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My research goal:

building robot intelligence to enrich human intelligence
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[Bohg et al. ICRA 2018]

[Gibson 1979; Bajcsy 1988; Ballard 1991; Espiau et al. 1992; Hutchinson et al. 1996; Hamel & Mahony 2002; Kragic & Christensen 2002; 

Jonschkowski & Brock 2015; Levine et al. 2016; Agrawal et al. 2016; Bojarski et al. 2016; Finn & Levine 2017; Florence et al. 2018]

closing the perception-action loop

[Sa et al. IROS 2014] [Levine et al. JMLR 2016]



[Levine et al. JMLR 2016] [Bohg et al. ICRA 2018]

[Gibson 1979; Bajcsy 1988; Ballard 1991; Espiau et al. 1992; Hutchinson et al. 1996; Hamel & Mahony 2002; Kragic & Christensen 2002; 

Jonschkowski & Brock 2015; Levine et al. 2016; Agrawal et al. 2016; Bojarski et al. 2016; Finn & Levine 2017; Florence et al. 2018]

[Sa et al. IROS 2014]
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closing the perception-action loop

with machine learning & perception in robotics



Perception is a weak link in the loop.

“Clean” kitchen for state-of-the-art robotics

Credit: Nvidia Robotics Lab 2019/01/11

“Messy” kitchen in the real world

closing the perception-action loop



ICCV’15, CVPR’17a, CVPR’19

scene understanding vision & language affordance reasoning

CVPR’16, IJCV’17, CVPR’17b ECCV’14, arXiv’15

Which paw is lifted?

What is 
the dog 
doing?

Why is there 
foam?

What is the dog 
standing on?

Where 
does this 
scene take 
place?
A) In the sea. ✔
B) In the desert.
C) In the forest.
D) On a lawn.

A) Surfing. ✔
B) Sleeping.
C) Running.
D) Eating.

A) Because of a wave. ✔
B) Because of a boat.
C) Because of a fire.
D) Because of a leak.

A) On a surfboard. ✔
B) On a table.
C) On a garage.
D) On a ball.

apple
pear

avocado

eatable

kiwi fruit

brown

horse

fruit
rideable

IMG-ID: 150370

horse

clydesdale
pulls

Legend: object attribute relationship

carriage
green

carriage.n.02
a vehicle with wheels drawn 

by one or more horses

horse.n.01
solid-hoofed herbivorous 
quadruped domesticated 

since prehistoric times

clydesdale.n.01
heavy feathered-legged 

breed of draft horse 
originally from Scotland

man

passenger

man.n.01
an adult person who is male 

(as opposed to a woman)

passenger.n.01
a traveler riding in a vehicle 

who is not operating it

in

riding in

person.n.01
a human being

mapped synset derived synset

Q: What are the shamrocks doing there?

A: They are a symbol of St. Patrick’s day.

hop_clover.n.02
clover native to Ireland with 

yellowish flowers

symbol.n.01
an arbitrary sign that has 
acquired a conventional 

significance

st_patrick's_day.n.01
a day observed by the Irish to 

commemorate the patron 
saint of Ireland

QA pair extracted NP is derived hyponym of

ride.v.02
be carried or travel on or in 

a vehicle

green.a.01
of the color between blue 

and yellow in the color 
spectrum

travel.v.01
change location; move, 

travel, or proceed

closing the perception-action loop



green onions sitting on the counter

a big white bowl

knives in a holder

wooden drawer is closed

two ceramic jars

Johnson et al. CVPR’16; Krishna, Zhu, et al. IJCV’17



A: In the daytime.

Q: When was the picture taken?

A: Seven.

Q: How many drawer knobs can you see?

Zhu et al. CVPR’16, Zhu et al. CVPR’17

A: Black.

Q: What color is the countertop?



Xu, Zhu, Choy, Fei-Fei, CVPR’17
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general-purpose 

robot

sequential

tasks
primitive

skills

hierarchical

tasks

push

stack

grasp

place pull

RSS’18 CoRL’18CoRL’18

RSS’18 ICRA’19

closing the perception-action loop
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robot
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tasks
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closing the perception-action loop

“get apple from fridge”

“put bowl in the sink”

ICRA’17 ICCV’17

CVPR’19



general-purpose 

robot

sequential

tasks
primitive

skills

hierarchical

tasks

closing the perception-action loop

“prepare dinner”

ICRA’18 CVPR’19

ICCV’15



general-purpose 

robot
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tasks
primitive

skills
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tasks

closing the perception-action loop

humanlike

learning robot
Ongoing and Future Work



Part I: Primitive Skills

[Zhu et al., RSS 2018] Reinforcement and Imitation Learning […]

[Mandlekar, Zhu et al., CoRL 2018] RoboTurk: A Crowdsourcing Platform for Robotic Skill Learning […]

[Zhu*, Fan* et al., CoRL 2018] SURREAL: Open-Source Reinforcement Learning Framework […]

Part I: Primitive Skills Part II: Sequential Tasks Part III: Hierarchical Tasks



Primitive Skills (Reaching, Grasping, Stacking, etc.)
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Primitive Skills (Reaching, Grasping, Stacking, etc.)

sensory data motor command

Challenge: Raw sensory data are high-dimensional, noisy, and multimodal.

End-to-end learning of robust representations for control



Learning Primitive Skills in Robotics

reinforcement learning (RL)

learning through trial-and-error

requiring a lot of training data

[Mahadevan & Connell 1992; Gullapalli et al. 1994; Atkeson 1994; Schaal 1996; Bagnell & Schneider 2001; Smart & Kaelbling 2002; Kohl 

& Stone 2004; Kober & Peters 2009; Theodorou et al. 2010; Levine et al. 2015; Gu et al. 2016; Peng et al. 2017; Kalashnikov et al. 2018]



Learning Primitive Skills in Robotics

imitation learning (IL)

learning from demonstrations

limited by a suboptimal teacher

reinforcement learning (RL)

learning through trial-and-error

requiring a lot of training data

[Schaal 1996; Pollard & Hodgins 2002; Abbeel & Ng 2004; Brian et al. 2008; Pastor et al. 2009; Ross et al. 2011; Akgun et al. 2012; Bagnell

2015; Finn et al., 2016; Rahmatizadeh et al., 2017; James et al., 2017; Sermanet et al. 2017; Menda et al. 2017; Le Paine et al. 2018]



Learning Primitive Skills in Robotics

imitation learning (IL)

learning from demonstrations

limited by a suboptimal teacher

reinforcement learning (RL)

learning through trial-and-error

requiring a lot of training data

combined (RL+IL)

demonstrations offer guidance

better performance by trial-and-error

[Price & Boutilier 2003; Bentivegna et al. 2004; Latzke et al. 2007; Conn & Peters 2007; Ross & Bagnell 2014; Kumar et al. 2016; Sun et al. 

