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INFN ‘ Outlook

ADisclaimer:

A this is the technological side of the APE project. For science
walt few minutes for the next talk of Leonardo...

AOutlook
AA brief introduction of motivations and goals of the APE project
AA reasoned collection of pictures from the various APE generations

AHI\DeCIegacy of APE: tecnology transfer and impact (influence?) on modern

AWhat ' s APE today.
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INFN . The Scientific Driver: Lattice Quantum Chromodynamics (LQCD)

A LQCD (Lattice Quantum Chromo Dynamics) studies the Physics of nucleons particles.

A When approximated onto a lattice it becomes a statistical problem solved by iteration

of Monte Carlo methods. 201x: 10" 23 flops —— 5
(i.e 3PHops system/yrs) ®

A L%\CD is a Killer application |
big impact on last decades of HPC developments (B Thpoimoes
A one of the most prominent benchmark for modern HPC system
102() s 1 PFlopsx 1 day
=, Impact of lattice QCD machines on | 19 /
=2’ the supercomputer deys o =L 10 e 1 Ttops = 100 days
g"!——'—!, - S —rn g A
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E 1+ - BluchnclL,f‘ J m."wm'“"m‘" 10 //. 1 Tflops x 10 day
o .. ®  MHtachi/Fuesu/NEC 17 . |~
100 } a 2 4 Vector-paraliel computers 10 / 1 Tflopsx 1 day
w Fugtsu
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w ot e “
QCDPAX (JPN) UQ:/’ : :z:m 10 1 Gflopsx 1 day
APE100Italy) g** @2 it i 8 88 90 92 94 96 98 00 02 O4
I S r e CP-PACSJPN) : TopS00 No. 1 (1996) . Tdnte . . .
e e e m Moo ) N. Christ plot of LQCD flops usage in the first
L il 20 years of HPC useceéeé
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INFN

‘ HOW LQCD can be mapped on parallel supercomputer

A Discretization of continuous 4-d space-time:
I Lattice size (L) has to be large enough

i Lattice step (a) has to be small enough Foo Fos
I Scales with 7th power of lattice size!! . ® 0 @ /0 © ® o
\ 5 6
& x ‘ @ © © ©|® @ @ ©
TeraFlops® 0.OBke#conf geZOMeVgg L g*e}mfm o
100 & m HE@my & a H @ @ @ /|l @ ©@ @
. @ @ © &\ @ @ ¢
Y LQCD need large and powerful systems L | € e Y
® ®© ® 6@ o o EI 4
A Partition of lattice in sub -lattice and map them on different processors ®@ & O @ &6 6 O
Y LQCD exploits embarrassing parallelism ® @ +® @@ @ @
A For each lattice point compute the inverse of Dirac operator (sparse ‘e o @ &0 0 0@
complex matrix with non -zero elements close to the diagonal) P P

=
o
[EnN
=

Y SIMD (SPMD) architecture
Y Support for complex arithmetic
A For each lattice point we need local and spatial neighbors data

Y first neighbours (3D mesh) interconnection network (high bandwidth
and low latency)
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INFN . The HPC Landscape in the 80s early 90s: a need for a new approach
ADominant ParadigmCommercial vector supercomputers (e.g., Cray).

ACharacteristicSEx t r e me | y e x ppeunrsp o/see, ”
always efficient for specific scientific problems.
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CRAYY-MP (end of 8006s)
A 2, 4, or 8 vector processors with a peak of 333

A XT?DIS G;Ch ting power of>2.6GFlops CRAY C90 (from 1992)

otal computing p ' P A vector processors, dual pipeline, clock scaling...
A memory shared A Max configuration (16 nodes) 16GFlops
A dedicated OS: UNICOS
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INFN . The HPC Landscape in the 80s early 90s: a need for a new approach

AA window of opportunity: due to the characteristics of selected scientific
applications (LQCD in our case) a custom, parallel machine could outperforr
expensive supercomputers at a fraction of the cosit.

AThe APE Philosophy:

ABuild your own research tools
th rough CGdeSign reuse and Array processor with emulator (APE) project: a computer for lattice
improve QCD

A hardware and software developed Bacilieri, P, Cabibbo, N, Marinari, E, Parisi, G, Costantini, F,
together, following specifications fronFiorentini, G, Galeotti, S, Passuello, D, Tripiccione, R, Fucci A., R.

application Petronzio, F. Rapuano, F. Marzano, S. Petranca, S. Salina, D. Pascoli,
A reuse components as much as POSSIBlERemiddi,

A remove all unnecessary features of a

generatpurpose computer specializin _
its HW/SW for target application proposed. Although it can be used as a general purpose array processor

A Leverage on a heterog enous teamc%ﬂtrolled by the 3081/E, the hardware is optimized for lattice QCD.

