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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QS0S

Among the most interesting and useful (and rare) extragalactic phenomena...
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—3ingle Quasar as four objects
surrounding the Galaxy

Credit: R. Hurt (IPAC/Caltech)/The Gral Collaboration
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QS0S

Quasars are variable sources...
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MULTIPLY-IMAGED QS0S

Quasars are variable sources...
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MULTIPLY-IMAGED QS0S

Quasars are variable sources...
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MULTIPLY-IMAGED QSO0S : HO

Lensed QSO variability is a key to HO inference

modelling: astrometry + photometry + spectroscopy
measurement: (1 + ZL) drds [1 .

= ~19— 8] — 0
p_hotome_try T d; 5 2| 5 ’ ¢2D( )
time-series
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Di Valentino et al, arXiv:2103.01183

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS
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MULTIPLY-IMAGED Q505 : DARK MATTER

What would happen if you had more matter around the lensing galaxy?

UFES, 11th of February 2022

Quasar
Background

Light travels
out from
Quasar

———

A telescope sees the
single Quasar as four objects
surrounding the Galaxy

Our Vantage

Galaxy

Foreground Point

Galaxy’s gravity acts as a lens,
bending Quasar’s diverging
light paths back towards us

From our vantage point,
Quasar’s light arrives from
four different directions

Credit: R. Hurt (IPAC/Caltech)/The Gral Collaboration (adapted)

Alberto Krone-Martins, for Gral



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS UCI

MULTIPLY-IMAGED Q505 : DARK MATTER

Lensed QSOs are a probe of the dark matter clumpiness in the lens
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MULTIPLY-IMAGED QS0S

Among the most interesting and useful (and rare) extragalactic phenomena...
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MULTIPLY-IMAGED QS0S

Among the most interesting and useful (and rare) extragalactic phenomena:
~2 x 103 among the ~2 x 10° Gaia sources
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From our vantage point,
Quasar’s light arrives from
four different directions

Credit: R. Hurt (IPAC/Caltech)/The Gral Collaboration
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Sky density of 1.8 million Gaia input galaxies selected by a fully unsupervised method
(iterative HDBSCAN+SVM+Hausdorf metric over GaiaDR1+DR2+PS1DR2+AIlIWISE)
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MULTIPLY-IMAGED QS0S

E.g. > ONE TRILLION Gaia measurements as of this morning (11th Feb. 2022)

Astrometry + G-Photometry ~1.9x1012

Spectrophotometry (300-1000 nm SEDs) ~ 3.8 x 101"

Spectroscopy (R~11500, 847-874 nm) ~ 3.7 x 1010
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BULK DOWNLOAD
VIAESA CDN

1TB RAM NODE

UFES, 11th of February 2022 Alberto Krone-Martins, for Gral



I
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS uc

UFES, 11th of February 2022 Alberto Krone-Martins, for Gral



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS UCI

SEARCHING FOR GRAVITATIONAL LENSES

Lens candidate selection
C — R, FORTAN,C
Astrometric + photometric Astrometry +
patterns + ERTs lower lightcurve entropy
+ SVM

.

" R, C, PERL, POSTGRESQL

Mutai e Dfwertun §roogy

A Total power per scale

'%"((;//))’f//"((-\’ Catalina Real-Time lmage wavelet
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UCI

SEARCHING FOR GRAVITATIONAL LENSES

/))’// ’(“’ Catalina Real-Time
’5 (( /ﬂl ) Tmnsz(m‘ﬁml(y

~1.8 BILLION INITIAL SOURCES

Lens candidate selection
_ ~20 MILLION INITIAL SOURCES

Astrometric + photometric
patterns + ERTs

.