2017; Vecerik et al. 2007; Rajeswaran et al. 2018; Cheng et al. 2018; Nair et al. 2018; Pfeiffer et al. 2018; Codevilla et al. 2018]



Reinforcement and Imitation Learning

behavioral cloning warm start inverse reinforcement learning

[Rajeswaran et al. RSS 2018]

Ground-truth states

[Finn et al. ICML 2016]

Short-horizon tasks

data augmentation

[Nair et al. ICRA 2018]

Fixed objects



Reinforcement and Imitation Learning

Our trained model

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018

Raw pixel inputs

(RGB camera)

Task: Car à Red & Plane à Green

Ground-truth states

Short-horizon tasks

Fixed objects

Long-horizon tasks

(each task takes ~1min)

Object variation

(procedural generation)

Ours Prior work



Reinforcement and Imitation Learning

Our trained model

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018

Task: Car à Red & Plane à Green

Effective RL + IL = Algorithm + Data



Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 20181Goodfellow et al. 2014; Ho & Ermon, 2016

discriminator

policy

generated
trajectories

environment

Reinforcement and Imitation Learning: Algorithm ⎯ Adversarial Learning1

demonstration
trajectories

object-centric representation

predicts 0 if policy and 1 if demo

−Dψ(st)) discriminator objective

−Dψ

adversarial learning objective

policy : to fool the discriminatorπθ
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discriminator      : to tell policy apart from demonstrationDψ
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object-centric

representation

min
θ

max
ψ

EπE
[logDψ(s)] + Eπθ

[log(1−Dψ(s))]
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score on policy
0 1
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demonstration
trajectories

object-centric representation

IL reward: rIL(st, at) = − log(1−Dψ(st))
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good policy

predicts 0 if policy and 1 if demo

−Dψ(st)) discriminator objective

−Dψ
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−Dψ(st))

object-centric representation

IL reward: rIL(st, at) = − log(1−Dψ(st))
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RL reward: rRL(st, at)
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imitation reinforcement

RL + IL reward:

rRL+IL = λrIL(st, at) + (1− λ)rRL(st, at)
<latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit><latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit><latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit><latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit>

predicts 0 if policy and 1 if demo

discriminator objective

−Dψ



pixel

observation

proprioceptive

feature

CNN

MLP LSTM
joint 

velocity

Input 64 x 64 RGB pixel observation

positions and velocities of arm joints and grippers

Output 9-DoF joint velocities at 20Hz

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018

distributed policy gradient method

trained on           rRL+IL
<latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit><latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit><latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit><latexit sha1_base64="pQ2RVAY0rMsXIcSqPggfcG1S50A="></latexit>

Reinforcement and Imitation Learning: Algorithm



3D motion controller

Collecting human 
demonstrations

imitation

physics engine

Training in
simulation

sim2real

real environment

Running on
real robot

3D motion controller

Collecting human 
demonstrations

imitation

physics engine

Training in
simulation

sim2real

real environment

Running on
real robot

2x4x 2x

3D motion controller

Collecting human 
demonstrations

imitation

physics engine

Training in
simulation

sim2real

real environment

Running on
real robot

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018



block lifting

clearing table

with a box

block stacking

pouring liquid

clearing table

with blocks

order fulfillment

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018



Random RL IL RL + IL

T
a
s
k

R
e
w

a
rd

Reinforcement

(RL)

Imitation

(IL)

Ours

(RL+IL)

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018

Reinforcement and Imitation Learning: Algorithm



demonstrated

solution

novel solution #1 novel solution #2

“grasp two blocks

from the top”

“lift both blocks together

with three fingers”

4x

Result: Emergent strategies from trial-and-error

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018

Reinforcement and Imitation Learning: Algorithm



visual & dynamics randomization

Result: Zero-shot sim-to-real policy transfer

real-robot deployment

2x

Zhu, Wang, Merel, Rusu, Erez, Cabi, Tunyasuvunakool, Kramár, Hadsell, de Freitas, Heess, RSS 2018

Reinforcement and Imitation Learning: Algorithm



New algorithm that learns dexterous primitive skills

How can we collect demonstrations for diverse skills?

Reinforcement and Imitation Learning

Effective RL + IL = Algorithm + Data



RoboTurk in action

+

roboturk.stanford.edu Mandlekar, Zhu, Garg, Booher, Spero, Tung, Gao, Emmons, Gupta, Orbay, Savarese, Fei-Fei, CoRL 2018

Reinforcement and Imitation Learning: Data

RoboTurk: Crowdsourcing Platform for Large-Scale Demonstration Collection

real-time streaming 

from remote robot

6-DoF

controller



RoboTurk Pilot Dataset

137.5 hours of demonstrations

22 hours of total platform usage

2218 successful demonstrations

surreal.stanford.edu Zhu*, Fan*, Zhu, Liu, Zeng, Gupta, Creus-Costa, Savarese, Fei-Fei, CoRL 2018

teleoperated demonstrations

roboturk.stanford.edu Mandlekar, Zhu, Garg, Booher, Spero, Tung, Gao, Emmons, Gupta, Orbay, Savarese, Fei-Fei, CoRL 2018

Reinforcement and Imitation Learning: Data



RoboTurk Pilot Dataset

137.5 hours of demonstrations

22 hours of total platform usage

2218 successful demonstrations
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Number of Demonstrations

Reinforcement and Imitation Learning

Pure RL

assembly

pick & place

Zhu*, Fan*, Zhu, Liu, Zeng, Gupta, Creus-Costa, Savarese, Fei-Fei, CoRL 2018

Mandlekar, Zhu, Garg, Booher, Spero, Tung, Gao, Emmons, Gupta, Orbay, Savarese, Fei-Fei, CoRL 2018

surreal.stanford.edu

roboturk.stanford.edu

Reinforcement and Imitation Learning: Data



RoboTurk on Physical Robots



RoboTurk for

everyone, everywhere



Summary - Part I

Combining reinforcement and imitation learning to learn

primitive skills from raw sensory inputs

Scaling up demonstration collection with teleoperated

crowdsourcing using the RoboTurk platform

Part I: Primitive Skills Part II: Sequential Tasks Part III: Hierarchical Tasks



[Zhu et al., ICRA 2017] Target-driven Visual Navigation […]

