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High-Performance Computing in the Exascale Era
HPC as a Combination of Method-Programming-Machines
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@ Significant progress has been made in each of the main HPC components

Complex problems require HPC

@ A judicious combination of all HPC ingredients is essential for optimal performance

@ The necessary multidisciplinary interaction must be considered at the earliest
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High-Performance Computing in the Exascale Era
Computing Power - Overview & Evolution

WORLD'S TOP 10 SUPERCOMPUTERS -
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Frontier is the first Exaflop machine

Rmax values (PFlop/s), June 2026

Facts Released as such in 2022 (USA)

1 G e 21940 2 @ Measurement is in double precision arithmetic Jack bongarre
: BB e—— 1 000 00 @ Five Exaflop machines (China!/USA?/Germany?)
) = — 350 ® Height of the top10 are CFU-GFU
e i @ LineShine and Fugaku are CPU-only
« = I 1.012.00 | L
Top Supercomputers on HPL-MxP (Vixed-Precision — LLM)
JUPITER Booster
5 HR e 1,000.00 + 1.El Capitan (DOE/SC/LLNL, USA): 16.680 Eflop/s — o~
i HPC7 « 2. Aurora (DOE/SC/ANL, USA): 11.643 Eflop/s 1 EFiopis “‘,."':: sttt
6 I 571.50 + 3. Frontier (DOE/SC/ORNL, USA): 11.390 Eflop/s 100 FFopts ",".‘...}‘“'“
Eagle 10 PFlopls o
7 E _ 561.20  4.JUPITER Booster (EuroHPC/FZJ, Germany): 6.255 Eflop/: i ,4'",.-“ J—
HPCS « 5.CHIE-4 (SoftBank, Japan): 3.304 Eflop/s 0 TFIos /"' L e
8 l . _ 57790 * 6. ABCI 3.0 (AIST, Japan): 2.363 Eflop/s 10 TFlop/s o ‘A.Hm __-""-
Supercomputer Fugaku . ) 1 TFlops & e
9 ® “2 01 + 7. LUMI (EuroHPC/CSC, Finland): 2.350 Eflop/s R ._."
- + 8. Fugaku (RIKEN, Japan): 2.000 Eflop/s 1?::::P: o
10 P 53490 + 9. Leonardo (EuroHPC/CINECA, Italy): 1.842 Eflop/s coroms

MAAL "'J;\
M = Fanda

Source: Top500

* 10. Shaheen Ill - GPU (KAUST, Saudi Arabia): 0.704 Eflop/s

100 MFlop/s
1990 1995 2000 2005 2010 2016 2020 2026 2030

iPhone 17 Pro: 2.5 TFLOPS single-precision ($1,200)  CRAY T3E: 1.3 FLOPS ($5 million)
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High-Performance Computing in the Exascale Era
Computing Power - Potential vs Reality

WORLD'S TOP 10 SUPERCOMPUTERS

° : Peak is the theoretical or
Rmax values (PFlopls). June 2026 N°® | Peak Efficiency( . .
LineShine 13,789,440 cores PFlops/ % potential computing power
1 @ 2.198.40 (PFlops;/s) 6) .
e e S e Rmax is (supposed to be) the
= 1,809.00 - ol/EEr best from measurement
3 E= W—mmung 2 2,821.10 | 64 Efficiency is the fraction of the
= Wmnm 3 2,055.72 | 66 peak that cou_ld be obtained
P e ~5M Several technical factors are
° &5 - 1.000.00 4 1,980.01 | 51 involved when it comes to
s 0 ) EEEEEN 57150 5 1,226.28 | 82 computational efficiency
7 m= it 56120 6 861.13 | 66 - | |
W = 3 Obtaining the highest fraction
s 4B w_zBM 471.90 7 846.84 | 66 of the peak performance of a
9 o I 442.01 8 606.97 | 79 high-speed machine is the
10 £3 lf"”%ZM 434.90 9 537.21 | 82 typical technical challenge of
an HPC expert.
e e 10 574.84 | /6
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High-Performance Computing in the Exascale Era
Computing Power -2¢ World Fastest Supercomputer

El Capitan
| e

W Lawrenc

Nationa) | o1Ye" nore

Labora lory

(2) ENERGY

El Capitan
Supercomputer

The world's most
powerful supercomputer

« 44,544 AMD Instinct™ MISBOOA APUs

The El Capitan supercomputer cando
2.79 quintillian calculations
in one second
[2,790,000,000,000,000,000]

If everyone in the world did one
calculation every second of every day

it would take 8 years to do what
El Capitan can do in one second

000

Number of cores: 11,340,000

Conflgu ratlon: CPU - GPU ! ,",'_‘.. x’r ii v'tli.‘;,u'wf_lf!ri,)! ) at ;:,;,eal- load