Visionary phySICI sts, young staff, ”(l;he tllleore:i:icil speed is 1 Gig;—Flop, i;.;iﬁ or 7 Bir;leé .fastsr than the
post-doc and students ray 1, and the memory can be expanded up to 0.5 Giga-byte.

Nota interna di Roma del 13 dicembre 1984

single instruction multiple data computer for studying lattice QCD is
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INFN . APE keywords (Architectural level)

) D
ASIMD (SPMD)architecturei.e. The nat ur al A ch LP“' J P=A¥8 +<

AMACpipelined otpimized for complex FP N.Cabibbo

’

Afunusualdo memory interfaces based on large many-port ¥ = ; fl
Register File laiels g
More EFFIC(ENT CoHPiLER
AVLIW and custom software tools SIMPLER CHIP
. . EXTENSIBLE

ﬁdec_llcqt_ed high level language v o e Ui R B T

Aoptimizing compiler Alon N e

Amicrocode optimizer hPeiom 'y === v < gy

A3D torus interconnection network
AHigh bandwidth and low latency
ASimple to implement

APoint-to-point
AShort distance
AScalable

A breakt hrough I nnovat
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INFN . APE keywords (System level)

1000
Chip Maximum
A o(1000) # spowepdne 0, | |7owernwansen N lemr Foactor
application efficient computing units, 100 P Tanium — 130 watts
running at low clock frequency and — . Ppm_m.."v”vi‘f:,t;@‘"’:"
tightly interconnected A FEnlipo ki Eaents
Pentium — 14 watts ApelOOO(;S\:I)eNEXT(BW)
A Systemlevel: | s - i
1985 1995 2001 Year

I Dense and scalable

A Very high ratio of Flops/Watt
) ) The Bladed Beowulf: A Cost-Effective Alternative to Traditional Beowulfs*
A Very high ratio of Flops/Volume

W. Feng®, M. Warren?, and E. Weigle®

. . . [feng, mew, ehwj@lanl.gov
i Simple and achievable | | apeNEXT
Machine RLX TM5600 | RLX TM5800 | Avalon | ASCIRed | ASCI White
A Control needed technology Performance (Gllops) 214 3] 176 500 2500 3670
Power (kilowatts) 5.2 0.52 18.0 1200 2000 80
Perf/Power (Mflops/watt) 4.12 635 | 0978 0.3 1.25
. i ) 46
I Rel |ab| e an d COSt effe Ct|Ve Table 4. Performance-Power Ratio for Five Parallel-Computing Systems
A 0. 5Mflaps apeNEXT
[Maching [ RX TV3600 | RLX TMS800 | Avalon | ASCI Red | ASCI White |
A Ve ry low development cost Performance (Gflops) 214 33| 176 600 2500 3670
A Ve ry low cost maintenance Area (feet”) 6 6 120 1600 9920 72
Perf/Power (Mflops/feet?) 3500 350 150 375 252 50972

20/10/2025

Table 5. Performance-Space Ratio for Five Parallel-Computing Systems
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T . APE systems

20/10/2025

Ourlineof Home-Made Comput er s
APE APE100 APEmille apeNEXT
(1988) (1993) (1999) (2004)
Italian research Italian research European European research
team team research team team
IndustryJEQSW, Industry(E:rJrotech)
Eurotech)
Architecture SIMD SIMD SIMD SPMD
comp. nodes 16 2048 2048 4096
Interc. Topology flexible 1D rigid 3D flexible 3D flexible 3D
Memory size 256 MB 8 GB 64 GB 1TB
registers(w.size) 64 (x32) 128 (x32) 512 (x32) 512 (x64)
Clock speed 8 MHz 25 MHz 66 MHz 200 MHz
Perf./node 64 Mflops 50 Mflops 528 Mflops 1600 Mflops
Agg. Peak perf, 1 GFlops 100 GFlops 1 TFlops 7 TFlops

Piero Vicini LaRaRaccasione Milano 2025
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APEapproach is feasible and effective!
3081e (A. Fucci @CERNps computer controller
A Weitek chipset (derived from DSP) for FP computing
A8MFlopseach, 8/board, 16 boards A 1GFlops
A FPUarchitecture: RF + Complex FP Multiplier Adder
A Fixed crossbar for point-to-point interconnect
Crazy tech... (Wire wrap)

20/10/2025 Piero Vicini La RaRa occasion®ilano 2025




= ‘ APE100 (1993) — 100 GFlops

A 100x performance increase over APE1 _— S _
& VLS| Technologies: ZCPU & MAD EPU ttps://apegate.romal.infn.ithediawikiindex.phgAPE100_project
A Up to 2048 processorsconnected in a 3D grid
A Engineered system A high density, low power
A ZZ compiler and the TAO language
A (o)
7 Wi :

Local IF
Logic

MAD, A FLOATING-POINT UNIT FOR MASSIVELY-PARALLEL
PROCESSORS

® A. Bartoloni, C. Battista, S. Cabasino, N. Cabibbo, F. Del Prete, F. Marzano, P.S. Paolucci, R. Samo, G. Salina, G.M. Todesco, PB (8 nodes) _~ 400 MFIOpS

M. Torelli, R. Tripiccione, W. Tross, P. Vicini and E. Zanetti

Crate: 16PB + comm. board Rack~ 25.6 GFlops

B Abstract

We describe in detail the architecture and implementation of the MAD chip., It is a floating point unit, used as the elementary
processing element of the APE100 array processor. The design has been accurately tailored to the requirements of a SIMD
floating point intensive machine.
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A VLSI Chipset https://apegate.romal.infn.ithediawiki
i (T1000, J1000, C1000) A unfortunately, Tarzan Jane and Cheetah were TM...

