
 Learning Structured Models of Physics

Peter Battaglia

Interpretable Learning in Physical Sciences 2

IPAM, UCLA


October 16, 2019



What is deep learning good at?



What is deep learning good at?
Image and language processing



Games (via deep reinforcement learning)

Image and language processing

What is deep learning good at?



Games (via deep reinforcement learning)

What is deep learning good at?
Image and language processing

VIP admission: 

* Vectors 

* Grids 

* Sequences



Many complex systems are structured

“Bell, based in Los Angeles, makes 
and distributes electronic, computer 

and building products.”

Natural language

CodeEveryday scenes

Biological species

Sub-atomic particles

Molecules
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The standard deep learning toolkit…

Convolutional neural network (CNN)Multi-layer perceptron (MLP) Recurrent neural network (RNN)

…is not well-suited to reasoning over structured representations.

But neural networks that operate on graphs are.

“My data is grids”:“My data is vectors”: “My data is sequences”:



Background: Graph Neural Networks
General idea 

• Analogous to a convolutional network, but over arbitrary graphs (rather than just grids)

• Learn to reason about entities and their relations


Key historical survey papers 
• Scarselli et al. (2009) "The Graph Neural Network Model".  

Summarizes the initial papers on the topic from ~2005-2009. Very general formalism.

• Li et al. (2015) “Gated graph sequence neural networks”.  

Simplified the formalism, trained via backprop, used RNNs for sharing update steps across time.

• Bronstein et al. (2016) “Geometric deep learning: going beyond Euclidean data”.  

Survey of spectral and spatial approaches for deep learning on graphs.

• Gilmer et al. (2017) “Neural Message Passing for Quantum Chemistry”.  

Introduced “message-passing neural network” (MPNNs) formalism, unifying various approaches such as 
graph convolutional networks.


• Battaglia et al. (2018). “Relational inductive biases, deep learning, and graph networks”.  
Introduced the “graph network” (GN) formalism, extends MPNNs, unifies non-local neural networks/self-
attention/Transformer.

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1015.7227&rep=rep1&type=pdf
http://Gated%20Graph%20Sequence%20Neural%20Networks
https://arxiv.org/abs/1611.08097
https://arxiv.org/abs/1704.01212
https://arxiv.org/abs/1806.01261


Graph Networks (GNs)
Why do we need another graph neural network variant? 

• We designed GNs to be both expressive, and easy to implement 

• A GN block is a “graph-to-graph” function approximator


• The output graph’s structure (number of nodes and edge connectivity) matches the input graph’s

• The output graph-, node-, and edge-level attributes will be functions of the input graph’s

Graph Network

(a type of Graph Neural Network)


Battaglia et al., 2018, arXiv



The GN’s graph-to-graph interface promotes stacking GN blocks, 

passing one GN’s output to another GN as input

Shared GN core Encode-process-decode Recurrent GN architecture

Composing GN blocks

Battaglia et al., 2018, arXiv



Message-Passing NN (eg. Interaction Net)

Gilmer et al. 2017

Non-Local NN (eg. Transformer)

Vaswani et al. 2017; Wang et al. 2017

Relation Network

Raposo et al. 2017; Santoro et al. 2017

Deep Sets

Zhang et al. 2017

Graph Network

(a type of Graph Neural Network)


Battaglia et al. 2018

Battaglia et al., 2018, arXiv



Interaction Network: Learning simulation as message-passing

Battaglia et al., 2016, NeurIPS
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Edge function 

• Compute “message” from 
node and edge attributes 
associated with an edge

Battaglia et al., 2016, NeurIPS
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• Compute “message” from 
node and edge attributes 
associated with an edge

Node function 

• Update node info from 
previous node state and 
aggregated “messages”

Battaglia et al., 2016, NeurIPS

Interaction Network: Learning simulation as message-passing

e0k  �e(ek,vrk ,vsk) ē0i  
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<latexit sha1_base64="OQpkykekKrFqANy+Vz8tfCCeeOc=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiyI4LKCfUBTymR60w6dTMLMRCihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTJIJr47rfztr6xubWdmmnvLu3f3BYOTpu6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udJ1Sax/LRTBPsR3QkecgZNVby/YiacRBmOBtMBpWqW3PnIKvEK0gVCjQHlS9/GLM0QmmYoFr3PDcx/Ywqw5nAWdlPNSaUTegIe5ZKGqHuZ/PMM3JulSEJY2WfNGSu/t7IaKT1NArsZJ5RL3u5+J/XS01408+4TFKDki0OhakgJiZ5AWTIFTIjppZQprjNStiYKsqMralsS/CWv7xK2vWad1mrP1xVG3dFHSU4hTO4AA+uoQH30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5A2d4ke4=</latexit>



Nodes: bodies

Edges: gravitational forces

Nodes: balls

Edges: rigid collisions between 
            balls, and walls

Nodes: masses

Edges: springs and rigid 

            collisions

Physical systems as graphs

Battaglia et al., 2016, NeurIPS
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Balls

1000-step rollouts of true (top row) vs predicted (bottom row)

Battaglia et al., 2016, NeurIPS



Stringn-body
M

od
el

Tr
ue

Balls

Zero-shot generalisation to larger systems

Battaglia et al., 2016, NeurIPS



Interaction Network: Predicting potential energy

Node aggregation and global function 

• Rather than making node-wise 
predictions, node updates can be 
used to make global predictions.

