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The Imaging Atmospheric
Cherenkov Telescope principle

The Cherenkov Telescope
Array Observatory

The Large-Sized Telescope of
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Real-time Analysis for CTAO:
Scientific Alert Generation

Credit: CTAO gGmbH



» Propagation is affected by

* Intergalactic Magnetic Field
 Intergalactic Matter/dust
- Background Photons

Credit: CTAO/D. Della volpe



et Imaging Atmospheric Cherenkov telescope CTAD Hiawon
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-photon o Spatio-temporal profile of the shower image proxy to:

+ energy < (image intensity, impact parameter)

cherenkov
light + direction < (image orientation, timing)
h
SHONE \ + identity of primary particle < (image shape, timing)

e Detection of Cherenkov
flashes require:

+ Single photon sensitivity Ep = 3.67 TeV
+ Nano-second time Nominal LST Camera x10?
resolution 10 e
Gamma | Proton W
| 0.5 U
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What do we gain going for an IACT array ?

e Better parameter reconstruction:

Wy &
’ "."_4_'-\‘
\ ik

4+ Improved angular resolution/

/ 1/ ' _ L.
4+ Improved energy resolltion 'l : [

+ Iﬁproved background rejection

Credit: CTAO
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=i (G@Mma ray astronomy

CTA Science cases S BB W |

e A 5 *' ¢ Cosmic rays. .
* Understanding the origin - FENE . A | —
and role of relativistic 2 . reriNeants
cosmic particles - —
+ Cosmic accelerators

+ Propagation and influence
of Accelerated particles

* Probing Extreme
environments : A% N
+ Black hole and jets Background
+ Neutron stars and _ L | o - B™ Light
relativistic outflows e L Y T [amm s net eatl

+ Cosmic voids , o i =R =

* Exploring frontiers in i .~°" . g et

phySiCS Gamma-Ray PR SN L M ' R

+ Dark matter b~ 3 S v T -
+ Quantum gravity and Axion- o Sy o ‘B WIMPS and -
ursts | L.

like particle . 'Axions:
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Cherenkov Telescope Array

LST MST SST
Effective mirror 370 m?2 88 m? 8m2
area 1 l?j:u;?l lllIII | 1 1 llllII 1 1 1 llIllI 1 1 1 IIlllI | —
-10 —eo— CTAO Northern Arra S
Energy range 20GeV -3TeV |80GeV-50TeV| 1 TeV-300 TeV 10 = y =N
= —a— CTAO Southern Array m ]
Exclusive energy | 20GeV - 150 | 150 Gev - 5 Tev | 5 TeV/ - 300 TeV ® - 15
range GeV C}IE - e £
O ) %
#telescopes 4 9 0 o 107 A . &
North O — —C= . v IR
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+ xawe  1he Large-Sized Telescope of CTAO CTAO oo

Stucture T— f_’ " =
Alt-Azimuth Mount on a circular rail
Tubular Structure in CFRP & Steel " |

Full Telescope Weight 103 tons

Maximum time for repositioning 30 s =
Optics - Parabolic Mirror 7=

. ' ' INE
Primary Mirror Diameter 23 M N
Focal Length 28 B

Effective area including 370 m? =
Gamera . ShcEy AR 1
Field of View 4.3° nwes e

Number of Pixels 1855 _ =
Pixel size 0.1° “ | :
Photo Sensor PMT (AR /. e i __\ x
Signal sampling rate 1 GHz ' ey e B . & -. T

* First prototype LST-1 inaugurated in October 2018 at La Palma, Canary Island

8 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024
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O e R R LST2
St e 11/2025

Y
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Analog trigger - LST
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X7 Channels
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___________________________________________________ X7 INPUT CHANNELS:
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Possible topologies
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e Triggering on Shower with LST €40 Hue

» Physics rate completely dominated by cosmic rays

- TIRp
How does It looks like » Operate telescopes at so-called safe threshold:

Energy []] + Intersection between:
10 0 40 % 10 ° 10 1 1) ¢ 1 102 e trigger rate resulting from 2 x NSB level
| P | | | | e trigger rate from 1.5 x protons
3 N avcr o3| » This hardware threshold imposes the lowest ener
10 > \S g . .
ey | achievable later at analysis stage
= Eﬁ%ﬁ‘;  Data analysis methods will improve, hardware
AWC o T
7 HESS s threshold must not be the limiting factor
0 KASCADE Night Sky Background rate
‘T‘ NUCLEON i —10°% 2 E
E Telescope Array g %‘ 107 i_ ‘-':‘\;'_.
~ Tibet-1II T =
6 VERITAS g) 10° =
- Ankle = 107 5y
= ) A 104 %—
m e 10 %— : :
LHC 'E] I I
10-7 | | | 1025506 500" 506 40" 5Ho 600 700 800 600"
1 103 106 109 1012 Threshold [dac counts]

