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What is Bimanual Manipulation?

“Role-differentiated bimanual manipulation 
(RDBM) is a complementary movement of both 
hands that requires differentiation between actions 
of the hands.”
Kimmerle, Marliese et al. “Development of role-differentiated bimanual manipulation during 
the infant's first year.” Developmental psychobiology vol. 52,2 (2010): 168-80. 
doi:10.1002/dev.20428

● The term “Bimanual Manipulation” originates 

from psychological studies on motor skills

● Refers specifically to tasks requiring the use and 

coordination of both hands acting on an object

● Used in developmental psychology studies of 

infants and their motor skill development

● Later used in robotics after robotic bimanual 

manipulators were developed



What is Bimanual Manipulation?
“Behavioral studies provide evidence that 
bimanual tasks are more than the simple sum 
of unimanual tasks as they have to consider 
spatial and temporal coordination as well as the 
interactions between both hands.”

Quote and figure from F. Krebs and T. Asfour, "A Bimanual Manipulation Taxonomy," in 
IEEE Robotics and Automation Letters, vol. 7, no. 4, pp. 11031-11038, Oct. 2022, doi: 
10.1109/LRA.2022.3196158
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So you’re talking about Humanoid Robots, then?

https://bostondynamics.com/blog/electric-new-era-for-atlas/

https://www.teslarati.com/tesla-shows-off-optimus-gen-2-humanoid-robot-video/

https://www.therobotreport.com/figure-02-humanoid-robot-is-ready-to-get-to-work/
https://www.researchgate.net/figure/Robot-stir-fry-is-a-non-prehensile-ma
nipulation-of-semi-fluid-objects-which-requires_fig1_360559814
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Humanoid Robots are a 
subset of Bimanual Robots
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Why is Bimanual Manipulation important?

We want robots to help 
humans in their 
environments.

Objects in human 
environments are built for 

dual-arm agents

It makes sense to build 
bimanual manipulation 

robots!
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Why is Bimanual Manipulation important?

Many policy training 
methods require expert 

demonstrations
It’s much easier to 

teleoperate a bimanual 
robot to record expert 

demonstrations since we 
already innately know 
how to perform these 

bimanual tasks ourselves!
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• Similarity to operator
• Teleoperation becomes near-trivial as the operator’s innate bimanual 

manipulation skills can be applied to the robot’s operation
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From Dual arm manipulation -- A survey
C. Smith, Y. Karayiannidis, L. Nalpantidis, X. Gratal, P. Qi, D. V. Dimarogonas, D. Kragic
KTH Royal Institute of Technology
DOI 10.1016/j.robot.2012.07.005
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• Similarity to operator
• Teleoperation becomes near-trivial as the operator’s innate bimanual 

manipulation skills can be applied to the robot’s operation
• Manipulability

• The ability to manipulate both ends of a task (i.e. peg-in-hole or nut+bolt screw 
assembly) provides more avenues towards solving a task

• Cognitive Motivation
• Humans have an innate understanding of bimanual manipulation, so it becomes 

much easier to relate to and understand what a manipulator is trying to do
• Human form factor

• Robots are often expected to operate in environments intended for human use, 
thus it motivates the creation of humanlike (and thus, bimanual) robots

Why is Bimanual Manipulation important?

From Dual arm manipulation -- A survey
C. Smith, Y. Karayiannidis, L. Nalpantidis, X. Gratal, P. Qi, D. V. Dimarogonas, D. Kragic
KTH Royal Institute of Technology
DOI 10.1016/j.robot.2012.07.005
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1999

Intuitive Surgical releases first 
Da Vinci surgical robot system

Enables less invasive surgeries 
through the use of smaller robotic 
tools with bimanual teleoperation
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Butler)
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2012

Rethink Robotics releases Baxter

Now-defunct Rethink Robotics 
releases Baxter, a bimanual 
manufacturing robot that can be 
programmed simply by moving its 
arms by hand
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Personal Robotics Lab develops 
Herb (Home Exploring Robot 
Butler)
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Enables less invasive surgeries 
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Select milestones from the past 30 years

2013
Boston Dynamics develops first 
iteration of Atlas Robot

Developed as a disaster-response 
robot for the Defence Advanced 
Research Projects Agency
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Rethink Robotics releases Baxter

Now-defunct Rethink Robotics 
releases Baxter, a bimanual 
manufacturing robot that can be 
programmed simply by moving its 
arms by hand

