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The Big Data Revolution
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The Al Revolution

ChatGPT
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Jumper, John, et al. "Highly accurate protein
structure prediction with AlphaFold." Nature. 2021.
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Deep Learning

1980S-ERA NEURAL NETWORK

Hidden
layer

Links carry signals
from one node
to another, boosting
or damping them
according to each
link's ‘'weight'.
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DEEP LEARNING NEURAL NETWORK

Multiple hidden layers
process hierarchical features
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State-of-the-art in DL

CNNSs RNN/LSTMs
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Deep Learning in Astronomy
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Unecertainty (model)

alaskan malamute siberian husky

Epistemic Uncertainty:

» Due to lack of knowledge about a system or process.
siberian husky » Can be reduced as more knowledge is gained.
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Uncertainty (data)

Aleatoric Uncertainty:

F@: L - » inherent randomness in a system or process (flipping
a coin
» cannot be reduced with more information or

knowledge about the system.
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Redshift estimation
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Observations for Redshift estimation
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Photometric Spectroscopic
» 3-4 broad bands » Extended spectral range
» Cheap » Expensive
» Inaccurate » Accurate
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ANNSs for Photometriec Redshift Estimation

Histogram of redshift
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ANN - Regression

Baseline regression model g; = f(z;; w) where:
e f(x;;w) is the prediction for the i-th observation,

e y; is the actual value for the i-th observation

Loss function: MSE = % ZLl(f(in‘; W) — yi)°

o st o g

Histogram of redshift

Dataset

Training: 800K
Testing: 200K
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Baseline model & Data

Baseline Regression
MAE: 0.0194, R?; 0.861
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Uncertainties

Histogram of redshift
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Uncertainties (model)
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Gaussian Regression via ANN

e The target variable y; ~ N (f(zi;w), 0?)

e The likelihood for each observation is:

L il e
Pl |2 w) = s (‘(% o )

Loss: Negative Log-Likelihood (NLL) for IV observations is:

N
—> logp(yi | zi; w)
=1

N

= 5 log(2m0?) + 7 Z(yi — f(zi;w))?
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Gaussian Regression via ANN

Gaussian NLL

Histogram of Residuals
MAE: 0.0195, R?: 0.855
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Quantile Regression

e Assume a set of target quantiles {ay}2 .

o Vi = flziyw) = (ﬁi,ala Yi,n1 o= - 5 ﬁi,aﬂ-)

o Mean pinball loss (n samples, K quantiles):
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w ) {(1&)yf(w)lj y < f(x).
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Quantile Regression
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Conformal Prediction

Regression task: age estimation
Model prediction: 24

MAPIE prediction interval: [20, 29]
{with go% confidence)

£ (e C(x)

Heuristic Rigorous
uncertainty—m E?ggi?crtri%?: —»-uncertainty et
(per input) (per input)
IL.. (x;)
GQUANTILE PREDICT 1oV
LEGRESSION INT ERVAL
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Conformal Prediction

1. Split training data to proper training set and calibration A
: : ; Na/2 Al—a/2 cfio® 7o/
2. Train lower and upper-quantile regressors Q% <, () y /@e regr e%'*‘@
. ) ‘3?', I L
3. On the calibration set, compute &/ ;"f
SEQR =l max{ Ql—af'z( ) QQ/Q( C) } T
4. Compute the empirical (1 — a)-th quantile of the scores: Romano, Y., Patterson, E., & Candes, E.
Conformalized quantile regression.
LCQR iy, > NeurlPS 2029.
gCRR — “[(1—a)(nc+1)]? ~— nc4+1’
00, otherwise.