[Zhu et al., ICCV 2017] Visual Semantic Planning […]

Part II: Sequential Tasks

Part I: Primitive Skills Part II: Sequential Tasks Part III: Hierarchical Tasks



push
stack

grasp

place
pull

robot primitive skills

…

grasp bowl

Sequential Tasks

pull door place bowl push door

“put bowl into 

microwave”

“put bowl into microwave”

grasp bowl pull door place bowl push door

sequential tasks

navigate
to bowl

open
microwave

navigate to 
microwave

pick up
bowl

put
bowlLe

ar
ne

d 
pl

an
In

pu
ts

Task

Put bowl in 
microwave

Dynamic visual environment Initial configuration

goal

task

planning



push
stack

grasp

place
pull

millions of tasks, millions of sequences

…

Sequential Tasks

Challenge: very large space of sequential tasks

Sharing and transferring knowledge across tasks

...

…

…

navigate
to bowl

open
microwave

navigate to 
microwave

pick up
bowl

put
bowlLe

ar
ne

d 
pl

an
In

pu
ts

Task

Put bowl in 
microwave

Dynamic visual environment Initial configuration

goal

“put bowl into microwave”

robot primitive skills

task

planning



Prior knowledge is used to learn new tasks faster.

prior

knowledge

Piaget 1977; Bernstein et al. 1988; Adolph & Berger, 2006; Tuckman & Monetti, 2011; Lake et al., 2016; Tsividis et al., 2017; Dubey et al., 2018

similar new task



Transfer Learning

source tasks

model modelknowledge

target tasks

Caruana ICML 1993; Baxter ML 1997; Duong et al. ACL 2015; Schaul et al. ICML 2015; Parisotto et al. ICLR 2016; Long et al. NIPS 2017; Hashimoto et al. EMNLP 2017; Rusu et al. CoRL 2017; Lu et al. CVPR 2017

Daumé III ACL 2007; Bingel & Søgaard EACL 2017; Bousmalis et al. NIPS 2016; Ganin & Lempitsky ICML 2015; Ganin et al. JMLR 2016; Kirkpatrick et al. PNAS 2017; Li & Hoiem PAMI 2017; Luo et al. NIPS 2017

Transfer knowledge

to similar tasks



Transfer Learning

Transfer Learning in Computer Vision

[credit: CS231N @ Stanford]

[Zeiler & Fergus 2014; Mahendran & Vedaldi 2015; Huh et al. 2016]

pervasive

Transfer Learning in Interactive Tasks

grid worlds

Atari games

[Rusu et al. 2016; Parisotto et al. 2016; Oh et al. 2017; Barreto et al. 2018]

limited



Transfer Learning

Transfer Learning in Computer Vision

[credit: CS231N @ Stanford]

[Zeiler & Fergus 2014; Mahendran & Vedaldi 2015; Huh et al. 2016]

pervasive

Transfer Learning in Interactive Tasks

grid worlds

Atari games

[Rusu et al. 2016; Parisotto et al. 2016; Oh et al. 2017; Barreto et al. 2018]

limited

We need a new platform!



AI2-THOR: A New Platform for Visual AI ai2thor.allenai.org



changing viewpoints

walking and jumping

applying forces

picking & placing

opening & closing

* developed in Unity 3D game engine

AI2-THOR: A New Platform for Visual AI

Zhu, Mottaghi, Kolve, Lim, Gupta, Fei-Fei, Farhadi, ICRA, 2017

ai2thor.allenai.org



Visual Task Planning

Interactive Visual Environment

agent’s view

Input

Task

Putting bowl into microwave

?

pick up bowl put bowlnavigate to table open microwave

…

Output a sequence of high-level commands

<start>

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017



Target-driven Visual Navigation

visual
observation

target

target-driven navigation policy*

Input Output 

Zhu, Mottaghi, Kolve, Lim, Gupta, Fei-Fei, Farhadi, ICRA, 2017

* Domain adaption with model trained in AI2-THOR



Visual Task Planning
Putting bowl

into microwave
Navigate to Table

π

immediate reward of task g next state

next action
The goal-conditional Bellman equation

Q⇤(s, a, g) = Eπ[rg(s, a) + γmax
a0

Q⇤(s0, a0, g)]
<latexit sha1_base64="Fax2X+kYGqAf8PIgVG8QP4z0Lq4="></latexit><latexit sha1_base64="Fax2X+kYGqAf8PIgVG8QP4z0Lq4="></latexit><latexit sha1_base64="Fax2X+kYGqAf8PIgVG8QP4z0Lq4="></latexit><latexit sha1_base64="Fax2X+kYGqAf8PIgVG8QP4z0Lq4="></latexit>

Goal-directed policy learning

action

state

expected sum of future rewards

approximated by neural network

π(a|s, g) = argmax
a

Q(s, a, g)
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goal

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017



Visual Task Planning

≈

ψ(s, a)>Q(s, a, g)
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goal-directed

