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Challenges for the future QAT

arisruherfnstitut far Technologie

The next generation of detectors are extremely challenging: HEP, astrophysics, photon science, €

Simulation of 10 000 tracks in a future HL-CMS
Tracker detector ‘ : High brilliance coherent
S T synchrotron source for new
generation of photon science PhOton
experiments: EuXFEL, H
FLASH, FLUTE, KARA, science
SLS-2, etc.

Advanced beam diagnostic Rea[time
tools for new synchrotron

and plasma accelerator hlgh rate

Low-level trigger system based machines. THz Scienc

on FPGA track reconstruction

and fitting
Unprecedented data rate of up to 50 Th/s to be Complex dynamics on short time scale, terahertz detector
processed in < 4 ps with high efficiency and technologies, sub-ps time resolution, O(100) Gb/s
acceptable fake rate continuous data acquisition for long-time scale (sec- hrs)

Scaling of existing technologies is necessary to be prepared for future experiments
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Challenges for the future (II) AT

Karlsruher Institut fur Technologie

® Increased luminosity requires:

a . . ,
Higher segmentation = O (10 um) on hybrid and Tracker will be replaced for better precision and

down to O(1-3 pm) on monolithic high rates & radiation > large pile-up (HL-LHC)
- 4D tracking (timing within pixel layers)

® Higher hit-rate capability - sub-nanosecond

Higher radiation hardness ——
e

DAQ system, interface to, and control, front-end
(‘readout’) & organize data into coherent structure
(‘event building’) to cope with enormous data volume

Next generation of
FPGAs (?)

Trigger systems are essential to find rare events &
new physics (‘trigger’)

Next generation of Configuration and control of detector (‘run control’)

data processing
(7) Provide monitoring of system and data quality
(‘DQM’)
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Next generation of FPGA
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MPSoC (Zynq US+, 2016)
1.5 GHz Quad-core ARM processor +
FPGA @ 890 MHz F,,,« (all register used)

MPSoC (Zynqg US, 2014)
1 GHz Dual-core ARM processor +
FPGA @ 740 MHz Fy .« (all register used)

SoC (Virtex-4, 2005)
FPGA @ 300 MHz Fyax +
450 MHz PowerPC processor

Invented 1985
(XC2064)

FPGA SoC

VERSAL architecture §
FPGA based on 7 nm TSMC (FinFE'\f)«\

Multi-core processors +

Radio frequency front-end (analog) +
Artificial intelligent & complex signal
processing (hard-core)

ACAP

RFSoC
RFSoC (Zynq US+, 2018)

MPSoC 1.5 GHz Quad-core ARM processor +

890 MHz F,,, (all register used) +
Radio frequency front-end (analog)

Device Category



Age of accumulation

Age of Invention
* Communication is main market

« FPGAs are much smaller than the application * Dedicated logic blocks (e.g. high-speed I/O,
problem size multiplier)
« No tools, manual P&R * Low cost FPGAs Age of
- IP cores for large FPGAs g
heterogeneous
1984 1992 2000 2008 2014

’ o ” 100000
., B Age of expansion
p
* Rapidly growing FPGA sizes
* Increasing Demand for Design Automation
*+ SRAM FPGAs first for new technology —
domination

LUT Count

Wire Length

Elli

XC2064 first FPGA (1985)

)




Heterogeneous: ZYNQ MPSoC technology AT

Heterogeneous platform of the Zyng System-on-Chip (SoC) integrates, in a monolithic device, FPGA Karisruher Institut fr Technologie
resources with a back-end software running on a hard-core ARM-based processor.

Processing System Embedded Graphics
Appkcatn P . Cragrca Pacesed S8 e Processing Unit (GPUS)

ARM Mali™-400 MP2 Connectivity

Geometry Pixel
Procossor Processor 42 ey
K SATA31
Rl 2 256KB OCM Memory Management Unit Pcuom:zo{

whece |
Gic400 § scu | cousumy | w8 L2wECC: 64KB L2 Cache U

General Connectivity
GigE

Quad-core ARM processor

[ neonw |

ARM® DisplayPort v1 2a

Cortex™-A53

DDR4/3/3L,
LPDDR4B
32/64 bit wECC

} Floating Point Unit l

8 Bl
oCache

Mamcry | Embedded
¥ Trace
WECC

Management i
Unit Macrocel

Standard peripherals hard
IP-core

Dual-core real-time
processor

System
Functions [usez0 |
CAN
Multchannel DMA ]
£

Timers, Guad SPINOR |
WOT, Resets, [—-ﬁ
Clocking & Debug e
SoleMNC

System
Management

IPowet‘

Functional
Safety

Pont Unt ‘

Cortex™-R5

SKIT yocto RTOS

] Memory Protecton ‘
Unit
PROJECT

128KB | 32KB -Cache | 32KB D-Cache
TCM WECC WECC WECC g 2

Multi-Processor System-on-Chip (PS)

