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Joint	Encoding:	Multimodal	Transformers
ViLT	(Kim	et	al.	2021),	encoder-only	model	(like	BERT)



Joint	Encoding:	Multimodal	Transformers
Flamingo,	Alayrac	et	al.	2022
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Neuromodular	Approaches

Neural	Module	Networks,	Andreas	et	al.	2017

“Is	there	a	red	shape	above	a	circle?”



Neuromodular	Approaches

• Map	x	to	some	
structured	
representation


• Manipulate	image	
according	to	
components	of	this	
structured	
representation

“Is	there	a	red	shape	above	a	circle?”

Neural	Module	Networks,	Andreas	et	al.	2017
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Neuromodular	Approaches

• Text	representation:	executable	
python	code


• Image	representation:	pixels	(also	
assume	access	to	some	computer	
vision	algorithms)


• Grounding:	executing	python	code	
on	image	representations



Neuromodular	Approaches

With	sufficiently	powerful	code	
LLMs	(e.g.,	Codex)	and	access	to	an	
API	that	can	operate	on	top	of	
images	(or	other	modalities),	no	
domain-specific	or	multimodal	
training	is	necessary



Neuromodular	Approaches

ViperGPT,	Surís	et	al.	2023
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Drawback:	Context-Dependence

Visual	Spatial	Reasoning,	Liu	Fangyu	et	al.	2023

“Is	the	potted	plant	to	the	
right	of	the	bench?”



Drawback:	Context-Dependence

Visual	Spatial	Reasoning,	Liu	Fangyu	et	al.	2023
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right	of	the	bench?”

bbox_plant = detect(image, “potted plant”)

bbox_bench = detect(image, “bench”)

return bbox_plant.x > bbox_bench.x
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Diffusion

• Different	setting:	image	is	not	provided	as	input

• Instead,	want	to	generate	an	image	from	scratch	conditioned	
on	some	text	description


• Problem:	evaluation



Forward	Process:	Adding	Noise

Slides	from	Aryan	Jain,	CS	198-126	Fall	2022,	and	Ari	Seff

<latexit sha1_base64="GCvGEzG3zurtEpymABvARexaUv4="></latexit>
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t=1

q(xt | xt�1)
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Image	from	training	set

Markov	chainDiagonal	Gaussian	distribution

Variance<latexit sha1_base64="0IrAg+wNWVOL8AKkPSS6sNjeEeo=">AAACDHicbZDLSgMxFIbPeK31VnXpJlgEV2WmFHXhoujGZYXeoB1KJs20oZkLyRmhDH0AN76KGxeKuPUB3Pk2pu0g2nog8PH/5yQ5vxdLodG2v6yV1bX1jc3cVn57Z3dvv3Bw2NRRohhvsEhGqu1RzaUIeQMFSt6OFaeBJ3nLG91M/dY9V1pEYR3HMXcDOgiFLxhFI/UKxa7HkfYcckXmVJ5SP0L9o9RNl12yZ0WWwcmgCFnVeoVPcwNLAh4ik1TrjmPH6KZUoWCST/LdRPOYshEd8I7BkAZcu+lsmQk5NUqf+JEyJ0QyU39PpDTQehx4pjOgONSL3lT8z+sk6F+6qQjjBHnI5g/5iSQYkWkypC8UZyjHBihTwvyVsCFVlKHJL29CcBZXXoZmueSclyp3lWL1OosjB8dwAmfgwAVU4RZq0AAGD/AEL/BqPVrP1pv1Pm9dsbKZI/hT1sc3bXCZWA==</latexit>
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�t 2 (0, 1)
Means:	will	get	closer	to	zero



Forward	Process:	Adding	Noise

Slides	from	Aryan	Jain,	CS	198-126	Fall	2022,	and	Ari	Seff
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q(x1:T | x0) =
TY

t=1

q(xt | xt�1)
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<latexit sha1_base64="vn0Jn/2KB9JibQDWqYseBdFeAgE="></latexit>

q(x1 | x) ⇡ N (0, I)