Q-value

goal embeddingwg

successor feature1

⨉

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017

Key idea: decoupling environment dynamics and goal specification

1Dayan 1993; Kulkarni et al., 2016



= ψ(si, ai)
>
wg

<latexit sha1_base64="M66SIr4aLJ48d5G+ndpHI/HmKFA=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqCBlRgTdCEU3LivYC3TGIZNm2tDMJCQZpQxduvFV3LhQxK2P4M63MW1noa0/BD7+cw455w8Fo0o7zrdVWFhcWl4prpbW1jc2t+ztnabiqcSkgTnjsh0iRRhNSENTzUhbSILikJFWOLga11v3RCrKk1s9FMSPUS+hEcVIGyuw9y88oWhFBfQYBfToztNceDHS/TDKHkZBL7DLTtWZCM6Dm0MZ5KoH9pfX5TiNSaIxQ0p1XEdoP0NSU8zIqOSligiEB6hHOgYTFBPlZ5NDRvDQOF0YcWleouHE/T2RoVipYRyazvGOarY2Nv+rdVIdnfsZTUSqSYKnH0Upg5rDcSqwSyXBmg0NICyp2RXiPpIIa5NdyYTgzp48D82Tqmv45rRcu8zjKII9cAAqwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz+ajZm3</latexit><latexit sha1_base64="M66SIr4aLJ48d5G+ndpHI/HmKFA=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqCBlRgTdCEU3LivYC3TGIZNm2tDMJCQZpQxduvFV3LhQxK2P4M63MW1noa0/BD7+cw455w8Fo0o7zrdVWFhcWl4prpbW1jc2t+ztnabiqcSkgTnjsh0iRRhNSENTzUhbSILikJFWOLga11v3RCrKk1s9FMSPUS+hEcVIGyuw9y88oWhFBfQYBfToztNceDHS/TDKHkZBL7DLTtWZCM6Dm0MZ5KoH9pfX5TiNSaIxQ0p1XEdoP0NSU8zIqOSligiEB6hHOgYTFBPlZ5NDRvDQOF0YcWleouHE/T2RoVipYRyazvGOarY2Nv+rdVIdnfsZTUSqSYKnH0Upg5rDcSqwSyXBmg0NICyp2RXiPpIIa5NdyYTgzp48D82Tqmv45rRcu8zjKII9cAAqwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz+ajZm3</latexit><latexit sha1_base64="M66SIr4aLJ48d5G+ndpHI/HmKFA=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqCBlRgTdCEU3LivYC3TGIZNm2tDMJCQZpQxduvFV3LhQxK2P4M63MW1noa0/BD7+cw455w8Fo0o7zrdVWFhcWl4prpbW1jc2t+ztnabiqcSkgTnjsh0iRRhNSENTzUhbSILikJFWOLga11v3RCrKk1s9FMSPUS+hEcVIGyuw9y88oWhFBfQYBfToztNceDHS/TDKHkZBL7DLTtWZCM6Dm0MZ5KoH9pfX5TiNSaIxQ0p1XEdoP0NSU8zIqOSligiEB6hHOgYTFBPlZ5NDRvDQOF0YcWleouHE/T2RoVipYRyazvGOarY2Nv+rdVIdnfsZTUSqSYKnH0Upg5rDcSqwSyXBmg0NICyp2RXiPpIIa5NdyYTgzp48D82Tqmv45rRcu8zjKII9cAAqwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz+ajZm3</latexit><latexit sha1_base64="M66SIr4aLJ48d5G+ndpHI/HmKFA=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqCBlRgTdCEU3LivYC3TGIZNm2tDMJCQZpQxduvFV3LhQxK2P4M63MW1noa0/BD7+cw455w8Fo0o7zrdVWFhcWl4prpbW1jc2t+ztnabiqcSkgTnjsh0iRRhNSENTzUhbSILikJFWOLga11v3RCrKk1s9FMSPUS+hEcVIGyuw9y88oWhFBfQYBfToztNceDHS/TDKHkZBL7DLTtWZCM6Dm0MZ5KoH9pfX5TiNSaIxQ0p1XEdoP0NSU8zIqOSligiEB6hHOgYTFBPlZ5NDRvDQOF0YcWleouHE/T2RoVipYRyazvGOarY2Nv+rdVIdnfsZTUSqSYKnH0Upg5rDcSqwSyXBmg0NICyp2RXiPpIIa5NdyYTgzp48D82Tqmv45rRcu8zjKII9cAAqwAVnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Znz+ajZm3</latexit>

successor feature1

= E[

1X

i=t

γi�tφ(si, ai)
>]wg

<latexit sha1_base64="DBZCfw2uQqhheXXFBD2BcDOOrNI="></latexit><latexit sha1_base64="DBZCfw2uQqhheXXFBD2BcDOOrNI="></latexit><latexit sha1_base64="DBZCfw2uQqhheXXFBD2BcDOOrNI="></latexit><latexit sha1_base64="DBZCfw2uQqhheXXFBD2BcDOOrNI="></latexit>

X

= E[
1X

i=t

γi�tφ(si, ai)
>
wg]

<latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="HXLhGK7XolzmzPJ4lND7wP3Aq/8="></latexit><latexit sha1_base64="HXLhGK7XolzmzPJ4lND7wP3Aq/8="></latexit><latexit sha1_base64="7tJOQvXukZ7L0HwSerAGKUqYxqI="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit><latexit sha1_base64="sr1QqZWZPJ6PDOCWrqcjGaKI2c0="></latexit>

Q(si, ai, g) = E[

∞X

i=t

γ
i−trg(si, ai)]

