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LHC and ATLAS

b SATLAS

EXPERIMENT

@ LHC provides = 50 proton-proton collisions every 25ns = 40 MHz
— 140-200 simultaneous collisions after upgrade

@ ATLAS Phase-ll upgrade to prepare for higher load

https://cds.cern.ch/record/2814924 [2], https://cds.cern.ch/record/2770815 [5]
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@ ~ 180000 channels — data stream of ~ 235 Thits™?
@ Triangular detector pulses — Analogue pulse shaping — Digitization
e Digital energy reconstruction with Optimal Filter (OF)

E(t) :Zc,--x(t—i)

https://cds.cern.ch/record/1095928 [6], http://cds.cern.ch/record/1701107 [3]
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Example input sequence
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— Reconstruct true energy from digitized detector output
https://doi.org/10.1007/s41781-021-00066-y [1]
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CNN architecture for energy reconstruction
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Concat-

enate

Output

Conv 2

Pulse Tagging

Conv 1

Input

feature
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feature
maps=5

kernel =3

kernel =4

@ Input: 1D time series of ADC
samples (one detector cell)

@ Output: Sequence of
reconstructed energies

o CNN layer:

7 » Linear combination of output

of previous layers

kernel =6

kernel =3

Receptive Field = 13

- tit Bias

> Non-linear activation (i.e.
ReLU)

https://doi.org/10.1007/s41781-021-00066-y [1]
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CNN example sequence

—— input samples | @ Input sequence from
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https://doi.org/10.1007/541781-021-00066-y [1]
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AREUS detector
simulation

Energy reconstruction
trained with true
deposited energy as
target

Network performance
can be evaluated by
comparison with true
energy
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CNN energy resolution as a function of gap
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— Significant improvement in reconstruction of overlapping pulses

https://doi.org/10.1007/s41781-021-00066-y [1]
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FPGAs

@ Configurable hardware chip with flexible logic cells and
interconnection

e Parallelisation, Pipelining, high input/output rates

@ Synthesis tool translates HDL code into configuration for FPGA
— Combines speed of hardware solution with flexibility of software

@ Main resource constraints: Number of general logic cells (ALMs)
and specialized multiplication units (DSPs) vs. maximum clock
frequency

L ] L]
L} ® _Routing Channel
L
= =

/0 Pad
= =
= Vi m

LA L] LA Logic Block

https://commons.wikimedia.org/wiki/File:Fpga_structure.svg [4]
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CNN firmware implementation

o Flexible/generic 1D-CNN model implemented g

directly in VHDL

@ Optimized for DSP usage and latency

@ DSPs can be chained for efficient
multiply-add structures

@ Depends on special architecture of Agilex DSPs
@ Fixed point calculation with 18 bit total bit width

DSP
by ®
Oy
a >
b
C
VHDL implemen- Simulation/
tation of CNN Compilation

A

Data generation

in AREUS

Training in
Keras

Model conver-
sion tool
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Multiplexing

@ One FPGA needs to fit 33 CNN instances
— Use less than 3% of FPGA resources per instance

@ Each instance uses 12x multiplexing
— Design needs to run at 12x the ADC frequency: 480 MHz

F\smz - E \Wo =
ﬁ S0 S, S
\56\55\54\53 [b] i :
Samples from ! Layer
P fe calculation
ADC l
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Multiplexing

@ One FPGA needs to fit 33 CNN instances
— Use less than 3% of FPGA resources per instance

@ Each instance uses 12x multiplexing
— Design needs to run at 12x the ADC frequency: 480 MHz
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FPGA resource estimation

@ Store weights in order required by DSP chain
— Move complexity to pre-processing on computer
— Previous version stored weights in logical order with very high
resource impact

@ 150 ns latency meets the trigger requirements

3-Conv Network finax ALMs DSPs

1 instance (12 channels) 570MHz 6k (0.4%) 46 (0.4%)
33 instances (384 channels) 537MHz 186k (14%) 1518 (12%)
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Summary

@ Flexible VHDL implementation supporting 1D CNNs for continuous
input data stream

o Multiplexing support with low resource overhead

@ Design fits target FPGA and runs at required clock frequency
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Energy resolution

AREUS Simulation
| EMB Middle (n,0) = (0.5125, 0.0125)
<u> = 140, E‘T’“e > 240 MeV

|~ —+— Mean + Std-Dev
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@ CNNs show better energy resolution and less bias than optimal filter

https://doi.org/10.1007/s41781-021-00066-y [1]

(OF)
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Relative deviation between firmware and software
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@ Good agreement

between firmware and
software (for samples
with pred. energy above
240 MeV)
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