A 2048 VLSI processing nodes (0.5MFlops

A SIMD, synchronous communications

AFully integrated 0 IdRCsbasedc o mp u't

A 2TF installed around Europe

i ltaly 1365 GF
I Germany 650 GF
I UK 65 GF

T France 16 GF |

AProcessing Boar do
C1000 8 nodes, 4GFlops

20/10/2025
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TN ‘ apeNEXT (2005)

————————————————————————————

I
I
: | Memory Interface & ECC
i ] I
I
¥ Prefetch 4dd/Branc|
\ ueues Unit
- % ¥ E
§ 5]
| = Register File
il %‘ (256 % 128 bits)
o
- 2
1
- Arithmetic Box
oieed
!

J&T ASIC

J&T module Asic+Mem

PB: 16 Modules 25 GF/s

[
, \
|l EEEHII'HH““
s |

Rack 512modulesi 0.8 TF/s

https://apegate.romal.infn.itmediawikiindex.phg ApeNEXT _project

apeNEXT(2005):
A J&T ASIC: single chip node FP64b
A Mass producti onMflopss t
A Partnership with industry ( EuroTECH
A > 20TF installed around Europe:
A Italy 12 TF
A Germany. 8.0 TF
A France 1.6TF

ALaborat or iapeNEXID Cal c ol
12 Tflops aggregated peak performances
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INFN

‘ APE MPP and technology transfers

QSM SEISMIC MIGRATION

i 10 403 30 WAL BN

2008:Diopsisboard byATMEHPITECa spin
(3) eumorec off of APE group.
Diopsischip integrates ARM Core + VLIW FP

B Alenia

1994: APE100 technology transfer D04:apeNEXTechnology transfer to computing engine derived from APE design
AleniaSpazioAPE tech in Quadrics EUROTEChY APE people pioneering the

System QSW)ltaly as a credible  energyefficient supercomputing. APE tech in

producer of supercomputing Eurotech's Aurora line of supercomputers

technology.
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INFN m APE beyond MPP

Aln 2006 we were in a (apparently) good situation for next APE MPP
A Success of and dissemination in EU of APE technology
A Good relationship and integration with industrial partners
A many MPP ideas for next HPC systpetdpe APottg Eurora...)
Aincreasing demand for (not only LQCD...) computing power: EU PRACE initiative

ABut costs were unsustainable
A Deep submicron ASIC development became deeply complicated and yield rate steeply
dropped down

A NRdE costs for ASICs quoted (at that time) much much more than the whole éddEREXNRE+ mass
production

A Today 1B$ for NRE cost of a higid chip
A Allowed size of mass production was around 1Million ASICs (...)

A The system mechanics (PCB, interconnect etc) had become a game for professionals with
assoclated costs hugely increase

AAPE's innovations continued along two main paths leveraging on our-kRoow

A Architectural Conc%ptsThe iIdea of using specialized-pmcessors foreshadowed the rise of
hybrid computing (CPU + accelerator).

A Network Technology?l’he custom 3D torus interconnect evolved to solve new problems in tf
era of Big Data and GPU computing.
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CNFN . A couple of new players in town: FPGA...

AFPGAprogrammable deviceharacterized by flexibility,
recokn {gurablllty, power efficiency, short tirftie-
marke

Afrom original PAL/GAL to current billioransistors SoC

=
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=
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=
b=
@
>
o
—
@
(=4
w

1 2 3 4 & ONNENSEE U234 15 16 17 18 19 20

AExampleXCV80 HBM Versal AMD

Source: Bob Broderson, Berkeley Wireless group

A 7TnmFinFEThode several 10xB transistors
A 128 transceivers 386-(112) Gbps chHyo-chip or via oy vy

backplane interconnect esx
A Many industrial standard€£TH100g o 200§ CIEXxpress eromrammable Lo
ge n / 4/ 5 X16 . 8’;:;:‘35::::‘2;’:75?:5 PL) (PL PCIES)

A 38 TOPs (22eraMACBEDSP computing performance
A IP specialized for ML inference SR R

10x Arm Cortex-R52
Real-Time Processor

Very good gym to build supporting hardware for HF
system: control, computing and network

Platform Block RAM LvVDs
Management Controller

Unit Tile

< b

UltraRAM (c][e]

o B

Programmable Network on Chip

.lh

AND o i < k
Mirkerms e o e W4
1 © L St
(wlvlvj .
D > = o ﬁ m alll PS PCle
ms

.
.