Astrometry +
lower lightcurve entropy
+ SVM

Oenvaty

Mutai e Dfwertun §roogy

" ~2 MILLION INITAL SOURCES

Image wavelet
power spectrum
signatures +
hierarchical
clustering

+Astrometry

Total power per scale

~1 THOUSAND CANDIDATES

- Human Vetoing
Of Candidates

v

~100 CANDIDATES
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SEARCHING FOR GRAVITATIONAL LENSES

Astrometric + photometric
patterns + ERTs

Lens candidate selection

Oenvaty

- Human Vetoing
Astrometry + Of Candidates
lower lightcurve entropy
+ SVM ;

Mutai e Dfwertun §roogy

BCRTS i Image wavelet
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—— Lens spectroscopic confirmation —

And more recently
SOAR, DOT, BTA, VLT
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SEARCHING FOR GRAVITATIONAL LENSES

Lens candidate selection

Astrometric + photometric
patterns + ERTs

Oer sty

- Human Vetoing
Astrometry + Of Candidates
lower lightcurve entropy
+ SVM ;

Mt siw D erts §roogy

—— Lens spectroscopic confirmation —

‘3\ (( [“ // ’(i F‘amlmaR eal- TIIH() lmage wavelet

Transiént Surve

power spectrum
signatures +
hierarchical
clustering

+Astrometry

Total power per scale

Wavalet Scae A C

Results

A continuous learning loop, with continuously evolvmg training sets AND methods
Al as Augmented Intelligence, not as Artificial Intelligence
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THREE MAJOR METHODOLOGICAL FAMILIES

Lens candidate selection ‘

Astrometric + photometric Astrometry +

patterns + ERTs lower lig
Mean astrometry + photometry ! Astrometry + Photometry
time-series
r

+ Supervised Learning + Supervised Learning

Image wavelet
power spectrum !
signatures + e
hierarchical SIS
clustering

'''' 4+
e -
.

T B R
B = Lide

.... o)

Imaging data (including timé-series)
+ Unsupervised and supervised learning
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THREE MAJOR METHODOLOGICAL FAMILIES

Lens candidate selection

Astrometric + photometric Astrometry +
atterns + ERTs lower Iigh;&;rvi entropy

rometry + Photometry
time-series
+ Superyjsed Learning

Image wavelet
power spectrum
signatures +
hierarchical
clustering

Imagingrtezt= (mcludmg tlme SEeries)

+ Unsupervised and supervised learning
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SEARCHING FOR GRAVITATIONAL LENSES: ERTS

@ 10% simulated GLs composed of four components (ABCD)
@ + all combinations of three components (ABC, ABD, ACD, BCD)

@ 10% configurations of random fluxes/positions

e

PRODUCE > 106 MILLION "GAIA SIMULATIONS"
INCLUDING GAIA DR2/EDR3 ERROR DISTRIBUTIONS (TRAIN WITH A BIASED SET!)

UFES, 11th of February 2022 Alberto Krone-Martins, for Gral



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS ucli

SEARCHING FOR GRAVITATIONAL LENSES: ERTS

Tree from similarity in the Leaf similarity check in
additional spaces (e.g.

Dec) or Healpix (2D) Gimag, Color, mouv. propre)

Lens modelling +
spectroscopic Lens classifier Extremely Randomized Trees
observation

1 l No
] Yes Model converged Probably not a
Confirmed lens R + spec. ok? lens
| o
Candidate lens
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THREE MAJOR METHODOLOGICAL FAMILIES

Lens candidate selection

Astrometric + photometric Astrometry +
patterns + ERTs lower li

Mean astrometry +| photometry
+ Supervised Learning

Image wavelet
power spectrum
signatures +
hierarchical
clustering

Imagingrteet= (mcludlng tlme SEeries)

+ Unsupervised and supervised learning
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THE ROLE OF TIME SERIES ENTROPY

non-lensed QSO

© F
bl ,“\ B <
. 2 CUORE e 2 x
Lt = B R
g wm &K \
2|
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THE ROLE OF TIME SERIES ENTROPY

non-lensed QSO

Magnitude

Time

lensed and resolved QSO

Magnitude

Time
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THE ROLE OF TIME SERIES ENTROPY

non-lensed QSO

Magnitude

Time

lensed and resolved QSO
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Time

lensed and unresolved QSO

Magnitude

Time
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THE ROLE OF TIME SERIES ENTROPY

non-lensed QSO
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A LT Principle

i B - The stochasticity of non-lensed QSOs
should be higher than
) et fwl the stochasticity of lensed, but unresolved, QSOs.
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DETECTION FROM TIME SERIES