reward goal embeddingstate-action feature

rg(s, a) = φ(s, a)>wg

1Dayan 1993; Kulkarni et al., 2016

Visual Task Planning

Key idea: decoupling environment dynamics and goal specification

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017



reward goal embeddingstate-action feature

rg(s, a) = φ(s, a)>wg

Q(s, a, g) = ψ(s, a)>wg
<latexit sha1_base64="rIdCmnY++3nLEyalbvHnGtpV//4=">AAACDXicbZDLSsNAFIYnXmu9RV26GaxCC6UkIuhGKLpx2YK9QBPDZDpJh06SYWailNAXcOOruHGhiFv37nwbJ20X2vrDwMd/zmHO+X3OqFSW9W0sLa+srq0XNoqbW9s7u+beflsmqcCkhROWiK6PJGE0Ji1FFSNdLgiKfEY6/vA6r3fuiZA0iW/ViBM3QmFMA4qR0pZnHjfLsoqqYeXS4ZLmXLlzVMKhEyE18IPsYeyFnlmyatZEcBHsGZTATA3P/HL6CU4jEivMkJQ92+LKzZBQFDMyLjqpJBzhIQpJT2OMIiLdbHLNGJ5opw+DROgXKzhxf09kKJJyFPm6M99Rztdy879aL1XBhZvRmKeKxHj6UZAyqBKYRwP7VBCs2EgDwoLqXSEeIIGw0gEWdQj2/MmL0D6t2ZqbZ6X61SyOAjgER6AMbHAO6uAGNEALYPAInsEreDOejBfj3fiYti4Zs5kD8EfG5w+g/Zqu</latexit><latexit sha1_base64="rIdCmnY++3nLEyalbvHnGtpV//4=">AAACDXicbZDLSsNAFIYnXmu9RV26GaxCC6UkIuhGKLpx2YK9QBPDZDpJh06SYWailNAXcOOruHGhiFv37nwbJ20X2vrDwMd/zmHO+X3OqFSW9W0sLa+srq0XNoqbW9s7u+beflsmqcCkhROWiK6PJGE0Ji1FFSNdLgiKfEY6/vA6r3fuiZA0iW/ViBM3QmFMA4qR0pZnHjfLsoqqYeXS4ZLmXLlzVMKhEyE18IPsYeyFnlmyatZEcBHsGZTATA3P/HL6CU4jEivMkJQ92+LKzZBQFDMyLjqpJBzhIQpJT2OMIiLdbHLNGJ5opw+DROgXKzhxf09kKJJyFPm6M99Rztdy879aL1XBhZvRmKeKxHj6UZAyqBKYRwP7VBCs2EgDwoLqXSEeIIGw0gEWdQj2/MmL0D6t2ZqbZ6X61SyOAjgER6AMbHAO6uAGNEALYPAInsEreDOejBfj3fiYti4Zs5kD8EfG5w+g/Zqu</latexit><latexit sha1_base64="rIdCmnY++3nLEyalbvHnGtpV//4=">AAACDXicbZDLSsNAFIYnXmu9RV26GaxCC6UkIuhGKLpx2YK9QBPDZDpJh06SYWailNAXcOOruHGhiFv37nwbJ20X2vrDwMd/zmHO+X3OqFSW9W0sLa+srq0XNoqbW9s7u+beflsmqcCkhROWiK6PJGE0Ji1FFSNdLgiKfEY6/vA6r3fuiZA0iW/ViBM3QmFMA4qR0pZnHjfLsoqqYeXS4ZLmXLlzVMKhEyE18IPsYeyFnlmyatZEcBHsGZTATA3P/HL6CU4jEivMkJQ92+LKzZBQFDMyLjqpJBzhIQpJT2OMIiLdbHLNGJ5opw+DROgXKzhxf09kKJJyFPm6M99Rztdy879aL1XBhZvRmKeKxHj6UZAyqBKYRwP7VBCs2EgDwoLqXSEeIIGw0gEWdQj2/MmL0D6t2ZqbZ6X61SyOAjgER6AMbHAO6uAGNEALYPAInsEreDOejBfj3fiYti4Zs5kD8EfG5w+g/Zqu</latexit><latexit sha1_base64="rIdCmnY++3nLEyalbvHnGtpV//4=">AAACDXicbZDLSsNAFIYnXmu9RV26GaxCC6UkIuhGKLpx2YK9QBPDZDpJh06SYWailNAXcOOruHGhiFv37nwbJ20X2vrDwMd/zmHO+X3OqFSW9W0sLa+srq0XNoqbW9s7u+beflsmqcCkhROWiK6PJGE0Ji1FFSNdLgiKfEY6/vA6r3fuiZA0iW/ViBM3QmFMA4qR0pZnHjfLsoqqYeXS4ZLmXLlzVMKhEyE18IPsYeyFnlmyatZEcBHsGZTATA3P/HL6CU4jEivMkJQ92+LKzZBQFDMyLjqpJBzhIQpJT2OMIiLdbHLNGJ5opw+DROgXKzhxf09kKJJyFPm6M99Rztdy879aL1XBhZvRmKeKxHj6UZAyqBKYRwP7VBCs2EgDwoLqXSEeIIGw0gEWdQj2/MmL0D6t2ZqbZ6X61SyOAjgER6AMbHAO6uAGNEALYPAInsEreDOejBfj3fiYti4Zs5kD8EfG5w+g/Zqu</latexit>

successor feature1Q-value

Visual Task Planning

Key idea: decoupling environment dynamics and goal specification

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 20171Dayan 1993; Kulkarni et al., 2016



Visual Task Planning

goal

specification

wg

≈

ψ(s, a)>

environment

dynamics

goal-independent

goal-specific

Q(s, a, g)
<latexit sha1_base64="GEz7vYf84ig3vLotTX4RpzJvpSs=">AAAB73icbZDPSwJBFMff2i+zX1bHLkMSGIjsRlBHqUtHhTRBF5kd3+rg7Ow2MxuI+E906VBE1/6dbv03jbqH0r4w8OH73mPe+waJ4Nq47reTW1vf2NzKbxd2dvf2D4qHRy0dp4phk8UiVu2AahRcYtNwI7CdKKRRIPAhGN3O6g9PqDSP5b0ZJ+hHdCB5yBk11mo3yrpCK4PzXrHkVt25yCp4GZQgU71X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjkVJI9T+ZL7vlJxZp0/CWNknDZm7vycmNNJ6HAW2M6JmqJdrM/O/Wic14bU/4TJJDUq2+ChMBTExmR1P+lwhM2JsgTLF7a6EDamizNiICjYEb/nkVWhdVD3LjctS7SaLIw8ncApl8OAKanAHdWgCAwHP8ApvzqPz4rw7H4vWnJPNHMMfOZ8/k0mO/w==</latexit><latexit sha1_base64="GEz7vYf84ig3vLotTX4RpzJvpSs=">AAAB73icbZDPSwJBFMff2i+zX1bHLkMSGIjsRlBHqUtHhTRBF5kd3+rg7Ow2MxuI+E906VBE1/6dbv03jbqH0r4w8OH73mPe+waJ4Nq47reTW1vf2NzKbxd2dvf2D4qHRy0dp4phk8UiVu2AahRcYtNwI7CdKKRRIPAhGN3O6g9PqDSP5b0ZJ+hHdCB5yBk11mo3yrpCK4PzXrHkVt25yCp4GZQgU71X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjkVJI9T+ZL7vlJxZp0/CWNknDZm7vycmNNJ6HAW2M6JmqJdrM/O/Wic14bU/4TJJDUq2+ChMBTExmR1P+lwhM2JsgTLF7a6EDamizNiICjYEb/nkVWhdVD3LjctS7SaLIw8ncApl8OAKanAHdWgCAwHP8ApvzqPz4rw7H4vWnJPNHMMfOZ8/k0mO/w==</latexit><latexit sha1_base64="GEz7vYf84ig3vLotTX4RpzJvpSs=">AAAB73icbZDPSwJBFMff2i+zX1bHLkMSGIjsRlBHqUtHhTRBF5kd3+rg7Ow2MxuI+E906VBE1/6dbv03jbqH0r4w8OH73mPe+waJ4Nq47reTW1vf2NzKbxd2dvf2D4qHRy0dp4phk8UiVu2AahRcYtNwI7CdKKRRIPAhGN3O6g9PqDSP5b0ZJ+hHdCB5yBk11mo3yrpCK4PzXrHkVt25yCp4GZQgU71X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjkVJI9T+ZL7vlJxZp0/CWNknDZm7vycmNNJ6HAW2M6JmqJdrM/O/Wic14bU/4TJJDUq2+ChMBTExmR1P+lwhM2JsgTLF7a6EDamizNiICjYEb/nkVWhdVD3LjctS7SaLIw8ncApl8OAKanAHdWgCAwHP8ApvzqPz4rw7H4vWnJPNHMMfOZ8/k0mO/w==</latexit><latexit sha1_base64="GEz7vYf84ig3vLotTX4RpzJvpSs=">AAAB73icbZDPSwJBFMff2i+zX1bHLkMSGIjsRlBHqUtHhTRBF5kd3+rg7Ow2MxuI+E906VBE1/6dbv03jbqH0r4w8OH73mPe+waJ4Nq47reTW1vf2NzKbxd2dvf2D4qHRy0dp4phk8UiVu2AahRcYtNwI7CdKKRRIPAhGN3O6g9PqDSP5b0ZJ+hHdCB5yBk11mo3yrpCK4PzXrHkVt25yCp4GZQgU71X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjkVJI9T+ZL7vlJxZp0/CWNknDZm7vycmNNJ6HAW2M6JmqJdrM/O/Wic14bU/4TJJDUq2+ChMBTExmR1P+lwhM2JsgTLF7a6EDamizNiICjYEb/nkVWhdVD3LjctS7SaLIw8ncApl8OAKanAHdWgCAwHP8ApvzqPz4rw7H4vWnJPNHMMfOZ8/k0mO/w==</latexit>