- .
Arm Mali™- DDR5
L — — 0 - 3
ebek oPp— 1} E=F=1 = PS 10 GbE G78AE GPU LPDDR5X

YT
gure 3 PAL Architecture - . - a USB 3.2
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INFN . A couple of new players in town: GPU...

A GPU were originally specialized processors for graphicjilas s

A GPUs are highly multithreaded and make intensive usquEEs
parallelism to achieve high performance (many SIMD | ;
Instructions) ] O TEhTew SR IURESOSRALT (MOTUTETIIU SOR| OO ORE [

A execution of many threads (up to 1Q) in parallel olistriloutecl |JEEEHHSuEEEEE S 0
over many elementary cores (30 e e e e e

A no cache needed to mask memory access latefcy lot of
computing, less memory

AUse of “bhiatr )y ed MadGhzpdr hitdine) graphic
memories

A GPU includes lot of statf-the-art technologies allowing|f--§8
for effective programmability: Scmm -

A Standard (DirectX, OpenGL, OpenCL) or proprietary (NVid [E===

Compute Unified Device Architecture (CUDA)) programmir
languages

AMany keywords resembling

A
NAYAY
VAVAV

AA
NAAY
VAVAY
AA
NAVAY
VAVAY

A high density, low clock, high parallellsm SIMD architecture T b T
dedicated programming language,.. o % L % 0
A Can APE be seen as GPU precursor?!?! L B B

20/10/2025
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T . LQCD & GPU: love at first sight...

AStory begi ns wi tEdr Foedorceeab 20068 me s € (

Available online at www.sciencedirect.com

Sy ScienceDirect Communlcations
A C.Rebbie t al . (LATTI CEO08) AnBl asting == i G mamare e C Ul at i

CUDAO
A Wilson kernel 100 GFLOPs
A Kenji Ogawa (TWQCD) (GPU supercomputing 2009,TW)
A Wilson kernel 120 Gflops
A Definitive work: Quda lib (M.A.Clarket al. 2009): -
A Double, Single, Halfprecision ,,J}“ e b il S st ) ot e e, o o o

the runeu mdpmmmm .,muuel of modern graphics cards Tor the lattice practitioner with the ,,u..] [mpl ing these chips for Mon

Lattice QCD as a video game

Gy0z 1. Egri®, Zoltdn Fodor ***, Christian Hoelbling *, Sdndor D. Katz **, Déniel Ndgradi®,
Kilmén K. Szab6®

A Half-prec solver with reliable updates > 150Gflops S N=2 m=10 B=5.640
A QUDA parallel: R.Babichet al ., ar Xiv:1011. O — Iamm‘*?u T
QUDA Library for Multr-GPU Cal cul ati ons in La : —
A up to 4 Tflops for Wilson kernel on a cluster of 32 NVIDIA GTX 28!yl “"i‘_’_‘:‘_‘_‘:"‘__'__::;ﬁ_f_;_:;-_-_—_:f-'-g;;;;{'l'xﬁ_w, -
F : :f—’-'::::fj:::::____-_
A INFN codes development :; | WeNEXTcre s |
A 2D spin models (Di Renzoet al, 2008) s L
A LQCD Stag. fermions onChroma (Cossu D'Eliaet al, 2009) s s _—
A1 cpu+C1060 = 2 apeNEXTcrates (!) a3 f“"/ﬁ—”/ E
but few GPUsare not enough, we need a smart, good and 11— = =

specialized interconnection system to scale up to 100-1000-e
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INFN . Network a la APE: apeNET

APEnet PC Cluster-B torus network

A FPGMased design

A Integrated routing and switching capabilities :

AHigh throughputweil goh
protocol

A PCI Interface, 6 Links fbiidir on torus side

. -6.4(x2) Gb/s

History
A 20032004:APEnew3 (PGK)
A 2005:APEneW/3+

A same HW with RDMA AP

A 20062009:APEnetoes embedded
A DNPD(istributed N(etwork) Processor

Crossbar Switch \
A EU SHAPES projecta@evelopment !
A 2011:APEnet o
A PCI Express, enhanced torus links EPIS30

-BCoppieDiFF*B00NIE

w ?