Programmable Logic

Storage & Signal Processing |

FPGA programmable logic (PL)

FPGA & High-speed
interfaces based on TSMC
16 FinFET

R Genera-Pupose 10 | High-Speed Connectiity ‘
'
High DensityHD VO ‘ PCio Gand

Video Codec
H.265/H.264

High-flex2 DAQ card based on ZYNQ
US+. Developed @ KIT

» Next talk: System-on-Chip FPGAs: Experience and Recommendations by Ralf SPIWOKS (CERN)

System-on-Chip (SoC) workshop — CERN , 12-14 June 2019

https://indico.cern.ch/event/799275/reqistrations/48961/ Ref. https://www.xilinx.com/support/documentation/selection-guides/zyng-
ultrascale-plus-product-selection-guide.pdf
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Heterogeneous: ZYNQ RFSoC technology AT

The bandwidth bottleneck of previous ZYNQ MPSoC was the bandwidth and complexity of the JESD204B e friecneiesr
standard communication for fast ADC/DAC

Standard peripherals
| hard IP-core

. Processing System
ARM . Quad-CoregA53y (64-bit)
Cortex . pyal.core R5 (32-bit

Monolithically Integrated
|

| Processing System™

\ Quad-Core
\ ARM®
\ Cortex™-AS2
\
\
‘\
\
\

Hardened Engines
« PCle Gen3 & Gen4
+ 100G Cores

B®oe— * 16nm FinFET
“B% ™. UltraScale+ FPGA Fabric

= sl Programmable Logic

Dual-Core
ARN®

DSP-Intensive

\ Jgﬁé + 4,272 DSP slices
- 7,612 GMACs

¥  33G Transceivers
- 33Gbls

» 28G Backplane Capable

- e \LOO\C AR
[TprogramsnaBle C v A\ =
\ G \\ ’\30\2@/” e N ?&_“\\(‘

335,
B\ tronscetvers A\
N =

. Digital-to-Analog
Imf— Converters

y /ﬂ Analog-to-Digital
—@ Converters

Up to 4.096 GSPS g Soft Decision Forward Up to 6.544 GSPS
*:***. Emor Correction :
- ~
Up to #16 fast ADCs (12 bits) o 5] | Db & Turbo Support Up to #16 fast DACs (14 bits)

Analog layers

Ref. https://www.xilinx.com/support/documentation/selection-guides/zynq-usp-rfsoc-
product-selection-guide.pdf
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RF-ADC/DAC Implementation steps

B® Add RF-ADC/DAC instance using the IP-Core
@ Use GUI to configure and customize the analog

@ Connect the ADC/DAC to ZYNQ by

“Running_connection_automation”

o

KIT

Karlsruher Institut fur Technologie

Search
Vidzo PHY Controller
Vidao Processing Subsystom
Vidao Test Pattern Ganerator

\ .

Direct RF Sampling & digital Signal Processing

-
ZYNQ™ oue
RFSoC 1 & Select
FPGA | DFE -
Digital Up / TH
A 4.9152GHz
Converter &
— |
Digital PLL
Frequency
Shifting and
Filtering
( 3.93216GHz
Digital Down o 3.5
Converter
o {10
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Ref Clock
245.76MHz

([t RF Signal

11 (17

Duplex

Receiver

3.5GHz

Re-austomize B

Vidso Timing Controler E

[ o

2yng Uitrascales RF Data Converter (2.0)

VIO (Virtual InputOutput) |
¥ Viterdi Decoder
nkacines XAUI ‘

YCrCb to RGB Color-Spacs Converter
2yrq UltraScales MPS0C
¥ 2Zynq Uttrascales RF Data Cowerter ,
ENTER o select ESCto cancel, Cri=Qfor IP details
e [ -

ADC Tae 224

] ‘
| » F—
Fr-anl . 5 %] ==
-
M
!

