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Compositionality in daily life





Trial and error? F = ma?



Intuitive Physics



State Representation? Model Class?



State Representation? Model Class?
Particle + Graph Neural Networks

Goal Result

Li, Wu, Tedrake, Tenenbaum, Torralba 
Learning Particle Dynamics for Manipulating Rigid Bodies, Deformable Objects, and Fluids
ICLR 2019

Yi*, Gan*, Li, Kohli, Wu, Torralba, Tenenbaum
CLEVRER: Collision Events for Video Representation and Reasoning
ICLR 2020

Image Patch + Graph Neural Networks



Keypoints + MLP

Manuelli, Li, Florence, Tedrake.
In submission

State Representation? Model Class?

Keypoints + Graph Neural Networks

Li, Torralba, Anandkumar, Fox, Garg
Causal Discovery in Physical Systems from Videos
In submission.
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• Different representations and model classes are suitable for different scenarios / tasks.
• There may not need a “universal” choice that works for all use cases.
• It is essential to understand the advantages and limitations.
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• Compositional Koopman Operators lies in the category of
• Object-centric latent vectors
• Graph Neural Networks + Linear Dynamics

State Representation? Model Class?



Problem

• Given observations from a system of unknown dynamics

• Task 1: system identification

• Task 2: control synthesis

xt+1 = F(xt,ut)

Fxt utsystem state control signal dynamics
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Learned dynamics is 
highly nonlinear

- Hard to adapt
- Hard for control



Previous Methods

Steven L. Brunton, Bingni W. Brunton, Joshua L. Proctor, and J. Nathan Kutz
Koopman Invariant Subspaces and Finite Linear Representations of Nonlinear Dynamical Systems for Control
PloS one 11.2 (2016).

• The Koopman Operator Theory

xt+1 = F (xt)
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Learned dynamics is linear

+ Easy to adapt
+ Easy for control

- Unable to handle 
compositional system

• The Koopman Operator Theory



Graph Neural 
Networks

The Koopman 
Operator Theory

+ Capture the 
compositionality

- Hard to adapt
- Hard for control

- Unable to handle 
compositional systems

+ Easy to adapt
+ Easy for control



Compositional 
Koopman
Operators

+ Generalize to 
compositional systems

+ Easy to adapt
+ Easy for control
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Graph Neural Networks
• Represent the state as a graph, where each component is a node
• Model the interactions between components using neural networks

G = hO,Ri
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Block-wise structure of the 
Koopman matrix:
1. Each block encodes an 
interaction.
2. Block can share parameters 
which significantly reduce its 
parameters.
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Three observations from the spring system:
(1) The system state is composed of the state of each individual object.
(2) The transition matrix has a block-wise substructure.
(3) The same physical interactions share the same transition block.

Compositional Koopman Operators

Graph neural network to decode the new state.

Assuming



Compositional Koopman Operators Assuming

Training



Compositional Koopman Operators

Training

Assuming

• System Identification
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T
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Compositional Koopman Operators

Training

Assuming

• System Identification
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

Auto-encoding



Compositional Koopman Operators

Training

Assuming

• System Identification
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

Auto-encoding

Prediction loss



Compositional Koopman Operators

Training

Assuming

• System Identification
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

Auto-encoding

Prediction loss

Metric loss



Compositional Koopman Operators

Training

Assuming

• System Identification
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

Auto-encoding

Prediction loss

Metric loss



Compositional Koopman Operators

Test time

Assuming

• System Identification / Online adaptation
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>



Compositional Koopman Operators

Test time

Assuming

• System Identification / Online adaptation
• Given           and action 
• Solve for     and    .
• Least-square fitting.

