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Finding exoplanets
with TESS & Al

Megan Ansdell, Yani loannou, Hugh Osborn, Michele Sasdelli,

+ Jeff Smith, Jon Jenkins, Doug Caldwell, Adam Lesnlkowskl
Chedy Raissi, Massimo Mascaro

ﬁ:DL gETl @éb HS‘S XPRIZE Google Cloud ,,%A ﬁ...

kX :
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The Team

ﬁDL Megan Ansdell, Yani loannou, Michele Sasdelli, Hugh Osborn
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Frontier Development Lab

Space Science
Researchers
Machine Learning \
Researchers *
Silicon Valley _'

Partners

e 8 week research accelerator hosted
at NASA Ames & SETI

e 9 projects across 5 areas proposed
by lead mentors

o
\

9

\ Radical Solutions to

problems in Space Science
A:DL 2ET| QE,Z@ ﬁ XPRIZE  Google Cloud r@ —F kX iE5. kBRwyle

VIDIA, LOCKNEED MARTIN
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Deep Learning

e Excellent at classification problems when:

o Lots (N>10000s) of labelled data Machine Learning

o Signal is complex to model (not True for
“planet” but true for non-planet!)

e  Once trained, a deep learning algorithm is: i i

o  Far faster than classical at performing Deep Learning

classification

Not Car

¢ BUt: . . . F\(:ature ext;;ction + (;l/assiﬁcatic; Output
o Large computing infrastructure to train
o  Must set aside much of the data as a
training set

FDL Movie credit: Denis Dmitriev @ N.S{ XPRIZE  Google Cloud ,%A it KX IEEL KBRwyle
Al

ResShmcs.u
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Deep Convolutional Neural Networks

e Machine Learning (ML):
models learn features from data

e Deep Learning:
layers build increasingly complex features

e Neural Network (NN):
model learns weights of nodes

e Convolutional Neural Network (CNN):
exploits spatial structure in data

e Binary Classification:
final layer outputs single number from 0-1

ﬁ:DL Movie credit: Denis Dmitriev @? ﬂ XPRIZE  Google Cloud ,%A A kx z

= KBRwyle


https://docs.google.com/file/d/17hMNx1A3JFaKLKTHDOltn2dTnRY-wQqi/preview
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The Data - TESS

gETI @ ﬂ XPRIZE Google Cloud H%A kx

kegwyle


https://docs.google.com/file/d/16miNu38V7DkAzjykpaMRzHoK92Ktmsgn/preview
https://docs.google.com/file/d/1gYCmlIVZA5HDGEIj1Iog8yjQYFzo_Tv0/preview
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TESS “Data”
(TSOP-301
simulations)

Target Pixel Files
(simulated planets)

16k stars per

sector
2min cadence

/FDL

B A W”‘; '*’i:;‘-mgtul"ll

data:
s 3 simulated sec

7‘ah(ﬁom20ﬂ)
~n' One sector per month-

(M
Require rapid, ™"

i i accurate, planet————

—-‘-I.r—rvv

“identification e

) "
Ushtide ' |

QE?{T’ o "ﬂ‘ wx‘mb\l‘lﬁﬁj'\; Google Cloud “%m ___7:"_ kx IEsR; KBI:lwyle




FRONTIER DEVELOPMENT LAB | 2018

The Data - TESS

Per month: 4 CCDs ~16 000 target stars 21 000 images
Our dataset: TSOP-301. 4 simulated sectors

FDL gETl @ mS__{ﬂ XPRIZE Google Cloud n%k m kx

Al
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TESS - the data bottleneck

PP

4 simulated sectors ~16 000 stars per month ~4 000 hours of video

eETl @‘? msmi XPRIZE Google Cloud H%A m kx
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TESS Systematics

A low-frequency trend

low-frequency trend (corrected)
outlier

S hnn]
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ﬂ:DL @ mSmS XPRIZE GoogleCloud ,,%A ﬁ... kx
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The problem: variety of false positives

Eclipsing Binaries ~ Background Eclipsing Binaries  Stellar activity

/FDL gETI @ rﬁ XPRIZE  Google Cloud % mm kx == KkBRwWyle
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TESS Data

g e

FDL gETI @ ﬂ XPRIZE  Google Cloud H%A mﬁm kx

Al
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TESS Data

Planet

©® INSTITUTE
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Current Classification Technique

/FDL

Statistical/automated methods are
used to whittle down candidates

Manual vetting is still common
Team of 18 humans: 94% accuracy

~300 human hours per sector

-
P i)
T

/ 7

|

(

@ msmi XPRIZE

|

Google Cloud nilg

IDIA.  LOCKNEED MARTIN

kx :
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From the detections...