95 0y

Programmable logic (FPGA)

Michele Caselle

Institute for Data Processing and Electronics (IPE)



Versal architecture - Overview QAT

Karlsruher Institut fur Technologie

New Xilinx architecture ACAP (Adaptive Compute Acceleration Platform) develop in TSMC 7nm FinFET
technology, key features:

Scalar processors Adaptable Vector processors
®  More heterogeneous + real time Engines (FPGA) Al + DSP Engines

B Processor + FPGA + RF analog + HBM + Al

engines (artificial intelligence)

@ High bandwidth & low-latency = multi-
Terabit/sec throughput

GoogleNet vl

M\RATE
VERERNEY

Throughput (img/sec)

Al Inference
acceleration Ref:
Leveraging Al engines https://iwww.xilinx.com/support/documentation/white_pa

FREE e pers/wp505-versal-acap.pdf
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Next generation of data processing
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Next generation of data processing AT

New generation of particle physics experiment already reached hundreds of millions of events per second, meaning physicists
must sift through tens of petabytes of data per year. As the resolution of detectors improve, ever better solution is needed for
real-time pre-processing and filtering (‘trigger’) of the most promising events.

CERN (‘}") Featured Pl(‘dl(?h()(\Cﬁ‘fﬂp(? ¥

[t
IR Berimental LHC Machine Learning Working Group

\\"\_},_-w«-"*' \‘\ 2
Trackin. parice Teacking O
High EAerav Physics particl;é“h:\.a\gk‘mg_i»

- ‘ !’-um(lﬂl.'lﬂ Meetings  People  Publicdatasets  Softwar- -
-~ W% . Fifth Machine Learning in High Energy Physics e
@i Summer School 2019

e teams - 7 months-ago
T N
i
5.

s https://indico.cern.ch/event/7689 1 Sl

IML Workshop - CERN, April 9 2018
Exploring neural networks to improve

-j i ith the ALICE s : 3
b-jet tagging with the CE detector M_’_:m the HIggSMl. chullenge : DakkMachinas:

May to September 2014

BERKELEY LAB Meme News FundedProfocs Ao vt Q

Machine Learning for

Science Matter with Machine Learning
= PR A s »
rr::i;‘h?:ta to Scientific "" SN "’ } ' ) E
L a N . / Big Data Science in Astroparticle Research - HAP Workshop
r Se=eZA(
: N A 19-21 February 2018
A * = RWTH Aachen University SuperC

Institute for Data Processing and Electronics (IPE)

nen High Energy Physics meets Machine Learning \Cceleratln_g‘the SearCh for Dark .




What’s the different between Artificial lintelligence, Machine
Learning, and Deep Learning?

While this is rather general, it includes things like planning, understanding language, recognizing objects and sounds, learning,
and problem solving

At its core, machine learning is simply a way of achieving Al

J

Deep learning is one of many approaches to machine
learning

Machine
Learning

FICIAL

AT Eadidodaus b
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Machine learning A\‘(IT

@ Data analysis Kerher sttt forTecnologte
Reconstruction chain = jet tagging (task to find the particle ID of a jet)

Low-level and high-level trigger systems

Data quality monitor

etc.
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Machine learning &‘(IT

. PhyS|CS anaIyS|S Karlsruher Institut fur Technologie
Reconstruction chain - jet tagging (task to find the particle ID of a jet)

Low-level and high-level trigger systems _ _
Using heterogeneous FPGA-GPU to combine the strengths of

Data quality monitor both FPGA and GPU technologies

etc. ‘

® Heterogeneous FPGA/GPU-based readout

system GPU cluster
http://ufo.kit.edu/ufo

4

'

Data

& heterogeneous
source <€

<€

Fast feedback M. Caselle etal., JINST 12 C03015 (2017)
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Machine learning _\\J(IT

. PhyS|CS anaIyS|S Karlsruher Institut fur Technologie
Reconstruction chain - jet tagging (task to find the particle ID of a jet)
Low-level and high-level trigger systems

. . Using heterogeneous FPGA-GPU to combine the strengths of
Data quality monitor

both FPGA and GPU technologies

Reducing the time needed for training

FPGA (ML Inference)
Low-latency, customized designs, high-
performance memories resource, many
interfaces, broader flexibility, etc.

GPU cluster GPU (ML training)

floating point and large processing
capabilities, easy to program, etc.