2006
Personal Robotics Lab develops 
Herb (Home Exploring Robot 
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Timeline of Bimanual Manipulators
Select milestones from the past 30 years

2024

ALOHA Unleashed

Diffusion policy-backed imitation 
learning framework capable of 
learning complex bimanual tasks 
with deformable objects

2013
Boston Dynamics develops first 
iteration of Atlas Robot

Developed as a disaster-response 
robot for the Defence Advanced 
Research Projects Agency

2012

Rethink Robotics releases Baxter

Now-defunct Rethink Robotics 
releases Baxter, a bimanual 
manufacturing robot that can be 
programmed simply by moving its 
arms by hand

2006
Personal Robotics Lab develops 
Herb (Home Exploring Robot 
Butler)

Bimanual robot for domestic 
tasks developed by the Personal 
Robotics Lab at CMU (now at UW 
Seattle)

1999

Intuitive Surgical releases first 
Da Vinci surgical robot system

Enables less invasive surgeries 
through the use of smaller robotic 
tools with bimanual teleoperation

1994
Yaskawa Motoman introduces 
the MRC system

Allowed for synchronized 
control and coordination of 
two robotic arms by 
“teaching” it a sequence of 
movements, or 
programming a task on a PC

https://ifr.org/robot-history

https://robotsguide.com/robots/davinci
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Humanoid Robots, too!

2000
NASA Completes first 
iteration of Robonaut

https://robotsguide.com/robots/pr2 2010
Willow Garage releases 
humanoid PR2 Robot

https://robotsguide.com/robots/pr2

2020
1X Technologies releases 
EVE humanoid robot

https://robotsguide.com/robots/eve

https://robotsguide.com/robots/pr2
https://robotsguide.com/robots/pr2
https://robotsguide.com/robots/eve


Why stop at two manipulators?
- Multi-arm robotic apple 

picker
- While the robot has more 

than two arms, it’s 
effectively multiple 
single-arm manipulation 
tasks in parallel

- Robots with more arms 
tend to be more specialized 
towards specific tasks

- We want a robot that can 
be generalized to as many 
domestic tasks as possible 

https://www.youtube.com/watch?v=TUOmZCcRKbI

http://www.youtube.com/watch?v=TUOmZCcRKbI&t=17
https://www.youtube.com/watch?v=TUOmZCcRKbI


Why stop at two manipulators?

Recall, we want to be able to perform as many 
tasks as possible in a domestic environment.
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Task Variety

Figure from F. Krebs and T. Asfour, "A Bimanual Manipulation Taxonomy," in IEEE 
Robotics and Automation Letters, vol. 7, no. 4, pp. 11031-11038, Oct. 2022, doi: 
10.1109/LRA.2022.3196158



Task Variety

Figure from F. Krebs and T. Asfour, "A Bimanual Manipulation Taxonomy," in IEEE 
Robotics and Automation Letters, vol. 7, no. 4, pp. 11031-11038, Oct. 2022, doi: 
10.1109/LRA.2022.3196158



Coordination

With regards to the task(s)…
● Each type of the task as defined by the 

decision tree shown previously 
warrants its own planning strategy
○ Sometimes the arms are each doing 

their own, uncoordinated tasks
○ Other times forces transfer between 

end effectors
○ Constraints for each effector can 

interact with each other
● The category of a task can change 

partway through!

Information adapted from F. Krebs and T. Asfour, "A Bimanual Manipulation Taxonomy," in 
IEEE Robotics and Automation Letters, vol. 7, no. 4, pp. 11031-11038, Oct. 2022, doi: 
10.1109/LRA.2022.3196158



Coordination

With regards to the 
manipulators…
● The addition of a second manipulator 

constitutes an added, dynamic set of 
obstacles for each manipulator

● Imposes a whole new set of 
constraints upon the configuration 
space (more details later)

● Manipulators take on “roles” (leader + 
follower, fixed transformation…)

Information adapted from F. Krebs and T. Asfour, "A Bimanual Manipulation Taxonomy," in 
IEEE Robotics and Automation Letters, vol. 7, no. 4, pp. 11031-11038, Oct. 2022, doi: 
10.1109/LRA.2022.3196158

With regards to the task(s)…
● Each type of the task as defined by the 

decision tree shown previously 
warrants its own planning strategy
○ Sometimes the arms are each doing 

their own, uncoordinated tasks
○ Other times forces transfer between 

end effectors
○ Constraints for each effector can 

interact with each other
● The category of a task can change 

partway through!