Classical planet search in TESS
Numbers from

TSOP-301 _ _
simulation Planet-like signals

in TESS

Most planets lost in transit
detection have very low SNR

Candidate
vetting (eg
manually)

Transiting
Planet Search

Exoplanets
Some planets

missed during
classification

Eclipsing

Binaries I .
Statistical tests root out junk
signals (plus ~350 planets)

“threshold crossing” events

ﬁ:DL @‘? mSm{w XPRIZE  Google Cloud H%A = kx
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Classifying TESS Candidates

TPS: ~3% planets

e TESS pipeline produces
candidates in two tiers

e 70 000 initial detections from
transiting planet search

e 30 000 pass statistical TCEs: ~14% planets PR ANt e

thresholds (TCEs) m

e Only ~4000 planets (highly
unbalanced)

/FoL
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Classifying TESS Candidates

Adapted Shallue et al

/FDL

Made model smaller (0.06%)
Added stellar parameters
Added motion of star (centroid)
Mini-batch balancing to account
for label imbalance

Classification

Fully

Connected

Global Max Pooling

Concat (Conv2_G + Conv3_L
+ Stellar Params)

Conv3 G

Conv2 G

Convl G

Global View
(input)

Conv2 L

Convl L

Local View
(input)

gETI @ ﬂ XPRIZE Google Cloud

> |

Logistic (sigmoid) output layer

NVIDIA. m I(x EE?—{‘, KBEM"WIG
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From the detections...

e Average precision on Kepler ~96%

e Recovers ~90 more planets than
Shallue et al (on single model)

e Modelis ~500 times smaller

e Similar precision on TESS data

e Can be run in minutes not hours!

/FoL

Cross-Validation Results

0.8

S 0.6
@
(&)
o
o
0.4
= raw
0.2 stellar

== centroids

=== stellar + centroids + augment

0 0.2 0.4 0.6 0.8 1
Recall

LTI @ K xomzs coons B, . kX

ResShmcs.u Wo Defiver
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From the detections...

/FoL

Also developed multi-class
models on TESS data.
Useful for follow-up!
3-class > 4-class

Slightly lower precision on
planets.

] 1
] 1
| |

0.8 i 0.8 JJ
| |

0.6 —} 06 i
| |
] ]
] ]

0.4 7' " 0.4 1
|
} beb

0.2 o j:k 0.2 ﬁ

1\

R L L L L L L

0 0.2 0.4 0.6 0.8 1 Y 0.2 0.4

gETI @ MS{ XPRIZE  Google Cloud %‘L — kx ==

ResShmcs.u
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From the detections...

Kepler vs Shallue o
0.8

g 0.6

Up to 650 more planets recovered (at §°-4
precision of 0.9 on single model) .
0.0

10!
Expected MES

/FDL @/:%D ES{W XPRIZE Google Cloud ,,%A ..,..%... kx :

/1 TCE
|

Recovered
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From the detections...

1.0
. e TCE recall
e Can repllcate the Recovered at P=50%
classical statistical 0.8 B TPS
threshold tests g el
C
e Recovered planetary 206
signals missed by the £
classical tests S g4
©
O
(O]
o
0.2
0.0

10! 102
Expected MES
/FoL @D R xonze coodecon B, . KX IEH. xemwyle

Al ResShmcs.u
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From the detections...

1.0
e Can replicate the E -Fl;gfovered
classical statistical 0.8
threshold tests "
o]
e Recovered planetary 5 0.6
signals missed by the po
. o
classical tests T 0.4
a3
o
0.2
0.0
10! 10°

Expected MES
/FDL @‘? mS.‘S XPRIZE Google Cloud H%A m kx == KkBRwWyle
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Future - applying to real TESS data

e Directly transfer network to real flight data...
o Noisy data
o Isthe data (& systematics) the same as in training?

e Use human-vetted labels for TESS candidates...
o Noisy labels
o Slow
o Exactly what we’re trying to replace!

e Inject known signals into real flight data
o Can train network rapidly with real data and noise.
o  Simulations and network re-training can be part of
pipeline.

