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 Hierarchical classification is a better way of thinking about real time
classification problems compared to flat classification

 Multi-modality naturally fits into a real-time classification framework and has
obvious performance benefits

* We need to carefully consider workflows when deploying models on real
alert streams
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The case for multi-modality

Core Collapse SN: Superluminous SN-I:
* Preferentially occur in * Preferentially occur in
galaxies that have active low metallicity dwarf

star formation galaxies




The case for multi-modality

Core Collapse SN: Superluminous SN-I: Variable Stars:
« Preferentially occur in « Preferentially occur in * Alarge fraction of alerts
galaxies that have active |  low metallicity dwarf occur in crowded fields

star formation galaxies with no obvious host
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Multi-modal Architecture

S feature Contextual Multi-band
time series Information Images
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Multi-modal Architecture
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The Loss Function

Hierarchical Cross Entropy (HXE) - Bertinetto et al. (2019)

h—1
LHXE(p, C)=— Z /I(C(l)) Iog p(C(l) ‘ C(l+1))
[=0
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The Loss Function

Hierarchical Cross Entropy (HXE) - Bertinetto et al. (2019)

h—1
LHXE(p, C)=— Z /I(C(l)) Iog p(C(l) ‘ C(l+1))

Cross Entropy Loss
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The Loss Function

Hierarchical Cross Entropy (HXE) - Bertinetto et al. (2019)

h—1
LHXE(p, C)=— Z /I(C(l)) Iog p(C(l) ‘ C(l+1))

[=0
e —

Sum over all layers of
taxonomy
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The Loss Function

Hierarchical Cross Entropy (HXE) - Bertinetto et al. (2019)

h—1
LHXE(p, C)=— Z /I(C(l)) Iog p(C(l) ‘ C(l+1))

l=O \— ——
Level weight term

where 1(CY) = exp(—ad(C))

23



The Loss Function

Weighted Hierarchical Cross Entropy (WHXE) - Villar et al. (2023)

h—1
LWHXE®: ©) = = Y, W(C®) (C?) log p(C?| CHD)
[=0
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The Loss Function

Weighted Hierarchical Cross Entropy (WHXE) - Villar et al. (2023)

h—1
LWHXE®: ©) = = Y, W(C®) (C?) log p(C?| CHD)

Class weight term

1
where W(CY) ~

25



n
9
o
!
©
Q
O
Q.
n
7
AL
O
O)
C
S
-
Q.
&
O
O

Variable

______ Cepheid

Periodic

Eclipsing Binary

Supernova

Type | - 91bg like

M dwarf flares
 DwarfNova

Superluminous Supernova

Pair Instability Supernova

Long Tidal Disruption Event
Calcium rich transient

Intermediate Luminosity Optical Transient

h(C)—1
p©)= [] pc®| cth)
[=0

20



n
9
o
!
©
Q
O
Q.
n
7
AL
O
O)
C
S
-
Q.
&
O
O

N\

Cepheid

Periodic

Eclipsing Binary

Supernova

Type | - 91bg like

M dwarf flares
 DwarfNova

Superluminous Supernova

Pair Instability Supernova

Long Tidal Disruption Event
Calcium rich transient

Intermediate Luminosity Optical Transient

h(C)—1
p©)= [] pc®| cth)
[=0

20



3
.
.
\
e
i

&)




Taxonomy for ZTF model
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e L[ ovs Lo J o Lron [

28 Shah+26



Taxonomy for ZTF model

BTS Alert

e L[ ovs Lo J o Lron [

29 Shah+26



Taxonomy for ZTF model

BTS Alert
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Real time performance for Z1F
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Real time performance for Z1F
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Real time performance for Z1F
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Real-time Deployment

 Deployed on the ZTF
alert stream since May
15, 2026.

 Classified more than
1000 unigque sources.

* Obtained high
resolution spectra for
half a dozen transients

e Astronote for
AlT25amdo within 10
days of model
deployment!
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Real-time Deployment

 Deployed on the ZTF
alert stream since May
15, 2026.