goal-directed

Q-value

⨉

action

state

π(a|s, g) = argmax
a

Q(s, a, g)
<latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit>

goal

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017



Visual Task Planning

≈

ψ(s, a)>

wg0

searching for apple

Q(s, a, g0)
<latexit sha1_base64="ZKZlL9qN0QDWQIsJB/7D1DpDt5I=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA/dyUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMRK4/K</latexit><latexit sha1_base64="ZKZlL9qN0QDWQIsJB/7D1DpDt5I=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA/dyUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMRK4/K</latexit><latexit sha1_base64="ZKZlL9qN0QDWQIsJB/7D1DpDt5I=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA/dyUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMRK4/K</latexit><latexit sha1_base64="ZKZlL9qN0QDWQIsJB/7D1DpDt5I=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA/dyUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMRK4/K</latexit>

searching for apple

⨉

shared

across tasks

action

state

π(a|s, g) = argmax
a

Q(s, a, g)
<latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit>

goal

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017



Visual Task Planning

≈

ψ(s, a)>

wg1

searching for banana

Q(s, a, g1)
<latexit sha1_base64="/v/gTOZ5Ko18fs5mBmTpcA36XUI=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA+9yUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMSsI/L</latexit><latexit sha1_base64="/v/gTOZ5Ko18fs5mBmTpcA36XUI=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA+9yUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMSsI/L</latexit><latexit sha1_base64="/v/gTOZ5Ko18fs5mBmTpcA36XUI=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA+9yUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMSsI/L</latexit><latexit sha1_base64="/v/gTOZ5Ko18fs5mBmTpcA36XUI=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJFqFDKrgh6LHjx2IKthXYp2TTbhmY3SzIrlKU/w4sHRbz6a7z5b0zbPWjrC4GHd2bIzBskUhh03W+nsLG5tb1T3C3t7R8cHpWPTzpGpZrxNlNS6W5ADZci5m0UKHk30ZxGgeSPweRuXn984toIFT/gNOF+REexCAWjaK0eaVVNjdZGA+9yUK64dXchsg5eDhXI1RyUv/pDxdKIx8gkNabnuQn6GdUomOSzUj81PKFsQke8ZzGmETd+tlh5Ri6sMySh0vbFSBbu74mMRsZMo8B2RhTHZrU2N/+r9VIMb/1MxEmKPGbLj8JUElRkfj8ZCs0ZyqkFyrSwuxI2ppoytCmVbAje6snr0Lmqe5Zb15VGI4+jCGdwDlXw4AYacA9NaAMDBc/wCm8OOi/Ou/OxbC04+cwp/JHz+QMSsI/L</latexit>

searching for banana

⨉

action

state

π(a|s, g) = argmax
a

Q(s, a, g)
<latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit><latexit sha1_base64="G5J+qVtDwZOzfBvB7h0EvE+rtEE=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVCglEUE3QtGNyxbsBZoQTqaTdujkwsxELLU7N76KGxeKuPUV3Pk2TtsstPWHgY//nMOZ8/sJZ1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMU0Fog8Q8Fm0fJOUsog3FFKftRFAIfU5b/uB6Um/dUSFZHN2qYULdEHoRCxgBpS3PPHQSVoIHWe6dXDogek4I9x7gekmWQXueWbQq1lR4EewMiihTzTO/nG5M0pBGinCQsmNbiXJHIBQjnI4LTippAmQAPdrRGEFIpTua3jHGx9rp4iAW+kUKT93fEyMIpRyGvu4MQfXlfG1i/lfrpCq4cEcsSlJFIzJbFKQcqxhPQsFdJihRfKgBiGD6r5j0QQBROrqCDsGeP3kRmqcVW3P9rFi9yuLIowN0hErIRueoim5QDTUQQY/oGb2iN+PJeDHejY9Za87IZvbRHxmfP4f6l8o=</latexit>

