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1 Abstract

The newly proposed heavy-ion detector at CERN Large Hadron Collider, ALICE3, will face a hundredfold increase
in data rate due to the increased multiplicity and luminosity for both the proton-proton(pp) and lead-lead (Pb-
Pb) collisions. Current CPU and GPU hardware combinations account for only 3.5 Gb/s, more than an order of
magnitude lower than future demands. This research explores the use of machine learning algorithms on custom
Field-Programmable Gate Arrays (FPGAs), a combination not yet used for hardware triggers in particle physics
experiments. The aim of this study is to investigate the performances of FPGAs, which promise fast decision-
making within an affordable power budget. The performance will be tested by deploying a neural network for the
classification of simulated 7% and et shower events in the Epical-2 prototype calorimeter. By using a cost-effective
FPGA with the Vitis Al software, our approach provides a low entry barrier while simultaneously allowing for
scalability. The results suggest that the combination of machine learning algorithms and the custom hardware
can significantly improve the latency performance, posing as a promising candidate for future particle physics
experiments.
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2 Introduction

The Big Bang theory on the beginning of the early universe supported by the Hubble-Lemaitre theory[I][2], gave
humanity a scientific understanding of the origin of our cosmos. The expansion of the universe as observed by
Hubble continues to this day, decreasing the temperature and density of the universe. Moments after the Big Bang
in the early universe, the density of matter and temperature were so high that particles were not able to form,
leaving quarks in a state of deconfinement. This dense hot plasma is what we call the quark-gluon plasma(QGP).
In this hot primordial soup, quarks and gluons move freely, without being bound together. After a short period of
time while the universe expanded, the density and temperature dropped below the so-called Hagedorn temperature
Ty = 1.66 x 102K [3], allowing for the strong interaction to hadronize the plasma constituents to particles. The
ability to access the QGP, investigating its properties, can be very insightful in learning about the origin of matter
and mass as we know it in the current cosmos. The interactions that occur in this phase of matter hold clues
related to the Quantum-Chromo-Dynamics (QCD), the theory that deals with the strong interaction. QCD has
been studied for decades and, as a well-established theory, its properties on the high temperature and/or density
limit are yet to be fully understood. The matter that makes up the world around us is interacting in ways that are
yet unknown. Experiments that recreate the high-energy density conditions of the early universe allow us to probe
what happened right after the big bang. These experiments involve colliding heavy ions at relativistic velocities and
subsequently investigating all the fragments produced. Recently, heavy-flavor probes have gained great attention in
the characterization of QGP, being seen as a self-calibrating tomography tool. However, heavy-flavor particles are
rare. To come up with a result on these rare-physics decay channels that is significant statistically, the experiment
has to integrate a large statistic (i.e. record large numbers of collisions). Therefore, a large number of collisions
have to be investigated, with each collision being very CPU and disk space demanding. This continuously increases
the data output and through-output for analysis related to these types of experiments. With the end of Moore’s
law approaching and the Dennard Scaling failing[4], the computational power required in the investigation of the
QGP will soon be unmanageable. Therefore, a reduction and compression of information is unavoidable and we
would be interested in continuing this research feed. This thesis explores the use of neural networks in FPGA
triggers to reduce the amount of data for analysis in a smart way, making an ultra-fast selection of events that are
important for the experiment, while discarding all the others (which constitute the vast majority of all the events).
This first-level trigger has the potential to significantly reduce the amount of computational power and data storage
required in the experiment, both in a fast and energy-efficient manner, without reducing the significance of the
statistics of the experiment.



2.1 Standard model

The Standard model is the theoretical framework that includes three of the four fundamental forces: strong, weak,
and electromagnetic. Particles are divided into two categories: fermions and bosons. Fermions are half-integer spin
particles that behave according to Fermi-Dirac statistics. Bosons are integer spin particles that obey the Bose-
Einstein statistics. Fermions are classified into six quarks and six leptons. Leptons carry an integral electric charge.
The electron e with unit negative charge being the most familiar to most people, the muon p and the tauon 7 are
the heavier versions of the electron. Neutral leptons, called neutrinos v, are paired with the flavor of the charged
lepton. For particle decays into charged leptons, a paired neutrino of the same flavor is also created.

The quarks have a fractional charge of —%e or +§e and come in six different flavors: up, down, strange, charm,
bottom, top quarks and their respective antiquarks. The flavors are grouped in pairs that have charges that differ
by one unit of electric charge. Each quark flavor has its own unique configuration of spin, mass, charge, and color
charge. Quarks do not come alone due to color-confinement as described by Quantum Chromo Dynamics; they
come together forming hadrons, unlike leptons that can appear alone. The quarks interact via the strong interaction
but also by electromagnetism and weak interaction, making it the only category of particles that are subject to all
three forces of the standard model. Leptons, on the other hand, do not interact by the strong interaction.

The force carriers of the standard model belong to the bosons. There are four spin-1 gauge bosons: photons,
electrically neutral, the weak boson Z°, two electrically charged weak bosons W+ and gluons that come in eight
different color charges carrying the strong interaction. There is also a massive scalar gauge boson, called the Higgs
boson, which has zero spin, even parity, and no electric or color charge. The Higgs particle is involved in the Higgs
mechanism. The Higgs mechanism is triggered when electroweak symmetry is broken, generating masses for the
weak gauge bosons[5]. The strong interaction binds the quarks together, forming neutrons and protons, for instance.
Electromagnetic interaction that binds electrons to nuclei is mediated by the exchange of massless photons. The
weak interaction that is conducted through the W+ and Z° boson is involved in for instance nuclear S-decay, which
is a relatively slow process where a radioactive nucleus emits an electron and neutrino. The mass of the weak
interaction bosons is relatively high, being on the order of 100 times heavier than a proton mass.

The interaction of gluons is described by QCD, a field theory that is expressed through a Lagrangian that is invariant
under the non-Abelian SU(3) symmetry. QCD has three important features:

e colorconfinement. The force between two color charges is constant at separation, building up until there is
enough energy for a quark-antiquark to be born. This prevents the isolation of a color charge, making the
global color charge neutral.

e asymptotic freedom. Causes strong interactions between particles to become asymptotically weaker at higher
energy scales and shorter distances.

e chiral symmetry breaking. The spontaneous symmetry breaking of chiral symmetry as observed for neutrons
favoring one chiral configuration over the other, breaking the macroscopic symmetry that particles should
have the same laws of physics also for the mirror image of the particle.

The gluon interactions that are responsible for these three QCD features are the three and four gluon self-
interactions. These are some of the interactions that are of interest for experiments to gain insight into the nature

of QCD.

2.2 ALICE detector

The ALICE (A Large Ion Collider Experiment) experiment[6] focuses on the investigation of QGP properties and
doing so on the investigation of QCD in extreme conditions. By smashing heavy ions together at relativistic energies,
the QGP is produced. When the nuclei collide, the energy density is high enough in a region larger than the size of
the hadron, deconfining the matter. From the remnants of the collisions, the detector can backtrack and investigate
the event[7]. This experiment involves energies of the order of TeV on time scales of fs with particle counts of
millions spread over 19 subdetectors in total. Over a ring of 27 km, located 100 m underground at the Large
Hadron collider at CERN particle beams are accelerated to velocities near the speed of light. The partons travel in
opposite directions to collide at center-of-mass energies up to 5.02 TeV, guided by superconducting electromagnets.
At a frequency of ~ 50 Khz, lead ions collide in the center of the inner barrel in detector systems. There are four
detector experiment systems at CERN, one of which is ALICE, the others ATLAS, CMS, and LHCb that focus on
exploring different questions in high-energy physics.
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Figure 1: The ALICE detector|[0]

The central part of the detector around the beam, the Inner-Tracking-System (ITS) together with the Time Projec-
tion Chamber (TPC) and the Transition Radiation Detector (TRD) make up the detectors for the reconstruction
of the particle tracks. The ITS is closest radially to the particle beam, the innermost layer being 23 mm from
the interaction point[8]. This tracker consists of six silicon layers and is used for low-momentum tracking, particle
identification (PID), and primary and secondary vertexing. The short-lived heavy particles that pass through the
detection layers allow for measurement of their properties and positions tracks. The ITS is surrounded by the
TPC, extending 87 < r < 247 cm outward from the interaction point, responsible for particle tracking and PID,
together with determination of the decay vertices of the hadrons and leptons. The TPC barrel is filled with a gas
composition, which is the detection medium. The choice of the gas composition determines the performance of
the detector, since the charge transport in the drift volume and the amplification processes in the readout cham-
ber depend on it. The identification of particles in the TPC is characterized by the particles energy loss in the
detection medium. The liberated electrons in the medium drift to the end plates of the cylinders, where they
are read out by Multi-Wire Proportional Chambers (MWPCs). Surrounding the TPC is the TRD arranged in 6
layers at radial distance from 2.90 m to 3.68 m from the beam axis, which is used for electron identification and
tracking. The detection gas in the TRD is a mixture of xenon and carbon dioxide, where the energy deposits of
X-ray are measured. The x-rays are emitted when electrons and positrons pass through the many thin detector
layers of the TRD, due to the change in dielectric constants over the different materials. The TOF is wrapped
around the TRD, allowing for charged hadron identification. The time of flight of particles from the interaction
point to the TOF detector provides additional information on the PID process. The velocity of a charged particle
is measured, which when combined with a momentum measurement can derive the particle mass. The TOF de-
tector consists of 160000 multigap resistive plate chambers (MRPC) with a time resolution of about 100 ps. The
MRPCs are constructed of two parallel window glass plates that create a narrow gas gap with an electric field.
In figure [2| the performance of the particle identification process in the TPC and TOF is shown. Separation of
particle species by combining information from both detectors is enabled in the momentum regions below 4 and 2.5
GeV /¢, respectively. The ElectroMagnetic Calorimeter (EMCal), the PHOton Spectrometer (PHOS), and the High
Momentum Particle Identification Detector (HMPID) are used for electron, jet, photon, and hadron identification.
The EMCal is a lead scintillator sampling calorimeter responsible for detecting high-energy jets. The EMCAL is
extended with the Di-jet Calorimeter (DCal) expanding the capabilities to measure di-jets, together forming a two-
arm electromagnetic calorimeter. The PHOS is an electromagnetic calorimeter build-up of lead-thungstate crystals,
measuring electromagnetic radiation. Photons and neutral mesons from radiative decays and strongly interacting
matter can be detected in the range of 0.1 to 100 GeV/c. HMPID identifies high-momentum charged particles
through the detection of Cherenkov radiation. The particles that pass through the liquid radiator medium CgFiy
produce Cherenkov light, which is captured by an MWPC. The HMPID is capable of separating pions and kaons
up to pr = 3GeV/¢, and Kaons and (anti-)protons up to pr = 5GeV /¢, with separation of three sigma. In order to



identify muon particles, a wall is separating the muon tracker and the muon trigger. This wall denies all particles
except the muon particles that penetrate everything. The distinction between muons and the other particles is
made by checking which particle tracks are not stopped by the wall. This muon detector is in the forward region of
the detector. Sub-Detectors that determine the power level of the collisions, the number of particles produced, and
measurements of collision times are the T0, VO, FMD and Zero Degree Calorimeter (ZDC), placed at small angles
on both sides of the interaction region.

The experiment relies on the identification of all the particles that are created in the collision and their respective
charges. For this task, the detector is equipped with 19 different detectors to make use of the characteristics
of the particles in the identification process with each subdetector dedicated for different particle measurements.
The trajectories of particles resulting from the collision are reconstructed, including the decay products that form
the daughter particles. The characteristics of the daughter particles can differ from the parent particles, leaving
observable traces in the other sub-detectors. For example, consider the decay of a short-lived neutral pion 7% into
two photons «. The photons, being electrically neutral, do not interact strongly with the detectors tracking system,
unlike the neutral pion. Therefore the electromagnetic calorimeter is in place to measure electromagnetic particle
energies. The photons deposit energy in the calorimeter, creating clusters or showers of particles. By combining
these energy deposit data together with information from the other sub-detectors, the decay of the neutral pion can
be reconstructed.
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Figure 2: Particle identification by energy loss dE/dx in the TPC on the left, and by TOF on the right.[9]

In general, by consolidating data from all the subdetectors it becomes feasible to reconstruct the entire collision
event. This enables the identification of each particle and its charge, from its tracks, contributing to the compre-
hensive visualization of the event as a whole.

2.3 ALICE upgrades
2.3.1 ALICE Run 4

To achieve the optimal experimental conditions to study the QGP in the LHC, upgrades to the ALICE detector
are needed. High-statistics and high-precision measurements will give access to the rare-physics channels that are
needed to understand the dynamics of the condensed phase of QCD. The ALICE collaboration is planning to upgrade
the current detector by enhancing its low-momentum vertexing and tracking capability. Not only will the detector
resolution be upgraded, the luminosity with Pb beams will be progressively upgraded, and the interaction rate will
be increased to 50 kHz, resulting in luminosities of L = 6x10%7 cm~2s~!. This will drastically increase the statistics
of the experiment but also substantially increase the data rates. To achieve a higher-precision measurement, the
proposed upgrades for the Run 4 ALICE detector are as follows.

e A new high resolution, low-material-thickness Inner Tracking System (ITS)[I0]. The inner layer of ITS3 will
be at 18 mm from the collision point, closer than the current ITS2 that is at 23 mm. Additionally, the low
material budget improves tracking by reducing the probability of particle absorption and multiple scattering
by the detector material.



e The Foward Calorimeter (FoCal)[I1] will be added as an upgrade to the ALICE experiment. A highly gran-
ular Si+W electromagnetic calorimeter combined with a hadronic calorimeter covering the range of pseudo-
rapidities 3.4 < n < b5.8.

Due to the increased collision rate of 50Khz at peak heavy-ion events, the readout electronics of the Transition-
Radiation Detector, Time-Of-Flight detector, Photon Spectrometer, and muon spectrometer have to be improved.
Not only the readout electronics, but also the forward trigger detectors need to be improved. The higher rate of
operation calls for an improvement in the latency at which the triggers operate, in order to decide if the event is to
be saved on the data server for further analysis. An upgrade to the offline data processing software is also required
to cope with the reconstruction and analysis of the increased statistics.