—-=>

~-48hit*133Mhz

Fifo 2K*64b

64b*133Mhz

- Fifo BK*64b

PCIY (540*133MHz)

20/10/2025
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INFN - Network a la APE: apeNET+

External Power

mini-USB Gbit Ethernet A

(SIS0 L L [ | e -
.. v : - iddd 3
B :
i o v
e S ignga

Gbit Ethernet =
\J | \J

QSFP+ Connectors PCl-e connector  Altera Stratix IV SO-DIMM DDR3 =

APEnet+ FPGA Card:
A 3D Torus: Scalable: Cost effective

A 6x Full bidirectional Channel (~400 Gbps;
QSFP+)

A Network Interface:
A RDMA : Nios Il (2011); TLB (2013): ASIP (2013)

A GPUDirect : NVP2P (2012); RDMA (2013)
A Router: XYZ : VCT: 7 data flows @2.8GB/s

AAPEnetF P2P support

Acutting-edge HW/SW technologies developed jointly with
Nvidia

ALatency saver for small size messages

AToday GPUDirectin any network board

20/10/2025

PU

!_

APENET+ ENHANCED

TRADITIONAL PCle
APEnet+
n CPU Chipset [l B
InfiniBand -

YSTE
MEM

(=)
=§ !

Latency (us)

25

15

10

— | IET
GPU | - : p—
:

ESCT

Effect of P2P on GPU to GPU one-way latency

APEnet+ (Link 28Gbps) vs MVAPICH2 IB (40G)

GPU'to GPU —4—
G-G APEnet w/cuMcpy (no P2P) —=—
G-G MVAPICH2 IB w/cuMcpy —a%—
MVAPICHZ2 points
from the Ohio State
U. WW
No P2p = 2x cuMemcpy() ‘
on host bounce buffers (~8 -10us)
32 ﬁl4 1‘28 2;6 5‘12 1K 2K 4K

Message size (Bytes)
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INFN ‘ QUonG

QUonGEQUantum chromodynamicN Gou): deploy a GPU
accelerated HPC hardware platform mainly devoted to
theoretical physics computations.

AHeterogeneous clustePC meslaccelerated withhigh-end GPU{Nvidia) -y -/— 4
and interconnected vi&-D Torus network . 2

Aadded value:

Aight Integration between accelerators (GPU) and
custom/reconfigurable network (DNP on FPGA) allows Iatenc % -
reduction and computing efficiency gain i s '@ e |

AHuge hardware resources in FPGA to integrate specific computing
task accelerators '

AASIPDpenCL(in the future..)

ACommunicating with optimized custom interconne@PEnet), with a
standard software stack (MRDpenMP  ...)

ACommumty of researchers sharing codes and expertise (LQCD, GWA
Lasemlasma interactionsBioComputing Compl ex systems, ..)
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e ‘ APE LAB TEANb(ay)

- ‘&1# o

F‘,'
&

‘_— ..‘ ’
£l FEAARLES

A

. S o5 ”‘?a =
A 18 members (11 staff + 2 fixed-term + 5 PHD) S, °8 e Llat
S, S b’om Ency
A 3 main research lines @%,& n"t'"g § https://apegate.romal.infn.it/
; . . g‘ o ) Asip g

A HPC (sy_stem archl.tec'Fures,_scaIable networks, apps optlmlzauon) \% ? E hitos://twitter com/APELab INEN

A Neuroscience (brain simulations, models, neuromorphic systems) 5 s, o‘ec\‘” sgﬂi\ 5

A HEP Computing (Read-out systems, online trigger) @m‘a“‘% mgw pistributed g

A Know-how

A ASIC design, FPGA design, GPU programming and integration, network design, dense system integration, parallel
programming and application coding (LQCD, neural networks, complex systems), system software, compilers and languages,
data analysis, data processing, mat hemati cal physics, theoret

A National and International research network and industrial collaborations:

A Grenoble Univ., Athena, FORTH, UPC, CINECA, CNR, Julich, LENS, Manchester Univ, UniMi, CERN, NVidia, EuroTech, E4,
IceoTope, IDIBAPS, MonetDB, ATOS, EVIDEN, BULL, UCLM, UPV, CINI, ISS,...

Piero Vicini La RaRa occasion®ilano 2025
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https://apegate.roma1.infn.it/
https://twitter.com/APELab_INFN

~ . APE |legacy

A APE in (HEEXperimentsNaNetA GPU/FPGARICHA APEironEIC ERICH)
A FPGmbaseddistributedread-out for KM3NET (20182014)
A FPGrbasedstream computing and GPhhsedonline lowleveltrigger for HEP (NA62) (2032
A FPGbaseddistributedread-out w ML fornoisediscriminationin EIC ERICH (202%)

A APE &Neuroscience
A Understandphysicaimechanisnof cognitionandbrainstatesviamodeling& simulation(WAVESCALBSHPB) (201&)

A Development of alistributed parallelandscalablespikingneuralnetwork simulator angpecializearchitecture(BRAINSTAIN)
(2024>)

A Infrastucturefor Neuroscienceomputing (COBRAWAP pipelinedoalysis & participationto EBRAINSItaly)

A APE & HP( long list of Eunded projects)
A Exanes(20142017) &EuroEXA2017-2021)