Reverse	Process:	Denoising

Slides	from	Aryan	Jain,	CS	198-126	Fall	2022,	and	Ari	Seff



Reverse	Process:	Denoising

Slides	from	Aryan	Jain,	CS	198-126	Fall	2022,	and	Ari	Seff

<latexit sha1_base64="bC0N1jNLwvjuYR01PEs9kd0UHwM="></latexit>

p✓(xt�1 | xt) = N (xt�1;µ✓(xt, t),⌃✓(xt, t))
Parameterized	denoising	process

<latexit sha1_base64="7tLg/XgUaOB6Cpr2wDoWptJmN54="></latexit>

p✓(x0:T ) = p(xT )
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p(xT ) = N (xT ; 0, I)



Latent	Variable	Problem



Training

<latexit sha1_base64="+Qb5PLjKWPyUnLTLL9FRVZFm/iw="></latexit>

log p✓(x) � Eq(z|x) [log p✓(x | z)]�DKL (q(z | x)kp✓(z))
General	variational	objective

Maximize	the	likelihood	
of	observed	variables	x	
over	distribution	of	
latent	variables	z	given	
observed	variables

Make	the	posterior	
distribution	of	latents	z	
given	observed	
variables	similar	to	the	
prior	over	latents

<latexit sha1_base64="mUWew41P1EOvewRmFj8eIOxIni8="></latexit>

Eq(x1:T |x0) [log p✓(x0 | x1:T )]�DKL (q(x1:T | x0)kp✓(x1:T ))

<latexit sha1_base64="wqOeCaXBVBV6+DvBIkP8Um3Qj1w=">AAACC3icbVA9SwNBEN2L3/ErammzJAixCXcS1DJoY6lgTCAXjr3NXLJk78PdOTEc6W38KzYWitj6B+z8N27iFZr4YODx3gwz8/xECo22/WUVFhaXlldW14rrG5tb26Wd3Rsdp4pDk8cyVm2faZAigiYKlNBOFLDQl9Dyh+cTv3UHSos4usZRAt2Q9SMRCM7QSF6p7Mq4TxPPxQEgo1U3ZDjwg+x+7NmH1O3DLfVKFbtmT0HniZOTCslx6ZU+3V7M0xAi5JJp3XHsBLsZUyi4hHHRTTUkjA9ZHzqGRiwE3c2mv4zpgVF6NIiVqQjpVP09kbFQ61Hom87JqXrWm4j/eZ0Ug9NuJqIkRYj4z6IglRRjOgmG9oQCjnJkCONKmFspHzDFOJr4iiYEZ/bleXJzVHOOa/WreqVxlsexSvZJmVSJQ05Ig1yQS9IknDyQJ/JCXq1H69l6s95/WgtWPrNH/sD6+AaTVJoe</latexit>

log p✓(x0) �



Training

Sample	an	image	from	training	set
Sample	a	random	timestep

<latexit sha1_base64="dflK7lrIVJ9JQi01oVDTQZtQ7Jo="></latexit>
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�
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p
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↵t = 1� �t<latexit sha1_base64="oxynTUb7xrA282VA7qZBujwQuxU=">AAACF3icbVDLSsNAFJ3UV62vqks3g0VwFRIRdSMU3bisYB/QxDCZTNqhk0yYuRFK6F+48VfcuFDEre78G6ePhbYeGDiccw937gkzwTU4zrdVWlpeWV0rr1c2Nre2d6q7ey0tc0VZk0ohVSckmgmesiZwEKyTKUaSULB2OLge++0HpjSX6R0MM+YnpJfymFMCRgqqtieNPU4XHhFZn4wCwJfYy5SMgkIb6o7uAU+9QAfVmmM7E+BF4s5IDc3QCKpfXiRpnrAUqCBad10nA78gCjgVbFTxcs0yQgekx7qGpiRh2i8md43wkVEiHEtlXgp4ov5OFCTRepiEZjIh0Nfz3lj8z+vmEF/4BU+zHFhKp4viXGCQeFwSjrhiFMTQEEIVN3/FtE8UoWCqrJgS3PmTF0nrxHbP7NPb01r9alZHGR2gQ3SMXHSO6ugGNVATUfSIntErerOerBfr3fqYjpasWWYf/YH1+QOrYp+Z</latexit>
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Can	sample	directly	from	0	to	timestep	t!