Peak (PFlops/s): 2,821.10

Rmax (PFlops/s): 1,809.00 4 MI300A / Node - 11,136 nodes - 87 Cabinets
Power(kW): 29,685

Annual electricity bill: $14-30 million
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High-Performance Computing in the Exascale Era
Computing Power - World Fastest Supercomputer

LineShine

: Compute Blade
Compute Node 8 nodes

Rmax (PFlops/s): 2,198.40
Power(kW): 42,220
Annual electricity bill: $20-40 million

Compute Frame
16 Blades Supescompuler
- 90 Commgute Cabinets
22,000+ nodes
: 2 CPUs per node 16 CPUs Slmfz mfg?@?i’:l
Numper of cores: 13,789,440 120.6TFlops P el Tl
Configuration: CPU only e l
Peak (PFlops/s): 2,735.82 =
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High-Performance Computing in the Exascale Era
Computing Power - Understanding Performance Data

The theoretical peak performance in (full precision) outer Link  CPU+ Mem

FLOPS is obtained by the following formula: —
P =n.X[(2f)Xs.XF]|
n. the total number of cores
f number of FMA units (FMA is axb + c) T
S is the SIMD width (#components of a vector) | | l
F clock frequency of the CPU (1 Hz = 1 flop) | | |

Facts

@ A computing cluster is made up with several compute nodes

@ Compute nodes exchange data through a physical network (interconnects)
@ A typical computation on a CPU-core involves memory read/write

@ Peak performance does not consider any non-computing mechanism




High-Performance Computing in the Exascale Era
Computing Power - Questions & Discussions

-

Do you think about a supercomputer with
a weak efficiency (like Aurora with 50%)?

-
[
Aurora is 2¢ on HPL-MxP (mixed-

precision), so the efficiency depends on
the application and the execution model.

-
Is the reported efficiency for each machine

necessarily the best (note that the full
machine is considered) ?

\
-~
NO.

Running on a subset of the machine might
yield a better performance.

N
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High-Performance Computing in the Exascale Era
HPC Applications - LLMs

1]

023

2022

(%3

021

2020

2019

2018

2017

OpenaL Claude-3, NLP )

Sora, 30 B, Vision » \/| - OpenAI

Goodle » - Go ge _o GPT-4V, 1.8 T, Vision
9 GroK, 314 B, NLP Gemini, 1.6 T, NLP,
ViT-22B, 22 B, Vision 09 Meta . §Vé
X Meta b LLaMA, 650 B, NLP R
SAM, 636 M, Vision ~® @ » PanGu-Y, 1.085 T, NLI
OpenAI Google
pen. 9 Q0 Meta

GIT, 700 M, Image-to-Text

&% Microsoft Dalle-2, 35 B, Vision

Al <tability ai

: ~ ‘. . .
Stable Difusion, 1.45 B, Text-to-Image
oﬁu »
ChatGPT, 200 B, NLP @Vé
HUAWEI =/
PanGu-a, 200 B, NLP
) A
OpenAl @
GPT-2, 1.5 B, NLP OpenAL
il GPT-3, 175 B, NLP
® Google
OpenAl BERT, 340 M, NLP
GPT-1, 177 M, NLP é
'
o Google Transformer, 213 M, NLP

PaLM-E, 562 B, Image & Text

LLaMA 2, 700 B, NLP

*~ Google
PalLM, 540 B, NLP

* BadEm
ERNIE 3.0 Titan, 260 B, NLP

Courtesy: Xiaoguanget al.

150 M

Number of parameters

>
1T

An overview of Large Al Models and their Applications

Training compute (FLOP)

Trend of Training compute (FLOP): 4.8x (4.1x-5.6x)

1027
1 —— Median (4.8x) @
90% CI (4.1x-5.6x) :
1085
1025 7
1024 E
1023 - &
' . Grok 4: 5x1026 FLOPS = 5x108 EFLOPS
PY GPT-5: 6.6x102° FLOPS = 6.6x107 EFLOPS
1022 +— ; ; - - ;
2020 2021 2022 2023 2024 2025

ChatGPT is close to a billion of fequests per week
2024: 100M - 2025: 400M - 2026: 900M
ChatGPT is now powered by GPT-5.6 ( =3T params)

GPT-3 training: 3.5 GPU-centuries!!!
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High-Performance Computing in the Exascale Era
HPC Applications - Numerical Simulation

Lattice Quantum ChromoDynamics (LQCD) 5.