ITS upgrade

High precision measurements of charm and beauty quarks in the low momentum region are the goal of the new I'TS
upgrade for Run 4. By reducing the radial distance down to 18mm between the interaction point and the first layer
of the ITS, the measurement is improved. For the upgrade of the ITS the inner three detector layers will be replaced
by silicon-only layers. The material budget is reduced by a factor of six to 0.05%X per layer reducing the amount
of materials that could impede the detection of particles. By positioning the initial detection layer closer to the
interaction point at 18 mm and minimizing the material budget, the upgraded vertex detector will greatly improve
tracking accuracy and efficiency for low transverse momentum pp particles. This enhanced vertexing capability will
improve the measurement of charm and beauty hadrons with low pr, as well as the measurement of low-mass and
low p; dielectrons. The proposed ITS3 will consist of two half-barrels consisting of each three half-layers. Each
half-layer consists of a single large pixel silicon chip which is curved to the cylindrical shape. The half barrels are
supported with additional lightweight carbon structures. Making a single large-pixel silicon chip is a novel idea,
enabled by stitching technology. Stitching technology is to fabricate an image sensor that is larger than the field
of view of the lithographic equipment. Wafer scale sensors can be manufactured this way by placing reticles on the
wafer with high precision, achieving a tiny well defined overlap. By plasma polishing the surface of the silicon the
mechanical stress of the materials is released, allowing for the possibility to bend and operate ultrathin sensors.
Therefore, the construction of a silicon-only cylindrical layer is made possible. Manipulation of silicon to achieve
such extreme bending angles represents cutting-edge technology, involving thorough investigations into the effects
on signal transfer capabilities. The heat dissipated by the sensors is removed by convection through forced air flow
between the layers. Carbon foam rings in thermal contact with the sensors act as radiators, reducing the thermal
gradient along the layer. To enhance the convective heat transfer, carbon foam is used. Due to the fact that the
surface area of the volume of carbon foam is as large as 5000 to 50000 m~!, where the air can pass through while
dissipating heat. The air flow through the foam can be disrupted due to the internal structure of the foam, causing
a high air pressure drop. In the design process, the optimization of air flow is crucial while avoiding airflow-induced
vibrations that could cause mechanical instability. As part of the ALICE ITS upgrade, the ALPIDE sensor[12],
specifically designed for this purpose, is introduced. This sensor is engineered to operate at an increased read-out
rate of 100 kHz specifically for Pb-Pb collisions.

FoCal

The FoCal detector will allow the measurement of small-x-gluon distributions by prompt-photon production. The
FoCal provides the unique capability to investigate Parton Distribution Functions by means of the high-precision
measurement of direct photons and jets, as well as gamma-jet and jet-jet events. This will allow for the exploration
of non-linear effects at small x that is yet unprecedented. These effects are part of the non-Abelian nature of
QCD that contributes to the investigation of the strong interaction. The FoCal detector will be located outside
the ALICE magnet at a distance of 7 m from the interaction point. The electromagnetic calorimeter will consist of
18 layers of tungsten absorbers and silicon sensors. 16 out of 18 layers are low-granularity silicon sensors with fast
integration time for charge collection. The remaining 2 layers are placed at layers 5 and 10 where the electromag-
netic shower reaches its maximum, are equipped with slower integration time high-granularity active pixels based
on the ALPIDE sensor technology. These layers are responsible for the identification of overlapping particle showers.

2.3.2 ALICE 3

The upgrades to the ALICE experiment for Run 4 will put a significant effort towards the understanding of the
QCD, however the improvements will not be sufficient in answering several fundamental questions. The limited
precision of the anticipated outcomes from Run 4 in the beauty sector hinders the comprehensive investigation of
the transport and hadronization characteristics of beauty quarks. The combination of uncorrelated quarks in the



process of hadronization of the QGP is crucial for unraveling the dynamics that link hadronization and collective
flow. The unified description of parton energy loss, collective flow, hadronization, and electromagnetic radiation
will not be possible with the current experimental program. A novel experiment towards the understanding of
electromagnetic radiation and heavy-flavor studies is needed. Systematically measuring heavy-flavor hadrons would
allow for the study of effects due to the transport properties of QGP by the harmonization mechanisms. To get
sufficient statistics on rare events that are key topics in the study of QGP requires even higher rate capabilities of
the ALICE experiment.

Superconducting
magnet system

Absorber

Muon
Jertex Chambers

Figure 3: Proposed layout for the ALICE3 experiment.

The proposed detector that would allow for this incredible science feed is the ALICE 3 detector that would be
installed during LHC Long Shutdown 3, and operational during LHC Run 5[13]. The main focus of the new design
is an incredible pointing resolution ~ 2um/p[GeV/c], that is essential to reconstruct secondary vertices and decay
chains, allowing for heavy-flavor identification. To achieve the required pointing resolution, the first detection layer
must be as close to ~ 5 mm at the top energy. A complete redesign of the detector makes it a compact detector
with a full silicon tracking device with eleven barrel layers at its core. The inner three layers are the vertex detector
with pseudo-rapidity acceptance of || < 4 and radially extending from 80 to 0.5 cm. To acquire the pointing
resolution that is needed for the experiment, the inner core of the detector needs to be as close as possible to the
collision inner barrel. The required positron resolution has to be 2.5 pm with a radiation length of 0.1% X/Xj.
The Time-of-Flight detector consists of two cylindrical layers with a time resolution of 20 ps. The outer layer at
85 cm radial distance from the event point will make the separation of electrons from hadrons possible up to
Pp = 500MeV/c and 7/K separation up to GeV/c. The inner layer will then account for the lower range of pr.
Outside of the last TOF layer is a cylindrical Ring Imaging Cherenkov (RICH) detector, allowing e/m separation
up to 2 GeV/c distinguishing protons from e, 7 and K up to 14 GeV/c. Outside of the RICH detector is the next
layer of detector, an electromagnetic calorimeter enabling the measurement of photon-jet correlations and radiative
decays of charmed mesons.

These barrel detectors are surrounded by a large superconducting magnet that generates the required magnetic field
to curve the particles and measure the momenta from these track curvatures. The field produced by this magnet is
B = 2T. For the detection of muons, a cylindrical steel absorber is 70c¢m thick surrounds the magnet with two layers
of muon detectors. Lastly, a Forward Conversion Tracker (FCT) is placed in alignment with the barrel to measure
photons down to tranverse momenta of 2 MeV/c with photon energies down to E, 50 MeV/c at pseudorapitity of
n=4.

The detector is proposed for 2035 but there are huge R&D challenges to be tackled for this futuristic detector to
be realized. The radius of the innermost Vertex Tracker layer is 5 mm and is less than the transverse radius of the
LHC beam during the injection phase of 10 mm. Therefore, the first 3 inner tracker layers have to be placed in



vacuum and have to be able to move in and out of position for measurement. During the injection phase, the layers
must retract to a minimal safe position of 15 mm from the nominal interaction point. When the beam is stable,
the layers have to move to the final position with the first layer at a distance of 5 mm from the nominal interaction
point.

The position resolution that is desired of the order of 3-4 y m will need a pixel pitch smaller than 10 ym. The
area of the outside tracking layer is 67m?, requiring the development of cost-effective sensors, with a low material
budget of 1% X /X, per layer with strong but low-weight support structures and cabling. For the TOF system,
the time resolution should be < 20 ps, implying that sensors and microelectronics must be significantly improved.
If these challenges are overcome, the rate of data coming from the sensors will be on a scale that has not yet been
seen before in a physics experiment. This implies the next challenge of coming up with a way to manage the data
from the detector and reduce and compress it so that the analysis and also the storage are possible.

2.4 Data challenge

The successful ALICE Run 2 that is now finished hosted Pb-Pb collisions at an interaction rate of 10kHz, being
limited by both the readout rate of the TPC < 3.5 kHz and the bandwidth of the online data acquisition, the
experiment only accounting for 80 GB/s.

Run 4 challenges

Alice Run 3 and 4 will account for 100x more Pb-Pb collisions at peak rates of 50 kHz[I4]. This contributes to
a total of 3.5 TB/s of data that requires extremely large data bandwidth to handle. The total amount of data,
when compressed, that will be produced during Run 4 totaling 60 PB has to be compressed by a factor of 35 to be
able to store the data. After only 7 months of data-taking of Run 3, a total of 70PB is already saved on the disk,
which will increase until Long Shutdown 3 in December 2025. The current formatting of the data strategy would
have to be drastically optimized. For Run 4 it requires a large reduction in data and a significant increase in data
bandwidth due to the improvements of the sensors and the overall detector operating at higher interaction rates for
the heavy ion collisions.

Data processing scheme

During the experiment, the data taken from the detector equipment are processed synchronously, keeping up with
the bandwidth of the sensors. By chopping up the total data into 128-256 data packets called sub-Time-Frames
containing data from only a subset of the experiment, the task at hand is divided into subtasks. Before the data
goes onto the second processing level from Event reconstruction in the Event Processing Nodes (EPN), the data
is reduced by a factor of < 6 to a total of 0.6 TB/s. In the EPN the chopped up bits of data are merged from
the subframes to form one event. After this synchronous reconstruction, calibration and data compression results
in Compressed Time Frames (CTFs) that are stored in a 60 PB disk buffer with a data rate of < 0.1 TB/s.
Each processing step must continue to run synchronously with the collision rate of the experiment, preventing a
bottleneck from forming that could potentially lose data from the experiment. CTFs mark the beginning of the
asynchronous data process. CTF's are reduced data packets compressed by a factor of 35 to fit on the disk for event
analysis on the large O? farm. In order to speed up the computations, heterogeneous computing is used with GPU
computer card accelerator that is up to 30 times faster than a conventional CPU.

ALICE 3 challenges

If ALICE 3 where to be successful experimentally it would require statistics that are not seen before even compared
to Run 4 which is already pushing the limits of what is possible with computational power. For ALICE 3 the total
data through-output coming from the sensors of all the trackers combined is 20 TB/s for heavy-ion collisions. Then
it is assumed that in the two-stage processing scheme, during the online processing phase, the data compression
should be 35 fold. To estimate the computing power required for the GPU-based ITS tracker of ALICE 3, the
requirements of the TPC tracker of run 3 are extrapolated since the current I'TS tracker does not house comparable
numbers to the proposed ALICE 3 ITS tracker. The TPC tracker requirements of run 3 are scaled linearly with the
number of hits increase, and a scaling for the relative performance difference between the TPC and ITS tracker.
For ALICE run 3 the synchronous event reconstruction was benchmarked for 2000 AMD MI50 GPUs, which would
account for an estimated total cost of 2MCF for the accelerator boards. This benchmark was only for the TPC
detector that has the most computing intense reconstruction requirement. The GPUs are distributed over a total
of 250 farms, each GPU requiring 300 W[I5] totaling a power consumption of 1.20 Mwatt/h or the equivalent of
the power consumption of one thousand households. The ITS tracking system is not yet complete compared to the
ALICE 3 proposed tracker, it lacks reconstruction of looping tracks with low transverse momentum. Therefore, an
additional 20% tracking time is added. It is then estimated that a total of 2000 GPUs are required from the year
2030, which are expected to be 4 times more powerful in the future than the ones available currently. Should this
trend for the increase in computing power hold and for the amount of GPUs to be sufficient, there is still a memory
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issue. During data taking, the amount of data produced per month for pp collisions is 180 PB/month, or about 38
times more than for Run 3. This requires an event-selection strategy to be implemented to reduce the data volume
by two orders of magnitude. This skimming strategy is not yet developed.

2.5 FPGA solution

The large data load and data processing challenges faced by the ALICE experiment are currently addressed with
heterogeneous computing and hardware triggers. In heterogeneous computing, a combination of CPU and GPU
computing units is used to utilize the advantages of both systems. For ALICE Run 3, GPU accelerator cards
and hardware triggers are used to handle the data load at the synchronous phase where traditional CPUs are not
able to cope with the huge data rates. Accelerator cards are good at parallel processing, performing arithmetic
operations simultaneously. This allows for acceleration when the same workload is being performed many times in
succession, as is the case for processing events in the ALICE experiment. Hardware triggers are used to reconstruct
and compress events, significantly reducing the data load. The ALICE high-level trigger can handle event rates of
6 kHz at 49 GB/s for pp collisions[16].

One suitable type of hardware for heterogeneous computing and hardware triggers are Field-Programmable Gate
Arrays(FPGAs). FPGAs are integrated circuits that provide a unique combination of flexibility and performance.
Unlike GPUs, the circuitry and arrangement of the blocks can be tailored to meet specific computational require-
ments. Therefore, the chip allows for more flexible operations compared to other computing architectures. FPGAs
consist of an array of configurable logic blocks and interconnections. The logic block on the FPGA can be config-
ured for the implementation of simple logic functions such as AND and OR gates, but also more complex functions
such as multipliers and memory units. The general layout of the FPGA architecture is shown in figure da] where
the configureable blocks are displayed. By connecting the blocks together with the configureable interconnects, a
complex system for the desired task can be programmed. The Digital Signal Processing (DSP) blocks are specialised
to leverage the parallelism of the architecture taking data from multiple channels at once, as can be seen in
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Figure 4: Typical Xilinx FPGA architecture with components labeled on the left, image taken from .[I7]. Difference
between conventional Neumann and FPGA architecture shown, image taken from [18].

L LLILIELENN.

The FPGA operates at high performance and low latency due to the highly optimized architecture for specific tasks,
combined with parallel computation, allowing it to be faster than a general-purpose CPU or GPU. Low latency and
high performance are desired for the ALICE experiment, where readout times are in the microsecond range and
data rates are on the order of terabytes.

FPGAs generally have low power consumption, and the designer can fine-tune the hardware to meet the power
efficiency requirements. By using portions of the fabric for designated tasks accommodating multiple functions,
the energy efficiency is higher, as parts of the chip are left unused, thus conserving power usage. Due to the long
product life and high flexibility of the FPGA, it is possible to reuse the chip for multiple purposes, thus removing
the need for additional computing units. This is an excellent way to reduce the number of computing units required
and cut the costs of the equipment. The tasks can be performed completely on the FPGA, reducing any communi-
cation overhead. Unlike the GPU that requires an additional CPU to manage to GPU, the FPGA can be designed
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to not require the use of additional computing units. The tasks can be processed in parallel, executing multiple
operations in parallel within one clock cycle. This is due to the array of programmable logic that resides on the
chip rather than a sequence. Processing of a large amount of data in parallel is possible. Programmable FPGA
logic allows parallel computations to occur in one clock cycle. The computations do not have to be in 2nd power
bit fashion but can be any integer bit structure. This results in the possibility of low-latency applications to Run
on the FPGA. In this thesis the possibility of using a neural network on the FPGA logic is explored, to hopefully
in the end comply with the data requirements of the new Alice detector. The challenge with FPGA computing
is the specialization required in order to program the fabric. Debugging and optimization is more complex than
traditional programming on CPU and GPU.