Training

Sample	an	image	from	training	set
Sample	a	random	timestep

We	are	actually	learning	

parameters	for					

<latexit sha1_base64="bC0N1jNLwvjuYR01PEs9kd0UHwM=">AAACfnicbVFNb9NAEF0bKCWUEsqRy9II1PQj2FUFlVClCi6cqiBIWymOrPFmnKy6a1u7Y0Rk+Wfwx7jxW3phk/jQJh1ppbfvvZmdnUkKJS0FwT/Pf/T4ycbTzWet51svtl+2X+1c2rw0AgciV7m5TsCikhkOSJLC68Ig6EThVXLzda5f/UJjZZ79pFmBIw2TTKZSADkqbv8p4oimSLAXaaBpkla/67iio7DmkZZjfoelLj9b3g Wo6qKOFKa0lvbZWcoHatIhp+4hj37IiYZG52uGyMjJlLpxuxP0gkXwdRA2oMOa6Mftv9E4F6XGjIQCa4dhUNCoAkNSKKxbUWmxAHEDExw6mIFGO6oW46v5O8eMeZobdzLiC/ZuRgXa2plOnHPerl3V5uRD2rCk9HRUyawoCTOxfCgtFaecz3fBx9KgIDVzAISRrlcupmBAkNtYyw0hXP3yOrg87oUfeyffTzrnX5pxbLI3bJftsZB9YufsG+uzARPs1nvr7XsHPvPf+0f+h6XV95qc1+xe+Kf/AVduwdg=</latexit>

p✓(xt�1 | xt) = N (xt�1;µ✓(xt, t),⌃✓(xt, t))

<latexit sha1_base64="LXGM9UvUBabBUjtgS3+vEFQvUSo=">AAAB+HicbZDLSsNAFIYn9VbrpVGXbgaL4KokIuqy6MZlBXuBJpTJ9KQdOrkwcyLU0Cdx40IRtz6KO9/GaZuFtv4w8PGfczhn/iCVQqPjfFultfWNza3ydmVnd2+/ah8ctnWSKQ4tnshEdQOmQYoYWihQQjdVwKJAQicY387qnUdQWiTxA05S8CM2jEUoOENj9e2qB6kW0qCHI0DWt2tO3ZmLroJbQI0UavbtL2+Q8CyCGLlkWvdcJ0U/ZwoFlzCteJmGlPExG0LPYMwi0H4+P3xKT40zoGGizIuRzt3fEzmLtJ5EgemMGI70cm1m/lfrZRhe+7mI0wwh5otFYSYpJnSWAh0IBRzlxADjSphbKR8xxTiarComBHf5y6vQPq+7l/WL+4ta46aIo0yOyQk5Iy65Ig1yR5qkRTjJyDN5JW/Wk/VivVsfi9aSVcwckT+yPn8ALwCTcQ==</latexit>✏✓



Training

We	are	actually	learning	

parameters	for					

<latexit sha1_base64="bC0N1jNLwvjuYR01PEs9kd0UHwM=">AAACfnicbVFNb9NAEF0bKCWUEsqRy9II1PQj2FUFlVClCi6cqiBIWymOrPFmnKy6a1u7Y0Rk+Wfwx7jxW3phk/jQJh1ppbfvvZmdnUkKJS0FwT/Pf/T4ycbTzWet51svtl+2X+1c2rw0AgciV7m5TsCikhkOSJLC68Ig6EThVXLzda5f/UJjZZ79pFmBIw2TTKZSADkqbv8p4oimSLAXaaBpkla/67iio7DmkZZjfoelLj9b3g Wo6qKOFKa0lvbZWcoHatIhp+4hj37IiYZG52uGyMjJlLpxuxP0gkXwdRA2oMOa6Mftv9E4F6XGjIQCa4dhUNCoAkNSKKxbUWmxAHEDExw6mIFGO6oW46v5O8eMeZobdzLiC/ZuRgXa2plOnHPerl3V5uRD2rCk9HRUyawoCTOxfCgtFaecz3fBx9KgIDVzAISRrlcupmBAkNtYyw0hXP3yOrg87oUfeyffTzrnX5pxbLI3bJftsZB9YufsG+uzARPs1nvr7XsHPvPf+0f+h6XV95qc1+xe+Kf/AVduwdg=</latexit>

p✓(xt�1 | xt) = N (xt�1;µ✓(xt, t),⌃✓(xt, t))