@ Lattice Quantum Chromodynamics (LQCD) is a numerical method used Latfiee S
by physicists to solve the physics of quarks and gluons at low energies.

@ Itis a Monte-Carlo numerical simulation aiming at understanding the > ; -
3 o ;f,"f

origin of mass and stability of matter (right after the Big-Bang).

@ The main computational kernel is the evaluation of the so-called i M
Wilson-Dirac operator given by the following equation
-4

DY) = Ap(e) = 5 3104 =) @ Uaulble + ) + [T +3) © UL Tl — o)

pu=0

@ Itis a 4D space-time simulation specified by its parameters L, L, L,, L; andlme
associated data (double-precision and complex numbers). /

gluon qualk

@ Tremendous volume of data to load/write (from memory) and exchange
(between processors) iteratively.

@ Physicists expect meaningful results from 29x29x29x|, = 227xL,
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High-Performance Computing in the Exascale Era
HPC Applications - Combinatorial Optimization

@ Combinatorial optimization is known as the benchmark for
the most difficult computational problems.

Example 1 The Knapsack Problem (KP) The Knapsack Problem is the problem of
choosing a subset of items such that the corresponding profit sum is mazximized without having
the weight sum to exceed a given capacity limit.

Example 2 The Traveling Salesman Problem (TSP)

Given a valuated graph, the

Traveling Salesman Problem is to find a minimum cost cycle that crosses each node exactly

once (tour).

ACPP is to find a minimum cost assignment of flight crews to a given flight schedule. The
problem can be formulated as a set partitioning problem

minimize clx
subject to Ax =1
z € {0,1}"

( n minimaize Z Z CijTij
mazximize z PiT; i=1 j=1
i=1 | subject to
subject to - . L,
< n $ injzl t=10 miEd  (24)
D wimi e ) it
i=1 i'=]- .:1,"'a 7. .
x; < my i:]-szs"'sn \ ;xj ¢ nZ#J
\ = {O, 1}nxn T— - \ = {0, 1}n><n
Example 3 The Airline Crew Pairing Problem (ACPP) The objective of the Q The Trave“ng Sa|esman Problem is one Of the

most difficult combinatorial problem.

@ Even with small sizes such as 30 nodes, the
current fastest supercomputer would required tens
of years with the brute-force algorithm.
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High-Performance Computing in the Exascale Era
HPC Applications - Questions & Discussions

-

What other application areas do you see
for HPC?

-

Genomics, weather forecasting, data
science, seismic analysis, molecular
L dynamics, nuclear physics, cosmology, ...

-

Can you give some examples of areas that
strongly depend on HPC ?

S

Large-scale Al, high-precision simulation,
quantitative trading, cutting-edge
operational research, ....

Claude TADONKI 2% @AMRITA
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High-Performance Computing in the Exascale Era
Heterogeneity - Standard CPU

Ordinary CPU remain the basic HPC computing device.
Larger number of cores (P-cores E-cores Xe-cores )
Wider SIMD (vector registers and instructions set)
Bigger and faster memory (with a complex hierarchical structure)
Better instruction pipeline
More specialized units (computation and |/0)
Energy-aware

Intel” Core” Ultra Processor
(HX-SKUs) Platform

eries

eSPl &

Desktop

Available Q12026
[FINTRODUCING AT CES 2026

| 2 B =~ | AMD Ryzen" 7 9850X3D

8 core

N L 8/16 56CHz 104MB

“Zen 5" CPU CPU Boost Clock Cache
Cores / Threads to

IPU7.5

processor

et |
- - : Socket R
6800MT/s 6400 MT/s Me::?ilde ! /4 1 2 0 A M 5 D D 5
LPDDRSx DDRS cache AN
! VR - 4 A o e es Ray tracing
U | units
) Il 4

TDP AMD EXPO" Read
Drop-in Upgrade =
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High-Performance Computing in the Exascale Era

Heterogeneity - Accelerators

The main accelerators commonly considered are GPUs and FPGAs.
Typically run under the coordination of an ordinary CPU

Large number of cores (thus so-called many-core processor)
Very fast on regular computation (highly parallel & deep pipeline)
Faster on low-precision arithmetic (improved on high-precision)
Nowadays considered as energy-efficient solutions

(@
(@
(@
()
()
@ Newer GPUs are becoming more CPU-like

- matrix inverse(data.gpu);

