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qBM/Qrb iQ i?2 mMBp2`b2

NASA

Ground-based  
gamma-ray telescopes 

E > 50 GeV

Space-based  
gamma-ray telescopes 

100 MeV < E < 100 GeV
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*m``2Mi@;2M2`�iBQM AK�;BM; �iKQbT?2`B+ *?2`2MFQp
h2H2b+QT2b

• Four telescope array 
• Reflectors: 4 x 12 m Ø 

• Cameras: 499 PMT, 3.5º FoV 
• Energy range: 100 GeV - 30 TeV

• 4+1 telescope array 
• Reflectors: 4 x 13 m Ø, 1 x 28 m Ø 
• Cameras: 4 x 960 PMT, 5º FoV,1 x 2048 PMT, 3.2º FoV 
• Energy range: 30 GeV - 100 TeV

La Palma Island (Spain)

Namibia

Tucson (USA)

• Two telescope array 
• Reflectors: 2 x 17 m Ø 

• Cameras: 1039 PMT, 3.5º FoV 
• Energy range: 30 GeV - 30 TeV
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High-energy range:
4.3 m ø Schwarzschild-Couder reflector
10.5° FoV 
Several km2 area at 
multi-TeV energies 

Mid energy-range:
11.5 m ø modified Davies-Cotton reflector
9.7 m ø Schwarzschild-Couder reflector
7.5° - 7.7° FoV
Best sensitivity in the 
150 GeV – 5 TeV range

Low-energy range:
23 m ø
Parabolic reflector
4.3° FoV
Energy threshold 20 GeV  

• 5-20 fold better sensitivity w.r.t. current IACTs
• 4 decades of energy coverage: 20 GeV to 300 TeV
• Improved angular and energy resolution
• Two arrays (North/South)

www.cta-observatory.org/ Science with CTA, arXiv:1709.07997hX JB2M2` 2i �HX



Sensitivity of γ-ray observatories
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o  Detection of extended air showers using the 
atmosphere as a calorimeter 

o  Huge γ–ray collection area  (~105 m2) 

o  Large background from charged CR  
• Partly irreducible (e-/e+ , single-EM, with current 

methods) 

o  Energy window: tens GeV - tens TeV 

o  Event reconstruction from image: 
•  Type of primary event 
•  Primary energy estimation 
•  Primary arrival direction

6B;m`2, AK�;BM; �iKQbT?2`B+ *?2`2MFQp i2H2b+QT2 i2+?MB[m2X
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Gamma 
100 GeV

Proton 
100 GeV

https://www.ikp.kit.edu/corsika/ https://www.ikp.kit.edu/corsika/
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Proton 
6 TeV

Gamma 
4 TeV ≈ 

10
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m

6B;m`2, "`B;?i J* 2p2Mib +�Tim`2/ #v i?2 a*h@*�K
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Proton 
250 GeV 

Gamma 
200 GeV ≈ 

10
 k

m

6B;m`2, 6�BMi J* 2p2Mib +�Tim`2/ #v i?2 a*h@*�KX
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A�*h 2p2Mi `2+QMbi`m+iBQM

E.g.: RF & BDT

Input: observed events

Output: event type, 
energy, incoming  direction
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Problem: 
supervised learning requires labelled data

Solution:
? 
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Problem: 
supervised learning requires labelled data

Solution:
to simulate your data! 

Problem: 
how well does your simulation represent 

the real world?
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1p2Mi `2+QMbi`m+iBQM #27Q`2 K�+?BM2 H2�`MBM;

Albert et al., NIM-A 588:424-432 (2008), JPCS 718(5):052003

• Event type: box cuts
• Event energy: parametrization
• Event direction: parametrization

<latexit sha1_base64="Ta9eEWpzKP9QPFTTKFRu80d7ANk=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQQcqMKLoRilJwWcE+oB2GTJppQ5PMkGTEOnTnxl9x40IRt/6CO//GtJ2FVg8EDufcy805Qcyo0o7zZeXm5hcWl/LLhZXVtfUNe3OroaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBz7zVsiFY3EjR7GxOOoJ2hIMdJG8u3dKjyH1ZKi9+QQds09JLBhfT/l6G504NtFp+xMAP8SNyNFkKHm25+dboQTToTGDCnVdp1YeymSmmJGRoVOokiM8AD1SNtQgThRXjrJMYL7RunCMJLmCQ0n6s+NFHGlhjwwkxzpvpr1xuJ/XjvR4ZmXUhEnmgg8PRQmDOoIjksxwSXBmg0NQVhS81eI+0girE11BVOCOxv5L2kcld2TsnN9XKxcZHXkwQ7YAyXgglNQAVegBuoAgwfwBF7Aq/VoPVtv1vt0NGdlO9vgF6yPb4Lll9Y=</latexit>