-

Ener gy |GeV] 11 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024
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How to improve performance ?

gamma

o - 206ev | | | ‘ 20.0 GeV < Ereco < 100.0 GeV ) 20.0 GeV < Erecpo < 100.0 GeV .
5 » 10 L 10
_ 10 3 0.8 1 0.8 -
g 1o 102§ . 0.6 " 0.6 1
10} g § g §
10-2 & 0.4 & 0.4
10~3 20 Gev - 50 ,p-e,' 10°
10° 10! 10° ;%%:2220‘ 10° 10° . .
b 5 0.0 - 0.0 -
i -+ o At low energies:
g + Images are small and faints:
- = Use sensors with higher sensitivity » Silicon Photo Multipliers
e + Gammas and Protons are very lookalike

size [p.e.]

20 GeV ~ 50 p.e. ~ 5 pixels = Increase image granularity » Smaller pixels

Plots from Y. Kobayashi 12 M. Heller [ Real-time processing for LST [ EDGE ML School 26/09/2024
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< The Advanced SiPM Camera

* [he proposed design should take full advantage of the
SIPM characteristics

+ (Gain in duty-cycle, robustness, stability, self-calibration,
etc...

+ Utilise Swiss experience in using SIPM for IACT (FACT, »
SST1-1M)

>4

oy

il
e, |
e The Advanced SiPM Camera must: |

+ outperform the existing camera over the
entire energy range

+ be upgradable/reprogrammable

_\
N\ ye

L

LST PMT camera (0.1°) » LST SIPM camera (0.05°)
e Baseline design:

4+ Decreasing pixel size from 0.1° to 0.05°
@ 4 times more pixels! 1 e

+ Going for fully digital readout R R

MC data

g MC data

® Opens a lot of opertunity for real-time processing : gisstsatsansantace

Ny challenges to tackle: - R

®
<
®

H| gh power consum p’[ on sistatitassatisanesantssatsidtutaatstdtutantss

+ ++

Sieaeseseatetensentenssite: G dimma eve ﬂ’[

CameraFrame
1

CameraFrame)
1

13 M. Heller [ Real-time processing for LST | EDGE ML School 26/09/2024
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Higher granularity images

... Tor more feature extraction

Ey,.=10.89 TeV

Yps

Nominal LST Camera x103

1.0-

0.51

0.0-

y [m]

—0.5

PMT (0.1°)

—1.0-

CameraFrame
I

Adv. SiPM Camera x103

SiPM (0.05°)

CameraFrame
1

-1 0 1
X [m]

L. D. M. Miranda (UniGe)

Now A
Number of p.e.

=

0

-1.5

=
o

Number of p.e.

E, = 0.16 TeV

Nominal LST Camera x101

CameraFrame
1

CTAD

E, = 69.29 TeV

Nominal LST Camera x103

N W
Number of p.e.

-

CameraFrame
I

Adv. SiPM Camera x101

Adv. SiPM Camera x103

CameraFrame
1

1 0 1

X [m]
14

W

N
Number of p.e.

=

CameraFrame
1

~1 0 1
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LST
COLLABORATION
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=
o
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o
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Camera readout architecture
Simplified view - Option A

«— data

Sensors Neighbor clusters

Front-end board L1 board Central Trigger

Processing Board
Pre-

amplifying
ASIC

Data acquisition hardware

Slgnal conditioning

Data
Analysis

Front-end board L1 board

Pre-
amplifying
ASIC

IIII) Signal conditioning
NN

Neighbor clusters

15 M. Heller [ Real-time processing for LST / EDGE ML School 26/09/2024
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Camera readout architecture
Simplified view - Option B

«— data

Sensors Neighbor clusters

Data acquisition
hardware

Central Trigger
Processing Board

rFront-end board

Pre-

amplifyin puee d .o/~ eoesssmmess o FPGA - PI DN R
ASIC

Switches [P

mg Signal conditioning

.
|
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
.