Family CUDACores | TFLOPS
FP32 - FP16
Fermi 512 15
Kepler 1536 | 3.0 AMD RADEON
Pascal 2,560 9.0 AMD RADEON™ AMD RADEON™
RX 9070 RX 9070 XT
\olta 5120 | 15- 125 AMD™ RDNA 4 Compute Units 3 64
HW RT Accelerators 56 64
Ampere 6’91 2 20- 312 HW Al Accelerators 112 128
Peak Al TOPS a4 wspasty 1165 TOPS 1557 TOPS
Hopper 16,89 | 67-1000 Boost Clock 252 GHz 2.97 GHz
Blackwell 20,800 | 75- 2250 Video Memory %G8 L.
Total Board Power 220W 304W

copy data to GPU

> memory

memory by copy data from GPU

cores

cores

CPU

data = open("input.dat");
copyToGPU(data) ;

copyFromGPU (data) ; :
write(data, "output.dat"); # write the output to file on the CPU

(e
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High-Performance Computing in the Exascale Era
Heterogeneity - Neural/Tensor Processing Unlts

@ TPU (Tensor Processing Unit)
@ Application-specific integrated circuit (ASIC) designed by Google

@ Highly efficient on matrix multiplication and addition TPUVA  TPUVSP Ironwood
@ Based on the systolic paradigm |
@ INTS8 Precision (quantization) for ML/DL inference o o
@ Cloud/Edge device A o ot eatmen  ertmrm
@ NPU (Neural Processing Unit)
@ Specialized computer chip for accelerating Al/ML workloads
@ Energy-efficient (compared to CPU and GPU)
@ Much more flexible than a TPU
@ Can compute locally without offloading to a remote server - % - ';.!' - '='.':' - 555
@ Intel (Intel NPU); AMD (Ryzen Al NPU); Apple (Apple Neural Engine) T T S T
Qualcomm (Hexagon NPU); Samsung (Exynos Al); ... CPU GPU TPV NPU
— Eximted P il
ntel | Lunar Lake 50 TOPS con hacacutoct [Loieries s | - v piooton [T
AMD Ryzen Strix Point 48 TOPS « Versatile « High throughput « High efficiency « Edge devices
Qualcomm Snapdragon X Elite | 45 TOPS

SOC

Claude TADONKI
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High-Performance Computing in the Exascale Era
Heterogeneity - Questions & Discussions

(
What is the key to ease the programming : N
of all these devices ? x I
BE, L ) Ho i i of
o8 | BE ; o g |4 -
} | @ LTS O g o T ORI
~ Ard s o RIS
: : 3= — ‘l‘.\-:‘-\ "'-:'l i = - ’(, .
{ 3
)

Compilers; APIs; Libraries

-

What are the potential operational issues
that you can identify ?

S
p

Portability; Debugging; Updates } A

Claude TADONKI 4 T
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High-Performance Computing in the Exascale Era
Programming Models - Distributed Memory Parallelism

@ The implementation of this model is for fully independent compute nodes. Router Link  CPU+ Mem
@ Typical way of running on clusters and supercomputers R[_J il_J Ru R[;]
@ Each node has/manages its own memory E—R— i
@ Data are shared through explicit interprocessors communication ﬁ[_: ([[ : \1 1 RE j
@ Ordinary Programming Language + Message Passing Library (MPI) \:] ﬁj

@ Key aspects for performance include

@ The overhead of data exchanges (packaging & network topology)
@ Synchronization between the compute nodes

@ Load imbalance

Distributed Memory Parallel Machine

Torus Topology of Fugaku Supercomputer

Typical Packaging

Claude TADONKI /j O o AMRITA
AMRITA - India - 2026 rﬁms oy

MVISHWA VIDYAPEETHAM
DEEMED T0 BE UNIVERSITY UNDER SECTION 3 OF UGC ACT. 195




High-Performance Computing in the Exascale Era
Programming Models - Shared Memory Parallelism

@ The implementation of this model is for independent CPU-cores sharing a common memory.

@ Typical way of running on multicore processors

@ Each CPU-core has equal access to the common main memory
@ Both central RAM and address space are shared (same memory references) -
@ Ordinary Programming Language + Multithreading Library (Pthreads)

@ Key aspects for performance include

@ The overhead of concurrent memory accesses

SMP - symmetric multiprocessor system

System bus
che

(e
W

A

-1 N

By Ferruceie Zalkon - Wian. Tty

(also hierarchy of the caches)

@ Thread scheduling and dynamic management by the OS

@ Synchronization between threads (mutex)

@ Load imbalance

_NUMA Node 1 NUMA Nod 2

ﬂ
n

Thin

ﬂﬂ

@ NUMA effect (if applicable)
1 B8
8

Memory
Controller

2

Memory Channel
NUMA Node 3 NUMA Node 4

Claude TADONKI /j
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Interconnect Memory Channel
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High-Performance Computing in the Exascale Era
Programming Models - SIMD Parallelism

@ This is Single Instruction Multiple Data paradigm, also referred as Vector Computing.