<latexit sha1_base64="LXGM9UvUBabBUjtgS3+vEFQvUSo=">AAAB+HicbZDLSsNAFIYn9VbrpVGXbgaL4KokIuqy6MZlBXuBJpTJ9KQdOrkwcyLU0Cdx40IRtz6KO9/GaZuFtv4w8PGfczhn/iCVQqPjfFultfWNza3ydmVnd2+/ah8ctnWSKQ4tnshEdQOmQYoYWihQQjdVwKJAQicY387qnUdQWiTxA05S8CM2jEUoOENj9e2qB6kW0qCHI0DWt2tO3ZmLroJbQI0UavbtL2+Q8CyCGLlkWvdcJ0U/ZwoFlzCteJmGlPExG0LPYMwi0H4+P3xKT40zoGGizIuRzt3fEzmLtJ5EgemMGI70cm1m/lfrZRhe+7mI0wwh5otFYSYpJnSWAh0IBRzlxADjSphbKR8xxTiarComBHf5y6vQPq+7l/WL+4ta46aIo0yOyQk5Iy65Ig1yR5qkRTjJyDN5JW/Wk/VivVsfi9aSVcwckT+yPn8ALwCTcQ==</latexit>✏✓
Typically	a	U-Net



Inference

Sample	noise	to	condition	upon
Rollout	by	iteratively	sampling



Diffusion
Forward	process:	convert	
image	to	noise

Reverse	process:	sample	from	
the	distribution	of	images,	
starting	with	pure	noise



Text-Conditioned	Diffusion

• Like	any	latent	variable	model,	we	
can	just	add	in	another	observed	
variable	to	condition	upon


• In	this	case,	it	might	be	an	object	
class	or	a	text	description


•

A	cute	corgi	lives	in	a	house	made	of	sushi.



Text-Conditioned	Diffusion

• Like	any	latent	variable	model,	we	
can	just	add	in	another	observed	
variable	to	condition	upon


• In	this	case,	it	might	be	an	object	
class	or	a	text	description


• We	can	also	generate	media	
beyond	2d	images…

Horse	drinking	water



Text-Conditioned	Diffusion

• Like	any	latent	variable	model,	we	
can	just	add	in	another	observed	
variable	to	condition	upon


• In	this	case,	it	might	be	an	object	
class	or	a	text	description


• We	can	also	generate	media	
beyond	2d	images…

A	lobster	playing	the	saxophone



Situated	Instruction	Following

f (instruction,           ) → actions
Touchdown,	Chen	et	al.	2018

Leave	the	bedroom,	and	enter	
the	kitchen.	Walk	forward,	and	
take	a	left	at	the	couch.	Stop	in	
front	of	the	window.

Orient	yourself	so	that	the	umbrellas	are	to	the	right.	Go	
straight	and	take	a	right	at	the	first	intersection.	At	the	
next	intersection	there	should	be	an	old-fashioned	store	
to	the	left.	There	is	also	a	dinosaur	mural	to	the	right.

Room	to	Room,	Anderson	et	al.	2018



Situated	Instruction	Following

f (instruction,           ) → actions

Pick	up	knife,	cut	potato,	put	
potato	in	fridge,	remove	from	
fridge,	place	in	the	microwave

Turn	around	and	get	the	three	red	stripes	behind	you.