Data

FPGA(s) / GPU(s) .
Analysis

SN NN SN NN NN NN NN NN
SEEEEEEEENEEEENEEENEEN,
A EEEEEEEgEEEEEEEERS

rFront-end board

Switches —Pi

Pre- '
amplifying TN
ASIC \ y

pammmme md Signal conditioning - ’
\ J

Neighbor clusters

Bl IML School 26/09/2024
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Camera readout architecture

Data volume reduction flow

Sensors Neighbor clusters
L1 board

Front-end board

Central Trigger
Processing Board

Pre-

amplifying I;'oé?g 336 Gbps
ASIC

Data acquisition hardware
744 kHz

Signal conditioning

AL EE R R R EE R 2

Data
Analysis

DVR = 25 FPGA

Front-end board L1 board

Pre-
amplifying
ASIC

I:( IJ Signal conditioning
NN

Neighbor clusters

17
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Data volume reduction flow (&l 4

Sensors

iObservatory requirement:

Trigger Timestamp Information must be issued by the Camera to
the softare array trigger with a time delay of < 0.5 seconds from
the light falling onto the Camera photodetector plane.

18 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024



UNIVERSITE

= Data Volume Reduction CTAQ Huworo

FACULTE DES SCIENCES

Data volume reduction flow

Neighbor clusters

Front-end board L1 board ﬂ
Pre-
amplifying Ta2lS 336 Gbps .

ASIC

Signal conditioning

1945
Jda

19 M. Heller [ Real-time processing for LST | EDGE ML School 26/09/2024
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Low level trigger high speed
Links for clustering trigger data FPGA: Kintex/Virtex Ultrascale
4 > (data + trigger: ~64 links@~12Gbps)

* Functionalities:

+ Digitize analog signals from SiPMs
+ Capture and buffer (~ 4 ys) FADC stream

+ Perform low level trigger (digital sum)
© 1 GHz throughput
@ ~10 ns latency

+ Send to Central Trigger Processor:

@ Option A: trigger bits and data from triggered FADC Board L1 Board
events only

@ Option B: trigger bits and high level trigger
information (sum of seven pixels)

+ FADC and L1 boards to be merged

ADC data . ~250MHz
@1Gsample/s, 12 bits
N pixels

Bufferin,
(250~500Gbps)
Data
Capture
Low leve
Trigger Processin

Internal clock

Trigger propagation

0

38 * L1 trigger, digital sum:

+ Compute sum, clipped to 8 bits, for
each group of 7 pixels (flower)

+ Collect sum values from
neighboring flowers

+ Compute sum of 7 flowers, i.e. 48

* Proof-of-concept test bench setup:
+ Implementation and test for both options

pixels and compare to threshold

i ® Option A: trigger bits and high level
almost over: trigger information (sum of seven
e JESD204C pixels)

® Option B: trigger bits and data from
triggered events only

@ RoCE for Option B
+ Implementation of low level trigger

M. Bellato, F. Marini (INFN/Padova) M. Barcala, G. Martinez, J. Sastre (CIEMAT) 20 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024
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Camera readout architecture

» Coincidence between telescope performed at

Data volume reduction flow 'O & GTP based on L1

4+ No handshake required
4+ Each telescope wait for a neighboring telescope
~ D sy to generate a camera-readout trigger signal
Sensors — within a given coincidence window

Central Trigger
Processing Board

DVR = 25 FPGA 200 Gbps

X 250

\/

|
f

lagte o ibd,
T —— o M

o et

21 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024
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See contribution from A. Pérez

e Functionalities:

+ Collect and propagate trigger bits to build
coincidences
+ Option A:
@ Collect data from events passing L1 trigger
condition

@ Perform partial event building
+ Option B:

+ Manage trigger hardware triggers (optical

link with neighbour telescopes) CTLearn model Model synthesis

Model: "(CTLearn_model™ ::======f=====f::::ffff===========i======f==========fi====fj== Utilization Estimates
e P f-of- pt test b h set D: R ... S e eosoominsszsneespacatioossemiioenponeimsssd
rOO O Conce eS enC Se u - waveforms (InputlLayer) [(None, 3@, 30, 5)] 0 l _______ I?‘?T?___“_l_?f_({u'_‘f?li_?%r_,f?ﬂ___ff"_l___l.“L_JT__I_L_JWl
+ Manufacture test PCB for optical singiect siock (unctiona (lore, 10 o
- : G — U W el iem de o
fc_particletype 1 (Dense)  (None, 32) 544 = g 3 ¥,
transceivers with a FPGA tests odiaiiiisioi s : - | 11 1 173
. . article e ense one, Register ) K N ] ot
+ TeSt fOr portlng deep Iearnlng mOdels or type (Softmax) (None, 3) 0 S T | a22] 23413| 9s27e| o|
DBScan to CTP FPGA e ailole | a0sel  weol seszsel 2ol ol
Trainable params: 2179 (8.51 KB) |Utilization (%) | 6| 7| 5] 48| 0|
Non-trainable params: © (©.00 Byte)| .............................................................