@ Handled on standard CPUs through vector units and vector registers

@ Has been extended from graphical computation to any arithmetic instruction

0.. OOO 0..
@ Each CPU-core has its own vector units/registers and can perform SIMD Q
m
]
m

@ SIMD instruction types include arithmetic, shuffling, memory read/write

B Instructions
[ Data

@ Ordinary Programming Language + SIMD Library (SSE; AVX) W Resus
@ Vector register width: 128bits (sP:x4 DP:x2); 256 bits (SP:x8 DP:x4); and 512 bits (SP:x16 DP:x8)

@ K for performance incl 32eIT vecTors
ey aspects for performance include e

O
o%ogo
S

3.1 XxMMO

@ Memory alignment (critical for direct access)

5
MULPS
Z VECTORS

@ Data locality (ideally contiguous)

1.1

XMM 1

u]
z

RESULT l l
o

14.52

@ Lower precision (more vector-components)

5.5

a XMM 1

@ Compute-bound (the effect is on the calculation)

128 BITS WIDE

Very effective in image processing

Claude TADONKI




High-Performance Computing in the Exascale Era
Programming Models - Hybrid Parallelism

Message passing between nodes (MPI, ...) [1]
Shared memory between cores (Pthreads, OpenMP, ...) [2]

* Vector computing inside a core (SSE,AVX, ...) [3]
* Accelerated computing beside a node (Cuda, OpenCL,...) [4]

core

Main (shared) Memory (2]
v
scalar & vector §scalar & vector fscalar & vector
units units units [3]

Main (shared) Memory [2]

core core core
scalar & vector f scalar & vector g scalar & vector
units [3] units units
N
Main (shared) Memory [2]
v v

core core core

scalar & vector §scalar & vector §scalar & vector
units [3] units units

core core

SAMRITA
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High-Performance Computing in the Exascale Era
Programming Models - Questions & Discussions

-~

&

Do you think that a compiler can perform
all levels of parallelism ?

-

&

NO. Until now, only vectorization is tried
by the compiler whenever possible.

(

Can we run a distributed-memory parallel

program on a single multicore processor ?

S
-

Yes, although the central RAM is actually
shared.

L
|

(C\'
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High-Performance Computing in the Exascale Era
Getting Access to an HPC Infrastructure

@ Locally (you own one)

Current et Next-Generation desktop processors
might provide sufficient level of computing power,
provided (one more time) that applications are
implemented considered all lever of performance
(multicore/SIMD/GPU/NPU/TPU)

~

Pros and cons of private/local
resources vs shared/remote ones ?

S
-

Private: easy/full access : costs
Shared: cost/management

Internet

or

@ Remotely (from an HPC Resources Center) il nesiicied)/paniil aeuses
This can be an HPC cluster of an institutionora ., -~ "\ %

supercomputer of an HPC Center that is made |

available to the community through user accounts

and means of remote access.

aws

Cloud Computing AAzure LOCAL SERVER SENIBTESERER
@ Cloud (through a Cloud Provider) . e 3;:9:)::
Also a remote access but with a virtualized el % &)
approach. There you can get infrastructures = @ &= e \
(laaS), platforms (Paas) and software (Saas) on a e 1 @ @ A
@ L@F QE QE QE & UPFRONTCOST  DOWNTIME  OVERHEATING

H H —
flexible basis. B o = e e Dusoe

Claude TADONKI /j
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High-Performance Computing in the Exascale Era
Support Tools: Compilers - Libraries - Profilers

Source program

@ Compilers: Essential to get a functional binary or

Preprocessor |

a version that is compatible with the device. Their 7. Cite one of the most popular
optimization  functionality is crucial for [ emwe ] source-to-source compiler
performance roraetassoronymrogan and its major features.
Source-to-source compilers are very useful to T OpenMP
seamlessly design specific versions (multicore/GPU). 1 | Canenies Ml
SIMD, and GPU(Cuda)
@ Libraries: Very important to get access to some I

hardware/system features and useful kernels. |:>

Common key libraries are related to OS, math, 1y _
parallel scheduling, APIs, ... _ What kind of useful
Ll | information can provided a
_ _ o profiler.
@ Profilers: It is not always sufficient to understand YA\Y:
performance results from prediction models that =2/ * Can spot memory leaks, poor ~
are typically based on static hypothesis. Profilers cache efficiency, idle states, load 1 e

are useful to get detailed information about imbalance.

runtime events and their associated costs.

Claude TADONKI 28
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High-Performance Computing in the Exascale Era
Performance Aspects: Absolute/Sustained Performance

@ Absolute Performance, also called Peak Performance, is the potential computing power of the processor/machine.
It is an upper bound of what can be expected from a computing system based on its technical characteristics.