DATA LTF PHOTOMETRIC TIMESERIES LTF ASTROMETRIC TIMESERIES

eNtRopy N SLOPES OF SIGNIFICANT ORRE TioNe RER e
FREQUENCIES IN PHOTOMETRIC AND ASTROMETRIC

FOURIER POWERSPECTRA (PVAL TIME SERIES

POWERSPECTRA SELECTED)

FEATURE

EXTRACTION
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DETECTION FROM TIME SERIES

DATA LTF PHOTOMETRIC TIMESERIES LTF ASTROMETRIC TIMESERIES

SLOPES OF SIGNIFICANT
FEATURE ENTROPY EREOUENCIES IN CORRELATIONS BETWEEN

EXTRACTION FOURER ] POWERSPECTRA (PvAL | PHOTOMEIRE AT oI ROMEIRIL
POWERSPECTRA SELECTED)

FEATURE
TRANSFORMATION

g'ETE'gI'g": ANDERSON-DARLING TESTS BETWEEN ALL DIMENSIONS (USING KNOWN LENSES)

PROBLEM: DIMENSIONALITY
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DETECTION FROM TIME SERIES

DATA ZTF PHOTOMETRIC TIMESERIES LTF ASTROMETRIC TIMESERIES

entRopy N SLOPES OF SIGNIFICANT ORRE TioNe RER e
FEATURE FREQUENCIES IN PHOTOMETRIC AND ASTROMETRIC

EXTRACTION FOURIER POWERSPECTRA (PVAL
TIME SERIES
POWERSPECTRA SELECTED)

FEATURE
TRANSFORMATION
g‘g&’g%‘gn ANDERSON-DARLING TESTS BETWEEN ALL DIMENSIONS (USING KNOWN LENSES)

ENSEMBLE RANDOM FOREST MODEL CREATED FROM THE RESULTS OF :

h#i ATD?IEI%L RANDOM FORESTS, RECURSIVE PARTITIONS, SUPPORT VECTOR MACHINE WITH RBF,

KNN, GRADIENT BOOSTED DECISION TREES, ROTATION FORESTS & SHRINKAGE
DISCRIMINANT ANALYSIS
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THREE MAJOR METHODOLOGICAL FAMILIES

Lens candidate selection

Astrometric + photometric Astrometry +
patterns + ERTs lower Iigh;&uvi entropy

Mean astrometry 4| phetomistry rometry + Photometry

. . time-series
+ Supervised Learning + Superyjsed Learning

Image wavelet
power spectrum
signatures +
hierarchical
clustering
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DETECTION FROM IMAGES

WASSERSTEIN
DISTANCES BETWEEN

WAVELET POWERSPECTRA OF § FOURIER POWERSPECTRA OF
G.R.L.ZY AND (G-R), (R-1), JG.R.LZLY AND (G-R). (R-I). ...
... IMAGES IMAGES

FEATURE

EXTRACTION IMAGES
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DETECTION FRUM IMAG ES PROBLEM: DIMENSIONALITY

WASSERSTEIN
DISTANCES BETWEEN

WAVELET POWERSPECTRA OF § FOURIER POWERSPECTRA OF
G.R.L.ZY AND (G-R), (R-1), JG.R.LZLY AND (G-R). (R-I). ...
... IMAGES IMAGES

DIMENSION ANDERSON-DARLING TESTS BETWEEN ALL
SELECTION DIMENSIONS (USING KNOWN LENSES)

ML MODEL SIMPLE HIERARCHICAL CLUSTERING
TRAINING MODEL (WAVELETS ONLY)

FEATURE

EXTRACTION IMAGES
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DETECTION FROM IMAGES

Total power per scale

ot
e

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
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Wavelet Scale & Channel
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DETECTION FROM IMAGES

WASSERSTEIN
DISTANCES BETWEEN
IMAGES

WAVELET POWERSPECTRA OF § FOURIER POWERSPECTRA OF
G.R.L.ZY AND (G-R), (R-1), JG.R.LZLY AND (G-R). (R-I). ...
... IMAGES IMAGES

DIMENSION ANDERSON-DARLING TESTS BETWEEN ALL
SELECTION MORE ABOUT THE DIMENSIONS (USING KNOWN LENSES)
DIMENSIONALITY OF THIS CASE

LATER IN THIS TALK!