Methodologies



Methodologies
Control based method

• IK
• Control
• Manipulation

Policy learning methods

• ALOHA
• VLAs

• π
0



Kinematic-based methodologies



• What is “forward kinematics”

Forward Kinematics (FK)
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Forward Kinematics (FK)

• Each joint has its own coordinate frame
• Transformations between each join represented by homogeneous 
transformations

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec06_manipulation_1_fk_decision_making.pdf

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec06_manipulation_1_fk_decision_making.pdf
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• Summarized by these equations (numerical):
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• Given the end effector pose, determine each joint position
• Can be many solutions for each joint position
• Summarized by these equations (numerical):

Inverse Kinematics (IK)

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec08_manipulation_3_ik_jacobian.pdf

Start with error from end point

https://www.mathworks.com/discovery/inverse-kinematics.html
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• Given the end effector pose, determine each joint position
• Can be many solutions for each joint position
• Summarized by these equations (numerical):

Inverse Kinematics (IK)

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec08_manipulation_3_ik_jacobian.pdf

find the step direction towards the position difference 
Find the direction to move

https://www.mathworks.com/discovery/inverse-kinematics.html

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec08_manipulation_3_ik_jacobian.pdf
https://www.mathworks.com/discovery/inverse-kinematics.html


• Given the end effector pose, determine each joint position
• Can be many solutions for each joint position
• Summarized by these equations (numerical):

Inverse Kinematics (IK)

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec08_manipulation_3_ik_jacobian.pdf

Take a step in that direction!

https://www.mathworks.com/discovery/inverse-kinematics.html

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec08_manipulation_3_ik_jacobian.pdf
https://www.mathworks.com/discovery/inverse-kinematics.html


Forward vs Inverse Kinematics

https://www.mathworks.com/discovery/inverse-kinematics.html

https://www.mathworks.com/discovery/inverse-kinematics.html


In the case of dual arm manipulation, is it as 
simple as applying IK to both arms?

https://www.aimodels.fyi/papers/arxiv/peract2-benchmarking-learning-robotic-bimanual-manipulation-tasks 
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In the case of dual arm manipulation, is it as 
simple as applying IK to both arms?

https://www.aimodels.fyi/papers/arxiv/peract2-benchmarking-learning-robotic-bimanual-manipulation-tasks 

Maybe a bit more 
involved…

https://www.aimodels.fyi/papers/arxiv/peract2-benchmarking-learning-robotic-bimanual-manipulation-tasks


• The transform between the end effectors must remain fixed

Bimanual manipulation kinematics 
Challenges:

T

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



• The transform between the end effectors must remain fixed
• Configuration space becomes a non-linear mess with obstacles and 
other arm

Bimanual manipulation kinematics 
challenges:

• Workspace: set of all reachable eeff points
• Configuration space: all possible configurations 

for the robots joints 

https://rpm-lab.github.io/CSCI5551-Spr24/assets/slides/lec11_planning_3_configuration_spaces.pdf 
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• The transform between the end effectors must remain fixed
• Configuration space becomes a non-linear mess with obstacles and 
other arm

• Numeric IK becomes very computationally expensive
• How would we tackle all of these?

Bimanual manipulation kinematics 
challenges:

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.
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One neat approach: 

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



• Rather than gradient descent - find closed form solution for joint 
angles instead…

Analytic IK



• Rather than gradient descent - find closed form solution for joint 
angles instead…

• Geometric algebra can be very difficult, many common configurations 
are already solved

Analytic IK

https://repository.gatech.edu/server/api/core/bitstreams/e56759bc-92c8-43df-aa62-0dc47581459d/content 
https://www.universal-robots.com/products/ur5-robot/ 

https://repository.gatech.edu/server/api/core/bitstreams/e56759bc-92c8-43df-aa62-0dc47581459d/content
https://www.universal-robots.com/products/ur5-robot/


Analytic IK

https://www.kuka.com/en-se/products/robotics-systems/industrial-robots/lbr-iiwa 

https://www.sciencedirect.com/science/article/pii/S0094114X17306559 

• Rather than gradient descent - find closed form solution for joint 
angles instead…

• Geometric algebra can be very difficult, many common configurations 
are already solved

https://www.kuka.com/en-se/products/robotics-systems/industrial-robots/lbr-iiwa
https://www.sciencedirect.com/science/article/pii/S0094114X17306559


• Rather than gradient descent - find closed form solution for joint 
angles instead…

• Look towards existing software solutions, OpenRAVE IK Fast

Analytic IK



• TL;DR - There a a degree of freedom that exists by virtue of 7 DoF 
arms (such as the Kuka) that allows for movement without changing 
end-effector position.