Data
source

<€
Fast feedback M. Caselle etal., JINST 12 C03015 (2017)
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Machine learning &‘(IT

. PhyS|CS analySlS Karlsruher Institut fur Technologie
Reconstruction chain - jet tagging (task to find the particle ID of a jet)
Low-level and high-level trigger systems

. . Using heterogeneous FPGA-GPU to combine the strengths of
Data quality monitor

both FPGA and GPU technologies

etc. ‘

FPGA (ML Inference) GPU cluster GPU (ML training)

Low-latency, custom_ized designs, high- y 4 floating point and large processing
performance memories resource, many /;/,» g capabilities, easy to program, etc.

interfaces, broader flexibility, etc.

5 . theano
W L2 Caffe?
e ‘ Tensor
Data &8 heterogeneous A I3 Keras
source <€ oo
oo e - @ 1
@9 e _ '
<€ ’ D @  Filter Weights
Fast feedback DNN with weight are pruned, synthetized and implemented on FPGA
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. PhySICS analyS|S Karlsruher Institut fur Technologie

® Reconstruction chain - jet tagging (task to find the particle ID of a jet)
® Low-level and high-level trigger systems _
i . Using heterogeneous FPGA-GPU to combine the strengths of
® Data quality monitor both FPGA and GPU technologies
| eftc.

FPGA (ML Inference) GPU cluster GPU (ML training)
Low-latency, custom_ized designs, high- e ; floating point and large processing
performance memories resource, many capabilities, easy to program, etc.
interfaces, broader flexibility, etc.

Data PR heterogeneous " A
source : <€ oo
@ ® @ -1 ﬁ 1
NS e e Fiter Weight
<€ hls 4 ml o0 e iiter Weights
Fast feedback
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High-performance Deep Machine Learning FPGA A\‘(IT

Karlsruher Institut fir Technologie

High Level Synthesis four Machine Learning has been developed at CERN

Talk: Machine Learning for HL-LHC Detectors, by Jennifer NGADIUBA (CERN), h I S 4 ml
Friday room GER 038

What is hls4ml - framework removes major barrier on hardware development of ML algorithms allowing
developers with little or no FPGA expertise to program FPGA by high level synthesis tools

Case studies:
® HEP: Machine Learning for low-level trigger system based on FPGA - fast jet substructure classification

® Photon Science: fast feedback to RF-system of synchrotron machine for the control of the coherent THz emission in

burst mode
[ ] the low-level trigger system for HL-CMS track finding
Res_V FPGA Python Keras
prediction calculation (GPU) 16 clock cycles @ 200 MHz -2 latency = 80 ns
Gluon (g) 0.118164 0.12993355 Implemented on ZYNQ UltraScale+ XCZU9EG
Quark (q) 0.639648 0.6487177 .
Jet classification Boson (W) 0.118164 0.10633943 Low-latency & ultra-fast ML inference
Boson (Z) 0.118164 0.10616959 Javier Duarte et al., Fast inference of deep neural networks
top quark (t) 0.015625 0.00883975 in FPGAs for particle physics, arXiv:1804.06913v3 (2018)
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Deep Machine Learning — photon science *‘("’

Karlsruher Institut fir Technologie

Goal is to keep the coherent THz intensity stable by fast feedback to RF System

Complex and nonlinear dynamics in longitudinal / transverse bunch profiles - described by a nonlocal nonlinear
partial differential vlasov fokker planck equation describing the time evolution of the probability distribution of a
particle in synchrotron machine

PG Machine Learn e e o GPU Machine Learning 5 layers of fully
ln?’ngneceeammg < ML (state), MLy (next stats)~ training connected layers
l, Action S neural network
Data
THz radiation Detector \ PCle &
Synchrotron % | KALYPSO/ % V1 EE N ) S
accelerator KAPTURE '

~ _ Update weights

Action

<€ GPU supervise the FPGA actions and performance a i £ b
continuous training - updating the FPGA weights 84 % DSP
25 % LUT] i
.. ' latency =80ng
¥ Keras  Training on GPU his 4 ml \A\ADO il
HLx Editions ;
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Impact QAT

Karlsruher Institut fur Technologie

® Next generation of detectors will be harder than HL-LHC, not necessary ‘bigger’, but will generate huge and complex data
volume (petabyte/sec), serious technological challenges - we are required to push the technology envelope (especially
for trigger and data acquisition)

® Toward a common hardware infrastructure - novel programmable devices families, i.e. ACAP, which combine high-
performance FPGA, scalar processors + artificial intelligence + vector processors (i.e. GPU)
Ad-hoc logics = in the high performance & flexible FPGA region

Detector/system interconnections - by flexible 1/0O and multi-Th/s integrated
high bandwidth memory

® Al engine = low-latency high-performance ML inference (trigger, processing)

® Machine learning is one of the most promising technique for data analysis, processing
(trigger), intelligent detector configuration, data quality monitor, etc.