FEATURE

EXTRACTION

ML MODEL
TRAINING

SIMPLE HIERARCHICAL CLUSTERING

XGBOOST MODEL MODEL (WAVELETS ONLY)
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DETECTION FROM IMAGES

DATA PST IMAGES (GRIZY)

FEATURE
EXTRACTION WAVELET POWERSPECTRA OF G,R.1.ZY AND (G-R), (R-I), ... IMAGES

VARIATIONAL AUTOENCODER : VARIABLE TRANSFORMATION

ML MODEL
TRAINING

RANDOM FOREST + SIMPLE NNETS
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SEARCHING FOR GRAVITATIONAL LENSES

Lens candidate selection

Astrometric + photometric
patterns + ERTs

Oer sty

- Human Vetoing
Astrometry + Of Candidates
lower lightcurve entropy
+ SVM ;

Mt siw D erts §roogy

—— Lens spectroscopic confirmation —

‘3\ (( [“ // ’(i F‘amlmaR eal- TIIH() lmage wavelet

Transiént Surve

power spectrum
signatures +
hierarchical
clustering

+Astrometry

Total power per scale

Wavalet Scae A C

Results

A continuous learning loop, with continuously evolvmg training sets AND methods
Al as Augmented Intelligence, not as Artificial Intelligence
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THE FIRST LENSED QS0 DISCOVERED FROM ASTROMETRY

400
| Gaia 113100-441959 — PA—an & 13 8 i
" Keck/LRIS — UT 2018 May i
" 2=1.090 | }
300 i E\ Eiﬁ :
E 200
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Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019
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GRAL: SEEING QUADRUPLE. . .

1 arcsec

+ ~3 quadruply imaged,
exact number still waiting
higher SNR spectra
(EDR3)

+ ~31 doubly imaged
(DR2+EDR3)

Connor, T., Stern, D., Krone-Martins, A., arXiv:2109.14103

Stern, D. Djorgovski, S. G., Krone-Martins, A., et al., arXiv:2012.10051

1 Krone-Martins, A., Graham, M..; Stern D, et al., arXiv:1912.08977
Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019

Delchambre, L.; Krone-Martins, A.; Wertz, O., et al., A&A, 622, A165, 2019
Ducourant, C.; Wertz, O.; Krone-Martins, A., et al., A&A, 618, A56, 2018
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

GRAL: SEEING DOUBLE. ..

Gral J024612.2-184505.1

PS1DR2 zrg 10"x10"

Gral J125955.5+124152.6

u.

PS1DR2 zrg 10"x10"

GralL J034611.0+215444.6

s

PS1DR2 zrg 10"x10"

Gral J155656.1-135210.1

PS1DR2 zrg 10"x10"

Gral J0O81830.5+060137.9

11

PS1DR2 zrg 10"x10"

Gral J220015.6+144859.5

-

PSTDR2 zrg 10"x10"

Gral J090710.5+000321.7

PS1DR2 zrg 10"x10"

Gral J234330.6+043557.9

+ ~15 quadruply imaged,
exact number still waiting
higher SNR spectra
(EDR3)

+ ~23 doubly imaged
(DR2+EDR3)

PS1DR2 zrg 10"x10"

Connor, T., Stern, D., Krone-Martins, A., arXiv:2109.14103

Stern, D. Djorgovski, S. G., Krone-Martins, A., et al., arXiv:2012.10051
Krone-Martins, A., Graham, M..; Stern D, et al., arXiv:1912.08977
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A CURIOUS CASE. .. THE DRAGONS' KITE

GRALJ165105371-041724936

+ ~3 quadruply imaged, TBC!
(EDR3)

+ ~31 doubly imaged
(DR2+EDR3)

