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Evolution of computing In particle physics

AThe evolution of computing in particle physics has been marked
by a close caevolution with the advancements in computing
technology itself

Adriven by the evefincreasing computational demands

AFrom manual calculations and early electronic computersto distributed
computing grids

Aln the future the potential ofquantum computing

AParticle physics has consistently pushed the boundaries of what's
computationally possible
AHPC, Grid computing
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Early days

ACalculations were performed
manually, often by teams of
rsomputerst

AEarly electronic computers
were developed to handle the
growing complexity of
Calculatlons bubble chambers

A avessel filled with a
superheated transparent
liquid used to detect

electrically charged
particles moving through it
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The rise of distributed comg
v,

AParticle physics experiments
generate vast amounts of data,
requiring massive computational
power.

AThe Worldwide LHC Computing Grid
(WLCG) emerged as aollaborative
effort to distribute and analyze LHC
data, integrating computer centers
worldwide.

AThis federated model, based on grid &
technologies, allowed physicists to £
access and process data from
anywhere.
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Today, what should | use?

AWhich computer? o




Computing:
HPC, Grid Computing
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What is HPG and why should we care?

ANot your average PC: HPC means solvimgally hard
problems fast

AUsed forclimate modeling, astrophysics, material
science

ANGRUYt WmHRYUGeqcqRYUcdWgldd 1t #°
Invisible

ASpoiler: Your phone may be faster than 90s
supercomputers
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Classicalcomputingvs HPC

AClassical computing is a @) HPC Is a&

AClassical computing =serial, one instruction at a time.
AHPC =parallel. Thousands of instructions simultaneously
AERCORUDWe GUKWT et qwWe T I RUNLWG Y
ARequirescoordination, special hardware, and clever

software
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Types of HPC systems

A Supercomputers
AExtremely fast computers used for largescale computations.

AClusters

AGroups of linked computers working together as a single
system.

AGrid Computing
ADistributed computing resources across multiple locations.
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HPC technologies

AParallel Computing
ASimultaneous data processing using multiple processors.

ADistributed Computing
AComputing tasks distributed across multiple machines.

ACloud Computing

AUsing remote servers hosted on the internet to store, manage,
and process data.
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Divide, Conquer, and Simulate the Universe

AHPC divides large problems intsmaller tasks
AEach task runs on a different CPU/GPU core
ACommunication between tasks is thebottleneck

AEfficiency depends on problem type and architecture
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Some definitions

AGFLOPS Billions of FloatingPoint Operations per second
A Max GFLOPS of a system can be calculated using:

() n N wr 7 14} 14 7 'r [ 1 (l)' é ‘l !Q i?‘ \ r 7 “!Oi-‘) llj 0 '-‘?Y 1 r er, ~|\~ 7, 3
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ATDP Thermal Design Power is the maximum amount of heat generated by the
CPU tthat the cooling system in a computer is required to dissipate igpica
operation

AVector processor. CPU that implements an instruction set designed to
opﬁrzéte efpuently and effectively on large onadimensional arrays of data
called vectors

AThis contrasts withscalar processors, whose instructions operate on single
data items only.

AVector processors can greatlymprove performanceon certain workloads,
notably numerical simulationand similar tasks

INFN INSPYRE School



Anatomy of an HPC System

ACompute Nodes: CPUs, GPUs, memory =

Alnterconnects: low-latency networks like InfiniBand %

AStorage parallel file systems Lustre, BeeGFS @

ACooling & Power liquid, air, and money
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Coolingdigression

Direct liquid cooling Immersion cooling
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CPUs vs. GPUs

ACPUs:generalpurpose, few strong cores
AGPUs: many simple coresmassive parallelism

AHPC loves GPUs for matrikeavy tasks (e.g., simulations,
Al)

7
o)
AUsed together forhybrid computing O\(\ ’>
g L
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The First Supercomputers : s=I§ |8

ACray—l (1976):80 MFLOPS, 5.5 tons,
Freon-coole

A5.5 tons including the Freon refrigeration

AVector processors: ideal for numerical
simulations

AFrom $8M dinosaurs to petaflop laptops

AFun fact: Seymour Craydug tunnels to
think better
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Microprocessors

The Intel 80486
1989

The Intel 80286
1982

The Intel 8086
1978

The Intel 8080

1974
In the 80s we saw theeplacement of vector
supercomputers with Massively Parallel
Processors (MPP) andlusters assembled
from a larger number of slower performing
MICroprocessors
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Clusters