A Codesign of HP@Grientedinterconnectionleveragingon APEnetrchitecture
A REDBSEA &extaRossEuroHPQ021- 2024)

A study ofextremecomputingefficiencyfor heterogenousscalableHPolatforms(TR) design cfcalablenetwork forExaScalsystems (R_S)
A EuroHPQIET4EXA & DARE (2824

A NET4EXA design apmbtotype a TRL8 network for future HPC systems

A DARE: leverage dkPEnetnetwork anddistributedprogramming frameworkAPEiroh to design anechanisnfor scalingdistributedlow
power Alinferenceoptimizedcomputing systems
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INFN . APE for physics experiments: NaNet Project

A family of FPGRAased Network Interface Cards for physics experiments

NaNetarchitecture

A APEnet design enhanced by multiple link technologies and network protocols.
A Enabling a low and stable communication latency.
A Having a high bandwidth.

1/0 Interface

FPZICT EURETILE
APEnet (2012)

NaNet-10 (10GbE)

PCle|

APEnet+

|
TX Block

A Processing data streams from detectors on the fly (data compression/decompressio

reformatting, coalescing of event frag E;'E‘&“ .
A Optimizing data transfers with GPU accelerat@®UDirechardware support). === e ==

[

PCle X8 Gen2 core

1

A different use cases:
A NAG62CernExperiment
A KM3Net Cherenkov neutrino telescope

NA62 GRERICH.....

17m

To

Vessel diameter4—3.4m
Volume ~ 200 m*

NAG2 [y (@ xM3NeT NAGZ )

I Y Y [ T

Beam Pipe

Q3-2013 Q1-2015 Q2-2016 Q3-2019
. . Altera Altera Altera Altera
Lzelop il Qratix V. SratixV QratixV QratixV
Channel Technology 1 GhE KM3link 10 GhE 40 GbE
Transmission Protocol UDP TDM UDP UDP
Number of Channel 1 4 4* 2
DT Gen2x8  Gen2x8  Gen3x8**  Gen3x8
High Level Synthesis NO NO NO YES : @ﬁ SR . i
nVIDIA GPUDirect o S :
B E B B =10 o
Real-time Decomp. . 200 d m
Sl M Merger ' 0
49%%%&3&%&“*#@“5.

-500 -400 -300 -200 -100 O 100
mm

9/10/2019

P. Vicini INFN APE Team

NANET10(40) for KM3net




INFN . APE for physics experiments: ML for read-out of EIC D-RICH

Online Data reduction = Signal/ Noise discrimination using ML classifier -

i i Noise-Onl
* SiPM DCR expected to reach up to 300 S\gnattBackuroumd:iintee ¥

kHz
= risking excessive dRICH output
bandwidth

= real-time data reduction system
designed to cut bandwidth by at least a
factor 5.

Readout of DRICH detector of EIC experiment ko sventeuith shyeics signal
(including background) + noise

A Streaming Readut and data filtering via ML 10 o biscards DCRnoise-only events
reduce impact of SIPM dark current rate

A A mesh of FPGA integrating NN for-MHdsed
noise vs signal discriminatiam data flow from

* Distributed dataflow process on:

o DAMs
o Trigger Processor (TP)

detector = e e T
A . e —__ ad standard readout event-flow through
A mix Of APE Iegacy Components [E"v N a, = ePIC storage and processing units
A APEIRON: distributed NN integrated in multi = |
FPGA system
A direct network for FPG-FPGA low latency Rl Els “Elay <wls~ Gl SRl
communications ‘UJ_;«,:5ém.;»a.z';;zz.;-_z5_~
A scaling and integration knovow... I R A e et~ -
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INFR ‘ APE & Neuroscience

WaveScaleR016A HBP)

A The goal is to match experimental measures and simulations of
slow wavegluring deepsleep and anesthesia and the transition
to other brain states. Beyond scientific activities, few
I T/technological developments:

A dedicated largescale parallel/distributed simulation technologies
leveraging on DPSNN code;

A dedicated scalable interconnect system optimized for Neural -
Network simulation — S
ABrain modelling: B o e
A from small scalbio-inspired multicompartment neuron N -

modelA large scale simulation dflulti-area model of the
macaque cortexmulti-GPU, ~4x106eurons)

Cortical field

0 1.7 64 19 54
Firing rate (Hz)

whole-brain simulation data analysis

APipeline for brain wave data analysis;: COBRAWAP snane ction outo too

n S £

Lo . TH RAIN. ™= =
A EBRAINSaly: infrastructure for neuroscience o ey e
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INFN . BRAINSTAIN: APE tech in Neuroscience

WP1 WP2
e Analysis pipelines Brain models
i data processing, data analysis &
: Simulations

Task 1
Algorithms & Methods | ., >

= Understanding the Brain &=

Data Analysis
Task 3 o _ o
Clinical Applications Explore the use of brain inspired (spiking)
for Al inference task
e low power fast learnidg Integration in

