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Structure

• The major advances in machine learning were due to encoding 
more structure into the model.

• More structure = faster and better fits from less data
• Convolutional Neural Networks are structure assumptions



Lotka-Volterra

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y

🐰 🐰 🐰🐺
Exponential 

growth
Eaten by wolves

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y🐺🐺 🐰🐺

Competition More food

Predator–prey equations (1910-1920)



Lotka-Volterra

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y

🐰 🐰 🐰🐺
Exponential 

growth
Eaten by wolves

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y🐺🐺 🐰🐺

Competition More food

Predator–prey equations (1910-1920)



Lotka-Volterra

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y

🐰 🐰 🐰🐺
Exponential 

growth
Eaten by wolves

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y🐺🐺 🐰🐺

Competition More food

Predator–prey equations (1910-1920)



Lotka-Volterra

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y

🐰 🐰 🐰🐺
Exponential 

growth
Eaten by wolves

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y🐺🐺 🐰🐺

Competition More food

Predator–prey equations (1910-1920)



Lotka-Volterra

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y

🐰 🐰 🐰🐺
Exponential 

growth
Eaten by wolves

<latexit sha1_base64="OgUneGnYO11BpIv5xtgly9DFIxg="></latexit>

d

dt
x = ↵x � ⇠1 x y

d

dt
y = �✓1 y + ⇠2 x y🐺🐺 🐰🐺

Competition More food

Predator–prey equations (1910-1920)



<latexit sha1_base64="iQxs2dxh6ewi9qyqBYzz+TksmEY="></latexit>
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Unknown DEs
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Workflow
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Model:

Symbolic regression:
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Solution:

Train on data:



Extrapolation



Discovery of Unknown Physics? 

1.Identify known parts of a model, build a UODE

2.Train a neural network to capture the missing mechanisms

3.Sparse identify the missing terms to mechanistic terms

4.Verify the mechanisms are scientifically plausible

5.Extrapolate, do asymptotic analysis, predict bifurcation, etc.

6.Get more data to verify the new terms



UODEs show accurate extrapolation and generalization

Demonstrated with the LIGO Black Hole 
dynamics from the gravitational wave data!

(arXiv:2102.12695)
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QSIR Predicts Quarantine Measure Evolution

A machine learning aided global diagnostic and comparative tool to assess 
effect of quarantine control in Covid-19 spread." Cell Patterns (2020)



Keeping Neural Networks Small Keeps Speed For Inverse Problems

DiffEqFlux.jl (Julia UDEs)

DeepXDE (TensorFlow Physics-Informed NN)
Problem: parameter estimation
of Lorenz equation from data
on t in (0,3)