5. Output the coverage interval:

COR() = |@°/2(z) - R, Q'~/(a) + §°®]
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Conformal Prediction

Quantile Regression Conformal Prediction (IQR-based)
MAE: 0.0191, R2: 0.861 MAE: 0.0195, R2: 0.860
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Uncertainties (data)

Histogram of redshift
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Ensembles

ll_>

g —

o Let fU)(.;w(™) be M independently trained ANNs r—

e During inference, forward-propagate through all networks
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Ensemble approach

5 Models

Ensemble Gaussian NLL
MAE: 0.0200, R2: 0.856 MAE: 0.0195, R%: 0.855
0.30 | J— 0.30
- 0.050
0.25
0.25 - 0.045
L 0.004
0.20 A
£ 0.20 4 £ - 0.040 .
L= =z
2 3 0.15
e L 0.003 g = L 0.035
= 0.15 1 B
2 £
o - '
= i 910 L 0.030
0 L
& 0101 0.002 & .
0.05 1 0.025
0.05
0.00 0.020
0.001
0.00 4 _0.05 4 0.015
T T T T T T T T T T T T T T
0.00 005 010 015 020 025 030 0.00 005 010 015 020 025 030
True redshift True redshift

 TITAN

Signal P i Funded b
ARTFONL NTELLIGCE R EDJBIH“ Illl Langrat;nr: Sy m @ BUS M I:l STAT Cea - t:enEzrnp};an Union27




MCDropout

Apply dropout to forward pass

Ui = f(a':i; w ® zi), z; ~ Bernoulli(p),

Predictive mean and variance

At test time keep dropout on and run S stochastic forward passes (%) =

f(m; w © z(s}), s = 1,...,5. The predictive posterior moments are approxi-
mated by
1 S 1 S 5
I T —— ~(s) s - ~(s) =2 —1
E[Q\»ﬂ]wy—S;y ﬁ Var[y|i]~S;($’ ) — AR

SR
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MCDropout

MCDropout Ensemble
MAE: 0.0199, R: 0.860 le—7 MAE: 0.0200, R?: 0.856
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Uncertainties (Iabels)

--------
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Spectroscopic Red-Shift Estimation

Naisy Redshifted, 1D = 2436, z = 1.7060

11050 g5 14608 16387 18166 19945
‘Wavelengtn

Rest-Frame Sample with ID = 2436 Clean Redshifted, IB= 2436, z = L.7060
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Predictive model

Redshift Estmation

/

Real-valued, non-negative number (2)

v

Regression Analysis
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Split the examined redshift interval into ordinal
classes, based on Euclid’s characteristic resolution

I

Classification Problem
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I-Dimensional CNN - Classification

1xN
Vi Vo Vs V4 Vs VN4 Vs AYANE AYNS VN Input Vector (v)
Convolution
of vwith h
Ci Ceo Cs ees CwMm-2 CwMm-1 Cwm 1M h. ho hs
Non-linear
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Functi Y
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Regression Classification (800 classes)

181 . validation ol L 181 - -
1.7 - " J ; 174 -
1.6 1.6 -
1.5 15 W *
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MSLE 0.00791
MALE 0.0232)
Rz 0.85082

MSE 0.03811
MAL 0.16469
RZ  (0.28188
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Gravitational Lensing
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Modeling with uncertain labels

Singular Isothermal Ellipsoid parametric model

Realization of Gaussian Random Field
perturbations

Perturbed lens potential

C e B G. Vernardos, G. Tsagkatakis, and Y. Pantazis. "Quantifying the structure of strong gravitational lens
potentials with uncertainty-aware deep neural networks." MNRAS. 2020.
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Label uncertainty

[A1,B4] [Az,B,]

- Signal Generator -

Ground
Truth

Target
distribution
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Modeling with uncertain labels
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Modeling with uncertain labels

Given the predicted distribution P and the target distribution (, the Jensen-
Shannon divergence is defined by:

IS(Q.P) = 3 KL(P|M) + S KL(QIM). M = (P +Q)

Ml'—‘

Formally, the entropy of the predicted distribution H(P) is given by:

H(P)=— ) P(x)log(P(x)).

reX

Entropy-regularized version of the JS divergence and is given by:

L(P,Q) = MJS(P,Q) + AH(P),

where A\; and As control the impact of the two terms.
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“Label-super-resolution”
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Take-home messages

o Many flavors of uncertainty (decoupling, Bayesian, ordinal regression)
o “Limited” investigation in scientific data analysis

e The case of time-domain astronomy

o The case of spatially resolved observations

e The promise of multi-modality
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-

MINOAS - Machine Intelligence for iNverse imaging,
Observation Analysis and Sensing Workshop

Dates: 24-26 September 2025

Location: FORTH, Crete
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