, . PGA interconnected via torus network for

G Design of Brain-inspired i ]
puting Architectures Computing Architectures for Al scaling size of the network

i _—

-—""——— I

Hardware/Software co-design

.~
===

= =T
Task 1 Task 2 Task 3
From brain models to architecture Architectures prototyping Validation and Perf. Estimation
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INFN . Design of Brain-inspired Computing Architecture for Al Tasks

Sync [Dglobalipre
—— —_—
From I 0 |Spike-t\me| IDcore‘ [Dwy ||Dn | Spike
APEIRON
HLS Comm. IP I 1 |><| IDeore |><| Sync
Neuro-Core
| Synaptic Memory
>Q fanout | IDgjob | O
- [Dpost |delay| weight
DDR IDpost |delay| weight
Neuron
Dyn.
IDglobal->addrmem | . fanout | Dgiop | 1
| Distribute spikes ‘ i
To local n * + +
APEIRON IDpost
IDpost -> IDw| |IDpost-> Dy | e |IDpost > Dy
Comm. IP iDw | P
FPGA ROUTING IP | FPGA ROUTING IP E E% E E E E Ring Buffer,
— 7 SN . i N
W o~ w Round : it Pl tktk1
HOST 21l S N 2 || g|l| HOST Robin & | . —
: =z ] m [z s N k+MaxDelay
INTER | || 7| E&/ '“:K' WIP ::K' WIP NEE 5 INTER ﬁ 'é'
o = H ; N
FACE Z/ o 0 - S ||© FACE Wo Wi Wi Neuron;-~
o Buff
< Neuron Neuron State Memory
INTRANOQE ces 3 . .
0 pom& Ne:ron Stateg:l}_ry __,-—ivm‘Tr | |exl | lEXC ||Iﬂh |"° | |
= - -—s H i.
HLS \ Dyngmlcs — Vin: Membrane Potential
shike T,: Refractory Period
NEURO- % loxt: External Current
CORE % ¥ % linh: Inhibitery Current
Round-Robin Arbitration | lexc: Excitatory Current
... : Adaptation, etc. AdEx/CAdEX
IDglob: Presyn. (global) Neuron ID
glob yn. (g ) Neu
¢ T%:;E-:RICI;N IDpget: Postsyn. (local) Neuron ID
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INFN ' Design of Brain-inspired Computing Architecture

AIGOR

Neuromorphic computer architecture specialized for energy efficiency,
real-time processing, incremental learning

= Targeting primarily dataflow-intensive applications in physics (Spiking Neural Networks, edge Al)

I_A_I_\{, Spiking Neural Networks (SNNs):
{ ) Artificial neural networks that communicate through "spikes" or pulses,
— Output neuron
— \,.- similar to biological neurons * High Level Synthesis (HLS)-based Workflow
T Neuromorphic computin FPGA bitstream
z@»JU—U";:"“—- Z == h”—'- Ab d h to hard d hmd hat effi \ e f
\ : | rain-inspired approach to hardware and algorithm design that efficiently i ‘. ®

/ /\ realizes artificial neural networks, thanks to a highly parallel architecture,
% co-location of compute and memory units, asynchronous event-based
A computation and sparse, distributed information encoding through spikes » Test-case: NA62 RICH rings

Input layer 784 neurons
Hidden layer 1000

Multi-FPGA architecture prototype i = Output layer 4 (Rings 0,1,2, 2+)
. From [0 Torw [©ws]| e | 10s] spie 10000 samples (7000 train, 2000
= Direct network. 3D Torus Roumng 1 Tome [ ] e test)
P - - . ] Test Set Accuracy: ~ 80%
= |NFN Routing IP for low-latency inter-FPGA and intra- FPGA G =G . Trained in snofagch
communication (< 1 us for up to 1 kB packets) Y N~ r .‘-“’
W- [ [ W— :n — .|. 4
m Syraptc dets Start toaen [ J o
S~y »  TRRRETTIE T -t~
1 Ot -+ 10 (p_. Ol 0 JOpuennd [TH ""‘. -
X = o
EE-8 B8 §E-§ (™D 4 Spiking (216 baged
'F - i." ) piest | Soma representation
+ e e * FPGA Occupancy single AIGOR-Core (o veiiso)
i 1 povoes (e
" W . '&?m“m”mw -~ Single Aigor- . Synaptic Mem
({‘ {5 [ Core requires
\i Prorcn euren Bote Memery 512 N (4 W, [758k 30 6k [ 16 4 Mb
1 seon M [V T, L e [ [ 128 nx W)  |225% [o.as% 0.00% 0.32%
e =,
O - Vo Mambrane Potsetal 2048 N (32 re4_3k 197.3»; 2 . ?ims 81 Mb
- T, Mo actory Pertod counter 7% | 2.93% 0.01 X
3 | B = B |..rn-m¢«m: W, 64 nx nr
v h - T Lus, Inhibory Curment
L — e TR B P [P LE R
AMD Versal Premium VPK180 ¥ To Oy 00, (e lwsen