AstroNote 2026-201

e Classified more than
1000 unigque sources. o e oo S

Late-Time Re-brightening of AT 2025amdo Identified by ORACLE-2 Omni

Authers: V. G. Shah, C. Liu, N. Rehemiuvlia, A. A, Mil'er (Northwestern, CIERA), J. Sollerman, and A. Singh {Stockholm University) on behalf of ZTF

* Obtained high

Keywmdu Pholomsairy , Speclicscopy , SUpsmova

[ |
reS O I l I t I O n S e Ct rE I fo r Abstract: We report a late-time re-orichtening of AT 2025amdo (—~185 days after the initial pezk) identified by ORACLE-2 Omni, a multimodal hierarchical classifier developed for
reaktime monitoring of the Zwacky Transient Facility (ZTF) zlert stream,
| |
I I a | f a d O 2 e I I t ra I l S I e I ltS AT 2025amdo (ZTFZSacelynx) is a supemova candidate (z = 0.0800, DM = 37.87; DES| ) first discovered on 2025-11-23 22:19:12 UTC by the Wide Field Survey Telescope (WFST). In

this AslroNule, we report the ORACLE-2 Omni (Shah el al. 2025 ) aided identificzlion of a dramatic re-brighlening even! thal appears o pezk approximalely 185 days zfler the primary
maxirmum, reaching a brightness roughly 0.85 magniludes brighler (ZTF 7 = 19.02 mag, M = =18.85 may) than lhe inilial peak (ZTF 7 = 19.86 mag, M = =18.07 mayg). All magniludes have
been corrected for Milky Way extinction but do nat account fer hest extinetion. 'We also report forced-photemetry 3-sigma detections (Mascl et al 2023 ) throughout the Interval (ZTF r=
21.5mag, M =~ -16 5 mag) between the decline of the first paak and the onset of the secondary brightening, incicating persistent emission ovar this perod

. ASt rO n Ot e fo r The hghl curve bears nolable similariles o previously reporled double-peaked slrippad-envelops supermovas, such as SN 2023agw (Shzima gl al, 2024 ; Kangas gl al. 2024 ), altheugh
the delay between the two peaks 'n AT 2026amdo |s approximately twice as long.
u - We cblained a spectrum of 1he lransienl using the Alhambra Fainl Obecl Speclrograph and Camera (ALFOSC) on the Nordic Oplical Telescope (NOT) following the re-brightening.
a I I l O W I I I I Spectral template match'ng using SNID-Sage (Stoppa et 2. 2026 ) shows reasonable agreement with |ate-tme Type |a/lc templates and, In particular, similarity to the peculiar double-
peaked SN 2023acw around Its second peak.

d ays Of m O d e I Given the unusual pholomelrc evolution and [he ambiguily in the current speclroscopic classificalion, we encourage addilional 'cllow-up cbservalions.
: : - : e -
deployment!
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* Adding multi-modal inputs can significantly improve performance,
especially at early times, without adding any labelling cost
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* Adding multi-modal inputs can significantly improve performance,
especially at early times, without adding any labelling cost

* Hierarchical classification gives us a way to build in astrophysical structure
and taxonomies into the classification problem and can replace an entire
ecosystem of classifiers with a single model
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Thank you!

Hierarchical Classification Multimodality
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GitHub

@) 72

Shah et al. (2025b)
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Confusion matrices at 1 day
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Macro F1

Real time performance on ELASTICC

Variable
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Intermediate Luminosity Optical Transient

1.00 - [ S U U —
» "'*--f-"_’{.; - AT T 5 \
KT AR R
0.98 - N il
* —*'- - I _ _*",x x
i B T,
0.96 1 %~ %X
X
0.94 -
0.92 - x
0.90 -
X . ‘
0.88 - - Depth :
x- » d
1 2 4 8 16 32 64 128 256 512 1024

Days since first detection

»x  QOracle-1 Lite

x*

Oracle-1

48

X

Oracle-2 Lite

*  Qracle-2

Shah+26



Macro F1

Real time performance on ELASTICC
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Macro F1

Real time performance on ELASTICC
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ELAsSTICC for LSST:

e Used ~500,000 simulated sources
from the ELAsSTICC data set across
19 classes.