/FDL @ §m XPRIZE GoogleCloud

A

> |

NVIDIA. LOCKNEED MARTIN

kx :
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From the lightcurve...

Stacking every
period:

/FoL
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From the lightcurve...

Applies ResNet50
91% accuracy on Kepler
candidates

e Promising but need
more time.

/FoL
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From pixels...

64 000 month-long videos
Lots of noise!

Promising approach which
could by-pass TESS

pipeline...

But needs more work.

/FDL
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Summary

e Classify TESS planets faster & more
precisely than previous approaches. -

e Innovative new avenues for planet

hunting direct from light curves &
pixels ' |

Megan Ansdell, Yani loannou, Hugh Osborn, Michele Sasdelli
+ Jeff Smith, Jon Jenkins, Doug Caldwell '

ﬂ:DL ?ET' @? msmi XPRIZE  Google Cloud H%A m kx == KBRwyle
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Thanks-. g

Megan Ansdell, Yani loannou, Hugh Osborn, Michele Sasdelli
+ Jeff Smith, Jon Jenkins, Doug Caldwell '

/FoL

gETl @/:%D é XPRIZE GoogleCloud

+ o+
EXOPLANETS

& . kx =
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From pixels...

64 000 videos of stars ’ ’%

Promising approach which \ .ﬁTl_Ij /\\iﬁ'j /

could by-pass TESS nout o conv2 \

p'pellne e ' spatial (only) convolutional layers J

But needs more work

1

./ \\/ 1x1 convolution

— time basis vectors (inear combinations of time basis)

Clssiicaion
1 / 1 /@%/;\
- /

time convolutional layers

/FDL ’tD S{ XPRIZE  Google Cloud H%A m%m kx == KkBRwWyle
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The data: TESS mission

ECUIPTIC POLE
e Pl V 27 days
//J-— 24 D 7
. : \“\74 \*‘;‘ .'.
4 | Es. X ’%‘. 54 days
|
|
| \24 “\ ‘\~ 81 days
5 S Py N\ .
! y 108 days
|
l - \ NN : |
! /) 24 \\\\ Ty 055“-’&](:% SECTOR cz.szv.v,\]\:?\ SECTOR i i ,’,/’ 189 dayS
T /‘/4 \ - S 351 days
7~ = % 2 )/ -
Ny ¥ : T Crmr / / ST
Ve / continuous ':: ":.
viewingzone ***
Cameras Fields-of-View

gETI @ _@_{{ XPRIZE Google Cloud rS.ZmA m:/i.’... kx S==




FRONTIER DEVELOPMENT LAB | 2018

TESS

Exoplanets
around nearby

stars

Planet Radius (Earth radii)

D

w

N

|

HAT-P-11b

26

GJ3470b

GJ1214b

55 o HD97658b
HD219134b
HD219134c CJ1132b

TRAPPIST-1bcd

10

ResShmcs.u

Q'ltil. S{ XPRIZE Google Cloud
Al 25

100
Distance (parsecs)

ONon-Kepler
OKepler/K2
TESS (expected)
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Full-frame images

Postage stamp

kegwyle

@ 7. kx

>

{ uS{m XPRIZE Google Cloud

cETI



FRONTIER DEVELOPMENT LAB | 2018

Incremental: Classify planet candidates detected by the pipeline

/FDL

Train a Neural Network on
candidate planets (TCEs)
detected by the pipeline
Transiting Planet Search

Use heavily pre-processed
domain data generated by the
pipeline.