2.6 Why neural networks

The reconstruction and event selection algorithms employed in the ALICE experiment leverage machine learning
techniques, a branch of artificial intelligence. These algorithms are trained on simulated or previously analyzed
data, to identify distinctive patterns and features in the incoming data that indicate noteworthy physics phenomena.
Certain phenomena and infrequent events prove challenging to identify through traditional rule-based approaches,
primarily due to the inherent complexity of the problem. Machine learning techniques excel at discerning underlying
complex patterns and correlations from extensive datasets.

The algorithms in use can be approximated with ML solutions to minimize latency and maximize precision of the
tasks, for example, in the case of jet tagging[I9]. General purpose Processing units, such as CPUs and GPUs, have
been predominantly used for the training of NN models. Especially large uncompressed NN models for which arith-
metic operations are represented in floating-point accuracy. The training of these larger models occurs on GPUs.
However with the use of DNN approximations it has offered the possibility to exploit custom hardware platforms,
such as the FPGA and ASICs, with fixed-point quantization. This results in faster inference with possibly small
accuracy reduction. The accuracy of ML models and techniques is largely dependent on the size and complexity
of deep learning models. Larger models increase the amount of computations and increase latency, which is not
desirable in the readout of the detectors. Several detectors (TRD, CPV, HMPID, EMCAL, DCAL, PHOS) require
a fast trigger to comply with the high interaction rate (50 KhZ for Pb-Pb) of the ALICE experiment. Additionally,
the hardware used for the trigger is constrained by the limited space in the cavern and, therefore, has limited com-
putational capacity. The cooling equipment similarly has limited space, restricting the performance of the hardware.
Meeting the computational demands of the experiment with resource-intensive models, while keeping latency and
resources at a minimum, proves challenging. The improvement of the efficiency of the algorithm and its inference
has improved significantly in recent years. Advancements in more compact network design]20], weight and filter
pruning[2I], and or quantization[22][23][24] to name a few. In post-training quantization, trained models are trans-
formed into lower-precision equivalents, by definition losing model performance. Quantization-Aware training|25]
is proposed to mitigate this issue, adopting a quantized representation of the model and incorporating constraints
during weight optimization in the training process. Resulting in a model that is more robust for quantization and
minimal loss in performance. By pruning the weights and filters, reducing the amounts of nodes, the model is
compressed, making it more compact and less resource intensive. DNN pruning induces performance degradation,
which again can be minimized by pruning the network during training rather than post-training. This minimizes
tuning of parameters such as sparsity ratios.

A collaboration between CERN and Google was able to deploy a neural network on FPGA fabric with high accuracy
and extremely fast inference[26]. The fully connected NN model was able to distinguish heavy-quark flavors at
70% accuracy and latency in the order of ns. By quantizing and pruning the model, it was possible to make
an ultracompressed neural network detection trigger that meets the requirements of the CERN experiment. The
QKeras model was deployed on the largest and most powerful FPGA hardware manufactured by AMD, the Virtex
ultrascale+ VU9P, which is an acceleration card. The card is typically used for high-density data-center applications
with high memory bandwidth, and has a clock frequency of 200 MHz. The QKeras model was synthesized using
hlsm4l, a general library first published in 2018, to convert ML models into FPGA firmware[27]. The deployment
of CNNs using hlsm4l was first made possible in 2021[28].

The deployment of CNNs on FPGAs can be achieved using several different software frameworks. A 2018 toolflow
survey [29] provides a comparative analysis of hardware architectures and design software combinations. Since then
the Xilinx Vitis-ai software framework, and the hlsdml library have been added to the list of possibilities.
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3 Chapter 1 Preliminary study

The aim of this section is to validate a conceptual framework employing a basic but efficient neural network
executed on the FPGA. This preliminary study examines the workflow from network training to deployment in the
target architecture, as well as considering several networks and analyzing the consequential impact on latency and
accuracy. This section will show certain limitations and potential enhancements of the Vitis Al software module.
These insights will prove useful for the subsequent section of this thesis, which will focus more on the deployment of
models on the FPGA in the context of experimental physics applications. The workflow that will be implemented
is visualized in Figure [l The framework side will consist of the training of several NN models, which then will be
quantized and compiled on the host side using Vitis Al, after which it will be ready for deployment on the target side
for testing of inference and accuracy. The Convolutional NN model trains on the MNIST dataset using Pytorch, a

dataset
I_' [} .
{ ] .
TRAINING trained || ] *, LN Hoo1010101 R DPU
= 001001010100 H H
model N Vo Tozoroto application
[} L] 001011001010
|_~ Neural Network. Quantization Neural Network
(FP32) (Less bits per param) (INT8) DPU Instruction
Al Quantizer Al Compller
model
Framework side Host side Target side
Days or weeks Minutes or hours milliseconds

Figure 5: Workflow of deployment of NN on FPGA using Vitis-ai. Figure taken from [30]

machine learning library for Python. The trained model will then be quantized and compiled using Vitis-Al for the
FPGA. Vitis-AI is an AMD Xilinx software framework, specialized in the development of ai inference applications
for AMD accelerator boards. The Vitis-AI compiler transforms the NN into a model that is understandable by the
FPGA architecture and can be deployed on the target hardware. The model is deployed and tested on the Kria
kv260 development board, a Xilinx development platform to speed up inference testing of vision applications such
as image classification.

3.1 DMNIST dataset

The MNIST dataset is considered a fundamental benchmark for the testing of neural networks and, consequently,
the tool pipeline. The MNIST handwritten digit database encompasses a collection of 70,000 individual grayscale
images, each measuring 28x28 pixels, depicting handwritten numerical digits[31]. Each image is rescaled and
centered to keep the required pre-processing to a minimum, putting the focus towards the classification problem.
Identifying and classifying examples from the MINST database will serve as a good example of FPGA capabilities
in vision applications. To illustrate the classification problem, a sample is taken from the MNIST data set and
displayed in Figure[6] After preprocessing the images, the models training, evaluation, and quantization calibration
can take place. For training, the dataset is split into 60 thousand images for training and 10 thousand images for
testing. For the classification of the digits, a Convolutional Neural Network (CNN) will be used, as Le Cun et al.
used in 1989[32]. After the training phase, the latency and accuracy of the models is measured for the varying
amount of layers and trainable parameters of the model.

This dataset will serve as the first test for the study of neural network inference on the FPGA chip. Training on
this problem will be relatively straightforward and fast, even on a local computing system. This will allow the focus
of the study to be more on deploying the NN on the FPGA.

3.2 Neural networks

This section briefly gives an overview of the neural network used. In theory, linear regression basis functions can be
sufficient to classify and recognize complicated patterns in data. In practice, these models are limited in applicabil-
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Figure 6: Handwritten 3 and 8 respectively in grayscale from the MNIST dataset.

ity due to the curse of dimensionality. This refers to the exponential increase in the volume of space that needs to
be sampled as additional dimensions are added to the model. Consequently, the limitations imposed by the curse
of dimensionality restrict the applicability of linear regression basis functions to handle high-dimensional data sets.
In the context of two-dimensional images, each pixel in the image can be considered as a dimension.

e Convolutional Neural Networks

The recognition of handwritten digits is accomplished by a Convolutional Neural Network (CNN), which is partic-
ularly useful for image recognition tasks. CNNs are made up of several layers of neurons with connections between
the respective layers. The layers between the input and output layers are commonly referred to as hidden layers,
connecting small regions of the input image with receptive fields in the layers. The convolutional layers in the model
consist of a set of filters, the so-called kernels, which contain the training parameters. These filters extract the local
features of the image that are later merged to detect higher-order features to ultimately extract the information
about the image as a whole.

Given an unknown function f : X — Y that best describes the data, the neural network decomposes the unknown
function to multiple simpler functions, f; o f; o...fas representing the M layers of the network. Each convolutional
layer receives an image A ~Y as input from the previous layer and outputs A™ for the m channels. The output
of the layer is known as a feature map and is computed as

A = g, ST WM e AT 4 b, (1)
k

with b biases and W weights. The weights W or parameters use a spatial filter to parameterize features of the
image, the weights are tailored by supervised learning of the network.

e Relu Activation

The Rectified Linear Unit activation function (ReLU) is an activation function that is placed after the convolutional
layers. This activation function is given by the positive part of the argument, in this case, the input to a neuron:

O R ®

otherwise.

The ReLU activation function was first introduced in 1969 by K. Fukushima[33] and is in place to enable improved
neural network training. Activation functions in neural networks are crucial as they introduce nonlinearity to the
output of a neuron. This non-linearity helps to capture and represent more complex patterns in the input data. For
instance, the ReLLU activation function outputs the input directly if it is positive, otherwise it outputs zero. During
training, the network adjusts the weights and biases of each neuron in response to the input data and the error
gradient calculated through backpropagation. As the network learns, certain neurons may activate (or not activate)
in response to specific patterns in the input data. For instance, in an image recognition task, certain neurons may
activate when the network encounters specific characteristics or features in the image, such as loops in handwritten
digits. This activation and deactivation process is an outcome of the iterative learning process.

e Batch Normalization
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Batch Normalization was first introduced by Loffe and Szegedy in 2015[34] to make deep neural network training
stable and faster. By normalizing the output of the layers for each batch, it prevents a phenomenon called inter-
nal covariate shift, which is the change of a layer’s input distribution due to the adjustment of the parameters of
previous layers. This process significantly slows training and requires lower learning rates. With the use of batch
normalization, this shifting of input distributions is resolved. This normalization step is performed after each ReLU
activation function of the convolutional layers.

e Soft Max activation

To obtain a posterior distribution over the given set of digits, the output of the last layer is assigned to a soft max
layer. This gives the output of the model and therefore the prediction of the network. The soft max activation
function o(z);, in the case of 10 classes, for class i is defined as:

et

o(z); = m. (3)

e Adam optimizer

The optimization of the network occurs during training using the Adam optimizer algorithm [35]. Adam is an
efficient stochastic optimization algorithm, requiring only first-order gradients. The method adapts the gradient
estimates for different parameters and works with sparse gradients. In the context of optimizing a noisy scalar
function f(#), where 6 represents the parameter, the objective is to minimize the expected error, indicated as
E[f(#)], while ensuring the differentiability of f with respect to 6. The gradient of the function is denoted as
gt = Vp fi0 in the timestep ¢t. The algorithm updates the exponential moving averages of the gradient m; and the
squared gradient v;. The exponential decay rates of these moving averages are controlled by the hyperparameters
b1, B2 € [0,1). Updating occurs according to the rules:

my = B1-me_1 + (1= 51) - g,

4
Ut=52'Ut—1+(1—ﬁ2)'9t2~ @

The moving averages are estimates of the mean and un-centered variance of the gradient. By initializing the moving
averages at 0, the estimates are biased towards zero. Bias-corrected estimates 1, and ¥; are computed therefore as:

. My
mey = )

N My

Ve = .

1B
The updated parameter 6, is then computed as:
my
0 =01 —a - —. 6

The iterative process of updating the parameters continues until the convergence of 6; is achieved.

3.2.1 The Model

Three models undergo training and testing to evaluate their inference and performance. By systematically adjusting
the number of nodes and layers in the models, a relationship between their performance and computation time is
established. The models considered consist of three, four or five layers with 512, 16384, and 524288 trainable
parameters, respectively. Each layer is made up of a combination of a convolutional layer followed by a batch
normalization layer and a ReLu activation layer. The ReLu activation layer of the last layer is replaced with a
flattening layer. Lastly, the Soft Max activation function maps the model output to the posterior distribution of
the digits. For the convolutional layers, a kernel size is chosen with [5,5,2] for three layers, [5,5,4,2] for four layers,
and [5,5,2,3] for the model of five layers. The size of the kernel indicates the length and height of the square kernel.
To provide a visualization of the neural network, Figure [7] illustrates the architecture of the three-layer CNN.
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Figure 7: Illustration of the architecture of the three layer CNN model. bQa X a indicates b feature maps with sizes
a X a. After the flatten layer a Softmax layer activates the outputs to the posterior distribution corresponding to
the 1 x 10 classes. The Figure is generated using NN-SVG[36].

3.2.2 Training

Training and testing of the model is performed on an Intel Core™ i7-8565U CPU with a clock speed of 1.80 GHz and
8 cores. The PyTorch model is trained for three epochs in the entire training data set using the CPU, employing
a learning rate of 0.001. To mitigate the risk of overfitting and prevent the model from memorizing the image
sequence, the training dataset is randomly shuffled before each epoch. After every training epoch, the model is
validated on the validation data set, which is kept separate from the training set. The results of the training
process are shown in Figure Model weights are uniformly initialized before training, as seen in[8al The accuracy
of the initial model without training is 10%, because, as expected, every output of the model is equally likely.
When the model is trained over three epochs, the weights are redistributed relatively quickly, and the model can
learn the underlying patterns of the data. After training, the weight distribution shows resemblance to a Gaussian
distribution with zero mean, as seen in Figure

3.2.3 Testing

After training the models for three, four, and five layers, the inference of the model is measured on the CPU. The
timing of the model is measured in inference mode over a total of 100 iterations of each image in the testing data
set.

Code block for the inference measurement:

import torch.utils.benchmark as benchmark
@torch.inference_mode ()

def run_inference(model: nn.Module,
data: torch.Tensor) -> torch.Tensor:
return model.forward(data)

t0 = benchmark.Timer (stmt="run_inference(model, data)",
setup="from __main__ import run_inference",
globals={"model": model, "data": datal},
num_threads=1,
label="Latency Measurement",
sub_label="torch.utils.benchmark.")

