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Outline

e High Luminosity Large Hadron Collider (LHC) Challenges
e Phase Il Trigger and Data AcQuisition (TDAQ) Upgrade
e Hardware Track for the Trigger

o Pattern Recognition Mezzanine

o Firmware blocks that | developed

e Hardware Tests
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High Luminosity LHC Challenges

High Luminosity consequences

e High pile-up up to 200 events per bunch crossing
(previously ~ <40>)
e High granularity detectors that need to be read out
o New, all-silicon Inner Tracker (ITk)
o front-end/back-end electronics updates
e Larger event size ~5.2 MB (~2 MB previously)

Operating points for ATLAS TDAQ

e L1 latency increase to ~ 10 s (~2.5 ys previously)
e Readout rate increase to 1-4 MHz (100 kHz previously)
e Rate to permanent storage ~ 10 kHz (~ 1 kHz previously)
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ATLAS Phase-Il TDAQ upgrade

TDAQ Phase Il architecture

‘. Inner ‘ ‘ . [ Muon
Calorimeters
. . Tracker | System
Single level hardware trigger: Level 0 ' ; g B ) /
Y
e Hardware Track Trigger (HTT) - Reduce backgrounds . A LS
after LO trigger selections and mitigate pile-up ! : Level-0 Trigger :
o  Custom designed boards ! 4 | System IR
o Regional tracking (rHTT) at 1 MHz ! : ! u " I
®  on up to 10% of the ITk data, Pt > 2 GeV e —— ‘
o Global tracking (gHTT) at 100 kHz g SR AACERRAEION SySee
®  Full coverage Pt > 1 GeV I

e Data are provided by the Event Filter processing farm and

. Event Filter System ‘
tracks are returned to it .

Permanent

Mtarana
Storage

HTT evolved into commodity based system, so no
longer happening, but the experience with the

demonstrator quite unique' Intel Stratix 10 FPGA design for track reconstruction for

the ATLAS experiment at the HL-LHC
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https://arxiv.org/abs/2302.13609
https://arxiv.org/abs/2302.13609

Hardware Tracking for the Trigger (HTT)
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memory Tracking
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HTT Track reconstruction

| SSID
I Cluster

Stage 1 I

e The clustered data are grouped into consecutive
strip or pixel channels (so-called “superstrips”)

e For each track candidate that matches a pattern,
the track x2 and helix parameters are computed
from the corresponding clustered hits in an FPGA

e Transfer back to the processing unit n14-1.5
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HTT Track reconstruction

Stage 1 Stage 2
e The clustered data are grouped into consecutive e Each 8-layer track candidate goes through a
strip or pixel channels (so-called “superstrips”) second stage of processing
e For each track candidate that matches a pattern, e x2and helix parameters — 5 remaining ITk layers

the track x2 and helix parameters are computed
from the corresponding clustered hits in an FPGA

e Transfer back to the processing unit _ ni4-18 _ :
| k ATLAS Simulation Elements used in first stage fit
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Pattern Recognition Mezzanine Firmware
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Pattern Recognition Mezzanine Firmware

Cluster to SSID Encoder
o Translates cluster info to SSID
info
Cluster sorting per SSID
o  Groups the clusters per SSID
o This is required by the Data
Organiser
o Also helps the AM ASIC
processing

A

[ AM ‘
ASICs
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Pattern Recognition Mezzanine Firmware

/" FPGA ™~
f SSID h SSIDs .
; Clust
%, Encoding usters
ITk & Sorting ) AM
clusters A v v v %
: d > AM
Data |fo2dlbl 22 <~ —{ ASICs
AM ASIC Interface Janiser 0 AV
TP =
e The SSIDs are sent to the four i B@a/dlD _ASICs
groups of AM ASICs :F}h 3 AM
e Stored in a sequence that 'gn h _ASICs
] minimizes bitflip by the Power dwidth
- Optimizer =mory -—
< f Control & B .
) L Monitoring J > Ethernet
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Pattern Recognition Mezzanine Firmware
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Pattern Recognition Mezzanine Firmware

T f FPGA P N PR

I > SSID SSIDs .