M. J.A Barrio, A. Pérez, L. A. Tejedor (UCM) 22 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024
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=i DBScan for Level 2 HW trigger

. Spatlal clustering algorithm:

From: KDD-96 Proceedings. Copyright © 1996, AAAI
(www.aaai.org). A Density-Based Algorithm for Discovering
Clusters in Large Spatial Databases with Noise, Martin Ester,
Hans-Peter Kriegel, Jiirg Sander, Xiaowei Xu

* One “point" = one flower which
digital sum is above threshold

* Determine optimal settings from k-
dist plot

—_—
-dict 4 \
4-dist . threshold
"o point
noise clusters X
» points

figure 4: sorted 4-dist graph for sample database 3

* Time introduced in the metric to account
for shower development

pul v

Initial hyper parameters of the model

—» Type of the digital sum (3n flower)

—» Threshold on the digital sum to form micro cluster (307)

—» How do we include timing component into the metric (z = 0.05*t)

=—> The maximum distance between two micro clusters to form to form neighborhood

(eps =0.1)

—> The number of samples in a neighborhood for a point to be considered as a core
point (minPts = 15).

= Metric : euclidean distance.

L. Burmistrov (UniGe)
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Two tasks: 1) Shower/NSB separation 2) Rol identification
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DBScan for Level 2 HW trigger

* Challenges ahead are to run DBScan algorithm with high throughput (max. 750 kHz) and low latency (2 us)
* Implementation study started as collaboration between University of Geneva and HEPIA (Prof. A. Upegui. Prof.

Q. Berthet, T. Classen)

DBscan
- ; - B .
I T e T
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=i DBScan for Level 2 HW trigger

FACULTE DES SCIENCES

Challenges ahead are to run DBScan algorithm with high throughput (max. 750 kHz) and low latency (2 us)

* Implementation study started as collaboration between University of Geneva and HEPIA (Prof. A. Upegui. Prof.
Q. Berthet, T. Classen)
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e GNN for Level 2 HW level trigger CTAO | Buemom

_ Latency ~ D UsS %
Two tasks: 1) shower/night sky background 2) gamma/hadron 30x30 pixels x 5ns

Random trigger: False Nurgber of Cherenkov photons: 10526 élgm,\',lagf;zé?i},f)

2 dense layers (32,A2) or (32, 3)

|[Gamma! Hadron], NSB)

Model: "SingleCNN_block"

20

40

10 waveforms (InputLayer) [ (None, 30, 30, 5)]
SingleCNN_block_wvf_conv_1 (None, 30, 30, 8)
_1 (Conv2D)

SingleCNN_block_wvf_pool_1 (None, 15, 15, 8)
(MaxPooling2D)

60 15

SingleCNN_block_wvf_conv_2 (None, 15, 15, 16)
_1 (Conv2D)

SingleCNN_block_wvf_pool_2 (None,
(MaxPooling2D)

80 20

SingleCNN_block_wvf_global (None,
_maxpool (GlobalMaxPooling

100 25

Total params: 1536 (6.00 KB)
Trainable params: 1536 (6.00 KB)

Non-trainable params: © (0.00 Byte)

120
0 25 50 75 100 0 10 20 et nrutia ) [(None, 30, 30, 5)]

SingleCNN_block (Functiona (None, 16)
1)

fc_particletype_1 (Dense) (None,

. particletype (Dense)
: type (Softmax)

I
0 500 1000 1500 2000 Trainable params: 2146 (8,38 K8)

Non-trainable params: @ (0.00 Byte)
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FACULTE DES SCIENCES W-\
\ [~

» Categorial classification task is performed including gamma/hadron separation and atmospheric shower/night sky
background (NSB) with Cherenkov-free NSB patches.

* Histogram below shows mean classifier value of all triggered telescopes

: Histogram of classifier values (gammaness) : Histogram of classifier values (nsbness)
102 - 102 3
Z gamma-diffuse 1 F 1 gamma-diffuse
] gamma <«—— simulated point source j ] gamma
proton . proton
1 electron 1 electron
107 3 — 107 5
; nsb : ] nsb
P o 3 shower/nsb
—~ 3 Ny = H separation
clé 10° - | ! o 1073 )
|
1071 - | 1071 -
10—2 T T T T ;f] 1 10_2 T T Rlﬂ' L T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Classifier value (gammaness) Classifier value (nsbness)
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FACULTE DES SCIENCES

Signal efficiency & NSB contamination - 3 classes model

CTAD &
B Za COLLABORATION

fea
‘@Leam

» Categorial classification task is performed including gamma/hadron separation and atmospheric shower/night sky

background (NSB) with Cherenkov-free NSB patches.