• Show JS example…

Self-motion

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



• Constantly checking configuration space to determine the following:
• Are there any collisions?
• Is the transformation between end effectors the same?

• Constraint manifold - set of possible configurations that satisfy the 
systems constraints

• Requires offline planning to build

Constrained configuration space

https://www.semanticscholar.org/paper/Learning-the-Metric-of-Task-Constraint-Manifolds-Zha-Liu/c3e11e5447a30b9f8
ea16d73866bdd8ddccfecf6 

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.

https://www.semanticscholar.org/paper/Learning-the-Metric-of-Task-Constraint-Manifolds-Zha-Liu/c3e11e5447a30b9f8ea16d73866bdd8ddccfecf6
https://www.semanticscholar.org/paper/Learning-the-Metric-of-Task-Constraint-Manifolds-Zha-Liu/c3e11e5447a30b9f8ea16d73866bdd8ddccfecf6


• Set of points resembling Euclidean space
• Connectedness is defined

Quick aside - Manifolds

https://mathworld.wolfram.com/CompactManifold.html 

https://en.wikipedia.org/wiki/Manifold 

https://mathworld.wolfram.com/CompactManifold.html
https://en.wikipedia.org/wiki/Manifold


• Set of points resembling Euclidean space
• Connectedness is defined

Quick aside - Manifolds

https://mathworld.wolfram.com/CompactManifold.html 

https://en.wikipedia.org/wiki/Manifold 

https://mathworld.wolfram.com/CompactManifold.html
https://en.wikipedia.org/wiki/Manifold


• Planning occurs in configuration space using constraint manifold

Path and motion planning

https://www.youtube.com/watch?v=vmujyn4EgTU 

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.

Zha, Fusheng, Yizhou Liu, Wei Guo, Pengfei Wang, Mantian Li, Xin Wang, and Jingxuan Li. "Learning the 
metric of task constraint manifolds for constrained motion planning." Electronics 7, no. 12 (2018): 395.

https://www.youtube.com/watch?v=vmujyn4EgTU


• Common path planning/graph algorithms can be used 

Path and motion planning

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6352929 

L. Jaillet and J. M. Porta, "Path Planning Under Kinematic Constraints by Rapidly Exploring Manifolds," in IEEE Transactions on Robotics, vol. 29, no. 1, pp. 105-117, Feb. 
2013, doi: 10.1109/TRO.2012.2222272.
keywords: {Manifolds;Kinematics;Path planning;Joints;Space exploration;Robot kinematics;Higher-dimensional continuation;kinematic constraints;manifolds;path planning},

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6352929


• Constrain manifold is created using with obstacle collisions for each 
arm

• If the transformation between end effectors differs, that is treated as 
an obstacle

• The left arm is controlled

• Right arm follows

• Any path planning algorithm

can be used for trajectories

Intuition for the papers method

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



Results - setup

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



Results

path arc length (feet)

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



Results

path arc length (feet)

Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.



Results

https://www.youtube.com/watch?v=vmujyn4EgTU Cohn, Thomas, Seiji Shaw, Max Simchowitz, and Russ Tedrake. "Constrained bimanual planning with analytic inverse 
kinematics." In 2024 IEEE International Conference on Robotics and Automation (ICRA), pp. 6935-6942. IEEE, 2024.

https://www.youtube.com/watch?v=vmujyn4EgTU
http://www.youtube.com/watch?v=vmujyn4EgTU


Policy learning approaches



Methods - Imitation Learning

Recall:

Much more sample efficient than RL!



ALOHA Unleashed

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.



ALOHA Unleashed - Data

• ALOHA allows 
bimanual 
teleoperation for data 
collection

• 5 different tasks
• Tasks are somewhat 

long horizon and 
require precision and 
dexterity

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.



ALOHA Unleashed - Architecture

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.



ALOHA Unleashed - Architecture

• Encoder-decoder 
architecture with 
diffusion loss

• 4 cameras + 
proprioception

• CNNs are ResNet-50s
• 50 diffusion steps(ie: 

during inference decoder 
runs 50 times)

• This is just diffusion 
policy!