AA parallel computer system

Acomprising an integrated
collection of independent nodes

Aeach of which is a system in
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its own |
Acapable of independent
operation

Aderived from products

developed and marketed for
other stand-alone purposes
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TOP500: The World Ranking

AList of the 500 most powerful supercomputers
Ahttps://top500.0rg

AUpdated twice a year: ISC in June, SC in November
AMeasured withLinpack (HPL) benchmark

AThe project aims to provide a reliable basis faracking and
detecting trends in high-performance computing

Altaly's Leonardo is in the top positions
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Top500.0rg (Jun 25
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10

Alps - HPE Cray EX254n DIA Grace 72C 3.1GHz 2,121,600 434 .90
DIA GH200 Superchip, Slingshot-11, HPE Cray 0S5, HPE

Switzerland

LUMI - HPE Cray EX235a, AMD Optimized 3rd Generatio 2,752,704 379.70

EPYC 64C 2GHz, AMD Inst 250X, Slingshot-11, HPE

Leonardo - BullSequana XHZ2000, Xeon Platinum 8358 32C 1,824,768 24120

HDR100 Infiniband, EVIDEN

Rank System

United States

United States

4 JUPITER Booster - BullSequana XH3000, GH Superchip

Germany

(23]

5 Eagle - Microsoft NDyv

United States

& HPC6 - HPE Cra AMD O nized 3rd Gene

prise Linux, EVIDEN

NDR, Microsoft Azure

Rmax
[PFlop/s]

Rpeak

Cores (PFlop/s)

11,039,616

9,066.]?6 2,055.72

2,746.38

9,264,128 1,980.01

4,801,344 793.40 930.00

2,073,600 561.20 846.84

3,143,520 477.90 606.97

Power
(kw)

29,581

24,607

38,698

13,088

8,461
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top500.0rg- stats

10 EFlop/s
1 EFlop/s o
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Lists

® Sum A #1 = #5000
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Top500.0rg stats

Countries Performance Share

Application Area Performance Share

@ Research

@ Cloud Services
Eenchmarking
@ T Services

@ Weather and Climate

Research
@ Software
@ Others

Other

@ United States -
@ China :
Germany 4
@ Japan 5
® France 6
0 ltaly .
@ United Kingdom
® South Korea 8
@ Metherlands 9
@ Canada 10
@ Cthers
Operating System System Share
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Countries
United States
China
Germany
Japan
France
[taly
Inited Kingdom
South Korea
Metherlands

Canada

@ Linux
@ Cent0S
HPE Cray 05

@ Red Hat Enterprise Linux
® Cray Linux Environment

@ Ubuntu 22.04
@ RHEL

@ LinuwyT0SS
@ bullxSCS

@ Ubuntu 22 04 3 LTS

@ COthers

Count
172
63
41
34
24
14
14
13
10
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A Hewlett Packard Enterprise ECapitan, is an exascale supercomputer,
hosted at the Lawrence Livermore National Laboratory in Livermore,
United States and becoming operational in 2024.

A ElCapitan uses a combined 11,039,616 CPU and GPU cores consisting
of 43,808 AMD 4th Gen EPYC 24C "Genoa" 24 core 1.8 GHz CPUs
(1,05%,392 cores) and 43,808 AMD Instinct MISBOOA GPUs (9,988,224
cores).

A Blades are interconnected by an HPE Slingshot 6dort switch that
E)grgwd)es 12.8 terabits/second of bandwidth. Total cabling runs 14km
mi).

A ElCapitan uses an APU architecture, where the CPU and GPU share an
internal on-chip coherent interconnect.

INFN INSPYRE School

Active

Sponsors

Operators

Location
Architecture
Power

Operating
system

Space
Memory
Storage

Speed

Cost

Purpose

El Capitan
Deployment: 2H 2023
Completion: 2024

U.5_ Department of Energy

Lawrence Livermore MNational
Laboratory and U.S
Department of Energy

Livermore I:I:II'I'IICIL,IT”'IQ I:I:II'I'IICI|E.'I~I
HPE Cray Shasta

40 MWV (Proj)

TOSS

TBA
TBA
TBA

1.742 exaFLOPS (Rmax) /
2 746 exaFLOPS (Rpeak)
USS600 million (estimated
cost)

Scientific research and

development, stockpile
stewardshipl']



Active From 2021
Sponsors MEXT
Operators RIKEN

Location RIKEM Center for Computational
Science (R-CCS)