* Histogram below shows mean classifier value of all triggered telescopes

e (Calculation of the signal efficiency and background (NSB) contamination for different cuts of the classifier values

(gammaness and nsbness).

Histogram of classifier values (gammaness)

102

1 gamma-diffuse  Preliminary

(1 gamma simulated point source
| proton
. 1 electron
e ) nsb
- gamma/hadron
—_ i %, separation
> 10° e’ 3
cs
1071
il
102 , 5

0.0 0.2 0.4 0.6 0.8 1.0
Classifier value (gammaness)

T. Miener (UniGe)

Histogram of classifier values (nsbness)

10! <

. 0 4

1071 -

102

0.0 0.2 0.4 0.6 0.8 1.0
Classifier value (nsbness)
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FACULTE DES SCIENCES

Signal efficiency & NSB contamination - 3 classes model

CTAD

» Categorial classification task is performed including gamma/hadron separation and atmospheric shower/night sky
background (NSB) with Cherenkov-free NSB patches.

* Histogram below shows mean classifier value of all triggered telescopes

e (Calculation of the signal efficiency and background (NSB) contamination for different cuts of the classifier values

(gammaness and nsbness).

Signal efficiency

0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45 -
0.5 1
0.55 -
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95

gammaness cuts

0.05
0.1
0.15
0.2
0.25
0.3
0.35

T. Miener (UniGe)

!
o

-
S

0.45
0.55

nsbness cuts

100

80

- 60

- 40

Preliminary

0.7
0.75
0.8
0.85
0.9
0.95

o
S

0.65

Signal acceptance in %

29

gammaness cuts

0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95

0.05

0.1

0.15

Preliminary

0.2

0.25

0.3

0.35

< n ©
S S S

0.45
0.55

nsbness cuts

0.65

0.7

0.75

0.8

0.85

0.9

Background contamination (O Cherenkov photons)

0.95

20.0

17.5

|
—
ek
o

|
—
N
w

|
—
=
o

T
~
w

T
ok
o

N
w

O
o

LST
COLLABORATION

NSB acceptance in %

Ve

)/2024



UNIVERSITE
DE GENEVE

CTAO I(-3%II-.LABORATION

Camera readout architecture

Data volume reduction flow

FACULTE DES SCIENCES

Sensors

Data acquisition hardware

200 Gbps
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FACULTE DES SCIENCES

Gamma/hadron high-level software trigger system - 2
classes model

T LST
c = AO COLLABORATION
V=

* Assuming that the shower/NSB separation is achieved at a low-level trigger stage, e.q.
using cluster algorithm such as the DB-Scan algorithm or CNN-based algorithm as
shown previously, the high-level trigger can only focus on the gamma/hadron

separation.
, Histogram of classifier values (gammaness)
102 3
| gamma/hadron gamma-diffuse
[ . 1 gamma
separation Srotan
l 1 electron
107 1 R
: ] nsb
_— LL
§ 10°
o
O
1071 -
10_2 T T T ] T
0.0 0.2 0.4 0.6 0.8 1.0

Classifier value (gammaness)

*No Cherenkov-free NSB patches are included at training phase.

T. Miener (UniGe)
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PCle400 synoptic

UNIVERSITE
DE GENEVE

FACULTE DES SCIENCES

Porting Al algorithms to hardware accelerators

» Configuration
USB Blaster |« —

* |n this particular case, we focus on Intel Altera FPGAs —
(Agilex 7) as collaboration with CPPM in LST that develops g

4 .
400GhE QSEP112 : Ul l - &filtering

the PCle400 board for LHCb - o] Lz ] mpas
» As it is not the first choice for HLC experiments, porting Al e | éfwssicen ™ ] ™ p
algorithm on those FPGAs is not a “walk in the park" S — R

~ _Sequencer.
| >§ Identification

SFP+ . 16 T
flash

(White Rabbit)

—

NAlte ra® FPGAs \

Intel® FPGA Al Suite hls4ml

- various model sizes to fit - potentially higher possible throughput

- provided directly by Altera® experts - smaller model sizes to fit
- lower throughputdepending on the model size

400 Gbps
PCle Gen5 x16 / CXL

high level synthesis for machine learning

Model(Software) Evaluation

Trained Al Model

1 Caffe .

O PyTorch @xn et Intel® FPGA
Al Suite

g K ONNX Architecture

Optimize &
Genera te

Specify FPGA

resources - LEs

DSP,RAM

) Intel® FPGA
Al Suite
- Graph Compiler
7~ Mode

CPU: x86 or ARM

OpenVIN®

0
= Inference
?31) Engine '

.