: Clusters
HBM (High Bandwidth Memory) Interface Encoding PR
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)
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Pattern Recognition Mezzanine Firmware

29/06/2023

/~ FPGA p S|
SSID Y Track Fitter Block
o.. Encoding i‘“ﬁ
TR & S%Ling// e Applies x2 cut
clusters = v e Calculates the helix parameters
) AjédlD Data (T2 = < —(_ASICs
Track Fitter |« Clusters | QOrganiser — AM
TP 2 ~— = e :ASICS]
SSIDs yRoadID AM
8-layer High B : ASICs ]
Tracks i
« . Constants Bandwidth
) e Memory -
. f Control & 1 R
X L Monitoring J " Ethernet
O\ J

MOCAST

13



Pattern Recognition Mezzanine Firmware
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PRM Standalone Project

e Test the functionality for the PRM FW without the need of having the TP card

e Validate the PRM firmware before the integration stage

e Upload and store in the FW the Test Vectors (monte carlo data by the offline software team)
© Input data - Clusters, SSIDs and Constants

© OQOutput data — Chi2 and Track Parameters
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PRM Standalone Project

Dashed arrows are for store to memory.
Solid line arrows are for data.
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PRM Standalone Project

Dashed arrows are for store to memory.
Solid line arrows are for data.
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Data Generator

Data Generator
The Task

Initializes the memories [ RAM_const J > Storing to HBM ={ HBM }
Injects data to the rest of the pipeline - ~
Compares the output with the input values p - p <
Storing to ASIC
e A set of data are propagated to RAMETY | Emu ) | g
- J g
the rest of the components ASIC Emu }
A 4 4 N\
e Aset of input registers ( ) Injection to ||
.. . Data register > ASIC Emu
o Control the injection . ) N y,
- 4
o Define the number of ‘ - . (
events to be injected v Injection to DO =L Data Organiser }
o Define frequency of event [Control signals ) \\ ’/
injection y J (
C . > C '
o Enable the |nject|0n Of | omparator Track Fitter
fake clusters
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Data Generator #2

e HBM initialization

RESOURCE UTILIZATION

Resource type
(utilization percentage)

Utilization/ Available Resources

Anthmetic Logic Units 173607702720 (<2.47% )

Total dedicated logic registers 26670 (<1%)

Total block memory bits 206.03 kb (<1%)
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Data Generator #2

/ Data Generator /ﬁ\
— —

RAM Storing to -
const " LBM > HBM
) >
HBM | —ee Storing 0 )
° T . . . RAM_TV ASIC
ASIC Emu initialization & data injection S | E}
I Injection | Emu
Data > to ASIC
register Emu
—
T ) ( )
RESOURCE UTILIZATION ! [nj2Emor »| Data
to DO Organiser
— - Control r — _
Resource type Utilizaton/Available Resources signals —
(utilization percentage) - ( ) (track ‘
Arithmetic Logic Units [73607702720 (<2.47% ) > Comparator (¢ Eittor
Total dedicated logic registers 26670 (<1%) g -
Total block memory bits 206.03 kb (<1%)
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Data Generator #2

i \FF( H initiaillzation

ASIC Emu initie
e DO data injection

RESOURCE UTILIZATION

RAM
const

"
RAM_TV

1

Data

/Data Generator /ﬁ\
) )

Storing to

HBM

( Storing to

ASIC
\_Emu J

(ﬁ
Injection

A 4

HBM

N to ASIC

Resource type

Utilization/ Available Resources

(utilization percentage)

Anthmetic Logic Units

1736005702720 (<2.47% )

Total dedicated logic registers

26670 (<1%)

Total block memory bits

206.03 kb (<1%)

U
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Data Generator #2

DO data injection
e Output comparator

RESOURCE UTILIZATION

Utilization/Available Resources
(utilization percentage)
173607702720 (<2.47% )
26670 (<1%)