Connor, T., Stern, D., Krone-Martins, A., arXiv:2109.14103

Stern, D. Djorgovski, S. G., Krone-Martins, A., et al., arXiv:2012.10051
Krone-Martins, A., Graham, M..; Stern D, et al., arXiv:1912.08977

Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019
Delchambre, L.; Krone-Martins, A.; Wertz, O., et al., A&A, 622, A165, 2019
Ducourant, C.; Wertz, O.; Krone-Martins, A., et al., A&A, 618, A56, 2018
Krone-Martins, A.; Delchambre, L.; Wertz, O. et al., A&A, 616, L11, 2018
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A CURIOUS CASE. .. THE DRAGONS' KITE

GRALJ165105371-041724936

a L]

v

SSSSSSSSS

+ ~3 quadruply imaged, TB(
(EDR3)

+ ~31 doubly imaged
(DR2+EDR3)

POSS-2R+B + IR
1985-07-20
POSS-1 103a0 (~B)
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A CURIOUS CASE. .. THE DRAGONS' KITE

GRALJ165105371-041724936

‘‘‘‘‘‘

POSS-2R+B + IR
1985-07-20
s POSS-1 103a0 (~B)
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS UCI

FOLLOW UPS FOR HO + DM

... f '
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ROSAT data ALSO!

HIGH ENERGY FOLLOW UPS: BLACK HOLE PROPERTIES 22 oo e i
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The future?
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS ucli

Small training sets: an important challenge

» Supervised learning: only a small number of known lenses to learn...

» Creating training sets from simulations always introduce biases

» Semi-supervised learning and Unsupervised learning are very hard in
high-dimensional spaces
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Small training sets: an important challenge

» Supervised learning: only a small number of known lenses to learn...

» Creating training sets from simulations always introduce biases

» Semi-supervised learning and Unsupervised learning are very hard in
high-dimensional spaces

» How to find the best subspace to solve a classification problem?
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Small training sets: an important challenge

» How to find the best subspace to solve a classification problem?

» This is equivalent to find the subspace for which the distance
between your classes is maximal.

» Example:
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Small training sets: an important challenge

» How to find the best subspace to solve a classification problem?

» This is equivalent to find the subspace for which the distance
between your classes is maximal.

» Example:
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Small training sets: an important challenge

» How to find the best subspace to solve a classification problem?

» This is equivalent to find the subspace for which the distance
between your classes is maximal.

» Example:

» Select dimensions using maximal
Wasserstein distances
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Small training sets: an important challenge

» How to find the best subspace to solve a classification problem?

» This is equivalent to find the subspace for which the distance

between your classes is maximal.
PrObab“ity A Nakazato & Ito, arXiv:2103.00503
» Example:
p(x)
» Select dimen{ Tp—q(X) _
Wasserstein o
q(y)
-
-
Space X
W(p,q)* = / dx||x — T,—q(x)|[*p(x) : LZWasserstein distance
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Small training sets: an important challenge

» How to find the best subspace to solve a classification problem?

» This is equivalent to find the subspace for which the distance
between your classes is maximal.

» Select dimensions by using Wasserstein distances
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Small training sets: an important challenge

» How to find the best subspace to solve a classification problem?

» This is equivalent to find the subspace for which the distance
between your classes is maximal.

» Select dimensions by using Wasserstein distances

» Combine multiple dimensions by solving a QUBO problem

Use q;; to encode

a;EI{I%)Hll}" fQ (ai)/ the Wasserstein distance
’ between the p.d.f. of lenses
and no-lenses, projected on the
fo(z) = Z qii%i + Z qijLily (i, j) dimensions.
1=1

1<]
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS UCI

VARIABLE SELECTION VIA QUANTUM ANNEALING

» Heuristic to find good candidate solutions to certain optimization problems using
superposition and entanglement of qubits

Jnin fo(x)
— LTS fQ(iU) — Z qiiTi T Z QijXilj
i | l" T -.;- : 1=1 1<

gijencodes Wasserstein distances
between the p.d.f. of lenses and no-lenses,
projected on dimensions (i, j).
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