C. Abellan Beteta, |. Bezshyiko (UZH)

V

intel.

FPGA

Hardware Implementation

Python \ /

h

HLS (C++)

Is 4 ml

conversi

PYTHORCH

\ & ONNX J\

Vivado™ HLS

/VHDL/VeriIog \
HLS )

COMPILER

32

;

*| Custom firmware
design

Menior:
Catapult

\

Co-processing kernel [— ||

/Completed Design\

Bitfile
(FPGA)

Coming Soon

- o

- 7
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FACULTE DES SCIENCES

e QOur finding’s:
+ Hls4dml provides better results in terms of maximum
achievable throughput in perspective, but currently is very
limited support for Altera® boards due to deprecation of the

Intel® HLS compiler. Good potential with the release of the
new Intel® oneAPI| backend support.

+ |nitially, only 200 inferences/s were achieved on the Intel®
Arria®10 PAC card for the original model for high-level
triggers (6M parameters). Can we do better?

@ Increasing the clock rate to 600 MHz (standard 400 MHz)
to determine the maximum achievable performance

= 732 inferences/s.

@ Assuming an implementation with 4 instances of the
inference IP in Agilex® 7

= 2028 inferences/s.

+ The model sizes were reduced to almost two orders of
magnitude:

e By optimising the architecture based on the graph of the
network, ~ 40k fps could be achieved with one instance.

C. Abellan Beteta, |. Bezshyiko (UZH) 33 M. Heller [ Real-time processing for LST | EDGE ML School 26/09/2024
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EN

FACULTE DES SCIENCES

e FPGA: 0000 Throughput vs Model

+ Prediction of throughput
with Al Suite on Agilex7
performance architecture
+ 2 optimised

architectures 40000 -
e GPU:
+ Results of throughput on 200007
Nvidia L40S GPU with
Tensorflow (48 GB VRAM, 50000 -
18 176 CUDA cores)
e CPU: 10000 -
+ Results of throughtput on
Intel CPU with .

Tensorflow(Intel(R)
Xeon(R) Silver 4215R @
3.20GHz)

FPGA (AGX7_Performance.arch)

CPU (TensorFlow)

GPU (TensorFlow)

FPGA Optimized 1 (AGX7_Performance.arch)
FPGA Optimized 2 (AGX7_Performance.arch)

50000 -

Throughput (fps)

Model and Parameter Count
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FACULTE DES SCIENCES

2|
S
<ﬂ. A
G

EN

Throughput vs Model for FPGA (compiler vs realtime)
o i e FPGA:

16000 - Bl Compiler estimate
I FPGA realtime

+ Prediction of throughput with Al Suite on
Arrial0 performance architecture +
optimised architecture

v

Throughput vs Model (A10)

12000 -

10000 -

Throughput (fps)
(o]
o
o
(@]

)]
o
o
o

Bl FPGA (A10_Performance.arch)
I CPU (TensorFlow)

BN GPU (TensorFlow)

Bl FPGA Optimized (A10)

30000 A

25000 A

Model and Parameter Count

« FPGA: '
+ Comparison of the prediction of
throughput with the Al Suite on the

Arria10 performance architecture and
the result in real operation

Throughput (fps)

5000 -

Model and Parameter Count
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Camera readout architecture
Simplified view - Option B

Sensors Neighbor clusters
rFront-end board

Data acquisition
hardware

Pre-

amplifying
ASIC

Switches [P

mg Signal conditioning

.
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Data

FPGA(s) / GPU(s) .
Analysis
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Pre- '
amplifying TN
ASIC \ y
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Camera readout architecture CTAO Homon

FACULTE DES SCIENCES

RoCE protocol

Back-End Electronics

Detect
etector . D
o o u ]
- = = = =
L] - L] { ]
N ¢y = = = — ’ . - = = = =
DATAIN ){ | = = = = ‘ ' " = o= o
' [ — a - ] ) { » - . . . .
= = = JESD/Customl...
: } = = = =
o o)
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Camera readout architecture CTAO Homon