CerealBar,	Suhr	et	al.	2019ALFRED,	Shridhard	et	al.	2020



Environments
• 2D	or	3D	rendered	environments

• Can	easily	generate	new	
environments	on	the	fly


• Support	manipulable	environments

• Simulation	allows	for	rapid	
experimentation	and	evaluation

WebArena,	Zhou	Shuyan	et	al.	2023

VRKitchen,	Gao	Xiaofeng	et	al.	2019Alexa	Arena,	Gao	Qiaozi	et	al.	2023AI2-THOR,	Kolve	et	al.	2022



Environments
• 2D	or	3D	rendered	environments

• Photorealistic	environments

Gibson	Env,	Xia	Fei	et	al.	2018 StreetLearn,	Mirowski	et	al.	2019



Environments
• 2D	or	3D	rendered	environments

• Photorealistic	environments

• Literal	physical	embodiment	(robotics)

SayCan,	Ahn	et	al.	2022
Place	the	knife	
in	front	of	the	
microwave.

GRIF,	Myers	et	al.	2023



Embodied	Agents:	Challenges

• Grounding	language	to	perception

• Reasoning	about	world	dynamics

• Grounding	language	to	action

• In	collaborative	tasks:	also	reasoning	about	one’s	interlocutor

• Evaluating	success



Reasoning	about	World	Dynamics

(Partially	observable)	Markov	decision	
process	formulation	of	embodied	agents



Reasoning	about	World	Dynamics

(Partially	observable)	Markov	decision	
process	formulation	of	embodied	agents

• States						(and	observations					)	

<latexit sha1_base64="BGOnsDHx3qV1t3PrO8hHL1+N9Dw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjpaRcg==</latexit>

S
<latexit sha1_base64="pZJmRTtOdmZr4oy+GTmvImbQ6WI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnYu6d1lvPDRqzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/iIKRbg==</latexit>

O



Reasoning	about	World	Dynamics

(Partially	observable)	Markov	decision	
process	formulation	of	embodied	agents

• States						(and	observations					)	

• Actions	

<latexit sha1_base64="BGOnsDHx3qV1t3PrO8hHL1+N9Dw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjpaRcg==</latexit>

S
<latexit sha1_base64="RxlfqMcR88pOZ+r9SQaMhyftxKg=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdVNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs5vZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYbD41a87aoowwncArn4MEVNOEeWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPczyRYA==</latexit>

A LEFT

<latexit sha1_base64="pZJmRTtOdmZr4oy+GTmvImbQ6WI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnYu6d1lvPDRqzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/iIKRbg==</latexit>

O

OPEN(FRIDGE)



Reasoning	about	World	Dynamics

(Partially	observable)	Markov	decision	
process	formulation	of	embodied	agents

• States						(and	observations					)	

• Actions	

• Transition	function

<latexit sha1_base64="BGOnsDHx3qV1t3PrO8hHL1+N9Dw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjpaRcg==</latexit>

S
<latexit sha1_base64="RxlfqMcR88pOZ+r9SQaMhyftxKg=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdVNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs5vZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYbD41a87aoowwncArn4MEVNOEeWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPczyRYA==</latexit>

A

<latexit sha1_base64="pZJmRTtOdmZr4oy+GTmvImbQ6WI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnYu6d1lvPDRqzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/iIKRbg==</latexit>

O

<latexit sha1_base64="pKZAL6xum0BuUg7TJZSCup7wIwo=">AAACNnicbVDJSgNBEO1xN25Rj14ag+ApzIioeHI7eBEimgUyMdR0OkmTnoXuGiUM81Ve/A5vuXhQxKufYCcOGpcHDa9f1aOqnhdJodG2B9bE5NT0zOzcfG5hcWl5Jb+6VtFhrBgvs1CGquaB5lIEvIwCJa9FioPvSV71eqfDevWWKy3C4Br7EW/40AlEWzBAIzXzF64P2GUgk+uUHtKv31VKXRQ+19/SsZGU6HQRlArvqHvGJcJNMmZJm/mCXbRHoH+Jk5ECyVBq5h/dVshinwfIJGhdd+wIGwkoFEzyNOfGmkfAetDhdUMDMBs1ktHZKd0ySou2Q2VegHSkjjsS8LXu+57pHO6of9eG4n+1eoztg0YigihGHrDPQe1YUgzpMEPaEoozlH1DgClhdqWsCwoYmqRzJgTn98l/SWWn6OwVdy93C0cnWRxzZINskm3ikH1yRM5JiZQJI/dkQJ7Ji/VgPVmv1ttn64SVedbJD1jvHwperWI=</latexit>