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>

g(xt), t = 0, . . . , T

<latexit sha1_base64="hBySZZIk3SPh5OitNyKBQhbEHTM=">AAACBnicbVDLSgMxFM3UV62vUVfiJliECqXMSEU3QtGNywp9QTuWTJq2ocnMkNwRy1Dc+iNu60rc+hWCf2P6WGjrgcDhnHu4ucePBNfgON9WamV1bX0jvZnZ2t7Z3bP3D2o6jBVlVRqKUDV8opngAasCB8EakWJE+oLV/cHtxK8/MqV5GFRgGDFPkl7Au5wSMFLbPurlWr5MnkYPcJbHcO3kW50QdB5X2nbWKThT4GXizkkWzVFu218mSmPJAqCCaN10nQi8hCjgVLBRphVrFhE6ID3WNDQgkmkvmZ4wwqdG6eBuqMwLAE/V34mESK2H0jeTkkBfL3oTMY99+Z/fjKF75SU8iGJgAZ0t68YCQ4gnneAOV4yCGBpCqOLmv5j2iSIUTHMZU4S7ePYyqZ0X3GLh4r6YLd3MK0mjY3SCcshFl6iE7lAZVRFFz+gVjdGb9WKNrXfrYzaasuaZQ/QH1ucPfjmXFA==</latexit>

• Control Synthesis,
• Given           ,           ,     and    .
• Solve for  
• Quadratic programing (QP).

g(x0)

<latexit sha1_base64="x1ofD8zKTZL8cqF4007/yj7VLAU=">AAAB9nicbVBNSwMxEJ31s9avqkcvwSJUkLIrFT0WvXisYD9gu5ZsmrahyWZJstKy9Gd4rSfx6q8R/Dem7R609cHA470ZZuaFMWfauO63s7a+sbm1ndvJ7+7tHxwWjo4bWiaK0DqRXKpWiDXlLKJ1wwynrVhRLEJOm+HwfuY3X6jSTEZPZhzTQOB+xHqMYGMlv19qhyIdTZ7di06h6JbdOdAq8TJShAy1TuGr3ZUkETQyhGOtfc+NTZBiZRjhdJJvJ5rGmAxxn/qWRlhQHaTzkyfo3Cpd1JPKVmTQXP09kWKh9ViEtlNgM9DL3ky8RKH4z/cT07sNUhbFiaERWSzrJRwZiWYZoC5TlBg+tgQTxey9iAywwsTYpPI2CG/57VXSuCp7lfL1Y6VYvcsiycEpnEEJPLiBKjxADepAQMIrTOHNGTlT5935WLSuOdnMCfyB8/kDC5mSBA==</latexit>

g(xT )

<latexit sha1_base64="kD54HfQ6n8wIIFEDiK7pluSyLh4=">AAAB9nicbVDLSgNBEJyNrxhfUY9eBoMQQcKuRPQY9OIxQl6wWcPsZDYZMo9lZlYSlnyG13gSr36N4N84SfagiQUNRVU33V1hzKg2rvvt5DY2t7Z38ruFvf2Dw6Pi8UlLy0Rh0sSSSdUJkSaMCtI01DDSiRVBPGSkHY4e5n77hShNpWiYSUwCjgaCRhQjYyV/UO6GPB1PnxuXvWLJrbgLwHXiZaQEMtR7xa9uX+KEE2EwQ1r7nhubIEXKUMzItNBNNIkRHqEB8S0ViBMdpIuTp/DCKn0YSWVLGLhQf0+kiGs94aHt5MgM9ao3F69gyP/z/cREd0FKRZwYIvByWZQwaCScZwD7VBFs2MQShBW190I8RAphY5Mq2CC81bfXSeu64lUrN0/VUu0+iyQPzsA5KAMP3IIaeAR10AQYSPAKZuDNGTsz5935WLbmnGzmFPyB8/kDQt2SKA==</latexit>