E = E(size, distance, hmax)

o Based on image parametrization (Hillas parameters)

Ref9yhX JB2M2` 2i �HX
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Aleksic et al., A&A 524 A77 (2010)Albert et al., NIM-A 588:424-432 (2008)

• ML method: Random Forest (RF)
• Applied to: background rejection, arrival direction 

VERITAS diff. sensitivity

• ML method: Boosted Decision Trees (BDT)
• Applied to: background rejection

Ohm et al., APP V31-5 P383-391 (2009)Becherini et al., APP V34-12 P858-870 
(2011) (Results for H.E.S.S. I only)

• ML method: Boosted Decision Trees (BDT)
• Applied to: background rejection

Krause et al., APP V89 P1-9 (2017) Rdf9yhX JB2M2` 2i �HX



.22T +QMpQHmiBQM�H M2m`�H M2irQ`Fb U.*LbV

6B;m`2, *QM+2Ti Q7 /22T +QMpQHmiBQM�H M2m`�H M2irQ`FbX

R3f9yhX JB2M2` 2i �HX



*h� �M�HvbBb rQ`F~Qr rBi? /22T H2�`MBM;

hdf5 files

…
sim_telarray files

DL1 reader

with Processor and

Deep convolutional

neural networks (DCNs)

Gamma/hadron

classification 

Energy

regression

Arrival direction

regression

DL1-Data-Handler

CORSIKA

ImageMapper

arXiv:0808.2253

DL1 writer

ctapipe

PoS(ICRC2019)753

PoS(ICRC2019)752PoS(ICRC2019)717

IndexedConv

PoS(ICRC2019)705 
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6B;m`2, *Qm`i2bv Q7 EX EQb�+FX
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*h� HQr@H2p2H /�i�~Qr

6B;m`2, *Qm`i2bv Q7 EX EQb�+FX
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*?�HH2M;2b 7Q` /22T H2�`MBM; � A�*h /�i�
Camera images courtesy of T. Vuillaume

6B;m`2, >2i2`Q;2M2Biv Q7 BMbi`mK2Mib � #B; /�i�X
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*?�HH2M;2b 7Q` /22T H2�`MBM; � A�*h /�i�
Camera images courtesy of T. Vuillaume

6B;m`2, >2t�;QM�H TBt2HbX
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.GR@.�i�@>�M/H2`

! � T�+F�;2 Q7 miBHBiB2b 7Q` r`BiBM;
U/2T`2+�i2/V- `2�/BM;- �M/ �TTHvBM;
BK�;2 T`Q+2bbBM; iQ *?2`2MFQp
h2H2b+QT2 �``�v U*h�V � J�:A*
.GR /�i� U+�HB#`�i2/ BK�;2bV BM �
bi�M/�`/Bx2/ 7Q`K�i

! AMbi�HH�iBQM pB� TBTfb2imTiQQHb 7`QK
bQm`+2 Q` �b � +QM/� T�+F�;2X

! 1p2Mi@rBb2 BK�;2 `2�/BM; mbBM;
;2M2`�iQ`b iQ ?�M/H2 #B; /�i�X

! PT2M bQm`+2 QM :Bi>m#,
?iiTb,ff;Bi?m#X+QKf+i�@Q#b2`p�iQ`vf/HR@/�i�@?�M/H2`

*QMi`B#miQ`b
�`B "`BHH- "`v�M EBK
U*QHmK#B�- ai�M7Q`/V
.�MB2H LB2iQ- hD�`F JB2M2`
Ul*JV-
JBF�ďH C�+[m2KQMi- h?QK�b
omBHH�mK2 UG�SSV-
Gm+� _QK�M�iQ- _m#ûM
GQT2x@*QiQ US�/Qp�V-
a�?BH u�/�p- GmF�b :miBû``2x