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.



ALOHA Unleashed - Results

• Messy demonstrations help 
the agent learn to recover 
from mistakes

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.

https://docs.google.com/file/d/1ERLa5BLUEwDhV0fCTUCyzSdpB57KzSu5/preview


ALOHA Unleashed - Results

• Messy demonstrations help 
the agent learn to recover 
from mistakes

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.

• Outperforms previous 
methods significantly



ALOHA Unleashed - Results

• Ridiculous number of 
demonstrations required

• Messy demonstrations help 
the agent learn to recover 
from mistakes

Ridiculous amount of 
demonstrations.

T. Z. Zhao, J. Tompson, D. Driess, P. Florence, S. K. S. Ghasemipour, C. Finn, and A. Wahid. ALOHA unleashed: A simple recipe for robot 
dexterity. In 8th Annual Conference on Robot Learning, 2024. URL https://openreview.net/forum?id=gvdXE7ikHI.



VLAs - Briefly

Moo Jin Kim, Karl Pertsch, Siddharth Karamcheti, Ted Xiao, Ashwin Balakrishna, Suraj Nair, Rafael Rafailov, Ethan Foster, Grace Lam, 
Pannag Sanketi, et al. Openvla: An open-source vision-language-action model. arXiv preprint arXiv:2406.09246, 2024.



VLAs - Briefly
• Make use of LLMs
• Visual understanding 

from SigLIP and DinoV2

• Takes in visual observation + textual input

Moo Jin Kim, Karl Pertsch, Siddharth Karamcheti, Ted Xiao, Ashwin Balakrishna, Suraj Nair, Rafael Rafailov, Ethan Foster, Grace Lam, 
Pannag Sanketi, et al. Openvla: An open-source vision-language-action model. arXiv preprint arXiv:2406.09246, 2024.



VLAs - Briefly
• Make use of LLMs
• Visual understanding 

from SigLIP and DinoV2

• The output translates to 
robot actions

• Takes in visual observation + textual input

Moo Jin Kim, Karl Pertsch, Siddharth Karamcheti, Ted Xiao, Ashwin Balakrishna, Suraj Nair, Rafael Rafailov, Ethan Foster, Grace Lam, 
Pannag Sanketi, et al. Openvla: An open-source vision-language-action model. arXiv preprint arXiv:2406.09246, 2024.
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Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.
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• A general framework for 
training generalist 
policies

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.
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• A general framework for 
training generalist 
policies

• VLMs + diffusion 
variant(flow matching)

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.



Results

• Outperforms previous 
methods(OpenVLA, Octo) by a large 
margin

Performance out of the box

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.
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• A general framework for 
training generalist 
policies

• VLMs + diffusion 
variant(flow matching)

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.



π
0

• Some difficult tasks 
needed 100s of hours of 
data

• Their dataset(below) 
contained 970M 
timesteps

• Post training fine tunes for difficult tasks.
Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 

Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 
Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.



Results

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.



Results

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.

● More complex 
tasks that bring 
together smaller 
tasks in pre-training
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from Physical Intelligence

Kevin Black, Noah Brown, Danny Driess, Adnan Esmail, Michael Equi, Chelsea Finn, Niccolo Fusai, Lachy Groom, Karol Hausman, Brian Ichter, Szymon Jakubczak, Tim Jones, 
Liyiming Ke, Sergey Levine, Adrian Li-Bell, Mohith Mothukuri, Suraj Nair, Karl Pertsch, Lucy Xiaoyang Shi, James Tanner, Quan Vuong, Anna Walling, Haohuan Wang, and 

Ury Zhilinsky. Physical Intelligence (2024). Available at https://www.physicalintelligence.company/download/pi0.pdf.

https://docs.google.com/file/d/1rUvWIIrqCulmu2vkJurZ2vIyXveiOJtL/preview
https://docs.google.com/file/d/1HvZesTOAKNvNFWYhu094FUMYd9P8O3nS/preview
https://docs.google.com/file/d/17MpuU8a5mwvhvb6EQ_f6O4U4g1FYz_Pf/preview
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Next Lecture:
Student Lecture 8
Foundational Models and Robot 
Manipulation



Reminder for Final Project Check-ins

Due 9am 12/04

Due 9am 12/11

Edstem post
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Dual-arm Manipulation - Learning
by Ryan Roche, Matt Rajala, Adit Kadepurkar
University of Minnesota

DeepRob