Architecture 158,976 nodes
Fujitsu AB4FX CPU (48+4 core)

per node
Tofu interconnect D

Operating Custom Linux-based kernel

system
! | | N ] Memory HBM2 32 GiB/node
A The supercomputer is built with the Fujitsu A64FX microprocessor. Storage 1.6 T8 NVMe SSD/6 nodes
A Based on theARMversion 8.2A processor architecture e et e T
A Fugakuwas aimed to be about 100 times more powerful than the K computer Cloud storage senices (L3)
A i.e. a performance target of lexaFLOPS Speed 442 PFLOPS (per TOP500
A The initial (June ZQZO?ZCaniguration_ dfugakuused 158,976 A64FX CPU. ), afer upgrade, Marer 29
joined together using Fujitsu's proprietary torus fusion interconnect. e
A An upgrade in November 2020 increased the number of processors o e TR
A TO reaCh 442petaFLOPS Ranking TOP500: 1, June 2020
Web site www _r-ccs.riken_ jplenffugaku @
Sources Fugaku System Configuration &
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Active June 13, 2022
Sponsors  European High-Performance
Computing Joint Undertaking,
LUMI Consortium
Location Kajaani, Finland
Architecture 362,496 cores, AMD EPYC
CPUs, 10,240 AMD Radeon
Instinct MI250X GPUs
(144,179,200 cores)!)2]
Power 8.5 MW
Space 150 m2
Memory 1.75 petabytes
Storage 117 petabytes
¥ _ Speed 550 petaFLOPS (peak)
A LUMI (Large Unified Modern Infrastructure ) is apetascale supercomputer Cost €145 milion
located at the CSC data centem Kajaani, Finland. Website  winw lumi-supercomputer eut?

A The completed system will consist of around 362,496 cores, capable of executing
more than 375 petaﬂodps, with a theoretical peak performance of more than 550

petfilglops, which would place it among the top five most powerful computers in the
wor

A The system is being supplied by HPE, providing an HPE Cray EX supercomputer with
next generation 64core AMD EPYC CPUs and AMD Radeon Instinct GPUs. LUMI is a
GPU based systemand the majorltK of its computing power comes from its GPU
cc()jres,tan architecture which was chosen primarily for its cost/performance
advantage.
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L eonardo

| LEONARDO'S NUMBERS

155 4992

SYSTEM RACKS COMPUTING NODES
MW IN OPERATIONS PB OF STORAGE

250

PETAFLOPS

600

M2 FOOTPRINT

2800

TB OF RAM

>95%

HEAT DISSIPATION VIA DLC

L
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Booster Module nodes

1/O cell

Data-Centric cells

Hybrid cell (Booster + Data-Centric nodes)

Computing Booster partition

6 GPU rackes
3456 nodes
40 PRIonk Hgh Performance Unpack

35/ e N A R =)

O

INFN

CNAF



Do you have a supercomputer at home?

PS5

AGaming console
qUHEGUYOYN! WRY LW
ElCapitan
supercomputer

AMulticore CPU

AHigh memory bandwidth
AGPU

AFastssd storage

CPU: 8x Zen 2 Cores at 3.5GHz
(variable frequency)

GPU: 10.28 TFLOPs, 36 CUs at
2.23GHz (variable frequency)

Memory: 16GB GDDR6/256-bit
Memory Bandwith: 448GB/s

Internal Storage: Custom
825GB SSD

1/10 Throughput: 5.5GB/s (Raw),
Typical 8-9GB/s (Compressed)

Expandable Storage: NVMe
SSD Slot

External Storage: USB HDD
Support

Optical Drive: 4K UHD Blu-ray
Drive

INFN INSPYRE School

XBOX SERIES X

CPU: 8x Cores @ 3.8 GHz (3.6
GHz w/ SMT) Custom Zen 2 CPU

GPU: 12 TFLOPS, 52 CUs @ 1.825
GHz Custom RDNA 2 GPU

Memory: 16 GB GDDR6 w/ 320b
bus

Memory Bandwith: 10GB @ 560
GB/s, 6GB @ 336 GB/s

Internal Storage: 1 TB Custom
NVME SSD

1/0 Throughput: 2.4 GB/s (Raw),
4.8 GB/s (Compressed, with
custom hardware decompression
block)

Expandable Storage: 1 TB
Expansion Card (matches
internal storage exactly)

External Storage: USB 3.2
External HDD Support
Support

Optical Drive: 4K UHD Blu-Ray
Drive




Applications

AScientific Research
A Simulations, data analysis, and modeling.

AWeather Forecasting

APredicting weather patterns and natural disasters.

AEngineering Simulations
ADesigning and testing new products.