The code running under the mode of @torch.inference_mode() ensures no gradient is calculated and backward
propagation of the model does not take place. Inference mode improves the model’s performance and allows for the
comparison of the inference measurements with the FPGA. The testing code is run on a single thread with batchsize
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1, again to make the testing compareable to the FPGA which does not allow for multithreading. If the FPGA is
placed inside the detector for trigger applications, data processing is desired on an one-event basis to prevent data
buffers. Therefore, the images are classified one by one with a batch size of one to replicate the trigger application
for event processing.
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Figure 8: Training of the CNN on CPU hardware. Weights are uniformly initialized in the model before training, as
displayed for the 5-layer CNN in[8al The training progress of the models is displayed in[8b} The weights distribution
after the training process result in the Figure [8c| for the 5-layer CNN. The Latency of the model on the CPU was
measured and is displayed in Figure

The increased amount of layers improves the accuracy of the model but increases the latency of the model as seen in
Figure Similarly, the amount of weights of the model impacts the model’s latency, due to the increased amount
of computations. This is due to the CPU architecture, which does not have effective parallelism to compute it in
one clock cycle. Every calculation requires one additional clock cycle for the CPU. The best performing model has
5 layers and achieves an accuracy of 99.12%, with a latency of 1.001 £ 0.007 ms per image for the test data set.
This result will be used as a comparison to the performance of the FPGA architecture.
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3.3 Kria kv260
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Figure 9: (Left) Experimental setup with the Kria kv260 FPGA board connected to an external monitor for testing
purposes. (Right) Top-level layout of the DPU core consisting of the distinct components Application Processing
Unit (APU), Processing Engine (PE) and Deep Learning Processing Unit (DPU). Figure from [37]

The NN is tested for inference on the Zynq Ultrascale+ MPSoc XCK26 FPGA chip. This chip runs on the Kria k26
SOM as part of the Kria kv260 Ai vision starter kit by Xilinx[38]. It is a low end FPGA application device to get
started with creating FGPA AT applications. The chip has a total of 256K programmeable logic cells, 1248 DSPs,
and 26.6 Mb on-chip memory. The Kria SoM k26 contains a DPU core, specifically DPUCZDXS8G. Kria k26 can
be configured with different configurations for the deep learning processing unit (DPU). The DPU configuration
B4096 at 300 MHz offers a peak performance of 1.4 TOPS, and B3196 at 300 MHz offers a peak performance of
0.94 TOPS. The power consumption of the B4096 configuration is benchmarked at 10 watts.

DPUCZDX8G LUT Register DSP Block Channel Peak
Architecture ‘ ‘ ‘ Ram Parallelism Operations

B3196 46714 79710 566 208 14 3136

B4096 52161 98249 710 255 16 4096

Table 1: Resources of the different DPU configurations.

For this example, the B3196 DPU configuration is used, since that was the configuration with the highest-peak
operations available at the time. Subsequently, the support for the B4096 configuration for the kria kv260 was
made available[39], which is used later in the study. To demonstrate the capabilities of the FPGA architecture,
the model is loaded onto the kv260 for inference testing. The software to deploy the model on the target device is
Vitis-Al developed by Xilinx. The version of Vitis-ai used for this particular test is Vitis-ATI version 2.0.

3.3.1 DPU

The DPU is Xilinx’s Intellectual Property (IP), that is, a reusable logic unit designed specifically to accelerate
DNN models. The internal architecture of the DPU is illustrated in Figure [0D] which consists of four main com-
ponents: the scheduler module, Processing Engines (PE), instruction fetch unit block, and global memory pool
module. The Application Processing Unit (APU) is an ARM processor responsible for running the application,
handling data transfer from and to the DPU, and handling any interrupts. The instruction fetch unit reads and
executes DPU instructions that are associated with the CNN models. These instructions for the DPU are then
passed on to the high-performance scheduler to manage the transfer of instructions between the PEs and the
memory. The PEs execute the DPU instructions with input data from the Global Memory Pool which serves as
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a buffer for input and output data. Weight, bias, and intermediate feature maps are stored in on-chip memory
consisting of block RAM. The DPU can be utilized by converting CNN models from Tensorflow or Pytorch into
a compatible format through the Vitis Al framework. Vitis Al can facilitate model quantization, pruning, and
model compilation into DPU-supported instructions. One can generate a configuration file arch.json in the Vivado
or Vitis suite that is read by the Vitis Al compiler. This configuration file contains the instructions and options
for the configuration of the DPU core. For this example, the standard configuration file provided is used with the
fingerprint of the model architecture 0x1000020f6014406, and can be found in the folder of the Vitis-Al software
/opt/vitis_ai/compiler/arch/DPUCZDX8G/KV260/arch.json. The layout and placement of the computations on
the DPU is determined by this configuration file. To make a custom architecture configuration, the Vitis unified
platform can be used. In this study, the precompiled configuration is used.

3.3.2 Quantization

The resources of the FPGA are limited compared to traditional CPU and GPU units; therefore, hardware imple-
mentations must be highly efficient. To achieve this, the floating-point accuracy weights and biases are converted
to lower precision fixed-bit precision. This significantly reduces the use of hardware memory and computations, but
can reduce the predictive accuracy of the model. To deploy the model on the Kria kv260, the weight and biases
are quantized from 32 bit floating point accuracy to 8 bit accuracy. The reduction of abundant bits of the weights
is at a minimal loss of overal accuracy of the model. The impact of weight rounding, resulting in loss of precision,
becomes evident in the overall accuracy of the model as a result of the cumulative effect of altered computations.
The magnitude of this effect varies depending on the robustness of the model. Notably, in the case of larger models
consisting of more weights, the error introduced by weight rounding tends to be relatively smaller compared to
smaller models with a limited number of weights. The technique of quantization-aware training can be used to
maintain the accuracy of the model after quantization. The strategy that is used for post-training quantization as
implemented by the Vitis-Ai software is the power-of-2 scale quantization. The quantization strategy as mentioned
in [22] is introduced in the section below. Considering a NN with L layers and W, parameters, during supervised
learning the loss function that is optimized for is given as:

L(0) = %Zl(l’hyi;e)a (7)

for input data with its label (x,y) and the loss function I(z, y; 8). During post-training quantization the parameters
that are stored in floating point precision are quantized after the training period. The mapping function that is the
quantization operator Q(r) is described as:

Q(r) = Int(r/S) - Z, (8)

with r the real-valued input, S the real valued scaling factor, and Z an integer zero point. The Int function maps
a real value to an integer value through a rounding operation of choice. Rounding operations are the cause of loss
of accuracy. The method employed quantizes the parameters in an uniform manner, each parameter in real space
is uniformly mapped to a quantized space. On the contrary, a nonuniform quantization strategy can be employed
to more effectively represent specific datasets by selectively allocating more precision to regions characterized by
a high-density data distribution. The choice of the real valued scaling factor S used for the calculation of the
quantization operator Q(r) is given by:

-«
e )
where «, 3 is the clipping range and b the quantization bit width. Determining the clipping range is referred to as
calibration, and a common choice is that of the minimum and maximum values in the data set. However, this is an
asymmetric quantization scheme because the minimum is not necessarily symmetric with the maximum « # 8. The
symmetric quantization scheme can be chosen by, for example, taking the maximum absolute value of the signal
and setting —a = . The argument for a symmetric clipping range is the choice of the zero point then being Z = 0
in the quantization function. This results in the option to zero out the zero point in the model, ultimately lowering
the amount of computations. Non-uniform quantization involves quantization steps and quantization levels. The
real values are mapped to a quantized step:

Q(’I”) =X, ifre [Ai, Ai+1). (10)

S:

That is, the value of a real number r falls in-between the quantization step given, it is set to the quantization level
X;. This quantization scheme can achieve higher accuracy for fixed bit width due to the possibility of calibrating
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for the important value regions in the dataset. In the case of power-of-2 scale quantization scaling, the quantization
levels increase exponentially instead of linearly, thus being a nonuniform quantization strategy. The choice for the
power-of-2 scale is motivated first, because logaritmic representation can encode data with large range in fewer
bits than fixed-point representation. Second, the log domain is native to the encoding that digital hardware uses.
Lastly, it is shown that logaritmic quantization obtains higher classification accuracies than linear quantization[24].
The motivation for the choice of the 2-base logaritmic scale becomes clear when considering the operation for the
multiplication that is used for the convolutional layers. The operation in the quantized form becomes a simple
bitshift as shown in the equation:

wlz ~ Z w; X 27
) i=1 (11)
= Z Bitshift(w;, z;),

i=1

where z; = Quantize(log,(z;)). The operation Quantize(z), quantizes = from floating precision to an integer, and
the Bitshift(a,b) operation shifts a value by b bits. This simplifies the computational requirements of the target
device, because computationally expensive multipliers are redundant. The quantization of a model post-training is
implemented using Vitis-Ai in Tensorflow with the following block of code:

from tensorflow_model_optimization.quantization.keras import vitis_quantize

quantizer = vitis_quantize.VitisQuantizer(model, quantize_strategy=’pof2s’)
quantized_model = quantizer.quantize_model(calib_dataset=calib_dataset,
calib_step=100,
calib_batch_size=10,
*x*kwargs)

A range of quantization strategies can be used by changing the parameter quantize_strategy. A list of options
is pof2s(default), pof2s_tqt, fs, fsz, and also the option to implement a custom quantization strategy by quan-
tizer.set_quantize_strategy(new_quantize_strateqy="custom_strategy.json’). The default power-of-2 scale quantization
strategy is used for this example.

3.4 Results

Table 2: Models performance for different model sizes.

Model Accuracy Float Accuracy Quantized Parameters Latency CPU Latency FPGA Latency FPGA

Size (%) (%) (us) (us) 3 threads (us)
3 Layers 98.18 98.04 16,080 691.22494.22  140.94 113.92
4 Layers 99.05 99.01 25,296 768.91£64.21 145.18 110.12
5 Layers 99.12 99.09 45,776 1000.14+7.03 154.61 100.06

Table |2| presents the performance metrics for different model sizes in terms of accuracy (both for the float and
quantized model), the number of model parameters, and latency on both the CPU and FPGA platforms. In terms
of model size, measured by the number of parameters, the 3-layer model was the smallest with 16,080 parameters,
while the 5-layer model was the largest with 45,776 parameters. The 4-layer model had an intermediate size
with 25,296 parameters. In terms of accuracy, all three models performed remarkably well. The 3-layer float
model achieved an accuracy of 98.18%. As we increased the complexity of the model, a noticeable improvement in
accuracy was observed. The 4-layer model achieved an accuracy of 99.05%, while the 5-layer model exhibited the
best performance, scoring an accuracy of 99.12%. After post-training quantization, the model performance dropped
only slightly for all models. The 3-layer model achieved accuracy of 98. 04%, the 4-layer model 99.01% and the
5-layer 99.09%. That is a decrease in the accuracy of only 0.03% to 0.14%, which results in 14 more images being
misclassified due to the quantization of the model. As for the latency, the measurements were taken on a CPU and
an FPGA platform, with the latter measured both with single thread and with 3 threads for the CPU control part
of the FPGA. The latency of the CPU was the highest for the 5-layer model at 1000.14us with a standard deviation
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of 7.03us. The 3-layer model and the 4-layer model had latencies of 691.22us (£94.22us) and 768.91us (£64.21us),
respectively.

Despite the linear architecture of the CPU, the latency did not increase linearly with the amount of trainable
parameters. For a 2.8 increase of parameters, with a completely linear system one would expect a latency of about
~ 1900pus for the 5 layer model. This is far from the measured latency of 1000.14 & 7.03 on the CPU for the largest
model. Some of the latency of the models is not from calculating the matrix multiplications with the parameters,
there is some bias time involved with the framework of the model prediction. The latency on the FPGA platform
was lower compared to the CPU across all models. The 5-layer model, despite being the most complex, showed the
highest latency of 154.61us, which is still significantly lower than its CPU counterpart. The 3-layer model showed
the lowest latency of 140.94us, followed closely by the 4-layer model with a latency of 145.18us. When the number
of threads of the Kria SOM increased to three, that is, the CPU control part of the FPGA, the latencies decreased
further for all models. The 5-layer model latency was reduced to 100.06us, which was the lowest among the models,
followed by the 4-layer model with 110.12us and the 3-layer model with 113.92us. The decrease of latency for
larger models in the multi-threaded case is not explained easily. As graphically shown in Figure the FPGA
significantly outperforms the CPU, the FPGA was 10 times faster than the CPU for the largest 5-layer model.
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Figure 10: Comparing FPGA and CPU latency of CNN models for the MNIST dataset.

3.5 Conclusion

The comparative analysis of the models latency between the CPU and FPGA signifies a clear advantage for the
FPGA. As the model architecture is scaled by adding more layers, and the amount of trainable parameters increases,
16,080 to 25,296 and 45,776, the calculation time of the CPU increases from 691 + 94.22us to 1000.14 + 7.03us.
However, in case of the FPGA the latency remains relatively steady, independent of the number of layers in
the model, from 140.94us to 154.61us. This distinction can be primarily attributed to the FPGA’s capability to
distribute the computations over the chips architecture, making use of the parallel computations of the architecture.
The CPU’s linear computational framework clearly increases the latency with the number of computations of the
model. Since the model used is not optimized for the FPGA architecture, an improvement in the models performance
is to be expected after optimization. This would further improve the relative performance compared to the CPU.
For this relatively simple study, however, it is shown that it is possible to deploy a CNN on the FPGA hardware
leveraging the parallel architecture of the chip to outperform the CPU. In conclusion, the FPGA’s chip architecture
allows for parallel computation of the parameters in a convolutional layer, with the largest model still able to fit in
one clock cycle of the FPGA. For even larger models, the latency of the FPGA will likely increase due to the limited
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space of the DPU. For later studies, it is interesting to quantify this result and see how much of the operations
are actually used by the model and how much of the model’s parallelism is utilized. The decrease in latency by
the FPGA for this small model shows that it is feasible to deploy neural networks on the FPGA to speed up
computations. The full potential of the FPGA has not yet been fully capitalized, but will be explored further in
the next chapter.
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4 Chapter 2 Particle Shower identification

4.1 Introduction to particle showers

The calorimeter is a fundamental sub-system of the ALICE detector for studying the behavior of subatomic parti-
cles. The calorimeter measures the energy deposited by particles as they pass through the detector layers, allowing
the identification of particles through their energy and tracks. As the particles pass through the layers, parts of
their energy are absorbed, and a cascade of secondary particles is again produced, detected by the sensors. When
high-energy particles collide during a Pb-Pb event inside the particle accelerator, a large amount of energy is released
in the form of new particles, leaving a cascade of energy deposits inside the calorimeter detector. These so-called
particle showers (also referred to as jets) in the calorimeter can be used to characterize quark-gluon plasma on the
final stage of the data analysis and modeling. Current particle shower identification algorithms rely on low-level
taggers, a mixture of simple manually optimized algorithms, and machine learning models. In this study, a different
approach is used, a single trained neural network without the use of low-level taggers as a trigger. First, a convo-
lutional neural network is used to distinguish different particle showers, with the use of the projection of the pixel
hits in the calorimeter. After the binary classification of particle showers, the network performance is evaluated,
and the missclassifications are studied to find out what makes the structure difficult to classify. Lastly, overlapping
particle showers are classified up to close separations between the centers, to test the potential resolution of the
calorimeter.