FACULTE DES SCIENCES

R O C E p rOto co I Traditional Socket RDMA

Programming

App App
Back-End Electronics Buffer Buffer
2 2 . - | | | | n | ]
. - : - — | | ’ . = "= = = = os (" h OS \
DATA IN = = s | | —e—lRaad | = = = = TCP/P TCP/IP
/Ll e s L — ] U Bujfer Buffer
. = = JESD/Customl... ) U UL
— ; vV | " = = =
o o
Driver Driver
Buffer Buffer
DMA >
1 \
Adapter Y Adapter \ 4
Buffer Buffer

Server Rack
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Camera readout architecture
RoCE protocol - Entering the NVidia realm

 Most of the processing power

owes e s v, ¢ % : :
o o is moved to GPU, simpler for
=i a0 g g porting complex algorithms at

| | — _ the cost of potential
performance loss wrt. FPGA

RoCE
(10 Gbs)

> RoCE (100 Gbps) >

Commercial Ethernet switch

Server Rack

CLAPP Legate

Accelerate Computing of well used Python packages

‘ S ' / V =¥, &
U1 numeyllsciPy Sl il pandos B foasg =,
Legate Legate Legate Legate -
m DataFrame Boost Legate 10

Legate - Productivity and Composable layer

(LAPP Feedback from LOFAR

John Romein : Researcher, ASTRON (Netherlands Institute for Radio Astronomy)
LOFAR : LRw Frequency ARray Radioastronomy (Fast radio burst, dark matter)

LOFAR : 100s antenna => 13 Th/s

Computing Tensor Cores : 5-10x faster ===
Challenge than CUDA Cores e

Combine data
‘\‘
— Calibration,

m sl  Imaging,

Realm - Runtime for Scalable and Portable Execution

Scalability on Heterogeneous Hardware
CPU + GPU Multiple CPU and GPU

"OG,'_ oo: -
o [emei] e |

Supercomputer

& Cloud I/0 Challenge ————> Use of GPU Network

(GPUs directly recieve and decode packets)

Pierre Aubert,NVidia new hardware and software and their impact on science computing® . ‘ Pierre Aubert,NVidia new hardware and software and their impact on science computing@ @ ‘
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Camera readout architecture CTAO S
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Data volume reduction flow

Sensors

LI Ay
100 Gbps i
Analysis
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FACULTE DES SCIENCES

DE qENEVE Real—time anaIySiS

AstroColibri
https://doi.org/10.3390/galaxies11010022

CTAO: one eye among a multisensorial environment

e All-relevant observatories in the world are
interconnected via alert systems
+ LST and to further extent, CTAO must be able to receive

i 4 tori
and emit alerts monitoring
@ Extremely important for transient phenomenon, e.g. Gamma Ray ooservarories

Burst
+ Upon reception of a high-priority alert (criteria depends on

1| i Tescore
xxxxxxxx

. = i
e Hcht ceCube/ (Li

observatory and moment), observation schedule is altered < [*ceor [Y """"""" J[
® Some alerts do not provide precise direction, CTAO might \ broker (z 1 /A:’;ta”‘:;ﬂeve/src = %
Improve there - o ) (B = <
+ During survey’s or observation, some transient acitivity reaime) o 7 | =
might be reported by CTAO itself e o =sls
+ Some sources may flare while being observed, need to >~ C:ml"‘:'”g\,/ Jh\ —— 1 |3
inform other observatory about the increase in activity. aEm — e ||
S

= Need of a real-time analysis pipeline

Astro-COLIBRI App / Website 'b
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= LST Analysis pipeline CTAOQ iwours

FACULTE DES SCIENCES

CIaSSicaI apprOaCh Regression for direction and

Integrated charge (p.e.) energy reconstruction, and y/h
Raw event » Calibrated event * + classification performed with
Peak time (ns) dedicated random forests
= . i e " Reconstructed event -
< - , - ] . i C o RA, 6, E-, : ‘ AR
. - 2| .gammaness .. .
= - | C i I T
- - 28 as 1 ;i’ 5 D %
| = , - %0 10 o E— = e : . R i
= = " “Right ascension”:
= = | |
. . *
» - Cleaned image
= = . Pkt Parameterised image
& Charge = Time . o
e _ |
e = e = *
= m A o
u o g 101 R R e :
B n —— — O ] . et Q
i | S
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FACULTE DES SCIENCES

CTA IC_DSO-lLLABORATION

The Science Alerte Generation system

 Aim is to provide real time feedback on the » Configuration:
telescope observation (for transient and variable + one new file every 20k events
source observations) + 4 streams x 1 cores used