AFinancial Modeling
AAnalyzing market trends and risks.




Applications: Weather and Climate

AMassive gridbased simulations

ANeed fast compute + huge
storage

AUsed for forecasting, climate
change modeling

ATime-critical and compute-
hungry
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Applications: Molecular Dynamics .

\‘; \
s r

ASimulates protein folding, drugs,
viruses

AUsed in bio, pharma, and materials
science

AGPU acceleration critical for realism

APopular tools: NAMD, GROMACS,
LAMMPS
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Applications: Astrophysics & Cosmology

matter T R |

AParticle-based or gridbased
solvers

AExtreme scales: time, space,
memory

AOften hybrid CPUGPU + MPI
setups
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Applications: Al Meets HPC

ATraining large models (e.g., LLMs)

AHPC used for massive matrix
multiplications

AGPU clusters lead the way

AAI/HPCconvergenceis the
new norm

gligie
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Coprocessors to accelerate FLOPS

AThe 8087 was introduced in 1980

AFirst x87 floating point coprocessor for
the 8086 line of microprocessors

APerformance enhancements from 20%
to 500%, depending to the workload

Alntel 80486dx, Pentium and later
processors, include FP functionality
in the CPU.
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GPUs: Graphics processing Units

AGPUs (Graphics Processing Units) are heavily used in High
Performance Computing (HPC) for several key reasons
AParallel Processing Capabilities
AHigh Computational Throughput
AEfficiency in Handling Specific Workloads
AEnergy Efficiency
AAdvancements in Software and Infrastructure
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CNER
Evolution of the GPU AMDZY
@27 NVIDIA, [y

Al° generation: Voodoo 3dfx (1996)

A2° generation: GeForce 256/Radeon 7500
(1998)

A3° generation: GeForce3/Radeon 8500 (2001)
AThe first GPU to allowimited programmability in
vertex pipeline

A4° generation: Radeon 9700/GeForce FX
(2002)

AFirst generation offully programmable graphics
cards

A5° generation: GeForce 8800/HD2090 (2006)
and the birth of CUDA
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NVIDIA and the GPU Revoluts

AOriginally a graphics company NVIDIA
ACUDA (2006): unlocked generapurpose computing on GPUs
AFrom gaming to science: DGX, A100, H10( S

ADominating HPC and Al training workloads
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GPUsfor mining

AGPU miningis the use of
Graphics Processing Units

bi] AOt b Wq Y WG RUIJH:-.”///.-i s
cryptocurrencies, such as i ',‘“' » ?‘;\"i ”"""'.f"
Bitcoin. v % h e

AMiners receive rewards for

performing computationally
Intensive work.

ZFIH SI
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Data center market share

Data Center Market Share

by Revenue (in millions) "
80% NVIDIA

72.8%

Za% >
L €q P

64.3% 69.0% _~

59.4% 60.0%

54.7% P

60% _
47.0% 44.7% 46.4% 46.19@/ / A In 2024 and
. 2025, Nvidia
T CE L e ... @  performance
19.1% IS even better
20% 15.0%  163% 17.1% 14.0%
Btk 11% 107% NP \wAMDH
— - : 8.0%
0%

Q221 Q321 Q421 Q1'22 Q2'22 Q3'22 Q4'22 Q1'23 Q2'23 Q3'23

Source: 10Qs
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The famous ones
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The new guy

Nvidia briefly reached a
market capitalization of
$4 trillion in Jul 2025,
making itthe first
company in the worldto
reach the milestone and
solidifying its position as
one of Wall Street's
most-favored stocks.
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Grids and distributed systems

y = | 3
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Grid: No centralized control

A Cluster is a shared resource i Only the
administrator has full control of the system The

physical layer is still well defined.

The user in general has full
ownership of a desktop
workstation.

| submit my\jobs t o

GRI Do and thley get

processed: somehow,

somewhere, after some
time.

There is no GRID owner! /
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Power Grid Similarity

oooooo
Ooooooo

/i WJWs ROGOGWGI YHeEHG! W JU W6 W Gl 3¢l Wy
which, like present electric and telephone utilities, will

b JI 2RAHAINDWRUI R2RIT 2¢O W6EYO Wt We Wd WYNnRHA
Kleinrock, 1969)
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Evolution of storage

AThe evolution of data storage in particle physics reflects a
continuous push to handle increasingly large datasets generated
by experiments.

AEarly methods likepunch cards and magnetic tapesgave way to
more sophisticated systems likemass storage systems(MSS) with
robotic tape libraries and object stores.