ut, t = 0, . . . , T

<latexit sha1_base64="w1uzpKmGpWknpa1hYq3QxLBJ/t4=">AAACBHicbVDLSgMxFM3UV62vqgsXboJFcDGUGanoRii6cVmhL2jHkkkzbWgyMyR3hDJ064+4rStx62cI/o1pOwttPRA4nHMPN/f4seAaHOfbyq2tb2xu5bcLO7t7+wfFw6OmjhJFWYNGIlJtn2gmeMgawEGwdqwYkb5gLX90P/Nbz0xpHoV1GMfMk2QQ8oBTAkbqFU+6vkyTyRPYGPAtduxuPwJt13vFklN25sCrxM1ICWWo9YpfJkkTyUKggmjdcZ0YvJQo4FSwSaGbaBYTOiID1jE0JJJpL50fMMHnRunjIFLmhYDn6u9ESqTWY+mbSUlgqJe9mWhjX/7ndxIIbryUh3ECLKSLZUEiMER41gjuc8UoiLEhhCpu/ovpkChCwfRWMEW4y2evkuZl2a2Urx4rpepdVkkenaIzdIFcdI2q6AHVUANRNEGvaIrerBdrar1bH4vRnJVljtEfWJ8/NziWZQ==</latexit>

K

<latexit sha1_base64="hX0wdtLHr9qkzi7eh3RUB+xiHnI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9CJ4ScA8IFnC7KQ3GTI7u8zMCiHkC7zGk3j1kwT/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYPcz91gsqzWP5bMYJ+hEdSB5yRo2V6k+9YsktuwuQdeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1PFodOyYVV+iSMlS1pyEL9PTGhkdbjKLCdETVDverNxSsSRP/5ndSEd/6EyyQ1KNlyWZgKYmIy/5z0uUJmxNgSyhS39xI2pIoyY/Mp2CC81bfXSfO67FXKN/VKqXqfRZKHMziHS/DgFqrwCDVoAAOEV5jBmyOdmfPufCxbc042cwp/4Hz+AAfijgo=</latexit>

L

<latexit sha1_base64="akhaWUN2Zm02y1a2YbQxipEDh2g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuRPQY9OLBQwLmAckSZie9yZDZ2WVmVgghX+A1nsSrnyT4N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6GHut15QaR7LZzNO0I/oQPKQM2qsVH/qFUtu2V2ArBMvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/sjh0Si6s0idhrGxJQxbq74kJjbQeR4HtjKgZ6lVvLl6RIPrP76QmvPMnXCapQcmWy8JUEBOT+eekzxUyI8aWUKa4vZewIVWUGZtPwQbhrb69TprXZa9SvqlXStX7LJI8nME5XIIHt1CFR6hBAxggvMIM3hzpzJx352PZmnOymVP4A+fzBwlqjgs=</latexit>
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1) Manipulating 
a Rope

3) Controlling a soft 
robot to swim in fluids

2) Controlling a soft 
robot to swing

Soft Tissue

Rigid Tissue

Contracting Actuator

Expanding Actuator

Experiments
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Rope Manipulation (Control) Target state is shown as red dots.
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Soft Robot Swing (Control) Target state is shown as red grids.
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Soft Robot Swim (Control) Target state is shown as red grids.









Summary
• We propose to combine graph neural networks and Koopman Operator Theory

Our formulation
• Captures the compositional structures of the underlying system
• Generalizes to systems with variable numbers of components
• Generalizes to systems with different configurations



Summary
• We propose to combine graph neural networks and Koopman Operator Theory

Our formulation
• Captures the compositional structures of the underlying system
• Generalizes to systems with variable numbers of components
• Generalizes to systems with different configurations

The internal linear structure allows
• Quick adaptation to system of unknown physical parameters

• via Least Squares Regression
• Efficient control synthesis

• via Quadratic Programming (QP)
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Limitation and Future Studies
• Assuming the underlying dynamics is smooth or a few times differentiable.
• Did not succeed for modeling hard contact.

• Adapt to more complicated/realistic scenarios
• Deformable objects / Soft robots
• Fluid / Granular materials
• Cloth / Rope manipulation

• How well can it cope with different state representations?
• Extend to piecewise affine model

• Fewer pieces to cover the state space
• Augment with policy function and/or value function
• More theoretical probe on the discrepancy between the Koopman and the state space
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