A . . . . FUGAKU Supercomputer
The theo"retzcal‘peak peﬁormancg in (full precision) re—— 58976 | M = 7630848 f =25 5, == ;F =22
FLOPS is obtained by the following formula: Teores per_processor | 48
— P= 7630848 x4 X8 X 2.2 =

P = ncx [(zf)XSCXF] clock speed [GHz] 2.2 % Y/Aohiinintininte
n; the total number Of cores SFMA wits 3 Cores (PFlop/s) (PFlop/s) (kW)
f number of FMA units (FMA is axXb + C) vector_size [bits] 512 7,630,848 442.01 537.21 29,899
SC iS the SIMD w’idth (#Components Of a Vector) Supercomputer Fugaku -
F clock frequency of the CPU (1 Hz = 1 flop) it

Japan

@ Relative Performance, also called Sustained Performance, is the measured computing speed of the machine.
It therefore includes all operational realities (hardware and system) related to the computation such as:
Memory accesses; branching; CPU frequency variation; idle states; contention on shared resources; synchronization;

overhead of data exchanges; load imbalance;
There is always a gap between sustained performance and absolute performance.

The main objective of performance optimization is to get the highest computing speed (close the aforementioned gap).

Claude TADONKI % SAMRITA
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High-Performance Computing in the Exascale Era
Performance Aspects: Speedup & Scalability

@ The speedup refers to ratio between the execution time of a given program and its transformed one.
When it comes to parallelism, it tells how good is the parallelization. -

Speedup o(p) =7T,—: Efficiency e = (p) €]0,1] - @ seconds

Wi

. . . . . i 1 E ted
Ts: sequential execution time Ty: parallel execution time L »"'—"'—”'—”'- et i

2
p:number of processors . 121
Got

25 seconds

@ The scalability refers to the ability of a program to keep its efficiency with a growing size of computing resources or an
increasing size of the problem it solves.

@ Itis typical to have a so-called weak scalability, which means a decreasing efficiency
@ Sometimes it better to use a subset of the supercomputer
@ Seeking good efficiency & good scalability is a challenging HPC task, especially on large clusters

Claude TADONKI /j
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High-Performance Computing in the Exascale Era
Performance Aspects: Performance Optimization

@ Performance Optimization on an HPC system should target absolute performance, efficiency and scalability.

Several aspects are to be investigated for this purpose:
Computing unit: Scalability with a many computing units is hard. Full efficiency with Code to be parallelized
SIMD computing is also non-trivial.

Memory configuration: On a NUMA machine, seek NUMA-unaware implementation.

Numerical sensitivity: Despite numerical accuracy risks, lower precision computatig ‘ N\

might leads to higher FLOPS (wider SIMD and better data locality, Accelerators). Sequential Part
Heterogeneity: CPU/GPU data transfers still needs a serious consideration.

. . . . . . - : Distributed Shared memo
Synchronization: Synchronizing (scheduling constraints, critical sharing, concurrent 's ey i
updates, global conditions, checkpoints) on large-scale HPC clusters is costly and the G s R & ¥ ot crealion & scheding
effect on the scalability can be detrimental. i e

* Resources sharing
. * Memory accesses
Data exchanges: Their cost depends on volume (amount of data exchanged), T’tﬁ:fﬁ‘:;;"n'é‘f

occurrence (how many times) and quality (alignment with the physical interconnect).

Load balance: Parallel tasks (even SPMD) might have different execution time
(computing load, numerical and scheduling characteristics), which effects scalability.




High-Performance Computing in the Exascale Era
Performance Aspects: Questions & Discussions

-~

Which aspects between absolute
performance, efficiency, and scalability

g do you think is the most challenging ?

Its depends on the structure of the
application and the characteristic of the
machine.

&

(

Do you think that an optimize program
will remain efficient on another machine ?

S

Maybe, but there is absolute reason to
expect this has the characteristics of the
machine matter.
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High-Performance Computing in the Exascale Era
Robustness

The larger is a cluster the higher is the probability of failure.