T : S ⇥A ! �S



Reasoning	about	World	Dynamics

(Partially	observable)	Markov	decision	
process	formulation	of	embodied	agents

• States						(and	observations					)	

• Actions	

• Transition	function

• Reward	function

<latexit sha1_base64="BGOnsDHx3qV1t3PrO8hHL1+N9Dw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjpaRcg==</latexit>

S
<latexit sha1_base64="RxlfqMcR88pOZ+r9SQaMhyftxKg=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdVNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs5vZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYbD41a87aoowwncArn4MEVNOEeWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPczyRYA==</latexit>

A

<latexit sha1_base64="pZJmRTtOdmZr4oy+GTmvImbQ6WI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnYu6d1lvPDRqzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/iIKRbg==</latexit>

O

<latexit sha1_base64="pKZAL6xum0BuUg7TJZSCup7wIwo=">AAACNnicbVDJSgNBEO1xN25Rj14ag+ApzIioeHI7eBEimgUyMdR0OkmTnoXuGiUM81Ve/A5vuXhQxKufYCcOGpcHDa9f1aOqnhdJodG2B9bE5NT0zOzcfG5hcWl5Jb+6VtFhrBgvs1CGquaB5lIEvIwCJa9FioPvSV71eqfDevWWKy3C4Br7EW/40AlEWzBAIzXzF64P2GUgk+uUHtKv31VKXRQ+19/SsZGU6HQRlArvqHvGJcJNMmZJm/mCXbRHoH+Jk5ECyVBq5h/dVshinwfIJGhdd+wIGwkoFEzyNOfGmkfAetDhdUMDMBs1ktHZKd0ySou2Q2VegHSkjjsS8LXu+57pHO6of9eG4n+1eoztg0YigihGHrDPQe1YUgzpMEPaEoozlH1DgClhdqWsCwoYmqRzJgTn98l/SWWn6OwVdy93C0cnWRxzZINskm3ikH1yRM5JiZQJI/dkQJ7Ji/VgPVmv1ttn64SVedbJD1jvHwperWI=</latexit>

T : S ⇥A ! �S

OPEN(FRIDGE)

<latexit sha1_base64="UDn+S1aBDFqgzTgwUCJT/pxnoxY=">AAACP3icbZA7T8MwEMed8irlFWBksaiQmKoEVYCYCiyM5dGH1FSV47qtVech+wKqonwzFr4CGysLAwixsuG0EY+Wkyz9/bs7++7vhoIrsKwnIzc3v7C4lF8urKyurW+Ym1t1FUSSshoNRCCbLlFMcJ/VgINgzVAy4rmCNdzheZpv3DKpeODfwChkbY/0fd7jlIBGHbPueAQGlIj4KsEn+Pt2nWAHuMfUDzqdRWmV5P0BECmDuwl3Xf1UxyxaJWsceFbYmSiiLKod89HpBjTymA9UEKVathVCOyYSOBUsKTiRYiGhQ9JnLS19oudox+P9E7ynSRf3AqmPD3hMf3fExFNq5Lm6Mp1QTedS+F+uFUHvuB1zP4yA+XTyUS8SGAKcmom7XDIKYqQFoZLrWTEdEEkoaMsL2gR7euVZUT8o2Yel8mW5WDnL7MijHbSL9pGNjlAFXaAqqiGK7tEzekVvxoPxYrwbH5PSnJH1bKM/YXx+AUjUsPA=</latexit>

R : S ⇥A⇥ S ! R <latexit sha1_base64="T/CV8mnIwEj7hCWngkF0BLWWbYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh6MVjBdMW2lA220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auokUwx9lohEtUOqUXCJvuFGYDtVSONQYCsc3c381hMqzRP5aMYpBjEdSB5xRo2VfEVuiNcrV9yqOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuyUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6DiZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/JhuAtv7xKmhdV77Jae6hV6rd5HEU4gVM4Bw+uoA730AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/fkON1Q==</latexit>

r = 1



Reasoning	about	World	Dynamics

(Partially	observable)	Markov	decision	
process	formulation	of	embodied	agents

• States						(and	observations					)	