Event: 383

Figure 11: Simulation of a 7* shower in a calorimeter detector. The particle traveled from in the positive layer
axis direction leaving a trail of hits in the detector as it cascades.

4.2 Theory of particle showers in detectors

Electrons that move through a medium, lose energy through the ionization of the material. This leaves a trail of
ionized atoms liberated e~ in the medium. In tracking detectors, this trail of ionization is detected with a common
detector material of doped silicon wafers. e~ -hole pairs are created in the ionization process which, when a potential
difference is applied across the silicon, drift in the direction of the electric field. At the edge of the wafer there is a
p-n junction that can collect the charge, which is the signal that is then amplified, giving a pixel accuracy signal.
Photon and electron interactions in matter

Electrons can interact and lose energy in various ways when moving through a medium. At low energies e~ and
et mainly lose energy by ionization. There are other processes contributing as well, (Mgller scatering, Bhabha
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scattering, and e™ scattering), but they are relatively small. The ionization loss rate increases logarithmically
with energy. Above a critical energy (few tens of MeV for most materials), the energy loss is dominated by the
Bremsstrahlung[40] which rises nearly linearly. Charged particles moving through matter interact with the e~ and
atoms in the material, exciting and ionizing the atoms. This results in an energy loss of the traveling charged
particle. The Bethe-Block formula with corrections best describes this process.

dFE 9 9 722 2mec? 3272 Emax 9 C
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with F,,q, the maximum energy transfer to an e~ in a single collision,
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Emas = MeC B (13)
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where, k = 8v;s = me/M. I is the mean ionization potential of the atom. The shell correction is denoted as C, o
is the density correction. For particles at low energy, the corrections are large and become smaller at higher energy
particles.

The stopping power differs for e~ and e*, and both differ from heavy particles due to the kinematics, spin, charge,
and identity of the incident e~. For e~ the Mgller cross section describes large energy transfers to atomic e™. e -e™
scattering is described by the Bhabha cross section. High-energy e~ predominantly lose energy in matter through
bremsstrahlung, while high-energy photons lose energy mainly by ete™-pair production. The mean distance over
which a high-energy e~ loses all but 1/e of its energy is called the radiation length X given by:

1 N
Xio = 404T§7A{Z2[L7"(Ld - f(Z)] + ZL;ad}7 (14)

where 4047“2% = (716.408g cm™2)~!. L,.q and L’ , are tabulated parameters [41]. L,qq is the radiation logarithm

for the material, while L/, is the radiation logarithm for the inelastic form factor. The function f(Z) is an infinite
sum but can be approximated for elements up to uranium as:

f(Z) = a?[(1 4 @)~ +0.20206 — 0.0369a* 4 0.0083a* — 0.0024°], (15)

where a = aZ.

Hadron interactions in matter

The electronic interactions of charged particles heavier than e~ are now discussed. Fast charged particles electron-
ically interact with matter, leading to ionization and atomic or collective excitation. Most often the energy losses
are small, with 90% of the collisions resulting in energy losses of less than 100 eV. This infers that in thin absorbers
only a few collisions will take place with a large variance in the energy loss. The Rutherford differential cross section
describes the scattering of heavy particles from free e~ [42):

dor(W;B) _ 27Tr5m602z2 (1- BQW/Wmax) (16)
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where W, 4, is the maximum energy transfer in a single collision. The maximum energy transfer in a single collision
for a particle with mass M is given as:

2m.c?K?
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In matter e~ are not free, therefore a more complicated differential cross section was obtained by Bethe using Born
theorie[43].

Wmaz = (17)
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with a correction factor B(W) that accounts for electronic binding interactions.
The average energy loss rate for relativistic charged heavy particles in the energy region 0.1 < gy < 1000 is best
described by the Bethe equatio where FE,,.; is then replaced by Wi, az.
Electromagnetic cascade
When a high-energy e~ or photon strikes a dense absorber, it triggers an electromagnetic cascade. This cascade is
set off by pair production and bremsstrahlung, which in turn produces more e~ and photons, albeit with reduced
energy. The longitudinal development is dominated by the high-energy part of the cascade particle. This is related

B(W) (18)

24



to the radiation length of the incident particle until the critical energy of the e~ energies is reached, at which
point it is not able to generate more shower particles. The mean longitudinal profile of the energy deposition in an
electromagnetic cascade is reasonably well described by a gamma distribution:

dE (bt)a—te 0t
— = Egb——r—«—, 19
N ) (19)
with the scaling variables t = /Xy and y = E/E, to measure the distance in units of radiation lengths, and energies
in units of critical energy. This can also be seen in Figure where a gamma function is fitted to the fractional
energy deposition from an e~ -induced cascade EGS4 simulation. The transverse development of electromagnetic
showers in different materials scales fairly accurately with the Molieére radius Rj; which is defined as 90% of the

showers energy:
Ry = XoE,/E. (20)

where Fg =~ 21MeV and the Rossi definition of F, is used.
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Figure 13: EGS4 simulation of 30GeV e~ -induced cascade of iron. The histogram shows fractional energy deposition
per radiation length, with the gamma-function fit to the distribution. Histogram taken from particle data group
review 2022[44).

4.3 Distinguishing et and 7% events
4.3.1 Epical-2 prototype detector

This study investigates the applications of neural networks on FPGAs as a hardware trigger for the ALICE forward
electromagnetic and hadronic calorimeter (FoCal). The FoCal is a proposed electromagnetic calorimeter combined
with a sampling hadronic calorimeter used for photon isolation and jet measurements. The FoCal covers pseudora-
pidities of 3.4 < 1 < 5.8 and is an upgrade to the ALICE experiment that is to be installed during Long Shutdown 3
(LS3) for the LHC run 3. It provides unique capabilities to measure small-x gluon distributions via prompt photon
production and will enhance the resolution of the ALICE experiment.

A potential candidate for the FoCal detector is the Epical-2 prototype that will be used for this study of a NN FPFA
trigger. The 25x10° pixel detector consists of 24 layers of ALPIDE CMOS MAPS sensors. Each ALPIDE chip has
1024x512 pixels of size 28x28m that measure the electromagnetic shower response, energy resolution and linearity
at a frequency of 40Mhz. For the evalation of the prototype, a simulation model using GEANT4 and Allpix2[45]
is compared with the stochastic energy resolution. The simulations represent the detector prototype well and show
that the resolution is comparable to state-of-the-art resolution for Si-W calorimeters.
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4.3.2 Simulated Data Sample

In this section we briefly describe the simulation data of the Epical-2 detector that will be used for the classification
of particle showers with the use of neural network models on the FPGA. The data is produced with a Monte
Carlo simulation of the Epical-2 detector response using Allpix2[45], a pixel detector simulation framework based
on GEANT4[46] and ROOT.
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Figure 14: Histogram showing the distribution of particle hits per layer for 7% and e® events in the Epical-2
prototype detector Monte-Carlo simulation.

The simulation framework GEANT4 has several lists of physics models to choose from for the simulation. The
most accurate simulation of electromagnetic physics requires the FTFP_BERT_EMZ[47] configuration and is used
to produce the data for this study. The name of the physics model, FTFP_BERT_EMZ, follows a systematic
convention. 'FTF’ represents the Fritiof string model, which is applicable for energies above 5 GeV for high-energy
hadronic interactions. The P’ in the name signifies the incorporation of the G4Precompound model, employed for
the de-excitation process. 'BERT’ corresponds to the Bertini cascade model[48], utilized for energies below 10 GeV
for lower-energy hadronic interactions. Finally, 'EMZ’ is the designated option for the most precise electromagnetic
physics, including single scattering physics and the multiple scattering Goudsmit-Saunderson model[49].

The Fritiof model is used in high-energy hadron collisions. It describes the hadronic interactions for particles whose
energy is sufficiently high to probe the inner structure of the hadrons. In this energy region, it is necessary to
consider the structure of the hadrons and the behavior of the individual quarks. The conceptualization of the
interactions is the collision between strings, which are field configurations between quarks and antiquarks, rather
than collisions between point particles. Upon collision the high-energy hadron can be excited into a string state,
subsequently disintegrating into new hadrons which the particle detector detects. In the Fritiof model both the
initial excitation of the string and the subsequent breakup into new particles are included. Together with the
Fritiof model, the pre-compound model is used to simulate the de-excitation of an excited nucleus after a high
energy interaction. Excitation of nucleus can occur due to the ejection of one or more nucleons after a high-energy
collision. The process by which this excess energy is released is simulated by the pre-compound model, by emission
of nucleons or light nuclear fragments. Each type of emission is probabilistically calculated on the basis of the
energy and angular momentum of the excited nucleus, together with the binding energies of the possible emitted
particles.

The Bertini cascade model simulates the interaction of high-energy particles with a nucleus, where one or more
nucleons are knocked out of the nucleus. This creates a cascade of secondary particles as the secondary particles
each potentially interact with other nucleons, creating further secondary particles. The cascade continues until all
the particles have either escaped from the nucleus or have been absorbed. In this Bertini cascade model, the motion
of nucleons inside the nucleus, as well as the potential for 7% production and the effects of nuclear binding energy
are taken into account.
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The multiple scattering of e~ is simulated with the Goudsmit-Saunderson model. The model takes into account
not only the average deviation of the particle’s path but also the distribution of deviations around the average. For
large deflections, especially, this distribution is non-Gaussian. This model assumes that the individual scattering
events cause only small deviations of a particle’s path, the small-angle theory. Several parameters can be chosen
in the simulation, of which the choice of the discrete stepsize, which affects the mean energy loss during a step.
The actual energy loss is then calculated as a summation of all the models with an added fluctuation using the
GLANDZ model.

The simulation data consist of the set of pixels that are hit in an event, which are stored as layer, column, and row
per hit. A 3D reconstruction is then made, resulting in a matrix of size 24x1024x1024 for all pixels. By doing so,
the particle shower are visualized as in Figure The dataset totals 20k 7+ and 20k et simulated events. To make
the data feasible for machine learning, a projection onto a 2D plane of choice can be made, creating an image that
can be processed quickly by the neural network. By quantizing the image to a lower size, the image resolution is
lowered, but the processing speed is increased. Quantization of the original image to a new image of varying sizes
is considered, ranging from 256x256 down to 16x16. The processing of the image by the model is drastically faster
for smaller image sizes. This decrease in latency comes at the price of decreased accuracy as a result of the decrease
in resolution. The effect the quantization has on the speed and accuracy is extensively studied.

4.3.3 Analysis

The neural networks performance is analyzed using TMVA[G0] in combination with ROOT. The performance of
the model is measured for signal efficiencies of the model at low background efficiency. In the context of machine
learning, background efficiency refers to the ability of the model to accurately identify and account for background
events in the detection of particles. When distinguishing between two or more types of particles, particle type A is
treated as signal events, and all the other types as background events.

TMVA calculates the signal efficiency at a given background efficiency (like B=0.01) on the basis of the Receiver
Operating Characteristic ROC curve. The ROC curve is a graph that illustrates the performance of the classification
model at different classification thresholds. When plotting the True positive rate against the False positive rate for
several cutoff points, the ROC can be plotted. The trade-off between true and false positive rate is thus represented
by the curve. To find the signal efficiency at a given background efficiency of B=0.01, the point of the ROC curve
that corresponds to the given background efficiency is taken. The resulting signal efficiency is then the true positive
rate for a given false positive rate.

The performance of a particle classifier is determined by the number of false classifications by the model. A wrong
prediction about the event can occur if the model confuses it with another particle. This is best displayed with
the use of a confusion matrix. A confusion matrix for multiple classes shows a metric of how often a certain class
is mistaken for another class. Distinguishing a pattern from the confusion matrix allows for insight into the power
of the model and its failures. TMVA calculates a confusion matrix by considering the signal efficiency of class A
compared to all the other classes, at a given background efficiency on the diagonal, and the class A signal compared
to the class B background on the off-diagonal.

4.4 Binary Classification

The first investigation is on the distinguishing of the two classes of showers that are 7% or et showers. From the

distribution of hits per layer in Figurea clear distinction can be made between 7+ and et showers in the detector.
The et jets decay early on in the detector every time due to the larger cross section of the smaller momentum
of the particle. Therefore, the particle interacts much more likely with the silicon detection pads in the detector,
which causes the particle to decay into an electromagnetic particle shower. This produces a larger total amount
of hits for the first several layers of the detector. The hadronic 7+ has a larger momentum with a smaller cross
section than the e’ resulting in a lower chance of decaying within the length of the detector. This results in a lower
total number of hits in the detector, and the first layers detect relatively fewer hits. The distinction between the
particles becomes even more clear when looking at separate particle events in the detector. e generally start to
shower in the first few layers of the detector, whereas 7+ do not shower at all, leaving just a single track of hits
through the layers. Other about 20% of the 7% do produce a shower in the detector, but at varying layers. Some
start showering at the end of the detector after traveling through most of the layers, while some shower very early,
similar to e™. Most of the events can be separated with great precision just by looking at the 3d image of the event
as displayed in however, the problem arises when the 7% showers early on in the detector. This produces a
shower in the detector that looks very similar to that of the et. Distinguishing 7% from et that show a similar
decay profile is important for the analysis of the ALICE experiment. The missing or incorrect classification of 7
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will result in higher uncertainties in the analysis later on. Therefore, we require to classify the particles with high
precision in all cases. The remainder of this section is focused on separating 7* from e® events at high precision.
The 7t is referred to as a signal, and the e™ as a background.