@ MTBF (Mean Time Between Failures) is the typical metric for a computing system and associated components too
@ A hardware failure can have internal and external causes

@ The so-called fault-tolerance is the ability to cope with failure without fatal consequences

About Fault-tolerance

@ Fault-tolerance is crucial with large-scale HPC, especially with long-duration tasks (e.g.: large numerical simulations)

@ Serious and regular hardware maintenance is essential T
) =

Thomas Herault

@ Software-level fault-tolerance: OS, Jobs Scheduling-Monitoring, and Applications FI TI
ault-lolerance

@ At the application-level, fault-tolerance techniques include: regular backup and checking, ;grcmi?]lfes
restart mechanism, task migration, redundant computation, error correction, anticipation, ... perfoﬁ’mance
Computing
[ Failure-aware Program? L ?
i®

Periodic savings on disk
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High-Performance Computing in the Exascale Era
Energy: Fundamentals

Energy for |T https:/www.nrdc.org/bio/pierre-delforge  Typical Energy Consumption
< Slate / Tablet [ 10
@ Energy is an essential need for the life of a computing system % Notsbook NN 75
@ computing devices and associated IT components " CAmonen . I 10

B oesicop with vonior S 200

@ cooling system (heat dissipation is a potential source of hardware failure e e
@ The focus on energy considers production/supply/availability/cost/quality(nature) —
g June 2026
@ Energy is a critical resource with embedded systems since it is limited (battery) OSSR |

Rang |TOP500 |  Machine Propriétaire CRUIS | (W) | (GFlops/W)

@ Energy consumption can be managed through related techniques (important!) 1]

445 | KAIROS CALMIP / Univ. Toulouse - CNRS | 13,056 | 46 kW | 73.282

ROMEO HPC Center -
Champagne-Ardenne

2]
@ 950 tg::stleogPU DKRZ - Deutsches 35,904 ‘ nokw!| 69.426
4
9
6
7
8
9

192 | ROMEO-2025 47,328 | 160 kW | 70.912

Green500
This an annual (or bi-annual) world ranking of supercomputers
based on power consumption (beside performance).

Klimarechenzentrum

93g | Isambard-Al University of Bristol 34,272 | 1NTkW | 68.835
phase 1 | |

312 | Otus (GPU only) | Universitat Paderborn-PC2 | 19,440 | 68kW | 68.177

88 Capella TU Dresden, ZIH 85,248 | 445kW| 68.053
1 |

@ Energy efficiency is not correlated with computation power
@ The typical unit is FLOPS/W (flops per Watt)

363 ‘;SO%LZII:Energy Samsung Electronics | 11,200 i 69ka 67.251

116 | Helios GPU | Cyfronet 89,760 | 317kW | 66.948

451 | AMD Ouranos | Atos / Eviden 16,632 | 48kW | 66.464

@ Addition energy consuming mechanism such as cooling should be considered

10 85 | Portage Hewlett Packard Enterprise | 129,024 | 370kW | 66.277
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Before After

= ek g el I
High-Performance = 4=~ =" In the Exascale Era
Energy: Lifecycle —— S8 ==
Before During After
Producing the Required Energy IT-related Activities Destruction and Recycling
Energy and Material Sciences Computer Science and Electrical Engineering ________Mg’gqti_a_l_s_gi_e_r_\t_:g_s _______
/,/ n \kl\,, \\\‘
B N ‘
| /E\ HFR co |
i T
e A
o |
J nrl — I : " i
E RRRR ' 71 Collection Processing :
| Thermal _ N}Jclear Transportation ~ Carbonization :
. Hydroelectric Biomass " | Disposal Transformation
. Wind Gaz /. Sorting Manufacturing
+._Solar Coal .

Each phase consumes energy and produces carbon through the corresponding activities.
The main concerns are financial costs and environmental impacts (carbon emission and waste of natural resources).
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High-Performance Computing in the Exascale Era
Energy: Costs & Impacts

@ Energy has a financial cost and a CO, equivalent (both depend on the considered region)

@ The corresponding CO, emission is a serious concern, thus the focus on renewables

@ The consumption of natural resources for energy production and cooling system (water) is a also a concern

@ Al Boom has exacerbated the the alarming level of energy needs and natural resources waste

ismrnciren - I THE CARBON COSTOF A /-

FOWER CONSUMPTION

o |
ﬂ.g cf‘,f.,g:ksgﬁl,s Tons of CO, equivalent (2012-25)
2020 GPI-3 | se8
2021 Megatron-Turing NLG I 1,432
2022 GLM-1308 | 301 g [penpecthe |
= = One average car's lifetime
Falcon-1808 I2.9‘73 4'r/ emissions: 63 tons C0¢
2023 i S That means, training Grok 4
% 5 184 S| # emittedr 0z than th
7,500+ 5.75M G4 B _ Wi
DeepSeek V3 I 597 1,100 average cars
024
Uama314058 - 8,930
3 5 Grok 3
- OM AVERAGE, ONE DATA CENTER USES THE EQUIVALENT POWER OF 2025
YEARS i

SOURCE: STANFORD'S Al INDEX REPORT 2026
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High-Performance Computing in the Exascale Era
Energy: Energy-Aware Computing

Use low-power computing devices whenever possible

Key Metrics &
Hardware

Use energy-aware tasks managers for job scheduling
Play with hardware/OS energy-related settings/parameters

IT resources sharing

Software-Level
Energy Optimization

Wisely use power-hungry applications like generative Al

Energy-Aware
Computing

Give a serious attention to energy beside performance

Generative Al &
Green Workloads

From the programming perspective, power-aware computing
is an increasingly important topic, which is addressed
through energy-aware program design & implementation
and tools for dynamic energy-aware monitoring.