• Actions	

• Transition	function

• Reward	function

<latexit sha1_base64="BGOnsDHx3qV1t3PrO8hHL1+N9Dw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYb941a86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjpaRcg==</latexit>

S
<latexit sha1_base64="RxlfqMcR88pOZ+r9SQaMhyftxKg=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdVNy4r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaTu9zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs5vZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuXdYbD41a87aoowwncArn4MEVNOEeWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPczyRYA==</latexit>

A

<latexit sha1_base64="pZJmRTtOdmZr4oy+GTmvImbQ6WI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+6sYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqhVhTzgRtG2Y47SWK4jjktBtObnO/+0SVZlI8mmlCgxiPBIsYwcZKfj/GZkwwz+5ng2rNrbtzoFXiFaQGBVqD6ld/KEkaU2EIx1r7npuYIMPKMMLprNJPNU0wmeAR9S0VOKY6yOaRZ+jMKkMUSWWfMGiu/t7IcKz1NA7tZB5RL3u5+J/npya6DjImktRQQRYfRSlHRqL8fjRkihLDp5ZgopjNisgYK0yMbaliS/CWT14lnYu6d1lvPDRqzZuijjKcwCmcgwdX0IQ7aEEbCEh4hld4c4zz4rw7H4vRklPsHMMfOJ8/iIKRbg==</latexit>

O

<latexit sha1_base64="pKZAL6xum0BuUg7TJZSCup7wIwo=">AAACNnicbVDJSgNBEO1xN25Rj14ag+ApzIioeHI7eBEimgUyMdR0OkmTnoXuGiUM81Ve/A5vuXhQxKufYCcOGpcHDa9f1aOqnhdJodG2B9bE5NT0zOzcfG5hcWl5Jb+6VtFhrBgvs1CGquaB5lIEvIwCJa9FioPvSV71eqfDevWWKy3C4Br7EW/40AlEWzBAIzXzF64P2GUgk+uUHtKv31VKXRQ+19/SsZGU6HQRlArvqHvGJcJNMmZJm/mCXbRHoH+Jk5ECyVBq5h/dVshinwfIJGhdd+wIGwkoFEzyNOfGmkfAetDhdUMDMBs1ktHZKd0ySou2Q2VegHSkjjsS8LXu+57pHO6of9eG4n+1eoztg0YigihGHrDPQe1YUgzpMEPaEoozlH1DgClhdqWsCwoYmqRzJgTn98l/SWWn6OwVdy93C0cnWRxzZINskm3ikH1yRM5JiZQJI/dkQJ7Ji/VgPVmv1ttn64SVedbJD1jvHwperWI=</latexit>
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Reasoning	about	World	Dynamics

• What	is	your	state	space?

• Does	it	include	all	information	about	the	environment?

• Does	it	include	information	about	the	trajectory	so	far,	e.g.,	previous	
states	and	actions?


• Does	it	include	a	natural	language	instruction?

• Is	the	environment	partially	observable?

• What	is	the	action	space?

• Lowest	level	action	space:	continuous	control

• Higher	level	action	space:	sufficient	for	simulated	environments


• How	is	the	policy	implemented?



Embodied	Agent	Policies
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LEFT 64%
RIGHT 2%

FORWARD 28%
BACKWARD 3%

STOP 3%

LEFT

LEFT

Turn	around	and	get	the	
three	red	stripes	behind	you.

Observation	space:

• Previous	and	current	visual	

observations

• Previous	actions

• Instruction

Policy:	whatever	neural	
implementation	you	want



Grounding	Language	to	Action

• How	do	we	define	our	action	
space?


• In	many	cases,	language	provides	
a	decent	set	of	abstractions	that	
help	us	define	meaningful	higher-
level	action	spaces


• Language	can	also	allude	to	
structured	action	spaces

Hexagons,	Lachmy	et	al.	2022
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Grounding	Language	to	Action

• How	do	we	define	our	action	
space?


