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Setup: Inverse Problems

Given: data capturing physics laws
• high-fidelity model
• expensive
• compute-intensive
• observational

Goal: recover model that describes data while
preserving underlying physics laws



3

Preserving Physics in Machine Learning Models

Black Box NN learn model through data exclusively

Physics-Informed NN learn model close to physics through penalty

Structure-Preserving NN learn model that preserves physics exactly 

“Learn from 
data”

“Solve from 
physics”
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Why Learn a Chain Complex?

Guarantee physics constraints
Divergence-free, gauge-free constraints appear naturally in homology of chain complex 

Learn new metrics
Chain complexes can be built for any manifold, with bespoke metric information

Build with mesh-free construction
Build k-forms using Whitney Forms

Construct with exact integration
Avoid variational crimes due to collocation, quadrature, etc.
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Example of a Chain Complex

The de Rham complex encodes how exterior calculus relates volumes to boundary fluxes.

Stokes’ Theorem Exact Sequence Property
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Example of a Chain Complex

The de Rham complex encodes how exterior calculus relates volumes to boundary fluxes.

Stokes’ Theorem Exact Sequence Property
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Learning a Chain Complex
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Defining k-forms
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Defining our Partition of Unity
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An Illustration
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Defining Whitney k-forms



12

An Illustration

Using 0-forms from 
earlier,
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Defining Metricized Exterior Derivatives
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Building Exact Physics FEEC System
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Building Exact Physics FEEC System

Introduce metrics
Change metrics for exterior derivatives

Learnable system
Solve the new linear system

Discrete System
Solve the linear system          or equivalent system 



16

Building Exact Physics FEEC System

Structure-Preserving NN learn model that preserves physics exactly 



17

Examples
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Examples 1&2: Mixed-Formulation Poisson Problems

Battery data courtesy of Scott Roberts, 01513
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Example 1: Five Strip Problem
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Example 2: Battery Problem

FEM simulation with ARIA
Mesh: 5.89 M nodes

11.8 M elements
Solve: 5.89 M DoF

ML chain complex model
POUs: 8 interior POUs

8 boundary POUs
Solve: 264 DoF
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Example 3: Drift-Diffusion Equations
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ML Formulation
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Example 3: Drift-Diffusion Equations
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Conclusion: Structure Preservation By Construction
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