Infrastructure &
Perspectives

Power & Carbon Metrics (PUE, WUE, CO:ze)

Hardware Architectures (from Edge to Exascale)

Measurement Tools & Carbon Estimators

Energy-Aware Compilation

& "Energy Smells"

Dynamic Power Management (DVFS & Capping)

Spatio-Temporal Workload Consolidation

LLM Training & Agentic Inference Overhead

Algorithmic Compression (MoE, Quantization, ...)

Decentralization (Federated Learning & SLMs)

Advanced Liquid Cooling (D2C & Immersion)

Sector Coupling & Energy Reuse Factor (ERF)

Legislative Compliance (Scope 3, CSRD, Al Act)

Foundational
> Measurement
& Scale

System
> Optimization

Al Workload
> Dynamics

Facility &
> Policy
Governance

Claude TADONKI
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High-Performance Computing in the Exascale Era
Energy: Questions & Discussions

Could you understand the concern related ! )

to data centers ?
_

-

Mainly carbon footprint and waste of
natural resources (such as water).

(

How can we reduce power consumption ?

S

Energy-efficient devices, wise use of IT,
good energy management, regulations,
energy-aware design, reuse, ... .
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High-Performance Computing in the Exascale Era
HPC Curriculum:

@ Since the advent of multicore processors, consideration for  p,rael Provsesiing

parallel computing has considerably spread. Ml bl bbbl s il
. ) . Parallel Architectures
@ Parallel computing is not just the use of parallel programs (configurations, mechanisms, parallel machines)
. . . . . Parallel C ilati
(1] UnderStandlng pa ra"ellsm at deS|gn and execution levels is (;:pileatior? :ggr:n?q:?er;, code optimization, automatic code generation, deployment methodology)
important, thus the need of corresponding courses Parallel Systems

(OS related parallelism, schedulers, monitoring)

@ Fundamentals of parallel modelling and parallel algorithm shi e

be 'ta u ght to H PC Stu d e nts (organization and specification of the computation and execution models)
p . . Parallel Algorithms
@ Al Code Generation is a threat to ordinary programmers (analysis, design, paradigm, asymptotic evaluation)

Parallel Scheduling

gl S (parallel timing & mapping of the computation)
l yes & no : -
YES == No : Parallel Complexity
< Ordinary user 2 ’ (models of machine, complexity analysis, complexity classes, reduction)
yes > w
N
. : Parallel Programming

Teolsand frameworks for Ordinary - (languages, tools, frameworks, deployment, debugging, evaluation, profiling)

seamless parallelism. yy\%cﬁtioners ?//‘w
o

' Method and tools for

L> Parallel Programs Checking and Correctness

: Pi ’ ramm{n (specification, semantic, proof)
. parallel programming yes \\i:gpem/?j/ e
&
Parallel compilation & Formal and theoretical Claude TADONKI, HPC Curriculum and Associated Resources in the Academic Context, arXiv:1802.01110
program optimization aspects of parallelism

Claude TADONKI 8 AMRITA
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High-Performance Computing in the Exascale Era
Perspectives

HPC is evolving at a high speed and with significant achievements

The Al boom has maghnified this evolution and has pushed the horizon of HPC

The HPC Landscape will have to deal with large-scale data centers and the corresponding implications
The rise of specialized HPC devices will continue for specific but demanding computing tasks

The HPC ecosystem will be increasingly diverse, with heterogeneity becoming ordinary

Energy and environmental concerns will have a noticeable influence on HPC activities

Quantum machines are on the way

Claude TADONKI 4
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High-Performance Computing in the Exascale Era
END

Thanks for your attention and participation
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   n  c   = 7630848   ;   f = 2   ;    s  c   =   512  64   ; F = 2 . 2  


  P =   7630848 × 4 × 8 × 2 . 2 = 537 . 21  


  𝜎 ( p ) =    T s   T p


  e =     𝜎 ( p ) p 𝜖 ] 0 , 1 ]


   T s : s e q u e n t i a l   e x e c u t i o n   t i m e      T p : p a r a l l e l   e x e c u t i o n   t i m e              
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