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Flexible Hough Transform

Conclusions and Future Steps

In the next years the Large Hadron Collider (LHC) will go through several technological upgrades starting the age of the 
High-Luminosity LHC (HL-LHC) accelerator. The image in the left-up shows the expected behavior of the peak and integrated 
luminosity. The proton-proton collisions generated in the future are targeted to reach 140 pile-up (p-p collision per bunch of proton 
crossing and interacting each other). Several high-energy physics detector based experiments placed at CERN laboratories will 
exploits these conditions. For one of these detectors, the ATLAS (A Toroidal LHC ApparatuS) experiment, upgrades in the detector 
design, single sub-detectors and technologies will be exploited. Because of these many advancements from both accelerator and 
detector side, the data stream to handle by the Trigger and Data Acquisition (TDAQ) system will increase, leading to a necessary 
upgrade of it. In the left-down image there are the schemes of the ATLAS Run 3 and 4 TDAQ, showing an increase from 1.5 kHz to 
10 kHz of final event rate to reach, from the 40 MHz event rate generated by HL-LHC. Because of these rates the possibility to use 
hardware accelerators to speed-up the trigger algorithms has been and it is under study. Field Programmable Gate Array (FPGA 
technology is one of the most appreciated thanks to its performance in latency, processing time and power consumption. Current time 
FPGA architecture reached 7 nm of transistor industrial technology and surpassed 4 milions of components for functional logic 
building. High-energy physics experiments as ATLAS and CMS (Compact Muon Solenoid) have and are studying to exploit this type 
of technology with a specific simple but powerful tracking algorithm, the Hough Transform (HT). The latter, quite used in the medical 
image analysis, has powerful parallelizability features, well suited for FPGA devices. The HT concept can be applied to any type of 
shape with different performance depending on the case. For the specific of the CERN experiments quoted above the idea is to use it 
for fast tracking in of the charged particle detected in the charged particle trackers nearest to the HL-LHC beam line. The curves 
generated by the charged particles can be, with several approximations, transformed in straight lines by applying polar coordinates, 
leading to be studied by the HT for straight lines. The image …. shows a generic example describing the concept of this HT 
algorithm, based on a coordinate change reaching a new parameter space called “Accumulator” which is then studied to extract the 
“candidate tracks”. Image … shows how, for the case of ATLAS, the curves generated by the particles in the Inner Tracker 
sub-detector can be processed with the HT. The INFN Bologna group is developing 2 versions of the HT implemented on FPGA to 
propose as candidate for particle tracking, the Flexible version and the … version. The FPGA cards used for the implementations tests 
are the VC709, the VCU1525 and the ALVEO U250.

Building of the accumulator by 
applying the “pure” HT formula (the 
original or its reverse for ɸ0 based on 
the conditions) .

Firmware design

ATLAS is studying the 
performance of the Hough 
Transform (HT) tracking algorithm 
to use it for the future Inner 
Tracker detector. To exploit it, the 
ATLAS environment requires that 
the position of the particle be 
defined with the polar coordinates 
radius “r” and azimuth angle “ϕ”.

A flexible HT implemented on FPGA 
has been developed to propose as a 
candidate for (raw) particle tracking 
for filtering. The FPGA boards used 
for implementation tests are Xilinx 
commercial demonstrators VC709 and 
VCU1525. Studies of implementation 
on the Alveo U250 are on-going.Generic example of HT algorithm: two points in the left are 

connected in the right thanks to a change in coordinate system 

Goal: Versatile HT that targets computational time performance versus occupied resources through high parallelization and high clock rate
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The HEP experiments will face several challenges in the next years. Fast tracking in small trigger windows is an important requirement for the future. The Bologna group is developing an 
FPGA implementation of the Hough Transform algorithm to propose as feasible and performing solution for fast tracking HEP experiments. Firmware design has been defined and 
consolidated, capable to run at 400 MHz with compact resources utilization. The preliminary physics analysis studies are promising suggesting the possibility to achieve interesting 