In Shallue et al 2017:

Full lightcurve

whw%m MWMJJJWmJH e s SR b

Zoomed-in lightcurve

il bbb ol %

New Input Datasets:

Centroids (x &y)

Stellar Properties

Data augmentation

2ET| ,tD S{ XPRIZE  Google Cloud %A m%m kx == KkBRwWyle
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Incremental: Classify planet candidates detected by the pipeline

Improvements on Shallue, 2017: In Shallue et al 2017

e More input datasets Full lightcurve

e Multiple false-positive classes

Zoomed-in lightcurve

e Use data balancing

e Augment light curves to

New Input Datasets:
increase training examples. Centroids (x & y)
e Lighter NN )
Stellar Properties J
¢ I/ meme me4~ B )
Frequency-space data el oMb eonbiin

/FDL 2ET| ,tD S{ XPRIZE  Google Cloud %A ﬁ... kx == KkBRwWyle
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o
o«

o
o

Ongoing work:

1=
'S

Injection-Detection correlation

o
N

e Labels not necessarily intuitive.

e Modified “correlation” metric between
injections and detections to include
period multiples.

e Still issues with high-SNR planets not
being detected

Planet MES

/FoL @D R xomze cosecos &£ KX IEHM. «amwyle

ResShmcs.u
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Ongoing work:

Labels not necessarily intuitive. |
Modified “correlation” metric between B —
injections and detections to include
period multiples.

e Still issues with high-SNR planets not
being detected

ﬂ:DL @/t%b NS{W XPRIZE  Google Cloud H%A w_%ﬂ_ kx I=NE. Kaﬁmwyle
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}
Ongoing work: FEaNG
e Converted Shallue code from Kepler to

TESS

e Improvement with centroids

e Alsoimproved with modified smoothing
(spline) techniques.

e Models being trained

e Stellar parameters and frequency space
data to be tested and added

/FDL @ MS{ XPRIZE GoogleCloud r%xx mm"_ kx = KBE:W]e

Al RESGnces.u
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Next steps...

Week 4:

Avenue 1: Implement balanced labels
Avenue 2: Test design architecture with
Kepler

/FoL

T F;\:f“ 5 :
| | LTS
Q2 L <
Week 5: N
e Avenue 1:Implement training based on
TESS data
e Avenue 2: Iterate on model/architecture

sment training on TESS dataset

te on network architecture
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Results on TESS

EB

PL
N_PL*0.01

Percentage classifications correct (precision)

15 20
Detected MES

/FDL (Intet XPRIZE  Google Cloud %A — kx kBRwyle

>
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27 days
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54 days

Kepler Data
-

Real data but noisy labels 108 days

e 150000 lightcurves 189 days

351 das

e Lightcurves 4 years in duration
e ~4000 planets (candidates & confirmed)

e (Canaugment data to TESS-like 27-day
campaigns (up to 7.8 million ‘targets’)

9 % 000 2% Q% P P BRI PUCIE 3 D0 0% Y 2 %0 N 2. 0]

/FDL gETI @ ..:.S{ XPRIZE GOOQIeCIoud kx I=NE. Kafamwyle
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Flux
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The data: real light curves
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The data: detrended light curves

Thermal
transient
| Thermal

3 Thermal
transient

, transient
Pipeline GUI /
Science Pipeline & Other Infrastructure
Compute | Optimal ! Pineline o ) :
Rgé’;fpt Optimal [Apertures | | oo B (A;);Igstt:re y| | Archive r I \Aﬂ‘t . [ : V“
erture 'ostgres; AR) poc itude
(DR) A("COA) (P1) (AR) [ | At - %

i [syntheti Data

! point .
Target " . Attitude
i J Pixels V Ph ic Presearch |Corrected | Transiting Archive

[LhzasheidecTOESng | i tweak
Calibratiol Analysis Data ‘g;:;_ﬂun!!_' Events (TCEs) roducts
’ (CAL) (PA) | Conditioning Search v _
T (PDC) (TPS)

|
Compression | SRSV
Teles | Calibrated| RaW | Tentroids [Corrected Flux CDPP

Ci ion
8 I
Tables pression P 3 \\
(COMP) ]

Original CAL Metrics
Pixel

Data PA Metrics

A

— B ESS Compression - photometer Management * &
r Input Tables - lodels I VYV

Catalog End-to-End | pogels Models Photometer

I ;ﬁ Model Models (MOD) Performance
e (Lilith) =

j Synthetic Data :