k8f9yhX JB2M2` 2i �HX

https://github.com/cta-observatory/dl1-data-handler


AK�;2J�TT2`, >2t�;QM�H TBt2H +?�`;2b → k. BK�;2

Oversampling Nearest Rebinning

Bilinear Bicubic

kef9yhX JB2M2` 2i �HX



AK�;2J�TT2`, >2t�;QM�H TBt2H +?�`;2b → k. BK�;2
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AM/2t2/*QMp
! q2HH /2b+`B#2/ BM JX C�+[m2KQMi- GX �MiB;� � hX omBHH�mK2

2i �HX U/QB,RyX8kkyfyyydje9jyjekyjdRV
! PT2M bQm`+2, /QB,RyX8k3Rfx2MQ/QXk89kee9
! PM;QBM; rQ`F, J�FBM; AM/2t2/*QMp +QKT�iB#H2 rBi?

i2MbQ`~Qr KQ/2Hb UAbbm2 OkRV

W x

Pooling:

Convolution:

Courtesy of M. Jacquemont

k3f9yhX JB2M2` 2i �HX

http://doi.org/10.5220/0007364303620371
http://doi.org/10.5281/zenodo.2542664
https://github.com/IndexedConv/IndexedConv/issues/21


*hG2�`M � :�KK�G2�`M
! >B;?@H2p2H Svi?QM T�+F�;2b

7Q` mbBM; /22T H2�`MBM; 7Q`
A�*h 2p2Mi `2+QMbi`m+iBQM

! *QM};m`�iBQM@}H2@#�b2/
rQ`F~Qr �M/ BMbi�HH�iBQM
rBi? +QM/� iQ /`Bp2
`2T`Q/m+B#H2 i`�BMBM; �M/
T`2/B+iBQM

! amTTQ`ib �Mv h2MbQ`6HQr
U*hG2�`MV � SvhQ`+?
U:�KK�G2�`MV KQ/2H i?�i
Q#2vb � ;2M2`B+ bB;M�im`2

! PT2M bQm`+2,
?iiTb,ff;Bi?m#X+QKf+iH2�`M@T`QD2+if+iH2�`M
?iiTb,ff;BiH�#XH�TTXBMkTjX7`f:�KK�G2�`M

S`BK�`v /2p2HQT2`b
�`B "`BHH- ZB 62M; U*QHmK#B�V
"`v�M EBK Uai�M7Q`/V
hD�`F JB2M2`- .�MB2H LB2iQ Ul*JV

S`BK�`v /2p2HQT2`b
JBF�ďH C�+[m2KQMi- h?QK�b omBHH�mK2
UG�SSV

kNf9yhX JB2M2` 2i �HX

https://github.com/ctlearn-project/ctlearn
https://gitlab.lapp.in2p3.fr/GammaLearn


*hG2�`M rQ`F~Qr
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:�KK�G2�`M rQ`F~Qr

https://gitlab.lapp.in2p3.fr/GammaLearn

T. Vuillaume,  
M. Jaquemont, et al.
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*hG2�`M @ /27�mHi KQ/2Hb

DCN
[...]

[...]

LSTM

Dropout

Dropout

Dense

Dense

Dropout

Prediction

Dropout

DCN

Dense

Prediction Max-pooling
Activation
CNN

Max-pooling
Activation
CNN

Max-pooling
Activation
CNN

Max-pooling
Activation
CNN

CNN-RNN model Single CNN model

jkf9yhX JB2M2` 2i �HX



:�KK�G2�`M @ :�KK�S?vbL2i

https://gitlab.lapp.in2p3.fr/GammaLearn

T. Vuillaume,  
M. Jaquemont, et al.
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*hG2�`M � :�KK�G2�`M, h�+FHBM; i?2 ?2t�;QM�H@TBt2H
+?�HH2M;2

3x3x128 CONV → 2x2 stride 2 MAX_POOL
↑

3x3x64 CONV → 2x2 stride 2 MAX_POOL
↑

3x3x32 CONV → 2x2 stride 2 MAX_POOL
↑

3x3x32 CONV → 2x2 stride 2 MAX_POOL
↑

112x112x1 INPUT 
Courtesy of A. Brill

j9f9yhX JB2M2` 2i �HX



*hG2�`M, :�KK�f?�/`QM +H�bbB}+�iBQM rBi? bi2`2Qb+QTB+
KQ/2Hb

DCN
[...]