goal

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017

shared

across tasks



Visual Task Planning

putting apple to fridge

≈

ψ(s, a)>

wg2

Q(s, a, g2)
<latexit sha1_base64="frU9A6TLJojQSr55XnvhuBTF1C0=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIFUqZKYIuC25ctmAvMB1KJs20oZlkSM4IZehjuHGhiFufxp1vY9rOQlt/CHz85xxyzh8mghtw3W+nsLW9s7tX3C8dHB4dn5RPz7pGpZqyDlVC6X5IDBNcsg5wEKyfaEbiULBeOL1f1HtPTBuu5CPMEhbEZCx5xCkBa/m4XTU1UhsPG9fDcsWtu0vhTfByqKBcrWH5azBSNI2ZBCqIMb7nJhBkRAOngs1Lg9SwhNApGTPfoiQxM0G2XHmOr6wzwpHS9knAS/f3REZiY2ZxaDtjAhOzXluY/9X8FKK7IOMySYFJuvooSgUGhRf34xHXjIKYWSBUc7srphOiCQWbUsmG4K2fvAndRt2z3L6pNJt5HEV0gS5RFXnoFjXRA2qhDqJIoWf0it4ccF6cd+dj1Vpw8plz9EfO5w8UNY/M</latexit><latexit sha1_base64="frU9A6TLJojQSr55XnvhuBTF1C0=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIFUqZKYIuC25ctmAvMB1KJs20oZlkSM4IZehjuHGhiFufxp1vY9rOQlt/CHz85xxyzh8mghtw3W+nsLW9s7tX3C8dHB4dn5RPz7pGpZqyDlVC6X5IDBNcsg5wEKyfaEbiULBeOL1f1HtPTBuu5CPMEhbEZCx5xCkBa/m4XTU1UhsPG9fDcsWtu0vhTfByqKBcrWH5azBSNI2ZBCqIMb7nJhBkRAOngs1Lg9SwhNApGTPfoiQxM0G2XHmOr6wzwpHS9knAS/f3REZiY2ZxaDtjAhOzXluY/9X8FKK7IOMySYFJuvooSgUGhRf34xHXjIKYWSBUc7srphOiCQWbUsmG4K2fvAndRt2z3L6pNJt5HEV0gS5RFXnoFjXRA2qhDqJIoWf0it4ccF6cd+dj1Vpw8plz9EfO5w8UNY/M</latexit><latexit sha1_base64="frU9A6TLJojQSr55XnvhuBTF1C0=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIFUqZKYIuC25ctmAvMB1KJs20oZlkSM4IZehjuHGhiFufxp1vY9rOQlt/CHz85xxyzh8mghtw3W+nsLW9s7tX3C8dHB4dn5RPz7pGpZqyDlVC6X5IDBNcsg5wEKyfaEbiULBeOL1f1HtPTBuu5CPMEhbEZCx5xCkBa/m4XTU1UhsPG9fDcsWtu0vhTfByqKBcrWH5azBSNI2ZBCqIMb7nJhBkRAOngs1Lg9SwhNApGTPfoiQxM0G2XHmOr6wzwpHS9knAS/f3REZiY2ZxaDtjAhOzXluY/9X8FKK7IOMySYFJuvooSgUGhRf34xHXjIKYWSBUc7srphOiCQWbUsmG4K2fvAndRt2z3L6pNJt5HEV0gS5RFXnoFjXRA2qhDqJIoWf0it4ccF6cd+dj1Vpw8plz9EfO5w8UNY/M</latexit><latexit sha1_base64="frU9A6TLJojQSr55XnvhuBTF1C0=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIFUqZKYIuC25ctmAvMB1KJs20oZlkSM4IZehjuHGhiFufxp1vY9rOQlt/CHz85xxyzh8mghtw3W+nsLW9s7tX3C8dHB4dn5RPz7pGpZqyDlVC6X5IDBNcsg5wEKyfaEbiULBeOL1f1HtPTBuu5CPMEhbEZCx5xCkBa/m4XTU1UhsPG9fDcsWtu0vhTfByqKBcrWH5azBSNI2ZBCqIMb7nJhBkRAOngs1Lg9SwhNApGTPfoiQxM0G2XHmOr6wzwpHS9knAS/f3REZiY2ZxaDtjAhOzXluY/9X8FKK7IOMySYFJuvooSgUGhRf34xHXjIKYWSBUc7srphOiCQWbUsmG4K2fvAndRt2z3L6pNJt5HEV0gS5RFXnoFjXRA2qhDqJIoWf0it4ccF6cd+dj1Vpw8plz9EfO5w8UNY/M</latexit>

putting apple to fridge

⨉

action

state

π(a|s, g) = argmax
a

Q(s, a, g)
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goal

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017

shared

across tasks



Trained Task: searching for a bowl

Scene Object Goal

New task: searching for an egg

successor

feature

goal

embedding

ψ(s, a)>

wg

new goal

embedding

wg0
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shared

Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017



Fast Policy Transfer with New Goal Embedding
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Zhu*, Gordon*, Kolve, Fox, Fei-Fei, Gupta, Mottaghi, Farhadi, ICCV 2017

Transfer Learning Learning from scratch

failedsuccessful

Task: Search for an egg and put it into the sink



Developed a 3D virtual world (AI2-THOR) to study embodied 

agents in interactive visual environments

Transfer learning between sequential tasks through the

decoupling of environment dynamics and goal specification

Summary - Part II

Part I: Primitive Skills Part II: Sequential Tasks Part III: Hierarchical Tasks



[Xu*, Nair*, Zhu, et al. ICRA 2018] Neural Task Programming (NTP) […]

[Huang*, Nair*, Xu*, Zhu et al. CVPR 2019] Neural Task Graphs (NTG) […]

Part III: Hierarchical Tasks

Part I: Primitive Skills Part II: Sequential Tasks Part III: Hierarchical Tasks



Hierarchical Tasks

grasp bowl pull door place bowl

“put bowl into 

microwave”

“prepare dinner” Complex real-world tasks are hierarchical.



Hierarchical Tasks

“prepare dinner”

…

Intractable!

Challenge: Task complexity grows exponentially.



Hierarchical Tasks

“prepare dinner”

Challenge: Task complexity grows exponentially.

Leveraging the compositionality of hierarchical tasks

prepare dinner

cook foodwash dishes

grasp wash place cut boil



Videos supply massive knowledge to solve new tasks.

Source: The Verge, Pew Research Center



Humans learn efficiently from video demonstrations.

Meltzoff & Moore 1977; Meltzoff & Moore 1989, Meltzoff 1988

Imitation of Televised Models by Infants

Andrew N. Meltzoff, Child Development 1988

Babies (14-24 months) can learn by imitating

demonstrations from the TV screen.



One-Shot Imitation Learning from Videos

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018

single video 

demonstration

meta-learning

model

policy for the

demonstrated task



a lot of training videos

(seen tasks)

policy for the

demonstrated task

supervision

…

One-Shot Imitation Learning from Videos

meta-learning

model

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018



single test video

(unseen task)

policy for the

demonstrated task

One-Shot Imitation Learning from Videos

meta-learning

model

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018



One-Shot Imitation Learning from Videos

modeling demonstration

as a flat sequence

modeling demonstration

as a compositional structure

[Duan et al. 17; Finn et al. 2017; Wang et al. 2017; Yu et al. 2018]

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018



Pin: pick_and_place

Pout: pick

EOP: False

Output Task Spec. 

Env. Observation Input Task Spec.

Args: block_E

Pin: pick

Pout: move_to

EOP: False

move_to (block_E) return return

Args: block_E

Pin: pick

Pout: grip

EOP: True

re
tu

rn

Pin: block_stacking

Pout: pick_and_place

EOP: False

Output Task Spec. 

Env. Observation Input Task Spec.

return

Pin: block_stacking

Pout: pick_and_place

EOP: False

Output Task Spec. 

Pin: pick_and_place

Pout: drop

EOP: True

Output Task Spec. 

