
MODERN NEURAL NETWORKS: A 
PATHWAY TO BETTER ADAPTIVE OPTICS

ALISON WONG
Peter Tuthill 
Barnaby Norris 
Olivier Guyon

�1



AIA 2019

A SIMPLE MODEL OF THE ATMOSPHERE

Sheets of turbulence 
following 
Kolmogorov statistics
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ADAPTIVE OPTICS

Image source: Davies & Kasper 2012
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AIA 2019

MOTIVATION

▸ High resolution images of planets and 
moons in our solar system 

▸ Study of protoplanetary disks 

▸ Spectroscopic studies of distant galaxies 

▸ Study of the Sun’s photosphere

▸ Direct imaging of exoplanets 

▸ Imaging circumstellar disks 

▸ Study of stellar multiplicity 

▸ Determining masses of black holes
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Neptune

Without AO correction With AO correction

Image source: Wizinowich 2015
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CHALLENGES
Predictive control 

1. Model non-
linearities 

2. Long term temporal 
behaviours 

3. Sensor fusion 

4. Calibration
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WHY WE NEED PREDICTIVE CONTROL

Time delay

Image source: Davies & Kasper 2012
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to predict

AIA 2019

FORMULATION OF THE PROBLEM

Measured wavefronts Wavefront we 
want to predict
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PREDICTIVE CONTROL WITH LINEAR ALGEBRA
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Predictive Filter

Guyon & Males 2017

COMPUTATIONALLY 
EXPENSIVE

�9



AIA 2019

CHALLENGES
Predictive control 

1. Model non-
linearities 

2. Long term temporal 
behaviours 

3. Sensor fusion 

4. Calibration

�10



AIA 2019

PREDICTIVE CONTROL WITH A NEURAL NETWORK
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FEEDFORWARD NEURAL NETWORK

Video source: https://www.youtube.com/watch?v=aircAruvnKk
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https://www.youtube.com/watch?v=aircAruvnKk
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CURRENT RESULTS
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Linear neural network does better 

‣ on small amount of data 

‣ for longer delays 
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Seen data

Unseen data

CURRENT RESULTS
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RECURRENT NEURAL NETWORK
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SENSOR FUSION

Pyramid wavefront sensor images Point spread function

Image source (right): https://wfirst.gsfc.nasa.gov/science/WFIRSTScienceSheetFINAL.pdf

Point spread function (infrared)
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Simulation Tool Kits Now Available at WFIRST Science Centers
http://www.stsci.edu/wfirst/software

https://wfirst.ipac.caltech.edu/sims/Simulations_csv.html

Wavelength 
Dependent 

PSF Simulator

3-Dimensional 
Exposure Time 

Calculator

Stellar Pops 
Image Simulator

Multi-mission 
Field of View 

Overlay

A WFIRST coronagraphic 
simulation of a warm Jupiter at 2 
AU from a G2 star at d = 3 pc.  
WFIRST’s high performance 

coronagraph aims to reach 10-9 
contrast ratio in the visible, orders 
of magnitude better than current 

ground or space capabilities. 

The blue footprint shows a simulated 
WFIRST 50-dither WFI exposure.  The red 
overlay is the size of the Hubble Ultra Deep 
Field. A WFIRST Ultra Deep Field would be 

100x wider than Hubble and JWST 
surveys, with >100 galaxies at z > 10. Single WFIRST fields will probe 

the entire visible extent of all 
nearby galaxies and >50 kpc of 

their halo (at 4 Mpc). 

One WFIRST 4k x 4k Detector

WFIRST 3 Filter  
Simulation of M83

100% of WFIRST’s observing time is available
The specific implementation of core surveys and all General Observer time, as well as 
associated funding, remain to be competed and selected through peer review

Big Data 
   Space Astrophysics 
300 Megapixel 
wide field camera 

Hubble-sized 
2.4m primary 

Possible Survey Implementations 

High Latitude Survey (2000 sq deg at 27th mag in YJHF184 + spectra)
Dark Energy — Cosmic Lensing — High-z Galaxies — Galactic Halo Substructure 

Galactic Bulge Survey (2.2 sq deg at high cadence)
Exoplanet Census — Free Floating Planets — Stellar Pops — Galactic Structure

Deep Field Surveys (~10 deg2 fields at 28-29th mag, with high cadence)
Supernova Discovery — First Light — Galaxy Evolution 

Exoplanet Survey (10-9 contrast ratio direct imaging and spectroscopy)
Exoplanet Discovery and Characterization — Disks — Massive Star Atmospheres

Following the tradition of other NASA Great Observatories, WFIRST will offer funded General Observer 
and archival Guest Investigator programs for all community (peer-review selected) science projects.


A New NASA Facility
   for the Entire Astronomical Community 

The WFIRST science teams for the operational mission phase remain to be selected
The current Formulation Science Working Group (FSWG) will be disbanded in early 2021

All WFIRST data will be publicly available with no period of limited access
Selected science teams will help define the WFIRST observing plan, but all data will be public to anyone

WFIRST Tool Kit for 
   Building Science 
        Simulations

For more information please visit, https://wfirst.gsfc.nasa.gov 

Exoplanet 
Yields 


Simulator

CGI Spectral

Simulator

https://wfirst.gsfc.nasa.gov/science/WFIRSTScienceSheetFINAL.pdf
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THE POINT SPREAD FUNCTION (PSF)

Image source: Guyon 2018
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CONVOLUTIONAL NEURAL NETWORK

Video source: https://www.youtube.com/watch?v=Oqm9vsf_hvU
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https://www.youtube.com/watch?v=Oqm9vsf_hvU
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PSF PREDICTION

Barnaby Norris
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