P.E.

Trained to predict system’s 

potential energy

Battaglia et al., 2016, NeurIPS

u0  �u(v̄0)

v̄0  
X

i

v0
i

<latexit sha1_base64="6ce7el1Qy7Ix+j9njm+JKXPho6c=">AAACHHicbVDLSsNAFJ34rPUVdelmsEhdlaQVdFkQwWUF+4AmhMl00g6dScLMpFJCPsSNv+LGhSJuXAj+jZM2oLYeGDiccy5z7/FjRqWyrC9jZXVtfWOztFXe3tnd2zcPDjsySgQmbRyxSPR8JAmjIWkrqhjpxYIg7jPS9cdXud+dECFpFN6paUxcjoYhDShGSkue2XB8JFKHIzXyg3SSZVXoMBIoJER0Dx2ZcC+lGfwJVD3qmRWrZs0Al4ldkAoo0PLMD2cQ4YSTUGGGpOzbVqzcFAlFMSNZ2UkkiREeoyHpaxoiTqSbzo7L4KlWBjCIhH6hgjP190SKuJRT7utkvqRc9HLxP6+fqODSTWkYJ4qEeP5RkDCoIpg3BQdUEKzYVBOEBdW7QjxCAmGl+yzrEuzFk5dJp16zG7X67XmleV3UUQLH4AScARtcgCa4AS3QBhg8gCfwAl6NR+PZeDPe59EVo5g5An9gfH4DX/Kiyg==</latexit>



Watters et al., 2017, NeurIPS

Multi-frame encoder (conv net-based) Interaction network

Visual interaction network: Simulate from input images



Watters et al., 2017, NeurIPS

Bouncing ballsMass-springs

ModelTrue ModelTrue

Can even predict invisible objects, inferred from how they affect visible ones

Visual interaction network: Simulate from input images



Learning symbolic physics with graph networks

Cranmer et al., 2019, arXiv/NeurIPS 2019 workshop

e0k  �e(ek,vrk ,vsk)

(see Miles’ poster in the atrium)



Learning symbolic physics with graph networks

Cranmer et al., 2019, arXiv/NeurIPS 2019 workshop

Experiments

• 2D and 3D n-body (1/r and 1/r2 force laws)

• Mass-spring system


Architecture

Interaction network with message vectors 
constrained to 2 or 3 dimensions


Results

• After training, message vectors are linear 

transforms of the true forces

• Symbolic regression of the message function’s 

formula reveals the analytical form of the true 
force laws

(see Miles’ poster in the atrium)



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>
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Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>
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Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>
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Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Generalization to untrained time stepsPerformance

• OGN and HOGN used RK4 integrator (we also tested lower order RK integrators)

• We also tested symplectic integrators, and found HOGN has better energy accuracy/conservation



General graph network processing pipeline

ek,vsk ,vrk ,u

ē0i,vi,u

ē0, v̄0,u

Edge block 
For each edge,                            , 

are passed to an “edge-wise function”:


Node block 
For each node,                  , are 

passed to a “node-wise function”:


Global block 
Across the graph,                  , are 

passed to a “global function”:




Systems: "DeepMind Control Suite" (Mujoco) & real JACO

DeepMind Control Suite (Tassa et al., 2018)

JACO Arm



Sanchez-Gonzalez et al., 2018, ICML

Kinematic tree of the actuated system as a graph

Controllable physical system as a graph:


• Bodies → Nodes


• Joints → Edges


• Global properties



Chained 100-step predictions

Input graph (t) Next graph (t+1)

Sanchez-Gonzalez et al., 2018, ICML

Forward model: supervised, 1-step training w/ random control inputs



Single model trained:

• Pendulum, Cartpole, Acrobot, 

Swimmer6 & Cheetah

Zero-shot generalization: Swimmer

• # training links: {3, 4, 5, 6, -, 8, 9, -, -, …}

• # testing links:  {-,  -,  -,  -, 7, -,  -, 10-14}

Sanchez-Gonzalez et al., 2018, ICML

Forward model: Multiple systems & zero-shot generalization



(Real JACO trajectories, rendered using Mujoco)

Recurrent GN

Sanchez-Gonzalez et al., 2018, ICML

Forward model: Real JACO data



Identifiable conditionUnidentifiable condition

Sanchez-Gonzalez et al., 2018, ICML

Unobserved system parameters (e.g. mass, length) are implicitly inferred
Inference: GN-based system identification



Sanchez-Gonzalez et al., 2018, ICML

Inference: GN-based system identification
Unobserved system parameters (e.g. mass, length) are implicitly inferred



The GN-based forward model is differentiable, so we can backpropagate through it to search for a 
sequence of actions that maximize reward.