Cut value

The most simple classification is first tested by using a simple cutoff value on the total amount of pixel hits for one
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Figure 15: (Left) Total hits in in Epical-2 detector in simulated 7% and et shower event. Optimal cutoff value
displayed to distinguish the two classes based on total hits. (Right) Zoomed in axis range to display the overlap
between the two classes at the optimal cut value.

event. The e’ that reach the detector start an electromagnetic cascade from the first layer, creating on average 5602
hits in the detector. The n* are less likely to cascade early on in the detector, and on average create less hits in
the detector with an average amount of hits of 657. The simplest cutoff value to make is based on the total amount
of hits. The best possible cutoff value of 4604 has an accuracy of 99.55% accuracy for binary classification. This
simple first-order calculation results in an extremely fast trigger. However, it has 136 false negative events, where a
7+ cascade got miss-classified as et event. These are the early cascade 7+ that results in irreducible contamination
of the e sample once this simple algorithm is used. By making a first rough cut at 3000 total hits in the detector,
48.05% of the total data set is correctly classified as 7%. This leaves 820 7+ events and 19999 e™ events, which is
roughly 96% et events. Only one outlier et is lost in this case. To accurately classify the remaining events, we
need to look more carefully at the structure of the particle showers to be able to identify early showering 7*. This
requires a machine learning algorithm to accurately distinguish 7% from e™.

XY projection

The detector consists of 25x10° pixels in total, which produces a 3d that produces a large amount of computations
if it were fed through a convolutional neural network. Therefore, we reduce the dimensionality of the problem by
projecting the data onto the xy-plane. This reduces the 24 layers to 1 layer, reducing the amount of computations
exponentially. Information on the structure of the particle event in the detector is now partially lost at the expense
of computation time. To further reduce the size of the event image, the image is mapped to a smaller image size
with fewer pixels. To quantify the effect of this quantization step, we vary and test for several quantization steps.
The input image is mapped to n X n pixels by summing the 1024 /n neighboring pixels in both the x and y directions.
For example, one pixel in the 128x128 mapped image of the 1024x1024 original image, consists of the summation
of a 8x8 kernel. Now the total data points of the event is reduced to the order of le4, which can be handled by a
convolutional neural network. The effects of the choice of the xy plane and the mapping size are investigated by
comparing different mappings and comparing to an xz-plane projection.

XZ projection

The information that is lost in the xy plane projection, namely the structure of the development of the particle
shower over the layer, can be seen in the xz plane projection. Specifically, at what layer the electromagnetic cascade
starts in the detector, can be determined precisely in this plane. This allows one to classify the particles accurately
due to the characteristic decay of the 7%. The events that look very similar to each other in the xy-plane are
the e™ events start to shower in the early layers of the detector and have over 4000 total hits in the detector. As
shown in Figure both the showers of 7% and e can show very similar patterns in the detector. This makes it
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difficult to distinguish the particles. By projecting the data onto the xz plane, the total data points of one event
is reduced from L x R C' to L x C' which, for quantization down to 128 columns amounts to just 24 x 128 = 3072
datapoints. With the number of layers fixed, the number of total data points after the mapping scales linearly with
the quantization size instead of quadratic as with the xy-plane projection.

The xz-plane projection case is not considered for deployment in the FPGA and, therefore, is not quantized. This
reason for this is that the jet-tagging of double particle jets will not be generalizable in this case. The xz-plane
projection loses the information of the relative distance between the jets unless the angle of both centers of the
jets and the z-direction is 90 degrees. For the other angles, the relative distance of the jets in the projection is not
determinable, unless the center of both jets positions is also known.
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Figure 16: (left) et and (right) 7% cascade events for more than 3000 total hits in detector. The XY-projection is
displayed on the top row. The XZ-projection is displayed on the bottom row.

4.4.1 Model

The model used for the binary classification, is a convolutional neural networks with three convolutional layers.
Latency and accuracy are determined by the size of the model, the amount of weights, connections and layers. The
design of the model is selected with the preliminary study on the FPGA in mind with a hard requirement for the
accuracy to be greater than the simple cut off value. A Keras model in Tensorflow2 is the architecture of choice
due to the support by the Vitis AI quantizer package and the compilation tool, at the time of the study. Vitis Al is
constantly improving and developing the software with support for features being added and removed constantly.
The Tensorflow2 software seemed to be the most reliable option, due to its extended period of support, and the
additional options for quantization strategies. The vitis-quantizer module supports, but not limited to, the conv2d,
maxpooling2d, ReLU activation, reshape, flatten and dense layers for deployment on the FPGA fabric. The first
reshape layer introduces minimal latency but is required to transform the single bitstream of data coming from the
detector, to a 2d image that can be handled by the convolutional network. After each convolutional layer, followed
by a ReLU activation, a maxpooling2d layer is introduced that would be fused with the conv2d layer according to
the documentation. This we will see later will introduce additional CPU computation time and should therefore
be left out for faster inference. The final softmax activation function is performed as post-processing on the CPU
to determine the classification outcome. The documentation mentions the softmax layer can run on the standalone
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Softmax IP for acceleration, however the compiler puts it on the CPU. The weights of the model ar initialized with
a truncated normal distribution. The model layout is displayed in Figure and the total amount of trainable
parameters per model configuration can be found in the tables with the respective results of the models.

Conv2D

kernel (2x2x1x64)
bias (64)

RelU

Conv2D

kernel (2x2x64x32)
bias (32)

RelU

Conv2D

kernel (2x2x32x128)
bias (128)

ReLU

Dense

kernel (32768x2)
bias (2)

Softmax

InputLayer Reshape MaxPooling2D MaxPooling2D MaxPooling2D

7x16384

Figure 17: Convolutional neural network for input of 64x64 mapped pixels for binary classification.

4.4.2 Training

The model is trained for up to 50 epochs with early stopping of 20 epochs if no improvements in the validation
accuracy is seen. After each epoch the dataset is shuffled, to prevent over fitting of the sequence of input images.
Optimizing the weights and biases of the trainable parameters are updated with the Adam optimizer algorithm [35].
The Adam algorithm is better at generalizing performance is most cases over the conventional SGD algorithm, and
is often proposed as the most efficient stochastic optimization. The learning rate of the optimizer is set to 0.001,
with a weights decay of 0.5 for a stable training process. The weights decay rate, the rate at which the weights are
decaying to zero if no update is performed after each epoch, is set to 0.1. The weights decay minimizes the over
fitting of the model, at the cost of making the model less power full. To speed up the training process, the training
occurs in batches of 100 input images. Finally the Binary cross entropy loss function is used for the training process.
The models is trained for three different cases of which two different projections of the data. One xz projection
case before any cut is made to the dataset. Two xy projection cases, one before the cut and one after. After the
training process has converged to an optimum, the model is saved and tested. The testing procedure to measure
the inference time of the model, is described before in section but now adapted for the Keras model instead
of the Pytorch model, with the ¢timeit module. The training progress of the xy-plane projection after the cut of the
data is displayed in Figure It shows the two out of the four models where stopped before reaching the end of the
training period. Although the smallest model 16 x 16 did train for the entire 50 epochs, it shows little improvement
in the validation accuracy. The models suffer from overfitting relatively early on in the training process, resulting
in the halting of the training or the minimal improvement.

The XY-plane projection case, the models weights and biases are quantized with the quantization aware training
strategy as discussed in section by retraining the weights for 3 epochs. The model is recompiled before QAT
with a learning rate of 0.0005 with no weights decay, and sparse categorical cross entropy loss function that is the
general case of the binary cross entropy loss function. This fine-tuning step is necessary for the smaller models,
that are not durable enough for post training quantization. This strategy minimizes the accuracy loss to within
one percent for the larger models, and the smallest model suffers more from the quantization, losing more than two
percent accuracy. The results of the training procedure are displayed in Figure The accuracy of the models
is close to 99.0 percent at the first epoch, and slight adjustments are made after that. For the QAT process the
accuracy of the larger models rises slightly over the 3 epochs and ensures the models performance on the FPGA.
Post-training quantization reduces the models accuracy to 50% thus the QAT procedure is preferred.

4.4.3 Results

XY-projection

First the results from evaluating the xy-plane model are discussed. Training the model on the complete dataset
resulted in the performance presented in table [3] and training on the reduced dataset in table The models
performance in general slightly decreases with the decreases size of the input image, as details of the particle
showers structure are lost in the mapping process. In order to outperform the simple cut strategy an accuracy
higher than 99.55% should be achieved. Training the model on the entire dataset, produced an accuracy of 99.77%
for the largest input size model. This model had a total of 92 miss-classifications, in comparison the cut strategy
produces 180 miss-classifications of which 136 are false negatives of the pion. The smaller models are performing
slightly worse than the cut strategy with the smallest model losing a significant amount of accuracy. The smallest
model has a signal efficiency of 98.6% at background efficiency of 1%. In this analysis however, we are interested
in performance at background efficiencies below 1% for the entire dataset. Testing the inference of the models
reveals a relation between model size and inference time. The smallest model is approximately four times faster
than the largest model, with the total amount of parameters only halved. In order for this method to be applicable
in a trigger in the ALICE detector, the latency has to be in the order of us, or three orders of magnitude faster.
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Figure 18: (left) Training history on the reduced dataset after the cut, of xy-projected models for different quanti-
zations of input data. The models accuracy is shown on the left y-axis, and is displayed above in the plot and the
loss below with the y-axis on the right. (right) Quantization aware training history of xy-projected model on full
dataset for three epochs.

The largest neural network is able to distinguish pion from e*, and makes twice as few mistakes as the simple
cut strategy. This improves the total statistics of the pion events in the ALICE detector, and will improve the
significance of experimental findings. To improve the selection power of the model around 4000 total hits, and
distinguish et from early showering 7+, the model was also trained on a reduced dataset. This dataset consists
of only events above 3000 hits to expose the neural network more to these types of events. However the total
amount of 7% that cascade early, relative to the et is small, 808 to 19999. This has an effect on the training on the
models, which often where halted early due to no improvements. Especially the smaller models where outperformed
significantly by the models trained on the entire dataset. Nonetheless the largest model had an accuracy of 99.47%
or 110 miss-classifications, which is compare-ble to the previously trained model.

Table 3: Models performance for different quantization of xy-plane projections.

Input Accuracy Float Accuracy Quantized Parameters Sig. Eff B=0.01 Latency CPU
Pixels (%) (%) (ms)
16x16 98.95 96.25 26,082 0.986 2.32+0.11
32x32 99.35 98.83 29,154 0.988 3.65+0.04
64x64 99.52 99.38 41,442 1.000 5.20£0.17
128x128 99.77 99.49 53,762 1.000 9.82+1.89
Table 4: After cut Models performance for different quantization of xy-plane projections
Input Accuracy Float ROC Sig. Eff. B=0.01 Sig. Eff. B=0.10 Sig. Eff. B=0.30
Pixels (%)
16x16 95.77 0.932 0.730 0.830 0.920
32x32 96.35 0.957 0.762 0.898 0.953
64x64 98.03 0.976 0.840 0.935 0.976
128x128 99.47 0.994 0.947 0.971 0.980

XZ-projection

The xz-plane projection shows promising results in binary classification for all model sizes, compared to the xy-
plane projection. Performance of the xz-plane projection is significantly higher for the smaller models with the
16 x 24 mapping, compared to the 32 x 32 xy-plane version. Comparing to the 16 x 16 model is an unequal
comparison due to the reduced total pixel amount of 256 compared to 384 for the xz-plane. The smallest model for
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the xz-plane projection has a validation accuracy of 99.62 % which is higher than that of the simple cut strategy.
However the largest model only performs slightly better than the smallest model. This suggests is not possible to
distinguish between early showering 7+ and et based on the information available in the image, or the training
has to be improved. A larger data-set would allow for longer training periods without over-fitting. This would
allow the model to generalize better and in turn improve the models accuracy. One could also try different model
architectures, that are more focused towards capturing the structure in the first few layers of the cascade. A more
extensive model with additional layers and more parameters can capture the detailed structure of the shower better.
This however increases the inference of the models significantly, which is not desired in this study.

Table 5: Models performance for xz-plane projection data.

Input Accuracy Float Parameters ROC Sig. Eff. B=0.01
Pixels (%)

16x24 99.62 16,658 0.999 1.000
32x24 99.67 20, 898 0.999 1.000
64x24 99.67 29,378 1.000 1.000
128x24 99.70 54,274 1.000 1.000

4.4.4 Conclusion

Pion and e™ showers can be classified better with larger networks that have many layers and parameters. However,
with limited computational resources and timing constraints, as is the case for a trigger, a compromise is to be
made. The best strategy to binary classify the pion and e™, is to first introduce a simple cut off value, of 3000 hits
total, below which all events are considered to be 7®. This reduces the pion events by 96%, without misclassifying
et. After the cutoff, applying a convolutional neural network that is trained on the entire dataset. The larger the
model the better the performance. To outperform the optimal cut value an accuracy above 99.55 % is required, this
is possible for the largest model of size 1282128 input pixels. This strategy can be improved upon by acquiring a
larger dataset with more pion events than 3000 total hits. This would make the generalization of the model better
and improve performance on the entire dataset.

When we are only interested in single pion and single e* events, the xz-plane projections also show interest. These
models outperform for each mapping size, the cutoff strategy. Although the largest model did not significantly
outperform the xy largest model, with a larger dataset, the chance of overfitting becomes smaller, possibly increasing
the performance of the model. Now the model slightly underperforms due to the overfitting that takes place relatively
quickly, halting the training process.

In practice single particle decay events are hard to come by, overlapping showers of et and or 7% are more common.
In the next section, we are interested in distinguishing the different overlapping particle showers.

4.5 Overlapping jets

The ALICE experiments main goal is to study the QGP. There are several types of particle decays that can provide
information about the QGP and its properties. Two particular decays of interest are the dilepton and dihadron
decays. Dileptons are clean probes that interact only electromagnetically with the surroundings, allowing them
to carry information from the production point to the detector. This allows for the study of the early stages of
heavy-ion collisions[51], through the invariant mass spectra of dileptons.