B Very flexible, the ability to learn without being explicitly programmed, simple
code maintenance, easy integration in FPGA, etc.

... we are just at the beginning, new exciting technologies will

appear in the next years Thank you for your attention
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FPGA market or which vendors did survive?

2 small SRAM FPGA
families

Microsemi.
Flash & Antifuse
FPGAs

achr:nix StaDirea ZLATTICE
SEMICONDUCTOR CORPORATION L_’
FPGA IP core for SRAM based FPGAs Low power &
SoC designs Broad range cost efficient FPGAs
. v
A%\ MicrocHIP & XILINX

ALL PROGRAMMABLE

SRAM based FPGAs

2014 2015 2016 am7

ETelecom
Military and aerospace
u Others
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2018 2018 2020

¥ Industrial
®mData Processing

Broad range
—_—
|

2021 2022 2023 2024

® Automotive
Consumer Electronics

Mountains of

Unstructured Data

= Xilinx Intel

One Architecture
Can’t Do It Alone

= Others

KIT

Karlsruher Institut fur Technologie

Xilinx: 50 %

Others: 13 %

This is the Era of
Heterogeneous Compute




Two FPGA technology solutions ﬂ("‘

Karlsruher Institut fir Technologie

High-Bandwidth,

Low-Latency Connections Vi rtex U Itra Sca Ie +

Microbumps

Virtex 7T

Through-Silicon Vias (TSV) .
. Placement & local routing
4 Bumps

Global routing

8 nm FPGA Die (SLR)

—— 65 nm Silicon Interposer
Package Substrate
BGA Solder Balls Solution
VIrteX 7T FPGA Enabled by SSI Ethemet ngh BandW'dth Memory
(Stacked Silicon Interconnect) technology DSP Capabilty integrated into the FPGA
Video
5 « DRAM: up to 4 GByte
s Bandwidth Gap « Bandwidth: 1.84 Th/s
DDR bandwidth GAP
because DDR on board Ref. Xilinx white paper WP380
2008 2011 Yeir 2014 2017
24 — Ethemet — Video — DSP Capability — DDR

Institute for Data Processing and Electronics (IPE)




' Charting an Aggressive Course Forward

y \\

Courtesy of Hanak, Georg (Avnet Silica)

C
o
© N .
8’ 0(65\’, 60““3(\0
£ vt
aG‘ ’
g co®
2
% P \ \eg‘a\‘o FPGA
o »\e\\\ge“ .
Q .
B Pnce;percormance"”a Low price
£ Arch\tec\ure for
©
S
= Next technology
| Tools VIVADO? UltraFAST. = SDx~ VERSAL \
| Architecture 7 Series UltraScale™ Architecture ACAP B
' Process 28HPL 20SoC 16FinFET+ K 7nm t‘/
© Copyright 2018 Xilinx & XILINX.
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High-performance Deep Machine Learning (lI)

KIT

Karlsruher Institut fir Technologie

THz radiation

Synchrotron
accelerator

Spot size measured with KALYPSO at VLD port

0 20000 40000 60000 80000 100000

Turns

Inten5|ty of THz radlatlon measured with KAPTURE at IR THz

60000 80000

Longitudinal bunch proflre measured with KALYPSO /\

Inte’?Slty

Voltage (mV)

100000

200 1.4 \
180 Coherent synchrotron radiation 1.2 o
160 | 'VVV'”V VV 'U N 1022
—_— . ’ ) oo
PRR Gaussian bunch shape 08 s 3
a 120 0.6°3 s
100 _ 8-‘2‘ 25
\ 80 Micro-bunch substructures 0'0 /
49.0 49.1 49.2 49.3 49.4 49.5 49.6 49.7 ]
Time (ms)
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“High-Flex 2” readout card .\.\_‘(IT

. P h O t O n S C I e n C e Karlsruher Institut fur Technologie

Optical link (full-duplex)