Args: N/A

Pin: place

Pout: release

EOP: TruePin: place

Pout: move_to

EOP: False

Args: block_B

re
tu

rn

Env. Observation Input Task Spec. Env. Observation Input Task Spec.

Env. Observation Input Task Spec.

Env. Observation Input Task Spec.

Env. Observation Input Task Spec.

Env. Observation Input Task Spec.

grip (block_E) move_to (block_B) returnrelease()

… …

r
e
tu
r
n

Move_to (Blue) Grip (Blue) Move_to (Red) Release( )

Neural Task Programming (NTP): Hierarchical Policy Learning as Neural Program Induction



One-Shot Imitation Learning from Videos: Neural Task Programming (NTP)

demonstration policy

next program
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observation
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Completed Tasks
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 Task 1 Final State

 Task 2 Final State

Task Conditional 
Output Policies 

current program

pick_place(blue, green)

end-to-end

neural network

(LSTM)

meta-learning

model

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018



{( ,              )}

One-Shot Imitation Learning from Videos: Neural Task Programming (NTP)

demonstration

next program

pick(blue)

observation

State obs.

Task Demonstration

Robot API

Completed Tasks

NTP Env.

Robot API```
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 1

```
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 Task 1 Final State

 Task 2 Final State

Task Conditional 
Output Policies 

end-to-end

neural network

(LSTM)

current program

pick_place(blue, green)

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018

Training supervision

video demonstration hierarchical program trace
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One-Shot Imitation Learning from Videos: Neural Task Programming (NTP)

Qualitative Quantitative

(the higher the better)

Object Sorting

Autonomous Execution

Demo

8x

Better generalization with less

training data than flat baselines

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018



One-Shot Imitation Learning from Videos: Neural Task Programming (NTP)

demonstration policy

compositional

model prior

meta-learning

model

Xu*, Nair*, Zhu, Gao, Garg, Fei-Fei, Savarese. ICRA 2018

end-to-end

neural network

(LSTM)



One-Shot Imitation Learning from Videos: Neural Task Graphs (NTG)

Task Graph

Generator

Neural Task Graph

observation

Task Graph

Executor

State obs.

Task Demonstration

Robot API

Completed Tasks

NTP Env.

Robot API```

Ta
sk

 1

```
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 2

 Task 1 Final State

 Task 2 Final State

Task Conditional 
Output Policies 

Huang*, Nair*, Xu*, Zhu, Garg, Fei-Fei, Savarese, Niebles. CVPR 2019

demonstration policy

meta-learning

model



Task Graph

Nodes States

place(red)

place(green)
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pick(orange)

Edges Actions

Conjugate Task Graph

place(green) pick(green)

pick(orange)

pick(red) place(red)

Nodes Actionsinfinite
Edges States (Preconditions)

…

valid states

One-Shot Imitation Learning from Videos: Neural Task Graphs (NTG)

finite

Huang*, Nair*, Xu*, Zhu, Garg, Fei-Fei, Savarese, Niebles. CVPR 2019



place(green) pick(green)

pick(orange)

pick(red) place(red)

One-Shot Imitation Learning from Videos: Neural Task Graphs (NTG)

current observation

node

localizer

edge

classifier

selected
node

next action

pick(red)

selected
edge

Huang*, Nair*, Xu*, Zhu, Garg, Fei-Fei, Savarese, Niebles. CVPR 2019
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Training supervision

video demonstration action sequence

One-Shot Imitation Learning from Videos: Neural Task Graphs (NTG)
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Generator
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observation
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State obs.

Task Demonstration

Robot API

Completed Tasks

NTP Env.

Robot API```
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```
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 Task 1 Final State
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Output Policies 

demonstration

policy

Huang*, Nair*, Xu*, Zhu, Garg, Fei-Fei, Savarese, Niebles. CVPR 2019
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One-Shot Imitation Learning from Videos: Neural Task Graphs (NTG)

Qualitative Quantitative

(the higher the better)

Recovery from Intermediate Failures

Autonomous Execution 20x

Weaker supervision, less training 

data, and better generalization

Huang*, Nair*, Xu*, Zhu, Garg, Fei-Fei, Savarese, Niebles. CVPR 2019



Summary - Part III

Extracting knowledge about the compositional structure of 

hierarchical tasks from video demonstrations

Meta-learning models with compositional priors generalize 

better than black-box models

vs.

task graph

black box

Part I: Primitive Skills Part II: Sequential Tasks Part III: Hierarchical Tasks



sequential

tasksprimitive

skills

hierarchical

tasks

general-purpose 

robot
closing the perception-action loop



Closing the Perception-Action Loop
Perception

Modality

Action

Abstraction

Learning

Method

real-world

sensory data

joint

torque

reinforcement &

imitation learning

interactive visual

environment

high-level

command

transfer

learning

unstructured

video data

task

structure
meta-learning

primitive skills

[RSS’18, CoRL’18a, CoRL’18b]

sequential tasks

[ICRA’17, ICCV’17]

hierarchical tasks

[ICRA’18, CVPR’19]



general-purpose 

robot

sequential

tasks
primitive

skills

hierarchical

tasks

closing the perception-action loop

humanlike

learning robot
Ongoing and Future Work



Future Direction: Multimodal Perception Beyond Vision

1 2 3 4 5
 6

1 2

Reaching

3 4

Alignment

5 6

Insertion

Learning coherent representations of multimodal information for control

combining vision and force for manipulation

Lee*, Zhu*, Srinivasan, Shah, Savarese, Fei-Fei, Garg, Bohg. ICRA 2019 (Best Conference Paper)



Future Direction: Learning Knowledge of the World from Interaction

“To accelerate or to brake?”

semantic

car

geometric

physical
4,000 pounds

25 mph
causal

what would

happen if …?

[Zhu et al. CVPR’16; Krishna, 

Zhu et al. IJCV’17; Xu, Zhu et al. 

CVPR’17; Zhu et al. CVPR’17]

[Zhu et al. ECCV’14; 

Fang, Zhu et al. RSS’18]

[Chen, Xu, Zhu et al. CVPR’19]

[ongoing work]

Yuke Zhu




Future Direction: Integrating Perception and Knowledge for Autonomy

Data-driven + Model-driven Methods

[Fang, Zhu et al. RSS’18]

RGB-D

[Wang, Xu, Zhu et al. CVPR’19]

ongoing work

Learning

Design

Modeling

machine learning
& perception

robots &
sensors

mechanics
& control

broader collaboration
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