* 70:30% split for training/testing.
5% of the training data for left
aside for validation.

 Combination of light curves and
metadata.

51

ZTF:

e Used ~15,000 transients and
variables from ZTF organized across
[ classes.

 80%/10%/10% split for train/test/
validation.

* Combination of light curves,
metadata, and images.



Data Augmentation

* Since we want Oracle to classify observations in real time, we explicitly
trained the model to classify partial light curves.

 For the omni models, we add random rotations and flips to the images in
order to promote rotational invariance and prevent overfitting.
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Hyperparameters

Parameter Value
Epochs 1000

Batch Size 1024
Learning rate 2e-4

Non linearity tanh, ReLU
Optimizer Adam

Alpha (For loss function) 0.5

Table 4. Hyper-parameters used for training ORACLE.
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Real-time Deployment

Boom (Broker) Oracle (Classifier) i A — DOWﬂStream

‘ Science
Spectroscopic +
Alerts + OraCle .—.l. slack QE Photometric

classifications SN Classification

Human vetting

*In beta testing Shah+26



Real-time Deployment

*In beta testing

Oracle Bot APP 536 AM

Oracle Omni — ZTF20actvwac

Alert 100
Persistent 89
cv 89.
Transient 10.
SN-ITI 9
SN-Ta 1
SLSN <0
SN-Ib/c <0

Fritz: Cataclysmic (0.90)

ZTF20actvwac Oracle Omni ¥

Oracle Omni — ZTF20actvwac

. Q0%
.29%

29%
/1%

.29%
L41%
.01%
Q1%
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Real-time Deployment

Oracle Bot APP 534 AM
Oracle Omni — ZTF20actvwac

Alert 100.00%
Persistent 89.29%
cv 89.29%
Transient 10.71%
SN-I1I 9.29%
SN-Ta 1.41%
SLSN <0.01%
SN-Ib/c <0.01%

Fritz: Cataclysmic (0.90)

ZTF20actvwac Oracle Omni ¥

Oracle Omni — ZTF20actvwac

*In beta testing



Real-time Deployment

: Oracle Bot APP 5.17 AM
4:58 Oracle Omni — ZTF26aauxeux

Oracle Bot APF 534 AM Oracle Omni — ZTF26aasphfk
Alert 100 .00% .
Transient 97.31% Oracle Omni — ZTF20actw Alert 100. 00%
SN-II 79 . 66% Transient 99.94%
SN-II 73.86% Oracle Bot APP 4.43 AM
SN-Ia 15.80%
Persistent 2.69% Alert 10¢ SN-Ia 25.11% Oracle Omni — ZTF26aaoqrxr
cV 2.69% : C SLSN 0.96%
_ Persistent 82 Persistent 0.06% Alert 100 .00%
SN-Ib/c 1.41% - |
SLSN 0.43% cVv 8¢ cv 0.06% Transient 100. 00%
el 10 SN-Ib/c 0.01% SN-II 99.32%
Fritz: Type Il (0.33) _ SN-Ia 0.62%
I ¢ Fritz: lIn (0.55) SN-Ib/c 0.05%
ZTF26aauxeux Oracle Omni ¥ : :
jugdc 0 1 ZTF26aasphfk Oracle Omni ¥ Persistent <0.01%
Oracle Omni — ZTF26aauxeux cv <0.01%
100 .00% <l Oracle Omni — ZTF26aasphfk SLSN <0.01%
100 . 00%
74.95% b/C <t Fritz: Type Il (0.77)
25.05% _ . O\ :
<0.01% ) ZTF26aaoqrxr Oracle Omni ¥
<0.01% CataCIysm|C (0'90) Oracle Omni — ZTF26aaoqrxr
<0.01% |
o <0.01% actvwac Oracle Omni
Oracle Omni —
v

" — ZTF26aajugdc

Alert

100,00% ot

Alert
100.00%

*In beta testing