®  New generation of ultra-fast cameras for science  (PS === DTS)
up to 190 Gb/s

® Detectors for beam diagnostics (ARD <= DTS)
- Poster by M. Caselle (ARD + DTS)

® Hardware platform for implementing machine learning algorithms
B Superconducting sensors and quantum technologies:

B Readout of Metallic Magnetic Calorimeters arrays

ok
o
@
W

® Control- and readout of superconducting quantum bits QIR

- . B I, g CIe Gen 4 (x8 or x 16
® High Energy Physics (HEP): _ /j lanes) up to 240 Gb/s

B NAG62 (SPS-CERN) fast “low-level” trigger system, GPU-based ~us latency

(MU == DTS)
® High Level Trigger (HLT) based on modern GPUs and FPGAs accelerators

27 34 Meeting of the Advisory Board “Matter and Technologies” Michele Caselle Institute for Data Processing and Electronics (IPE)
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“High-Flex 2” readout card A\‘(IT

P h Oto n S C i en C e : Karlsruher Institut fur Technologie

® New generation of detectors for beam diagnostics

Fully designed @ KIT

B Diagnostics and stabilization of laser systems
Superconducting sensors and quantum technologies:

B Control- and readout of superconducting quantum bits
High Energy Physics (HEP):

B NAG62 (SPS-CERN) fast “low-level” trigger system, GPU-based

®  High Level Trigger (HLT) based on GPU- FPGAs accelerators
Hardware platform for Artificial Intelligence algorithms
® Heterogeneous FPGA- GPU system based on Machine learning

SPIE Photonics West Conference, 2 -7 February 2019, San Francisco, California Michele Caselle Institute for Data Processing and Electronics (IPE)



Readout card &‘(lT

\ /‘\w Opt|cal ||nk 12 Ianes @ 28 Gb/s Karlsruher Institut fur Technologie
g (full-duplex) > 330 Gb/s.

[ 45
&L

/

FMC+ 57.4 connector:
# 32 transvers @ 28 Ghps

# 160 lines @ 2 Gbps HMUSB + UART connectors U

Two SATA connections:
Data saved directly on SSDs

Detector

L > DDR4 for PL (FPGA)

ETH connected to
processor (TCP/IP)

PCle Gen 3 and 4, 16 lanes - up to 240 Gb/s full-duplex

29 Institute for Data Processing and Electronics (IPE)



- T : HPC
Modularity/scalability readout architecture oo S QAT

Karlsruher Institut fir Technologie

CMS tracker system = = | Pete T
(Phase Il — Update)

Off-detector Local data concentrator
ATCA/uTCA readout cards and event builder

Key HW/SW developments: . .
High Level trigger

®  ATCA/UTCA readout card for HEP and photon science and event display

@ Heterogeneous FPGA-GPU architectures based on PCle readout cards .

&)
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B Machine learning algorithm for HEP (in collaboration with Cern)
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Readout card based on ATCA / uTCA

® ATCA or uTCA standard

® Compatible with CMS timing layer detector readout card

B Keyideas:

1. 1/O by interposer:
@ Optical links
|
|

FMC+ digital 48 links
to/from
LPAF analog + digital detector

24 links

to/from
DAQ

48 links
to/from
Pp— detector

High-density board-to-board
interconnection by interposer
technology
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IInterposer R
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Xilinx ! T6A
us+ :
(Kintex/Zyng/ | |
Virtex) %\X\ o e 7
i |—|
Interlaken/Aurora
Zynq US+
......... AXIC2C
: SoC
1
Xilinx AXI C2C
Us+ : ETH
(Kintex/Zyna/ | | | PMBus
Virtex) ]
i Power Supplies
1

KIT

Karlsruher Institut fur Technologie

2. FPGA by interposer:
High-flexibility in FPGA selection
Kintex/Virtex or RF/SoC Zynq

3. Centralized slow-control
by ZYNQ processors and ATCA
shelf manager, new tasks:

@ Detector calibration
® On-line data quality check
® Machine learning

Institute for Data Processing and Electronics (IPE)



Common readout card 3 in 1 concept A\‘(IT

16G+ 5" - /0 Interposer |
) H ! ! Daughtercard Aiancos TCA®

o :<i» o | = Common HW for:
i (] | = m.‘ . Massive optical I/O > 96 + 24 optical links
zainis [2Ygg— TPl ; LGl oy High-end ADC/DAC cards > ADSCs = 80 GS/s +
DAQ ] : wicae Yoo [ DACs = 320 GS/s
KA Massive digital connection - 320 digital I/O + 40

