally structured and learned
7. We can use LLM and LVMs to guide learning
8. Many of these ideas can be integrated, now, 

into a real robot



Planning to practice:
Self-motivated, fully independent, task driven learning
Robot

• Has a set of parameterized skills
• Knows a task distribution
• Is not very good at deploying those skills
• Has some free time on its hands
• Decides to practice:

• Choose to practice skills that are important for its tasks and that it's bad at
• Plans, using its current skills:

• to decide which skills are important for its tasks
• to set up the environment so that it can practice the skill

• Plan to practice important skills you think you can improve at at!
• Plan to use skills you think you are good at!

Practice makes 
perfect!

Nishanth Kumar, Tom Silver, Willie McClinton, Linfeng Xiao, BDAII colleagues, arxiv2024 













Steps toward an integrated real robot

AI

• Exploits factorial structure for planning
• Exploits world knowledge about geometry and kinematics
• Uses generative models for perception

• Learns generative model for actions
• Learns compositionally and incrementally

• Knows what it doesn't know how to do
• Uses these foundations to generalize sensibly and robustly 

Oh boy!!!





Practical (rational robot) factory
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⇡
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⇡
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⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

⇡
<latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit><latexit sha1_base64="8HpWkiIanpCjapO4fFHaagzO628=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYopX/BiwdFvPqHvPlvzLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49u8/vjEjRWJfsBJykNFh1rEglHMrV4qKv1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGE6pQcEkn1V6meUpZWM65F2Hmipuw+l81xk5c86AxIlxTyOZu78nplRZO1GR61QUR3a5lpv/1boZxtfhVOg0Q67Z4qM4kwQTkh9OBsJwhnLigDIj3K6EjaihDF08eQjB8smr0L6oB47vL2uNmyKOMpzAKZxDAFfQgDtoQgsYjOAZXuHNU96L9+59LFpLXjFzDH/kff4AhQSN4Q==</latexit>

<latexit sha1_base64="wKq0ucKLTWpMs08TUUP/T85JS1I="></latexit>
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#Compose 
• fundamental algorithms
• physical constraints
• world knowledge in pretrained models
to provide rational designs for runtime rational robots



Things we didn't talk much about!

scene 
understanding

object-based 
memory

spatial 
memory

planning / 
reasoning

cognitive 
manager language 

generation

motor 
control

force/tactile/
proprioception

audio/visual 
perception

language 
input

teleological 
memory

language 
output

motor 
commands

common 
sense



Many other important directions!

AI

• Meta-reasoning:
• Hierarchical planning, intention management
• Posing tractable sub-problems

• How can we design flexible memory systems for space and objects that play well with 
other modules?

• How can we address all of these problems when there is substantial, long-term partial 
observability?
• See lpk rant :  The last four frames is not all you need!

https://youtu.be/AtNGJeXTXu4
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