performance. The next steps for the future months will be focused on the completion of the full detector performance.
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The table above summarizes the performance from internal software 
analysis using events compatible with ATLAS simulation.Two barrel 
regions of the ITk detecto have been studiedr: the region in η [0.1:0.3] 
and [0.7:0.9] for the same ϕ region [0.3:0.5] rad. These results are related 
to all the range of momentum studied in the qA/pt range [-1.0572 : 
1.0572] (A = 0.0003 GeV mm-1). Muons and pions tracking were studied. 
The performance represent the percentage of truth tracks found.

Z-slices 𝜇 1-2 Gev 𝜇 2-4 GeV 𝜇 > 4 GeV 𝜋 1-2 GeV 𝜋 2-4 GeV 𝜋 > 4 GeV
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The left table shows the implementation results for 
the FPGA card Alveo U250. It includes the resources 
occupied. Below the image showing the matching of 
the timing constraints for a frequency of 400 MHz. 
The estimated processing times for the accumulator 
building and the cluster extrapolation depend on the 
average amount of clusters in input for the most 
populated layer and on the average number of roads 
extracted per event:
● 3000 ns;
● 2700-4500 ns;
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HT operations:
● Accumulator filling using the original HT formula in parallel across all incoming 

bins.
● Extraction of candidate tracks from the accumulator by applying the original HT 

formula "again" across all event clusters in parallel.

The developed architecture allows to decide which formula of the HT utilize depending 
on the best performance achieved or the requirements to reach:
● qA/pt =  ( ϕ0 - ϕ ) / r ;
● ϕ0 =  ϕ + ( r * qA/pt ) ;
where pt represents the particle momentum and ϕ0 the azimuth angle of the track.
The selection of the candidate tracks (“road”) is done by overlapping a minimum amount 
of lines drawn in the accumulator to reach a required number of layers.

The versatility of the proposal would allow to tune the algorithm 
depending from the necessities. The results shown here are for an 
accumulator of 168 bins alongside qA/pt and 48 bins alongside ϕ0, 
considering to use 8 layers of the 13 available with layer threshold for the 
road activation of 7 layers.

The design has been featured with a 
double storage structure for all the 
necessary information, including a 
second accumulator and a second 
store for the event clusters. This 
allows to process two events 
concurrently and consider the 
firmware as two macro-blocks 
working separately. The left image 
shows a simulation where the output 
stream of the firmware for an event 
is active, while the input of the next 
event has been acquired.

To reach high frequency, the 
firmware design allows to separate 
the implemented FPGA elements in 
several different clock domains all 
with the same period. This allows 
the implemented blocks to be 
considered as independent circuits 
in the FPGA and so be placed more 
freely and performing.

Region η-
ϕ 𝜇 𝜋

0.1:0.3
0.3:0.5 > 96.5 % > 89 %

pion.eta0103.1k.89.93.95.198.33
33
road medie 0103=179

Region η 𝜇 𝜋
0.1 - 0.3 > 96.5 % > 90 %

0.7 - 0.9 > 97 % > 82 %

The table above summarizes the physics performance for the region in η 
[0.1:0.3] and the ϕ region [0.3:0.5] rad. These results are related to all 
the range of momentum studied in the qA/pt region 
[-1.0571758563701927 : 1.0571758563701927] (A = 0.0003 ). Muons 
and pions tracking was studied. The performance represent the 
percentage of truth tracks found.

In the next years High-Luminosity LHC is 
planned to go through several technological 
upgrades. The proton-proton collisions 
expected are targeted to increase from 80 to 
140 pile-up. 

This new physics environment will 
lead to upgrades for the CERN 
experiments. For example the 
ATLAS (A Toroidal LHC ApparatuS) 
experiment will upgrade its detector 
and consequently the Trigger and 
Data Acquisition system, to reach 10 
kHz of output data stream with 
respect to the current 1.5 kHz.