+ rate per core ~ 2000Hz

High level analysis

1855 pixels raw » List of gamma-like events, »
data uncalibrated Energy, Direction

(e.g. SED) .
14000 - —— Event rate received
RO DL3 Event rate DL1
12000 -
 Run optimized version of the off-line analysis 0001 preliminary
software, coded in C++ 8000 -

Rate (Hz)

6000 -

e |n total, 66 seconds are needed to produce a DL3  4000-
from 20k RO events (scales linearly with number of  »00-
events) 0l , , , I ,
+ offline analysis 30 ms/event N
+ RTA ~0.5 ms/event

S. Caroff, P. Aubert, V. Pollet, T. Vuillaume (LAPP) 43 M. Heller | Real-time processing for LST | EDGE ML School 26/09/2024
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CTAO I(_ZSO-II-.LABORATION

Performance

* Crab field sensitivity ~ Istchain x 4 « Performance mostly affected by non-
« Mkn 421 sensitivity ~ Istchain x 2 optimized image cleaning with respect to

 RTA results seems highly affected classical analysis
by NSB

Mkn421 Mkn421
: — . . § 3500 - - — :
— Istchain x 2 & E Livetime = 3.7 h & i Livetime = 3.7 h
4 Istcha,n AllSky 1000 41 | Non = 2798 I Non = 8478
¢ Istchain 20deg I I
1 $ RTA : l/a = 4.0 3000 - : 1l/a = 3.9
10* 1 L =nirabarkazi | Nosf = 3555.0 + 59.6 : Noff = 8978.0 £ 94.8
i l N excess = 1909.2 ! N_excess = 6186.2
: Significance (Li&Ma) = 43.3 0 2500 - E Significance (Li&Ma) = 83.1 0
D [ | [ | | . \
reliminary ' Prelimi ; L
10° g 600 1@ : re I | n a ry @ ON data g 2000 4@ : P r e I I I I I I n a r y @ ON data
? § E B OFF data § E B OFF data
I
1500 !
400 A |
1071 :
1000 =
4
200 gm0 R %00, 0. 0 . _ o ,
| B B ®Sgnalia |
L '*ll = I“.||IIII“ iy “HEy ||II||II||w:$J|.
I
102 | ' ' ey ' . ey . . . T T ! ! ! ! !
10-1 100 101 0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Ereco / TEV 62 [deg?] 62 [deg?]
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Camera readout architecture CTAO S

Data volume reduction flow

Sensors
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Use of Al ASICs for sensor real-time processing

Trained ML model
L

CML Compiler
¥

» Goal: EdgeML accelerator ASIC for
targeting real-time waveform
analysis
+ Temporal signal analysis (1D CNN, ...)

+ (Data reduction, e.g. auto-encoder for
denoising)

« CSEM edgeML technology:
+ CSEM Portfolio of different IP blocks
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Compuvutational complexity
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Developing single photo-electron extraction

* |dentify single photons out of uncalibrated waveforms
* Qutput is a quantity of photons per unit of time
* Baseline algorithm already developed for CTA based on 1D CNN (“only” 28k parameters)

10 MHz of random p.e. Zoomed window

o « Study feasibility to run real-
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—— N » Risk mitigation scenario
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PIXEL

Digital Photon Conter (DiPC)

= Side = 8,64 mm
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Comparator Architecture
t
= The resistors R, and R, 1xy 1xy 2xy = The comparator outputs @ I~ ;
convert currents |, and |, k l\ are counted (#) and summed (3) [
into voltages V, and V, | ? f
ot = Abinary tree adder
= The buffers B, and B, implements the summing J 4 @
digitize voltages V, and V, 1 1
into signals D, and D, 4[>— D, ||> D, _ o
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Conclusions and Perspectives

 Gamma-ray astronomy already relies on real-time processing due the to nature
of observations
+ Constantly looking at the sky, awaiting for (non-bunched) Cherenkov flashes
+ Variable observing conditions

o Sensitivity of instruments are improving, but major steps in gamma-ray
astronomy in the future will also heavily rely on real-time processing:

+ FADC cost and power consumption going down, cameras will unevitably move to fully
digital readout opening new opportunities:
® Sensor signal treatment
@ More sofisticated low level trigger algorithm to fight against the NSB wall
@ Robust and efficient high level trigger to to particle classification
@ Fast and performing real-time analysis pipelines for better reaction to alert or emission

o Stay tuned, more telescopes are coming and CTAO will soon deliver science as
an array!
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