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“Innumerable suns exist; innumerable earths revolve around these suns in a manner 
similar to the way the seven planets revolve around our sun. Living beings inhabit 
these worlds.”

– Giordano Bruno (1584)

“Two possibilities exist: Either we are alone in the Universe or we are not. Both are 
equally terrifying.”

– Arthur C. Clarke

“If it is just us, seems like an awful waste of space”

– Contact, screenplay by Carl Sagan
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The planet must be in the habitable zone of its star: not be 
too close or too far
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Venus: too close, too hot

Mars: too far, too cold

Image credit: NASA/JPL-Caltech/MSSS

Venera 13 lander, survived 127mn at 457 C, 89 atm
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Size matters: 
not too big, not too small
 

Moon: too small
Weak gravity can’t hold atmosphere
No atmosphere

Jupiter: too massive
Gravity holds thick atmosphere
Mostly gas

Earth



Key recent findings

Hot Jupiters are frequentHot Jupiters are frequent
(no analog in our solar system)(no analog in our solar system)

Planetary systems are common
23 systems with > 5 planets

7-planet Trappist-1 system, credit: NASA-JPLcredits: NASA/CXC/M. Weiss

Earth-size rocky planets are 
abundant

~10% of Sun-like stars and ~50% 
of M-type stars have potentially 
habitable planets

Dressing & Charbonneau 2013

credits: NASA Ames/SETI Institute/JPL-Caltech

Current Status of Exoplanet Research



Spectacular recent discoveries 
around nearby stars

Trappist-1 system
7 planets
~3 in hab zone
likely rocky
40 ly away

Proxima Cen b 
planet
Possibly habitable

Closest star to our 
solar system (only 
4.2 light years 
away)

Current Status of Exoplanet Research



~300 billion stars in our galaxy
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~30 billion habitable planets ?
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~300 billion stars in our galaxy

~30 billion habitable planets ?
 
If 100 explorers were sent to visit each habitable for 
10 seconds (only 300 million planets/explorer)...
 
… it would take 95 yrs to complete the habitable 
exoplanets tour … in our galaxy alone



200 billion galaxies 
in the observable 
universe



Why imaging Exoplanets ?
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Imaging allows spectroscopy to 
measure atmosphere composition 
 

Spectrum of Earth (taken by looking 
at Earthshine) shows evidence for 
life and plants

Woolf et al.
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This image was taken by the Cassini spacecraft when it was in Saturn’s shadow… looking back 
at the inner solar system. Can you spot Earth ?





Towards Habitable Planets Imaging

Upcoming large 
telescopes will, for the 
first time, have the 
sensitivity to image and 
study habitable planets 
around nearby stars.

One significant challenge 
remains: Earth’s 
atmosphere. View from Proxima Centauri b planet, the closest 

exoplanet from Earth, 4.2 light year away
 (artist’s guess)



Thirty 
Meter 

Telescope



Giant Magellan Telescope



European 
Extremely 

Large 
Telescope
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Adaptive Optics (AO)
 

Palomar obs / NASA JPL

AO OFF AO ON

Atmosphere Turbulence: Earth’s atmosphere introduces strong and fast optical 
aberrations

Aberrations must be continuously measured and corrected to provide sharp images.

Imaging exoplanets is particularly demanding, as the planet is much fainter that the star it 
orbits: very little room for error !
→ AO for exoplanet imaging is referred to as Extreme-AO



Imaging exoplanets requires “Extreme-AO”

Simulated images below show how Extreme-AO and 
Coronagraphy deliver high contrast image of a star



ExAO is a formidable HPC challenge

Cameras with 100,000+ pixels each take images of starlight every ~300 us (3 kHz) to drive 
deformable mirror(s) with 10,000s actuators

Within 300 us, we must:

● Read the images, move them from cameras to computer hardware memory
● Process the images to reconstruct the optical aberrations experienced by light through 

Earth’s atmosphere
● Compute the deformable mirror(s) shape(s) that will cancel the aberrations (10,000s of 

degrees of freedom)
● Apply the shapes and give enough time for the mirror to move



AO real-time controller

HPC facility with 3 main subsystems

● Hard Real-Time controller: performs the main AO control loop
● Telemetry: store system data at high framerate
●



Subaru Telescope (8.2m diameter) has an exoplanet-imaging instrument (SCExAO)
The instrument team is developing advanced Extreme-AO techniques

Subaru Telescope, Mauna Kea, Hawaii
4200m altitudeOur test facility...



Subaru Telescope (view from inside dome)              Photograph by Enrico Sachetti







HR8799
Four planets, orbital periods on the order of 100yr
Each planet 5 to 7 Jupiter Mass



Predictive Control
”… as if it wasn’t hard enough already !” – Hatem Ltaief, 2018  

●

●

● Predictive control optimally uses the last few measurements to 
predict the aberrations at the exact time of correction.

●

●

● CHALLENGE: The temporal relationships between past and future 
aberrations are not known in advance and change continuously 
(depends on wind speeds and many other things) 

● → We must continuously learn/update them, and apply them in real-
time at 2-3 kHz



DM DM 
electronics electronics 
driver driver 

Last 20 wavefront Last 20 wavefront 
measurementsmeasurementsMeasured Measured 

wavefrontwavefront
High frame rate High frame rate 
images images 

Update MVM

Predicted Predicted 
wavefrontwavefront

MVM MVM

... SVD

Fill telemetry data buffer

Data bufferData buffer

Singular Singular 
values and values and 
vectorsvectors

Filtering and 
pseudoinverse

Predictive Predictive 
FilterFilter

Non real-time processes
Compute-intensive
Every ~30s

Real-time processes
Runs every 500us
Time-critical

Algorithm: mixed CPU / GPU implementation

Most challenging HPC step



Computing Hardware

One of two GPU chassis

$," #��	����/0)111�������
�	������2345�%.��



Re-thinking adaptive optics

The machine learning approach to predictive control is part of a wider 
new approach to adaptive optics

Conventional adaptive optics (pre-2018):
Calibrate (usually in lab), and THEN apply pre-computed control law 

Machine learning based AO:
Control law is continuously optimized based on analysis of real-time 
measurements. 
Includes predictive control and sensor fusion



Predictive Control and Sensor Fusion 
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We measure response
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●  
We must continuously 
derive control algorithm 
from realtime telemetry



First on-sky results (2 kHz, 50 sec update)
→ 2.5x raw contrast improvement

�**�&����������)�����6147+ �8

Average of 54 consecutives 0.5s images (26 sec exposure), 3 mn apart
Same star, same exposure time, same intensity scale



Ongoing research



Low latency data acquisition and processing

Standard acquisition pipeline



Low latency data acquisition and processing

Acquisition pipeline with GPUdirect



Persistent kernels

Concept of a never ending GPU kernel

● Remove CPU-GPU interactions
Synchronization is done on device



Persistent kernels



FPGA + GPU pipeline



ELT RTC prototype based on DGX-1



ELT RTC prototype based on DGX-1

Leveraging the full bandwidth of HBM2

● RT pipeline dominated by MVM
● Reaching over 750 GB/s on a single GPU (i.e. 98% of measured mem. BW)
● Scaled well on multiple GPUs: the more data you feed the GPU with, the better



Time to solution determinism on multiple GPUs





Future opportunities
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AI for image processing



Cameras are getting faster and better
Photon-counting, wavelength resolving 140x140 pixel camera

on-sky speckle control

Photon-counting near-IR MKIDs 
camera for kHz speed speckle 
control 

At SCExAO since March 2018
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