(kintexizyna J Pusee high-speed serial link (each > 16 Gb/s)

Virtex)

! Karlsruher Institut fur Technologie
i
i
i

detector

S [

8

> (Kintex/Zyng/ 1

=
=

3Bz

ATCA

= He
H%

Xilinx AXIC2C

Us+ ETH

I~
2

48 links
to/from

detector | *+* |
<> | FITH
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7| E4=

:

Power Supplies
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F=—=—=~ ;0 Tnterposer Vg~ VOlmeoser T TTTTTTTTTTTEOITT
e H 1 — —— " iDaug Arveeces TCA" 1 «— 0 ' T—— D Aivencen TER"
#16 ADCs (14 bit) ! by iiterposer P . ! narposer o
@ 2.5 GS/s %; DC! i ' # 160 digital I/O i Xilinx i
ot 1 Rese | — #19 GTHIGTY 7| ol us+ i
s i ; C zvnauss | m — i (Kintex/Zyng/ m
P ! N cns
#32 DACs (14 | i DAC! hxi c20 4_.T“D” i Virtex) TCDS
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@ 10 GS/s 4 el i .
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i i : ! Power Supplies «— i Power Supplies
_)'l bl ; L |- L

New LPAF (Low Profile Open-Pin-Field Array)
connector: High-Speed High-Density analog &
digital signals

New FMC+: electrically & mechanically
compatible with standard FMC
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High-performance heterogeneous FPGA-GPU DAQ QW(IT

Karlsruher Institut fur Technologie

® Modern photon science detectors generate huge raw data volumes (~120 Gb/s)
® Observed slow changes in synchrotron machine (e.g. current) - sec - hrs

B Heterogeneous FPGA/GPU-based readout system, the UFO
DAQ platform, has been developed

http://ufo.kit.edu/ufo

= \",, i o
7 “er /r"/’ 5

® The core component is a “novel” Direct Memory Access (DMA)
architecture

B Direct FPGA < GPU communication enables real-time data

", il ‘ processing
PCle readout card of UFO DAQ Platform
- : . _ .
DMA working close to theoretical limit of data link DETECTOR

B Data latency 5 times better than other DMA architectures

M. Caselle etal., JINST 12 C03015 (2017)
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Multiple “GPU-Direct” architecture R\V4 L

High-Flex readout card

From
Detector

4x AMD FirePro W9100

High-Flex Only 20 ns are necessary to
switch from GPU,; to GPU,

Ultra-fast computer tomography real-time 3D reconstruction (data rate 50Gb/s).
DOI: 10.1109/TNS.2015.2425911. Real-time 2014 -Nara

Streaming Camera Platform for Scientific Applications. DOI:
10.1109/TNS.2013.2252528. Real-time 2012 — Lawrence Berkeley Laboratory

34 20t |IEEE- Real Time Conference, 5-10 June 2016. Padova - Italy. M. Caselle KIT, Institut fir Prozessdatenverarbeitung und Elektronik



High-performance heterogeneous FPGA-GPU AT

Karlsruher Institut fir Technologie

Ultrafast X-ray Computer Tomography @ KARA (KIT)
3D spatial resolution: <1 um +

time resolution> ps/ ms

Data processing up to 50
Gb/s in real-time

X-rays '
!
N Detector

Sample

KIT Ultrafast camera

T Frame rate: 5 - 100 kfps M. Caselle et al., IEEE-RT

DOI:10.1109/TNS.2013.2252528
(2013)

GPUs cluster

I

Feedback to sample manipulator

Reconstruction and semi-
automatic segmentation by GPUs

CMS low-level trigger system

stubs
per cell

» CMS low-level trigger system
. based on FPGA-GPUs

48

* track reconstruction and fitting

36

" Total data latency of 6.9 ps =
« 2 Us (data transfer) + 4.9 us
. (GPU processing)

Hexagonal Hough Space Regular Hough Space
D LoDt s

"

GPUs cluster

017  033-0.33 0.17 000 017 033

L1 trigger will require reconstruction of charged ” H. Mohr, M. Caselle et al., JINST
particles with transverse momentum > ~2 GeV/c Hough space on GPU 12 C04019 (2017)
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Heterogeneous FPGA-GPU (Performance) QAT