Photometer Performance Metrics

e Remove trends present on all
stars to leave only astrophysical

signal
2ETI intel) XPRIZE Google Cloud < m kx Kaﬁm\yyle

hncas.1u NVIDIA.
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The data: Transiting Planet Search

Relative Brightness

BJD - 2454833

-

Pipeline GUI

Science Pipeline & Other Infrastructure

Compute | Optimal i o
Optimal |Apertures | Archive r I
(P1) (AR) Exports [~ PoC |

s s

Archive
Products

Period [days]

Presearch Corrected | Transiting hreshold-cros;
Planet o

ning Search
(PDC) (TPS)
[Corrected Flux CDPP

A

Compression
Tables

Relative Brightness

Original AL Metrics
Pixel
Data

- Hours from Midtransit
PA Metrics

(i — ESS °'“P’955‘°" Photometer Management
Input

" e Search for transiting planets in

lodels

l_ — — — JTargetLists

p frequency domain.
e Strong candidates are analysed
using statistical tests (DV)

KBRwyle

W Detiver

ResShmcs.u
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The data: planet candidates

-

= Planet candidates (TCEs) are analysed

Science Pipeline & Other Infrastructure

e : to determine which are planets.
!-‘?_ 15 5 ] = P P
arget @sks - — > "
=y 1 = == Often performed:
(PA) Con(gigg?ing S&:r;)h '_ /
) | albrated 00"90‘“ Flux CDPP o By h uman ve tte rs

| N e Using classical statistical

A

ablesb Photometer Management Brele Y VY Y = p techniques
i ) o I e Using Machine Learning

Photometer Performance Metrics

— ]
ResShmcs.u W0 Baver

ﬁ:DL ..Could we start from this point? BETI @ R xomize comeons & . KX
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Incremental: Classify planet candidates detected by the pipeline

f u Pipeline GUI

Science Pipeline & Other Infrastructure N

ynthetly Bata D: Compute | Optimal
Re Optimal |Apertures |
erture
0A)
Photometric
Calibration Analysis
-~ | (CAL]
ompresion 3 T Raw
Compression ab L : :
2

Tables ICompression
(COMP)

Original AL Metrics |
< N
Khe PA Metrics
. A
L ESS ompression
= Tt s Photometer Management e L 4, . &

| Catalog >| End-to-End | podels lodels ::::;:::;z:
| Model : Models (MO AEResaTert
z - ith
> Synthetic Data ) (PPA)

Photometer Performance Metrics

/FoL

Archive
Products

r |
|TSO|

R 't

Classify candidates
detected by TESS pipeline

Planet, EB, BEB?

"S{ XPRIZE Google Cloud %A m kx KBRwyle
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Innovative approach: Classifying directly from pixel data

Target Pixel File

Pipeline GUI !

B : c L Science Pipeline & Other Infrastructure :
rieifite | [ Bata - kA
i : nfras
cut Out the e A(pggx)re i
. . . arget "“‘ -
pipeline entirely

Planet, EB, BEB?

/FDL o 4 XPRIZE Google Cloud %A m kx EEn:,
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Innovative approach: Classifying directly from pixel data

e Train a Convolutional Neural Network
(CNN) directly on pixels

e Transform image to more appropriate
representation, i.e. frequency domain for
periodic data

e Incorporate our domain knowledge into
the network architecture and learning (20k images
algorithm, rather than the data per 27days)

ﬂ:DL gETI @ é XPRIZE  Google Cloud H%A = kx == KBRWyle

targets
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exoplanet period exoplanet transit shape
(lower freq) (high freq)

|9 hase

(reque"‘cﬂ / \\

convl conv?2

spatial (only) convolutional layers

fully-convolutional
network

oglfreauen)

output

frequency/phase convolutional layers

gETI QE’ZE ﬁ XPRIZE GoogleCloud ,S%A m kx
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Next steps...

\\\\\

Week 3:
e Avenue 1: Re-produce Shallue & Vanderburg 2017 results
e Avenue 2: Setup data infrastructure/get basic CNN training

Week 4:
e Avenue 1:Incorporate new domain knowledge
e Avenue 2: Iterate on model/implement data balancing methods

ﬁ"DL @D R xvmze cmsecon B £ KX IEH. xenwyle
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Planets

/FoL
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No planet

/FoL
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