[...]

LSTM

Dropout

Dropout

Dense

Dense

Dropout

Prediction

Dropout

j8f9yhX JB2M2` 2i �HX



6mim`2 rQ`F, ai2`2Q KmHiBi�bF H2�`MBM; �`+?Bi2+im`2

DCN
[...]

[...]

LSTM

Dropout

Dropout

Dense

Dense

Dropout

Particle
type

Dropout

Dropout

Energy 

Dropout

Arrival
direction

jef9yhX JB2M2` 2i �HX



*hG2�`M, 6mHH@2p2Mi `2+QMbi`m+iBQM 7Q` bBM;H2@i2H2b+QT2
U/Bzmb2V /�i�

Full-event reconstruction 
for single-telescope 

data achieved!

https://arxiv.org/abs/2101.07626

jdf9yhX JB2M2` 2i �HX



:�KK�G2�`M, 6mHH@2p2Mi `2+QMbi`m+iBQM 7Q`
bBM;H2@i2H2b+QT2 /�i�

https://gitlab.lapp.in2p3.fr/GammaLearn

T. Vuillaume,  
M. Jaquemont, et al.

https://hal.archives-ouvertes.fr/hal-03043188
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amKK�`v � QmiHQQF

! q2 2tTHQ`2/ i?2 ;`QmM/@#�b2/ A�*h i2+?MB[m2 �M/ i?2
+QMp2MiBQM�H A�*h 2p2Mi `2+QMbi`m+iBQMX

! q2 H2�`M2/ ?Qr /22T H2�`MBM; +�M #2 BM+Q`TQ`�iBM; BMiQ i?2
�M�HvbBb rQ`F~Qr Q7 i?2 *?2`2MFQp h2H2b+QT2 �``�vX

! q2 b?Qr2/ r?�i +?�HH2M;2b r2 ?�/ 7�+2/ bQ 7�` �M/ ?Qr r2
bQHp2/ i?2KX

! h?2`2 �`2 biBHH QT2M [m2biBQMb �M/ +?�HH2M;2b- r?B+? r2 ?�p2
iQ i�+FH2 BM i?2 7mim`2- HBF2 i?2 J* bBKmH�iBQMf`2�H /�i�
/Bb+`2T�M+v �M/ bi2`2Qb+QTB+ 7mHH@2p2Mi `2+QMbi`m+iBQMX

jNf9yhX JB2M2` 2i �HX



Ĭ:`�+B�b TQ` bm �i2M+BƦM5
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�+FMQrH2/;K2Mib

! h?Bb rQ`F r�b +QM/m+i2/ BM i?2 +QMi2ti Q7 i?2 *h� �M�HvbBb
� aBKmH�iBQMb qQ`FBM; :`QmTX

! hJ �+FMQrH2/;2b bmTTQ`i 7`QK 6S�kyRd@3kdkN@*e@j@_X
! *hG2�`M r�b 7QmM/2/ rBi? i?2 bmTTQ`i Q7 aT�MBb? JAL1*P

f1_.6 ;`�Mi 6S�kyR8@djNRj@CALX
! :�KK�G2�`M �+FMQrH2/;2b bmTTQ`i 7`QK i?2 1m`QT2�M

lMBQMǶb >Q`BxQM kyky `2b2�`+? �M/ BMMQp�iBQM T`Q;`�KK2
mM/2` ;`�Mi �;`22K2Mi LQ e8j9ddX

! .L- CG*- ho �+FMQrH2/;2 bmTTQ`i 7`QK i?2 1a*�S1 T`QD2+i
7mM/2/ #v i?2 1m`QT2�M lMBQMǶb >Q`BxQM kyky `2b2�`+? �M/
BMMQp�iBQM T`Q;`�K mM/2` :`�Mi �;`22K2Mi MQX 3k9ye9X

9Rf9yhX JB2M2` 2i �HX
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9kf9yhX JB2M2` 2i �HX



*hG2�`M QTiBKBx2`
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*hG2�`M QTiBKBx2`
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