Dihadron correlations are used to study the anisotropic flow of particles in the experiment[52][53]. Anisotropic flow
refers to the preferred direction that particles take after being emitted from an anisotropic source, for instance, the
QGP. This allows for the detailed study of properties of the QGP; for example, the temperature and viscosity are
probed using the measurement of the anisotropic flow.

Detecting dilepton and dihadron decays involves distinguishing particle showers that occur in close proximity to
each other, resulting in overlapping cascades of particles. Additionally, due to the high multiplicity of the ALICE
experiment, many particle decays occur close together, resulting in jets overlapping in the detector. This presents
a challenge to distinguish between the different particles involved in decays. Using the calorimeter detector data, a
reconstruction of the jets allows the identification of the particle. The overlapping of the jets makes it more difficult
to distinguish from which jet the particle originated. Reconstruction of jets is an intense computing process that
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commonly involves backpropagation of the particle tracks to its origin. Using convolutional neural networks, we
aim to distinguish jets with high accuracy while keeping latency low. The study of overlapping jets is performed to
determine the minimum distance between particle decays required to distinguish two particle decays. This in turn
determines the resolution of the experiment and the precision with which we can track and analyze the particles.
The distance between the centers of the jets that are of interest is varied from 1 cm down to 1 mm.
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Figure 19: (Left) Two combined et events and (right) two combined 7 events at a separation distance of Ar =
25mm apart

4.5.1 Data preparation

Studying overlapping particle showers requires a labeled data set with showers of 7% and et decays. A xy-plane
projection with two overlapping particle showers is generated, as explained in the following section. Each event is
projected onto the xy-plane and mapped to 128 x 128 pixel image as before. Hereafter, the origin of the particles
decay shower is determined. This is determined by finding the first layer of the detector that has several hits.
This usually coincides with being the pixel with the most hits of that layer. The position of this pixel is marked
as the origin of the particle shower. Then, different particle showers are combined by translating all hits of one
shower relative to the origin of the other shower. This results in two particle showers that overlap with a distance
Ar between each origin. Any hits that are moved outside of the detector range are discarded. This strategy does
not consider any relative angle between the particles decay tracks and assumes the incident particle tracks are
parallel. The relative distances Ar are given in Table[6] Hits that are translated outside of the image are discarded.
A total of 20k events are generated for each class, randomly selecting events of 7% or et decays. Various cases
are considered for analysis, namely a three-, four-, and five-class case. The three-class classification consists of
overlapping 7t-7%, 7¥-et and eT-eT events. The four classes classification is made up of single 7+ and single et
events, and overlapping 7*-7% or et-et events. The five classes consist of all the possible cases, single 7+ and
et events, overlapping 7*-7% and eT-eT and lastly 7*-et events. The simple cut strategy that worked in binary
classification cannot distinguish between a 7*-e™ event and a single et event. To make the distinction between the
overlapping particle showers, the structure of the cascade has to be studied. To study the limitations of the models
resolution and performance, for each case the model is trained independently. The most general case with the five
classes is the ultimate benchmark of the models performance.

4.5.2 Model

For the model, a convolutional neural network is used that consists of 4 convolutional layers and has an input size
for the image of 128 x 128. Each layer consists of a convolutional layer followed by a relu activation layer and a
batch normalization layer. The last batch normalization layer is followed by a dense layer and a softmax activation
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layer. The model consists of a total of 84,868 trainable parameters, and is compiled with a catagorical cross entropy
loss function and the Adam optimizer, with a learning rate of 10~#. No decay rate for the weights is set.

4.5.3 Training

Each case required a different combination of training parameters; the five-class case has to be trained more
extensively than the four-class case. The four-class model is trained over a total of 100 epochs, after which the
improvement in validation accuracy improved still. However, early stopping was set for 20 epochs. The five-class
case is trained for up to 1000 epochs, with early stopping after 50 epochs of no improvement in the validation
accuracy. The learning rate is adjusted after 250 epochs to half the learning rate and fine-tune the model.

The training history of the four-class case is shown in Figure [20a] and the five-class case in Figure 20D} Training of
the model for over 700 epochs takes a lot of computing power; therefore, the training of this model was performed
on an Imac Studio with Apple M1 Ultra silicon chip, with 20 CPU cores. This significantly speed up the training
of the model. After roughly 250 epochs the models performance improvement slows down; now the weights are
fine-tuned for minor improvements. Classifying five classes proves to be more difficult than four classes, with the
overall accuracy of the trained model being lower at small separations. This change in accuracy is completely due
to the added class of overlapping 7*-e*. The model cannot distinguish properly between 7*-7% or single e*. This
effect gets worse as the distance between the jets is lowered.
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Figure 20: (Left) Training history of 4 class model.(Right) Training history of 5 class model.

4.5.4 Results

The models accuracy after the training period is shown in Table [6] The testing of the model resulted in confusion
matrices that are graphically displayed in Figure [21] for the four class case, and in [23] for the five class case.

In the four-class case, the predictive power of the models decreases slightly as the distance between the centers
of the showers decreases. For the largest distance tested, the accuracy was the highest, but not as high as the
binary classification. The distinction between single 7+ events and double 7% events remains difficult using this
projection, and the model is not able to generalize in all cases. The model trained for jets separated Ar = 50mm
performed the worse but still withing reasonable standard deviations. The variations in accuracy of the models are
partly due to the variance of the datasets. A data set at Ar can have more than average 7*-7* events that have
more than 3000 hits. As seen before in the binary classification of particle showers, it is difficult to distinguish 7+
decay showers from e, for 7+ events that shower in the first layers of the detector.

Nonetheless, as displayed in the confusion matrix, the single e™ events are separated from the double et events
with an accuracy of 93.4% for background efficiency B = 0.01% dér = lmm. At this distance there are only 3
pixels in-between the two centers of the showers. The shower tagging resolution of the detector is therefore higher
than 93% for two probe e*. The accuracy decreases, however, for larger separations. The center shower has the
highest amount of hits, with two centers so close to each other, the maximum of the centers increases significantly.
The model picked up the increase of maximum at double e events, and is worse at distinguishing the et larger
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separation, since the maximum of the two overlapping showers is decreased. Even at the smallest separation distance
Ar = 1mm, the model is able to distinguish 61% of the single 7% events from the double 7% events at a background
efficiency of B = 0.01%.

Table 6: Classifiers distinguishing particle showers for varying separations, trained on multiple classes.

Ar Accuracy Accuracy
(mm) 4-class 5-class
100 95.16 95.36
50 92.96 -

25 95.95 -

10 94.39 96.60
5 94.33 95.54
1 94.24 90.38
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Figure 21: 4-Class Confusion matrix of Signal efficiency at background efficiency B = 0.01%. The class on the
y-axis is the true class, and the class on the x-axis the predicted class. On the diagonal of the matrix is the signal
efficiency with all the other classes considered as background.

The model is trained on data that consists of six different sets of overlapping showers, with varying relative distances
between the centers of the showers. The resulting signal efficiencies per class are shown in the confusion matrix in
figure 21} The confusion matrix displays the classes that are difficult to distinguish by the model. As expected, the
signal efficiency of the model for double 7% and single 7+ events is lower. The model confuses the single event for
the double event and vice versa, independent of the distance between the showers. The 50 mm dataset performs
considerably worse than the other distances, due to the low signal efficiency with the single and double 7% events.
To better understand why the accuracy for this data set is relatively lower than that of the other distances, the
double 7% data set is shown in figure The histogram suggests that the 50 mm dataset has relatively more
double 7+ events that have large amounts of hits in the detector. The simulation events are selected at random
before merging. With low statistics, it is not unlikely that a significant amount of the selected events will have more
events, although this has a lower probability. With a higher amount of events and a larger data set, the probability
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of this happening decays exponentially as the standard deviation decreases.

At a separation of 1mm between the centers of two 7+ showers, the distinction between individual showers becomes
challenging, often appearing analogous to a singular 7% shower event. This results in a lower signal efficiency of 0.746
for the double 7+ shower at a background efficiency of B=0.01. The shortfall is attributed to the misinterpretation
of the double 7* shower by the models as a single 7% shower event. The true double 7+ class predicted as the
7+ class is found to have a signal efficiency of 0.502, similarly the true single 7% class predicted as the double 7%
class has a signal efficiency of 0.61. With increased distances, the signal efficiency improves noticeably due to the
emergence of two clear centers in the 7% track pattern within the detector. The predictive accuracy of the model
decreases when 7+ registers a higher hit count in the detector. This is explainable by the pattern of the single 7%
that produces a large number of hits, bearing similarity to that of two 7% with fewer hits.

Nonetheless the model’s performance at all the distances show great promise in being able to function as a 7#* or
eT tagging algorithm. Even when the cascades produced by the particles overlap inside the detector, it is possible
to distinguish each particle and therefore detect probes in heavy ion collisions that can have several particle cascade
happening in close proximity. The ability to detect these particles and distinguish between each class is valuable in
improving the overall accuracy of the experiments with improved statistics. Now to simulate the most general case
inside the detector, a five class model is considered as well. The overlapping of 7% and et cascades had been left
out before in the four class case, as the accuracy of the model was expected to be low. Now that the baseline is
established with the four class case, the model is trained for the five-class case.

The resulting confusion matrix is displayed in figure The addition of the overlapping et 7% shower has a
siginificant effect on the overall predictive power of the model, due to the difficulty of distinguishing a 7% shower
that overlaps with a et shower. The signal efficiency of the 7*-e* class is decreasing as the distance between the
showers decreases. Even when there are only 4 pixels between the center of the 7+ shower and the et shower, a
signal efficiency of 0.674 is achieved with background efficiency B = 0.01 is achieved. The signal efficiency of the e™
class at background efficiency B=0.01 is 0.638 for this seperation. This is a significant decrease in predictive power
compared to the four class model and is completely attributed to the addition of the possibility of overlapping 7+
et showers. The quantization down to 128by128 pixels sums over eight neighbouring pixels resulting in the centers
of the showers being merged.
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Figure 22: (Left) Event count versus total hits in detector at two different distances between centers of 7% showers.
The simulation data from the double 7* showers at 50mm separation shows relatively more events with higher
amount of hits compared to the 100mm data set. (Right) Pixel count histogram versus total hits on single pixel for
double eT events at 1 mm and 10 mm separation. At smaller relative distances the centers of the showers overlap
resulting in high amount of hits in a single pixel.

Nonetheless the information is not completely lost as the model to make a classification between the overlapping
showers, due to the increased number of pixels hits. The model’s misinterpretation of a e* as an overlapping e™
7% event, and vice versa is as expected. This shortfall in the predictive power of the models is reflected in the
low signal efficiency for the signal et and background 7+ and vice versa. This effect gets worse as the separation
between the showers centers becomes smaller.

In conclusion the model is able to accurately classify the five classes of particle showers, even down to small relative

distances of the showers centers. Detecting and identifying particles based on the xy projection of the showers pattern
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Figure 23: 5-Class Confusion matrix of Signal efficiency at background efficiency B = 0.01%. The class on the
y-axis is the true class, and the class on the x-axis the predicted class. On the diagonal of the matrix is the signal
efficiency with all the other classes considered as background.

in the calorimeter detector is made possible by the distinct patterns 2dimensional patterns that are produced in
the detector. The structure of the shower holds information on the particles class. This information would be lost
if a selection would be made solely on the total amount of hits in the detector as was done for the optimal cut in
the binary classification. Probing the structure of the particles showers inside the detector is necessary to preserve
as much particle events in the experiment, and improve the statistics of the overall experiment.

4.6 Shower Classification on FPGA

In the following section the discussion of the deployment of the model on the FPGA takes place. The binary
classification of particle showers was performed using CPU trained convolutional neural networks. In order to
deploy the model onto the FPGA, the parameters of the model are quantized to 8-bit accuracy from the floating
point accuracy. This process is of quantization is performed using quantization aware training as described in
section and the resulting training accuracy displayed in figure [L8b)

4.6.1 Quantization Aware Training

Post-training quantization-aware training leads to significant accuracy drops for small models. Therefore, quantized
learning is introduced by simulating quantization effects in the forward pass of the learning process. Quantization-
Aware Training (QAT) is implemented to minimize accuracy drops due to quantization of small model. QAT can
be implemented in Tensorflow 2 with the following block of code:

from tensorflow_model_optimization.quantization.keras import vitis_quantize
quantizer = vitis_quantize.VitisQuantizer (model)
gat_model = quantizer.get_qat_model(

init_quant=True,

calib_dataset=calib_dataset)

///compiling and training
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quantized_model = vitis_quantizer.get_deploy_model(qat_model)

As indicated by the comments, the compiling and training takes place before a call to get the deployable model is
made. This converts the quantized model to a model that is understood by the compiler. The quantization strategy
that is implemented in QAT is described in technical terms, taken from [25]. The approach simulates quantization
effects in the forward pass of training. In backpropagation, nothing changes compared to normal training of a
model. In the forward pass, the quantization inference is simulated by implementing in floating-point arithmetic
the rounding effects that occur in the quantization scheme, which is stated below. First, the weights are quantized
before any convolution with the input data. For the use of batch normalization, the corresponding parameters are
”folded into” the weights before quantization. These are later to be folded back for deployment. Second, activations
are quantized at point of inference, for instance after applying the convolutional layer then the ReLLU activation
function is quantized. For each layer, the quantization is point-wise applied with the function defined as:

clamp(r; a,b) := min(maz(x,a),b),

b—a
s(a,b,n) = pa—t (21)
a(rya,b,m) = (XG0 2y ) e,

s(a,b,n)

Where r is a real-valued number to be quantized, with [a;b] the quantization range, n the number of quantizaion
levels, i.e. 28 = 256 for 8-bit quantization strategy, and [.] denoted the rounding to the nearest integer.
The QAT algorithm is then given as follow:

1. Create floating-point model
2. Insert fake quantization operations according to equation [21]
Train the model

Create and optimize the model

oros W

Test inference

quantization scheme
The scheme with which the quantization takes place is introduced:

r=_S8(q—2), (22)

for some constants S and Z that are the quantization parameters. Each activation array and weights array have
its own quantization parameters and thus scheme. In the case of 8-bit quantization, for instance, of weights in the
layers, the float value is reduced to an 8-bit representation. The constant S is an arbitrary positive real number
represented as a floating point on the cpu architecture. The constant Z is of the same type as the quantized value
q.