206.03 kb (<1%)

Resource type

Anthmetic Logic Units
Total dedicated logic registers
Total block memory bits
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SSID Encoding and Sorting

/T;SH) ‘\\

_encoder
) | Injection
Receives the cluster data from the TP Clusters | Format J
® Encodes clusters into SSIDs (Coarser ( PR )
information) Encoding
e Groups the clusters per SSID (Sorting) fifo g

Sortin
Provide the data to the AM ASICs and O - g/

Data Organiser ( ok
e High throughput event Start ___ [\ i
event End ff /—\_
e Reasonable resource usage Clusere DR R G S G i
SSID 70 5 X3 Y1 Y3/ Iz

Sorting_in

clk
3 | event_Start / \ ]7
g’l event_End ]}('( /—L
o
@

Clusters a3 K1 h7 fal )[W
SSID 7 5 X8 ¥ 3 Y1 Xz
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SSID Encoding and Sorting #2

- _ N A design that fits:
Sorting e The FPGA architecture
e The needs of the application

Proposed solution:

e Grouping the SSIDs inside the
“Sorting FIFO”

e Generate many instances of the
ordering design — Optimize
performance

e After the ordering is finished,
propagate the output of the fifo that
has the lowest value

SSID

encoder
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SSID Encoding and Sorting #2

The FIFO circulates
i Sorting the same values

A design that fits:
e The FPGA architecture
e The needs of the application

Proposed solution:

e Grouping the SSIDs inside the
“Sorting FIFO”

e Generate many instances of the
ordering design — Optimize
performance

e After the ordering is finished,
propagate the output of the fifo that
has the lowest value

SSID

encoder
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SSID Encoding and Sorting #2

The FIFO circulates
i Sorting the same values

A design that fits:
e The FPGA architecture
e The needs of the application

Proposed solution:

e Grouping the SSIDs inside the
“Sorting FIFO”

e Generate many instances of the
ordering design — Optimize
performance

e After the ordering is finished,
propagate the output of the fifo that
has the lowest value

SSID

encoder

The FSM compares the FIFO
output and the new SSID and
determines if the new SSID is
going to be added in the FIFO

29/06/2023 MOCAST
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SSID Encoding and Sorting #3

® 165 ALU per Sorting Block

e 13312 Block Memory Bits per sorting
block

e [Latency:
o 1 sorting block: 528 ns
o 2 sorting blocks: 424 ns
o ~ 20% improvement

29/06/2023

RESOURCE UTILIZATION

Resource type

Utilization/Available Resources
(utilization percentage)

Anthmetic Logic Units

2607702720 (<1% )

Total dedicated logic registers

5208

Total block memory bits

479 kb/140.2 Mb (<1%)

Total RAM Blocks

A6/684T (<1%)

MOCAST

27



Tests on Hardware

e Tests on the development kit
(ID : 1ISM21BHU2F53E1VG)
e Programing over JTAG
e Communication with linux machine over
Ethernet
o Converter from RJ45 to QSFP

o IPBus protocol
L] Packet-based control protocol

e Quartus Signaltap
e Verify that the simulation matches the
HW tests
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Tests on Hardware

e Tests on the development kit
(ID : 1ISM21BHU2F53E1VG)
e Programing over JTAG
e Communication with linux machine over
Ethernet
o Converter from RJ45 to QSFP

o IPBus protocol
L] Packet-based control protocol

e Quartus Signaltap
e Verify that the simulation matches-the
HW tests

Initialization of the

AM ASIC
Emulator /= ? 7 7 ? : 7 3 7 T ;
| ;
000000000 % _D0D0DO3F00h % BC11EEC3h j 3CAB9738h j 3DSBE16Dh ji BFESQAG7h 4 3FE11E97h 4 3FACCOFOh j BFAF5BB4h i
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Tests on Hardware #2

Hardware
- —</16 11:34:46 (0:0:0.1 elapsed) #12
rvoalial Name 16 B 16 24 2 an ag .,
&l * data eenerator instlchi?2 match count of31..0] ANONONNA

