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GIF from https://github.com/NVIDIA/torch-harmonics; Spherical Fourier Neural Operator
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[Lu et al. 2021, Nature Machine Intelligence]

What is a Neural Operator?

Single point in the 
domain  where your 
output function 
exists (e.g. a location 
in 2D space)

One target 
sample as 
output

“Fixed Sensors”

u(x1), u(x2), … u(xm)

“Deep-O-Net”



What is a Neural Operator?

∈ can be minimized so that the neural operator approximates the true operator 

Universal Approximation Theorem 
for Operator:

[Lu et al. 2021, Nature Machine Intelligence]
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[Lu et al. 2021, Nature Machine Intelligence]

What is a Neural Operator?
“Deep-O-Net”

U(x)

V(y)

V(y)   = 



Training a deep-o-net

Single point in the 
domain  where your 
output function 
exists (e.g. a location 
in 2D space)

One target 
sample as 
output

“Fixed Sensors”

u(x1), u(x2), … u(xm)



What are they good for?

Mapping from continuous function space to continuous function space (…supposedly)



What are they good for?

Reality requires some discretization



What are they good for?

Neural operators trained at lower resolution can often “perform well at higher resolution”

Property of “Super-resolution”
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MLP on input 
channels to 
“lift”

MLP on channels to 
“project” to output 
number of channels

Residual connection

FFT iFFT

Learning weights on 
Lower freq. modes 

Comments:
- Agnostic to the input dimension; train on lo-res, inference on hi-res (“zero-shot 

super-resolution”)

- No branch, no trunk… but still an operator network…

- ..the necessary convolution in the original domain is replaced by multiplication 
in frequency domain which leads to much faster application of the operator 
across all samples

Fourier Neural Operator

[Fig. from J.Bedford, description of FNO model of Li et al. 2021 ICLR]
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Fourier Neural Operator variants

[Fig. from Bonev et al. 2023, PMLR]

SFNO  (Spherical)



Fourier Neural Operator variants

[Fig. from  Zou et al. 2024 Geophysical Journal International]

UFNO  (U shaped)



Convolutional Neural Operator

CNO  (Convolutional)

[Fig. from Raonic et al. 2023]
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Surrogate numerical simulations

[Fig. from Li et al. 2021, ICLR]

- Navier-Stokes fluid vorticity dataset created with pseudospectral numerical 
method
- FNO 3-D Trained on (64,64,20); evaluated on (256,256,80) -> Super resolution
- Over 200 times faster than numerical model simulation

FNO



Surrogate numerical simulations

[Fig. from Bonev et al. 2023, PMLR]

5 year long rollout (1450 autoregressive steps)
Stability.

Forecasting skill of SFNO compared 
to numerical weather model (IFS).

SFNO



In seismology

[Yang et al. The Seismic Record, 2021]

FNO



[Zou et al. 2024; Geophysical Journal International]

Models also being used in inversions 
(here the UFNO)



[Video courtesy of Giacomo Mastella] [Foamquake; Mastella et al. JGR 2022]

Autoregression for Laboratory earthquakes



[Mastella et al., Geophysical Research Letters, 2022]

Enhanced 
forecasting 



(convLSTM) [Mastella et al., Geophysical 
Research Letters, 2022]



Data Forecast 
(with prediction 

horizon of 10)

A “toy” FNO-2D model trained on some data of Van Rijsingen et al. [GRL 2019]

Plan to scale this up to the experiments of Elvira Latypova (PhD student at RUB).
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Do we need neural operators?

[Table. from CNO paper of Raonic et al. 2023]



“Representation equivalency”

Continuous 
function space

another 
Continuous 
function space

Is this really happening?

Taking care about aliasing -> CNO has some solutions to this.



Getting started with operator 
learning





















JOB 
ADVERTISEMENT



Applying SciML; PINNs; Neural Operators, on problems 
related to earthquake faulting and the seismic cycle

https://uni.ruhr-uni-bochum.de/en/vacancies

https://jobs.ruhr-uni-bochum.de/jobposting/02d6f3fe552e0347881bb33e1377e7c4fa433ce30



Questions?
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