Data throughput KALYPSO 9 FPGA 9 GPU Karlsruher Institut fur Technologie

Data Throughput
GPUs 1.30E+10

P >12.5 GB/s continuously

—

Detector 256 byte payload

1.20E+10

115E+10

rl—l———l |
1.10E+10 1

28 byte payload

® DMA working close to theoretical limit of data link (PCle Gen3)

Throughput (Bytes/s)

® Data throughput > 12.5 Gbyte/s both NVIDIA and AMD S > 7 GB data
® High throughput - fundamental to sustain a continuous acquisition o
for |Ong tlme (Sec’_ hrs) 0.00E+00 1.00E+09 2.00E+09 3.00E+09 4.00E+09 5.00E+09 6.00E+09 7.00E+09 8.00E+09

Data Size (Bytes)

Round-trip time: FPGA >GPU >FPGA
GPUs

Traditional data flow

B Direct FPGA <> GPU data flow

Detector

Fast feedback
<€

® NVIDIA (Tesla K40) : data latency < 2, jitter <30 ns
® AMD (FirePro W9100): data latency < 1.4 ys, jitter 50 ns 0 2 a 6 8 10 12
®  Low-latency = fundamental for fast feedback to experimental system Latency (i)
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Versal — Adaptable Engines

For traditionalists: This is the FPGA part

Some known facts

KIT

Karlsruher Institut fur Technologie

6 Input LUTs
Each CLB has 32 LUTs and 64 FF

(4x density compared to US+)

16 LUTs in a slice can be
B a 64 bit RAM

B 32-bit shift registers (SRL32) or two SRL16
Internal connection of LUTs possible
4x clock, 4x set/reset, 16 clock enable

3 step voltage-scaling supported e

8t Collaboration Workshop on Logitudinal Diagnostic, June 2018, DESY Michele Caselle

BEES

20%
E More
* Performance
~

VhicH
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Versal — Al tile architecture

KIT

Karlsruher Institut fur Technologie

1.3 GHz VLIW / SIMD vector processors

Parallelity
® VLIW: 7+ operations / clock cycle

® SIMD: 512 bit vector datapath
(8 /16 /32 bit & SPFP operands)

® Upto 128 INT8 MACs / clock cycle / core

Memory

® 16 KB Internal program memory
B 32 KB data memory (parallel)

® Integrated DMA logic

Fixed-Point
Scalar ALU Wector Vector Unit
Register
File Floating-Point
‘Vector Unit

Scalar Unit Vector Unit

Instruction Fetch
& Decode Unit
Load Unit AfllLoad Unit Bjf Store Unit

Stream

Scalar

Register
File Non linear

Functions

32-bit Scalar RISC Processor

Local, Shareable Memory

32KB Local, 128KB Addressable Memory Interface

38

Vector Processor
512-bit SIMD Datapath

Institute for Data Processing and Electronics (IPE)



Advantage of Multi-Processor SoC technology

The user-friendly Linux applications is combined with the efficiency and throughput of a system
fully implemented in the FPGA fabric

Processing System

Application Processing Unit _
(user application in C/C++, Python, etc.) ETH
(TCP/UDP)

_—

Sampled data for embedded DQM Embedded Linux O.S.

FPGA

FPGA data

Rx

Rx

Detector DAQ

processing &
formatting

Embedded (‘slow-control’) server on FPGA , i.e. EPICS server, etc.
Detector (‘calibration’) routines running on FPGA

High — granularity on-line monitoring of system and data quality (‘'DQM’) on FPGA

etc.

—

KIT

Karlsruher Institut fur Technologie

EPICS

~5

to DQM

Web interface

Main data stream detector > DAQ
With data throughput > 300 Gb/s
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Advantage of Multi-Processor SoC technology *‘("‘

The user-friendly Linux applications is combined with the efficiency and throughput of a system Karlsruher Institut far Technologie
fully implemented in the FPGA fabric

Processing System 2
E a Vi.vad re Mnlce§og|rgmwer '

Synthesis PYN Q‘ |

Embedded|Linux O.S.

Detector

Low-latency (‘low-level trigger’) or
fast feedback to experimental station

B PYNQ, reVISION: are an open-source project from Xilinx that makes it easy to programmable hardware
without having to use HDL (verilog/VHDL) language.

. o . hls 4 ml
B Low-level trigger based on Artificial Intelligent '

40 Institute for Data Processing and Electronics (IPE)