& * data eenerator instldO match count of31.01
la| * data eenerator instleta match count o[31..01
a2 * data eenerator instlohi match count of31..01
=l +data epenerator instlaovernt match count ol31..01

=l | * data eenerator instlz0 match count ol31.01
_:.__..I.nutnu'f rnnmaramlr:o:nmnut comparison instiRam wr en L
Simulation

B efa match_count o
# .« phi_match count o
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Design challenges and further optimizations

Challenges
e Data Generator

o Dealing with all the possible types of input
B Number of pixel and strip clusters @
®  Missing hits
m  Generation of random clusters

o Keeping the injections and the comparison in sync

e SSID Encoder
o Designing and implementing the logic for the SSID grouping
Simple concept, challenging to describe in hardware

Further optimizations
e Adding more layers of parallelization during the sorting

o Dealing with each layer separately

o Dealing with each group of clusters separately

o Implementing different algorithms and comparing the performance
B More conventional approach - Using SSIDs as pointers

)
0

0O
| 1] ]
3

1
&

29/06/2023 MOCAST
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Summary

]

e Design and Verification of the Data Generator

e Design and Verification of the SSID Encoder

e Verification on Hardware

A paper on the full PRM Stratix 10 firmware has been published!

“Intel Stratix 10 FPGA design for track reconstruction for the ATLAS experiment at the HL_LHC”

29/06/2023 MOCAST
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https://arxiv.org/abs/2302.13609

Thank You!
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TDAQ Phase Il architecture

Single level hardware trigger: Level 0

Hardware Track Trigger (HTT) - Reduce backgrounds
after LO trigger selections and mitigate pile-up
o  Custom designed boards
o Regional tracking (rHTT) at 1 MHz
B on up to 10% of the ITk data, Pt > 2 GeV
o Global tracking (gHTT) at 100 kHz
®  Full coverage Pt > 1 GeV
Data are provided by the Event Filter processing farm and
tracks are returned to it

HTT evolved into commodity based system, so no
longer happening, but the experience with the
demonstrator quite unique!
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ATLAS Phase-Il TDAQ upgrade

Dataflow

EFPU

HTT

Event

4

HTT needed?

Determine Rols
and map to
HTT unit

Reject?

Process event

Process event

Accept?

EFResult (incl. HTT)

1000 kHz

regional HTT

ITk data

| HTT output

1000 kHz

gdﬂo kHz
global HTT

ITk data
_ HTT output

100 kHz

E%ll(] kHz

%

https://cds.cern.ch/record/2285584/files

IATLAS-TDR-029.pdf
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Pattern Recognition Mezzanine

Identifier of the match
between a list of
clusters in the detector
layers and the

patterns in the AM S5ID
ASICs RoadID RoadID
Associative ___,:> PRM FPGA — TP FPGA
¥* calculation and — Clustering, duplicate
Memory RoadlD track parameter RoadID tracks remaoval
Application — Sxtraction 4
Specific ' R
Integrated 5SID
Circuit

Clustered data

Superstrip
Identifier

ITAG
connector _

| connector |
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Hardware Track Trigger (HTT)

HTT unit HTT umit
% Commadity network —ss— Point-to-point optical  =s== Links trough ATCA
' data links backplane
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Data Generator with SSID encoder

/ Control signals }* { Monitoring J

A 4

[ A J /—:(L Storing to HBM 1 \ J HBM ]

Constants )
[ RAM: ) [ Storing to ASIC | [ ASIC IF or ]
" Emu ] | ASIC Emu
| Extended TV |
( SSID Encoder \ \1
[ RAM: ) f Siedli }_—’ A J Data Organiser ]
PRM input ) Q Sorting } J

\ \ { Comparator } / {Track Fitter ]
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Tests on Hardware

Configuration, control and monitoring

e FPGA and PC communication by monitoring block
e Communication over Ethernet using IPBus protocol
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