Remiting Opeas Postayn. pose) - N: tot. neurons, W: workers \VPK-180 Total PL mem 984 Mb

. 1. ike n X W: neurons per worker
" Modular, scalable, reconfigurable sl = Adaptable neuron dynamics module supports
architecture prototype with multiple biologically realistic neuron models, multiple
levels of parallelism receptors (e.g. multi-compartment neuron)
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INFN ‘ APE in NET4EXA

NET4EXA\etwork for EXAcalesystem$aims to develop a nexgeneration highspeed interconnect fdiPC and Al
systems, building on the success of @8 European HPC Interconnactd the advancements made through research
in the REDSEAproject and other previous European RIA initiatives.

ALeverage on previous project results:
AREDSEA, TEXTAROSSA, INFEhet

Aseveral areas of technical contribution
A Integration of a medium scale () FPGAased
testbed
Innovative mechanisms to enhance congestion
control management (for BXlv4)

|

HPC Runtimes &
| Applications

Storage 1/0 Datacenter Deployment Tools

e — A ONNIC processing for task streaming computing,
| Dol ||| | 0ettene [ omHi| oo .p g ) 9 P g
o |[rons [werio | omee A prototyping new features supporting GPU
Lustre (Tebis) Mercury RPC

arors || oarorss | warws | swars [ sooms | — triggered computing in BXIv4 via and for
NVMe-oF |1 T8 :
i A BXIv4network _archltecture, |
e e ] T INFN key applications for benchmarking network
[ mwanc | [ soawc | o) 5 architecture under design: NEST (Large scale bre
e fx simulation), RAIDER (HERoA&nted apps)

[ Other WP component |
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n [ APE in DARE R

DARE (EuroHPC FPA) consortium aims to establish a clear path for software and hardware development in Europe,
leveraging early access to RISC-V hardware emulation and simulation, with the goal of deploying the developed

technologies in EuroHPC systems.

A INFN (APE group) will desigardware IP (on FPGA) to enable
the deployment of large scale NN models over multiple AIPU
accelerators boosting performance of applications like Al
accelerated HPC and Generative Al.

AXELERA AIPU
RIS©/ based
Al Processing Unit

System scaling via Al-Direct (2)

A Main activities
A Aldirect engine i~ Al-Direct channel (Host for config)
A Specialized HW to provide high throughput/low — _ — aeink
latency access (on PCle and/or custom direct channel)
between different AIPU
A APEirorbased orchestration
A Scalable applications to benchmark distributed parallel

solutions
A NEST: braiinspired neural network scalable simulator

(brain modelling at large scale, HBP flagship)
A RAIDERHdigh Energy Physics Ndased applications
for particle tracking, identification and calorimeter

clustering

20/10/2025 Piero Vicini La RaRa occasion®ilano 2025



INFN . Conclusions: the enduring philosophy of APE

A short summary of APE's Impact

A Science:
A 1t opened a new window into the strong force, enabling decades of wabalsk research in theoretical physics.
A A broad class of scientific applications has been ported with success on APE platforms

A Technology:
A 1t pioneered specialized architectures and custom networks for scientific applications, proving the value of c
design.
A Industry:
A 1t created a successful model for technology transfer in Italy (Quadrics, Eurotech, NERGAL,...).

A Legacy:
A Its concepts live on in modern GPU architectures and interconnect.
A APEbased platforms are currently used in HEP experiments and neuroscience research fields
A APE ideas and methods enable the exploration of new solutions for next generation HPC computing system
A A large group of young researchers, technologists, system architects,... have been trained building and usin
systems
A The Core Lesson:
A Fundamental scientific curiosity is one of the most powerful drivers of technological innovation.
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mm‘ Federico O s S
Corso di LABORATORIO DI FISICA I1 anno accademico 198&6/87

prof. Carlo Rionisi

AcCon Federico ciconosciamod a pi u6 di 40 annAi
‘_.HEN'::.Ri.rDRh DI B#\F«I-\FL_Z—C(')LUF\I[H-\ MOMITOR E j‘v‘ COLOR

A Da studente e étato il mio tutor di lab del 4 Aanno e e e e

A Poi mio co-tutor di tesi insieme a Nicola ' /

A mai arrivato alla mia sessionedi laurea... era Settembre, mare grosso, niente traghetti ; -)
A Durante tutto lo sviluppo di APE APE100 eAPEmille A e
A Compagnod 6 u f dl CERNnel 1993/94 :

A Insieme a Marchesini (ma soprattutto al suo povero cane..) : Qt'& b r‘“D
A Di recente in un tentativo di ricostruzione di tutta la storia scientifica/tecnologicadeifprimio 50 anni C

Quindi, per i prossimi 40 anni cosadirti se non
0 B u mialo di una nuova avventurao ?
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