Integer-arithmetic-only matriz multiplication

The translation from the computation of real numbers to the computation of quantized values is performed using a
matrix multiplication that involves only integer arithmetic. The scaling value S is in floating point precision. Con-
sider the multiplication of two square matrices N X N of real numbers r; and r5. The product of the multiplications
is represented by r3 = riro.

The matrix consists of the entries r((li’j)) with 1 < 4,7 < N for matrix (o = 1,20r3). Equation [22| then is written as:

ng’j) = Sa(qgj’j) —Za)- (23)

The corresponding quantization parameters with which they are quantized are depicted as (S, Zy). Quantized

entries are denoted as q&i’j ). This matrix multiplication implies that we have:

N
So(as"” = Z3) = D S1(at™ — 20816 - Za), (24)
j=1
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This then rewritten as

N
5" = Zs + MY (0" - 26 - Z),

=1

(25)

Where we define the multiplier M as

5152
M = .
Ss

Now the matrix multiplication involves only integers, except for the multiplier M that depends only on the constant
Sa. The multiplier M is empirically found to only to be in the interval (0,1), and therefore can be expressed in the
normalized form of:

(26)

M =2""M,, (27)

where M is in the interval [0.5,1) and n is a nonnegative integer. This normalized multiplier can now be expressed
as a fixed point multiplier in a 2n-bit integer representation. For hardware 8Int, M is represented by the Int8
integer closest to the value of 27 M. Due to the constraint that My > 0.5 the value always is at least 2%, ensuring
a 6-bit precision relative to the floating point value of M. Now, for the multiplication by 27" can be implemented
by means of an efficient bit shift, that is, to be correctly implemented such that the round-to-nearest behavior is
correct. The implementation in assembly code of how to achieve this on the arm architecture goes beyond the scope
of this project.

4.6.2 Results

For smaller models that consist of fewer weights, the accuracy during the QAT is slightly lower than for the larger
models with more weights. This is due to the robustness of the model which can be attributed to the absolute
number of parameters of the model. After the quantization of the models, they are ready to be compiled for the
target device by the vitis ai compiler. This translates the .h5 keras model to an binary .xmodel file that the DPU
can interpret. This xmodel holds the information of where calculations take place on the DPU model, and what
connections are made in order to perform the calculations of the model. The Vitis Al compiler takes care of this
process but does not directly synthesize the best possible model layout for the DPU. A custom layout of the model
on the DPU is possible with the use of Vivado HLS. To get a clearer understanding of how the model performs
on the FPGA and how each individual layer of the network performs, the Vitis Al analyzer is used. This software
allows for the analysis of the models resources on the DPU. The latency for each layer is displayed in figure 244
for all four models sizes. The timed latency per layer does not add up to the total latency of the model since the
timing operation of the analyzer inflicts a penalty on the latency. This does, however, give a comparative indication
of each layers performance. The performance of each layer as operations per second is displayed in figure

.. —== 16x16 A, —==- 16x16
~. /N,
0.35 | 32x32 400 4 ,.'- N 32x32
‘« —- 64%64 ; : — - 64X64
~ —~- 128x128 ! . —+- 128x128
0.301 ~. / N,
. . _ J N,
~ 2300 1 h A
\ o ‘f -
F 0251 ~ 3 ] \
z° ~ 3 / \
= ~ g / \
£ N 5 200 / '
= 0.20 1 ~, E : A
~ $ ! ,
M'\‘ . g / _/.“‘-\_ AY
0.15 A N, !/ e -~ \
"~ ., 100 | J Ve '~ "\
010 ~.. = \,\ [ \
- T~ =4 ~. [A'/ \
. ~, * g
3 o —_——— = N\ o .
0.05 T T T T T T T T T T
conv2d 1 conv2d 2 convzd 3 max pooling2d quant dens convz2d 1 conv2d 2 conv2d 3 max pooling2d quant dense
(a) (b)

Figure 24: Performance of the model on the DPU. (Left) Latency of each layer timed using the Vitis ai tracing
library. (Right) Performance of each layer in GOP/s, measured using the Vitis ai tracing library.

The latency of the individual layers varies depending on the size of the model and which consecutive layer it is.
The first layer of the network always seems to take the longest amount of time to compute, this is due to the
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operations per second of the first layer being low compared to the others. The largest model with input images
of 128x128 pixels takes the longest to compute but does show the largest performance in operations per second,
utilizing the theoretical 1.4 TOPS of the Kria board the most of all the models. Still this theoretical performance
is never seen, as most layers are atleast 10 times slower in operations per second than the indicated 1.4 TOPs.
Several factors are potentially limiting the performance of the FPGA, resource utilization, design optimization,
clock frequency, and compiler tool limitations. Resource utilization not all the resources of the FPGA are utilized.
The architecture consists of numerous LUTs and DSP blocks in the DPU; if not all of these blocks are used,
theoretical maximum performance can never be reached. Design optimization can also limit performance if the
design is not fully optimized for parallel processing or pipelining. This could limit the FPGAs performance. The
clock frequency might not be as high as the theoretical maximum frequency, which limits the overal operations per
second that can be achieved. The compiler tool used might not be able to fully optimize the algorithm for the
FPGA fabric, this goes together with the resource utilization in the sense that the compiler tool does not place
the operations as efficiently on the FPGA fabric, thus not utilizing the resources to its maximum potential. The
max-pooling layer for the largest model induces latency as can be seen in figure The maxpooling layer should
be merged with the convolutional layer as according to the documentation of Vitis Al, this nonetheless did not
happen. This extra layer adds unnecessary latency to the execution time and should be removed for inference
testing. After the model compilation, it can be plotted in a schematic with an indication of what device each layer
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Figure 25: Model as compiled by the Vitis Ai compilation software. (Left) The max pooling layers are not compiled
on the DPU architecture but rather on the CPU. (Right) The Max pooling layers are removed, hence there are no
intermediate layers compiled for the CPU, removing potential latency reduction.

is compiled on. Surprisingly the model is split between CPU and DPU architecture due to the lack of DPU support
for some types of layers. As seen in [25] the max pooling layers are not compiled correctly for the DPU architecture
and therefore are computed on the CPU. This indicates that not only for the larger model the Maxpooling layers
compilation process failed, but for all models. This forms an issue and increases the latency of the model, therefore
the maxpooling layers are removed from the model, significantly decreasing the latency of the model. The smallest
models time to classify 4000 events, improved by ~ 33% after removing the maxpooling layers.

The final comparison of latency for the model between CPU and DPU is displayed in figure [26] The average time
of the computation on the CPU is about 30 times longer than on the DPU for the same model. For the smallest
model of 16x16 the total time of the computation is 100us. But the latency barely increases up to the 64x64 model,
boasting a higher accuracy.
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Figure 26: (Left) Average time of multi and single threaded computation of one single image on DPU. (Right)
Comparison between FPGA and CPU times of model.

The effect of multithreading and single threading of the computation is measured by timing the individual time
it takes for the image to be classified. This does not improve the total time of the classification, as the speed up
of multithreading occurs only because multiple images can be classified simultaneously. This can have an positive
effect on the total time it takes for x images to be classified. The time it takes for a single image to be classified
using single or multithreading is shown in figure and is just slightly longer for the multi-threading task than for
the single-threading task. The latency of the model on the DPU is then compared to the CPU in figure with
the FPGA being significantly faster. The smallest 16 by 16 image size is approximately 100us for one image to be
classified. As the model size increases, the latency on the FPGA slightly increases up to the largest model which is
significantly slower with about 700us latency per image. The results show that on average the FPGA performs 30
times faster than the CPU.

Table 7: Timing results of the FPGA and the CPU for all the different model sizes, measured in milliseconds.

Model CPU DPU
(1ns) (ms)

128x128 9.82+1.89 0.738
64x64 5.20+0.17 0.199
32x32 3.65+0.04 0.129
16x16 2.321+0.11 0.105

4.7 Conclusion

Simulated particle showers in the Epical-2 prototype calorimeter were successfully classified with the use of convo-
lutional neural networks. To determine whether CNN classification was successful, the performance of the model
is compared to a simple first-order cut on the total number of hits. By making the optimal cut of 4604 hits in the
detector, it is possible to classify 99.55% of the events successfully. However, in doing so, the cut loses efficiency for
7% that shower early in the detector and have relatively many hits for a 7% shower. 7% events with over 3000 total
hits are difficult to distinguish based on a visualization of the shower in the detector, as it looks similar to the e™
events. For the CNN to outperform the optimal cut, it has to learn a pattern in the early showering 7+ structures
on which it can distinguish it from the e™ showers. To tackle this issue, different strategies were adopted, training
the CNN after making the cut and considering both an xz-projection and an xy-projection.

Training the CNN on the reduced data set was unsuccessful as the model overfitted the data due to the limited
number of 7% events after the cut. This can be addressed by using a larger dataset. The xz-projection at first
seemed promising, as the smaller models achieved much higher accuracies than for the xy-projection; however, the
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largest model with the highest accuracy did not outperform the xy-projection. With the use of a CNN on the
xy-projected input images of quantization 128 x128 an accuracy of 99.70% was achieved, outperforming the optimal
cut strategy. The optimal cut although faster, due to the first-order calculation being performed of the total particle
hits, loses potential 7% events. These events are valuable for further analysis of the ALICE experiment in order to
improve the overall statistics of the experiment.

In the high luminosity ALICE experiment, it is common for particle showers to reside in close proximity to each
other. Showers can start to overlap in the calorimeter, which makes event reconstruction more difficult. Therefore,
a more advanced study of classifying overlapping particle showers using neural networks was performed, to deter-
mine the minimal distance required between the centers of the showers. The data set for this analysis consisted of
combined ¥ and e® events. Two different studies of four and five classes were conducted, with the latter being
the most realistic. Up to 10mm of relative distance the model was even able to accurately distinguish a overlapping
7% and et shower from a single et shower. The signal efficiency for the et-7% class was 0.868 with a background
efficiency of B = 0.01 with a distance of only 5mm between the shower centers. The accuracy of the model at this
distance was 95.54% for the validation set. It is concluded that CNN is capable of accurately detecting a 7% that
is only 10mm apart from a et. The other cases of overlapping particles are able to be distinguished up to the close
separation considered of 1mm.

After training and testing the CNN on the CPU, the binary classification network was deployed on the FPGA
for inference measurements and comparison with the CPU. Using QAT and by optimizing the model slightly
for the FPGA a latency in the order of O(100us) was achieved for the smaller models (16byl6 and 32by32).
The smallest model achieved on average an inference of 100us on the DPU. Together with the 32by32 model, the
respective inference was a factor of 30 faster compared to the CPU. These models did not fully utilize the theoretical
performance of the FPGA of 1.4TOP /s, with the smallest model managing only 10 GOP /s. This indicates the model
can be optimized more for the FPGA fabric by pruning the model and paying attention to the resource utilization
of the FPGA. Using Vitis Al the model is deployed onto a general DPU layout for the KRIA kv260, but a custom
DPU layout can be produced with the use of Vivado HLS, improving the performance of the model. In conclusion,
the classification of binary 7% et particle showers was successfully deployed on the FPGA hardware with a speedup
of a factor 30. The potential performance of the FPGA was not utilized and further improvements are tenable.
Using the FPGA as a level-1 hardware trigger in the ALICE experiment requires the latency of the model to be in
the order of O(1us), this is two orders of magnitude faster than the CNN we were able to deploy on the FPGA.
Nevertheless, the study showed the potential performance improvement of the FPGA that could be used in the
online processing stage of the experiment to classify and reconstruct the particle events. By deploying a larger NN
on several FPGA’s that work concurrently, classification and identification of complex reconstruction events would
be possible in the online processing stage with a 30 times speed up compared to CPUs.
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5 QOutlook

Employing machine learning on the FPGA for classification problems shows great potential to reduce latency. The
Kria kv260 used for this study has limited resources and performance compared to more powerful but expensive
FPGA’s. A more resourceful FPGA would allow us to use a more extensive and powerful model with higher
predictive power. Furthermore, the additional resources allow for more concurrent calculations, and thus a reduction
in latency. However, the resources of the Kria board were not fully utilized, as the measured performance did not
come close to the theoretical value. By testing different custom DPU layouts, the optimal configuration can be
found, ultimately maximizing the performance of the chip.

A further optimization of the hardware of FPGAs on a board with more resources has the potential to significantly
reduce the computation time during the offline processing of the experiment. Level-1 hardware triggers are required
to operate in the microsecond range, therefore, using a neural network on the FPGA is not a viable candidate
for the trigger as it operates two orders of magnitude too slow. Nevertheless, the speedup of the custom FPGA
architecture compared to CPUs can be used in the offline processing stage. In this stage of the data processing, it is
possible to use more complex analysis, as the latency requirements are less severe and the data rates do not have to
keep up with the experiment. For instance, the classification of overlapping particle showers can be carried out in
this stage by an FPGA using a large neural network. Currently, the offline processing in the ALICE experiment is
done using GPUs. Our study, having demonstrated that the FPGA is about 30 times faster than the CPU, assures
that this device would also be several times faster than a GPU. Current and future particle colliders have complex
detector geometry together with large amounts of hits and events. It is difficult to use simple track reconstruction
algorithms for jet tagging, with the high luminosity of the experiment, as many events build up in the detector
before readout. The machine learning approach used in this study could efficiently classify events from the complex
data provided, and promises to be the new standard for event processing.

Already, this study showed that it is possible to classify overlapping particle showers up to close separation with
precision, using a compact lightweight neural network. To take full advantage of the parallel computations of the
FPGA fabric, a larger neural network with even more layers can be used to classify these overlapping showers.
Suggestions for further reducing latency include pruning the network and maximizing hardware utilization using an
optimized custom hardware layout. Using hls4ml together with gkeras allows for tuning the amount of parallelization
of the model. Also, the amount of bits used in the quantization scheme can be n-bit instead of the 8-bit of the Vitis
AT quantizer. In this study only the Vitis Al software was considered, as it allows for a relatively simple workflow
and eventually deployment of the model on the FPGA.
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