AThe need for faster data access and analysis has driven the
development of optimized data formats, alongside efforts to
leveragedistributed and cloud-based storage solutions.
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Early stages

.ll'l lll.l "Il'l i llll . : ‘

APunch cards and magnetic tapes

A These were the initial methods for
storing data, offering limited capacity
and requiring physical access for data
retrieval.

AFloppy disks

A These offered slightly improved
storage capacity but were still limited
and required physical access.

AlLocal storage

A Data was primarily stored on local
systems, which was manageable for
smaller datasets
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The Rise of Mass Storage Syste

ARobotic Tape Systems

AAs data volumes grew, robotic tape systems
became crucial for longterm data storage,
especially in highenergy physics.

AMass Storage Systems (MSS)

AMSSs manage the robotic tape systems and
provide a way to organize and retrieve data
from the tapes.
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Future Trends

ACloud Storage

ACloud storage is becoming increasingly important
for particle physics, offering scalability and
flexibility.

AFederated Storage

AFederated storage solutions are being explored to
allow data to be accessed acrosdifferent storage
systems and locations.

AGraph Databases

AGraph databases are being Investigated as a way to
represent and analyze complex relationships
within particle physics data
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Introduction to
Quantum computing



What is Quantum Computing?

AQuantum computing is a computational paradigm that leverages
guantum mechanical principles to process information in
fundamentally different ways from classical computers.

AKey Difference
AClassical computer: processes bits (0 or 1)
AQuantum computer: processes qubits (0, 1, or both simultaneously)

AWhy is it Important?

APotential to solve problems that are computationally intractable
for classical computers.

INFN INSPYRE School
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Qubits- The Basic Unit

AClassical Bit vs Qubit
AoGct t RAe GWARga WL™ MO WIWY I LY *
AAz ARqa WWWWWWWWW, ~ M3 WelL, ~

AFundamental Properties
A Superposition: can be in both states simultaneously
AAl YH¢CHRORq! alll A ~ EwWeu .~ ES
A~1ct el DdNUUqa WHY G b ¢ Gt 14 W q
T T EWe¢ Ul U . T E
AA qubit can represent all possible combinations
until measurement.

T i
!.;lil-‘lﬁﬁé:,
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Key Quantum Principles

ASuperposition
AA qubit can be in multiple states simultaneously
AN qubits can represent 2 states simultaneously
AExample: 3 qubits = 8 classical states represented together

AEntanglement !!I ,-
AQuantum correlation between qubits |II ’ W
AMeasuring one qubit instantly affects the other JUNE '”T J
AFoundation for many quantum algorithms =3

Alnterference
AQuantum states can interfere constructively or destructively
A Allows amplifying correct solutions and canceling wrong ones
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Limitations and Challenges

ATechnical Problems
ADecoherence: Qubits lose quantum properties quickly
AErrors; High error rates (~0.11%)

A Control: Difficulty in precise control

AEngineering Challenges
AEnvironmental isolation
AQuantum error correction
A Scaling to thousands/millions of qubits

ATheoretical Limits
ANot all problems benefit from quantum speedup
A Some problems remain intractable
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Future Applications in HPC

APromising Sectors

AMolecular Simulation: Drug discovery, Catalysis, Advanced
materials

AOptimization: Logistics, Portfolio optimization, Traffic flow

AMachine Learning:Quantum neural networks, Pattern
recognition, Feature mapping

ACryptography:Post-quantum cryptography, Quantum key
distribution
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Introduction
to Al
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Evolution

Evolution of Al

oL A

Artificial

Intelligence

Machine
Learning

Deep
Learning

o

Time
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Artificial Intelligence

AAl is gaining mass Interest thanks to latest development
In generativeAl

AMost Al is built on theanalysis of big data setghat
contain too much information for any human to analyze
on their own in a reasonable time.

AAN Al modelis built to identify patterns in those data
sets and then use those patterns to predict future or
additional patterns.

AAI models use probability and statistical analysis in
order to do so.

ASome Al models are good enough at this to mimic human
behaviors.
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Machine Learning

AMachine learning is &ranch of Al; it refers to the
practice of feeding a program structured or
labeled data in order to train the program how to
identify that data without human intervention.

A For example, a machine learning model for finding
bottles of ketchup in photos of open refrigerators may
start out unable to identify any condiments, let alone
ketchup.

Alt is then fedmillions of imagesof ketchup bottles in
various refrigerators and is told that each one
represents a ketchup bottle.

A Eventually, it is able to automatically identify ketchup
bottles even in photos it has never
seen before.
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