Sanchez-Gonzalez et al., 2018, ICML

Control: Model-based planning



Sanchez-Gonzalez et al., 2018, ICML

Control: Multiple systems via a single model



Sanchez-Gonzalez et al., 2018, ICML

Control: Zero-shot control



Sanchez-Gonzalez et al., 2018, ICML

Control: Multiple reward functions



“Stag hunt"

Graph networks as forward models of multi-agent RL systems

Tacchetti et al., 2019, ICLR



“Stag hunt"

Graph networks as forward models of multi-agent RL systems

Tacchetti et al., 2019, ICLR

Graph representation

Recurrent graph net architecture



Graph networks as forward models of multi-agent RL systems

Tacchetti et al., 2019, ICLR

Trained model’s predictive accuracy: 

medium number of correctly predicted future steps (random ~= 0.1)



Interpretable learned representations

Tacchetti et al., 2019, ICLR

Agent <—> Stag

Agent <—> Other agent
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Tacchetti et al., 2019, ICLR

1. Train a set of agents to perform a game.

2. Train an RFM to predict the agents’ future actions.

3. Train a new, untrained agent, whose observations are 

augmented with the RFM’s message magnitudes.

The new agent (blue curve) trains faster in all environments.

Agents learn faster with model-augmented observations



Learning deep generative models of chemical graphs

Li et al., 2018, arXiv

• Generative model defines joint distribution over graph-generating decisions (structure and order).

• Analogous to a decision tree, where decisions are selected by a GNN:


1. Add node? If NO, terminate.

2. If YES, Add edge? If NO, goto (1).

3. If YES, Pick node to add edge to. Goto (2).


• Training optimizes the joint log-likelihood of structure and order, with Monte Carlo integration over 
permutations.



Li et al., 2018, arXiv

Learning deep generative models of chemical graphs

• Our model learns a more accurate model than LSTMs, and can generate more novel molecules.

20.55

• GrammarVAE (Kusner et al., 2017) has qualitatively poorer samples from the prior.



Humans are a “construction species”



(a) Silhouette (c) Covering (d) Covering Hard(b) Connecting

In
iti

al
Fi

na
l

Pick up blocks and place them in the scene

(and optionally make them sticky)

Avoid touching obstacles

Bapst et al., 2019, ICML

Structured agents for physical construction
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Structured agents for physical construction
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Structured agents for physical construction
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Structured agents for physical construction



Bapst et al., 2019, ICML

Graph net-based agent: model-free
Can be thought of as “graph building” agent



Bapst et al., 2019, ICML

Graph net-based agent: model-based
Can be thought of as “graph building” agent



Bapst et al., 2019, ICML

Absolute vs relative actions



Object-Centric ActionsAbsolute Actions

Reward: +1 per target, -0.5 per sticky block

Bapst et al., 2019, ICML

Results: “Silhouette” task



Absolute Actions Object-Centric Actions

Reward: +1 per target, free sticky blocks

Bapst et al., 2019, ICML

Results: “Connecting” task



Absolute Actions Object-Centric Actions

Reward: proportional to length covered, -2 per sticky block

Bapst et al., 2019, ICML

Results: “Covering” task



Absolute Actions Object-Centric Actions

Reward: proportional to length covered, -0.5 per sticky block

Bapst et al., 2019, ICML

Results: “Covering hard” task



Bapst et al., 2019, ICML

Results: Absolute vs relative actions
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Bapst et al., 2019, ICML

Results: Planning agent (using MCTS)



Build Graph Nets in Tensorflow

For GNN libraries in PyTorch, check out:

• pytorch_geometric: github.com/rusty1s/pytorch_geometric (for a GN analog, see MetaLayer)

• Deep Graph Library: github.com/dmlc/dgl

github.com/deepmind/graph_nets

http://github.com/rusty1s/pytorch_geometric
http://github.com/dmlc/dgl
http://github.com/deepmind/graph_nets


Build Graph Nets in Tensorflow
github.com/deepmind/graph_nets

Message-Passing NN (eg. Interaction Net)

Gilmer et al. 2017

Non-Local NN (eg. Transformer)

Vaswani et al. 2017; Wang et al. 2017

Relation Network

Raposo et al. 2017; Santoro et al. 2017

Deep Sets

Zhang et al. 2017

Graph Network

(a type of Graph Neural Network)


http://github.com/deepmind/graph_nets


Build Graph Nets in Tensorflow

Shortest path:

Sorting:

Predicting physics:

IPython Notebook demos

(All use same architecture)

github.com/deepmind/graph_nets

http://github.com/deepmind/graph_nets


• Graph neural networks: a first-class member of the deep learning toolkit. 


• Learned message-passing on graphs supports simulation, as well as other 
forms of structured control and  decision-making.


• Models with rich internal structure offer unique opportunities for interpretability.


• Build Graph Nets in Tensorflow: github.com/deepmind/graph_nets.


Conclusions

http://github.com/deepmind/graph_nets
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