• In	many	cases,	language	provides	
a	decent	set	of	abstractions	that	
help	us	define	meaningful	higher-
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Reasoning	about	an	Interlocutor
• Single	instruction	following	—	still	could	
require	pragmatic	reasoning

Leave	the	bedroom,	and	enter	
the	kitchen.	Walk	forward,	and	
take	a	left	at	the	couch.	Stop	in	
front	of	the	window.

Room	to	Room,	Anderson	et	al.	2018



Reasoning	about	an	Interlocutor
• Single	instruction	following	—	still	could	
require	pragmatic	reasoning


• Following	sequences	of	instructions	—	
user	can	dynamically	instruct	the	agent	
according	to	its	current	behavior

CerealBar,	Suhr	et	al.	2019



Reasoning	about	an	Interlocutor
• Single	instruction	following	—	still	could	
require	pragmatic	reasoning


• Following	sequences	of	instructions	—	
user	can	dynamically	instruct	the	agent	
according	to	its	current	behavior


• Bidirectional	conversation	—	agent	can	
ask	for	clarification	or	help

TEACh,	Padmakumar	et	al.	2021



Reasoning	about	an	Interlocutor
• Single	instruction	following	—	still	could	
require	pragmatic	reasoning


• Following	sequences	of	instructions	—	
user	can	dynamically	instruct	the	agent	
according	to	its	current	behavior


• Bidirectional	conversation	—	agent	can	
ask	for	clarification	or	help


• Fully	embodied	multi-agent	conversation	
—	agents	can	form	conventions,	
negotiate	how	to	solve	the	task,	perform	
joint	planning,	etc.

CARDS,	Djalali	et	al.	2011



Reasoning	about	an	Interlocutor
• Single	instruction	following	—	still	could	
require	pragmatic	reasoning


• Following	sequences	of	instructions	—	
user	can	dynamically	instruct	the	agent	
according	to	its	current	behavior


• Bidirectional	conversation	—	agent	can	
ask	for	clarification	or	help


• Fully	embodied	multi-agent	conversation	
—	agents	can	form	conventions,	
negotiate	how	to	solve	the	task,	perform	
joint	planning,	etc.

Portal	2	Dialogues

Wait,	so	where	else	could	we	launch	from?

Oh,	we	can	launch	from	here.



Reasoning	about	an	Interlocutor
• Pragmatic	reasoning

• In	collaborative	tasks:	
agents	need	to	use	
language	to	achieve	a	
shared	goal


• Need	to	model	other	
agent’s:

• Beliefs

• Goals

• Observations

• Knowledge

• Affordances

MindCraft,	Bara	et	al.	2021



Evaluating	Success
• High-level	desideratum	of	language	agents:	assist	a	human	user	in	
accomplishing	their	goal	as	efficiently	as	possible.


• Automatic	evaluation

• Low-level	metrics:	matching	human	demonstrations

• Entire	action	sequence

• Action-level	accuracy,	conditioned	on	oracle	prefix


• Higher-level	metrics:	success	rate

• Difficult	to	define	for	multi-turn	conversation


• Human	evaluation

• When	deployed	with	real	users,	how	effective	is	the	agent?

• Challenge:	human	adaptation	of	expectations,	behavior,	and	language



• Imitation	learning

Maximum	likelihood

objective

Expectation	over	
demonstrations

Policy	parameterized	
with	θ

Learning

<latexit sha1_base64="m+NBe9QcqsENL4Nacvcsv99ZnFM="></latexit>

argmax
✓

E(o,a)2D⇡(a | o; ✓)

Essentially	supervised	learning	on	a	dataset	of	instructions	and	
observations	paired	with	human	demonstrations.



Reward	
achieved	by	
trajectory<latexit sha1_base64="Pfxc8eS4SUg/wBUwL54ssR/rEbA="></latexit>

R(⌧) =

|⌧ |X

i=0

R(si, ai)�
i

Expectation	
over	trajectories	
sampled	from	π
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si ⇠ T (· | si�1, ai)

Learning

• Imitation	learning

• Reinforcement	learning
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Learning

• Imitation	learning

• Reinforcement	learning

• LLM	planning	methods

SayCan,	Ahn	et	al.	2022


