Hardware Technology In
the Al era

Andrea Sciaba

@ERNW IHEP and CERN-IT meeting
Z A



Introduction

« Hardware technology evolution now is dominated by the needs of Al
* More powerful GPUs for low precision calculations, lots of fast HBM memory, large and fast SSDs

« The market price situation is dire due to exploding demand
« Big Al companies are buying as many chips as possible, for any price and years in advance

« The rest of us are faced with unsustainable prices and long waiting times
 Procurement for WLCG sites is becoming a nightmare
« The “flat budget model”, assuming a ~15% yearly decrease in unit resource cost, is now broken

«  Will need significant compromises and some creativity to fulfill the resource pledges

 The objective of this talk is to illustrate the status of hardware technology and what it
means for HEP

« Special attention to cost evolution
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Resource requirements in WLCG

In 2025, WLCG corrected its estimates for yearly resource
cost reduction

« -10%/year for CPU and tape, -5%/year for disk
« Already optimistic today

LHC experiments have fresh estimates of their resource
needs until 2040

* “Projected disk and tape needs exceed expected available capacity even
under optimistic assumptions” (CMS O&C for HL-LHC CDR, 2026)
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Trends in semiconductor industry

7nm and Below Revenue

800 TSMC revenues
« TSMC makes most CPUs and GPUs for data o
centers %

* Nvidia now the top customer, followed by Apple I I I I I I I I I

20
10!
« The advanced nodes (< 7nm) generate 75% of the 1024 2024 324 4Q24 1025 2025 3Q25 4Q25 1026
revenue

Revenue (NT$B)

o

* Revenues increasing ~30% year-over-year

o

E7nm =5nm ®=3nm

« Adding more N3 fabs in Taiwan and Arizona and converting
Other fabS from N5 tO N3 Pure Foundry Market Share (Q2 2024 — Q3 2025)

« Samsung and Intel Foundry cannot offer much
competition today

* Intel's 18A competes with TSMC N2 but still ramping and
used only for Intel CPUs

Share (in %)

Revenue

* Intel's 14A will not be production-ready until 2027 and

needs a big external customer for it to succeed 1S et o i et 8
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https://www.tomshardware.com/tech-industry/semiconductors/tsmc-ups-revenue-guidance-and-capex-buoyed-by-multiyear-ai-megatrend-warns-middle-east-conflict-may-impact-profitability-as-costs-increase
https://counterpointresearch.com/en/insights/global-semiconductor-foundry-market-share

M

emory market

Samsung is the biggest memory maker (~38%
market share), but SK Hynix leads the HBM
market (~58%)

e HBM is needed for data center GPUs and demand is
almost entirely driven by Al

« Al data centers buy 70% of the global production
capacity

« HBM is much more profitable than DDR5 (~5x revenue
per wafer) and production lines are being migrated

Revenues are increasing enormously

« 25Q4 QoQ: Samsung +43%, SK Hynix +25%, Micron
+12%

Global HBM Market Share by Revenue (Q4 2024 — Q4 2025)
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Al as a % of Total DRAM Wafer Capacity
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https://counterpointresearch.com/en/insights/global-dram-and-hbm-market-share
https://newsletter.semianalysis.com/p/the-great-ai-silicon-shortage?utm_source=post-email-title&publication_id=6349492&post_id=190110359&utm_campaign=email-post-title&isFreemail=true&r=6mlufy&triedRedirect=true&utm_medium=email

Processor market

Server x86 CPU Market Shares (in %) tom’s HAT'{ DWARE

- A% g o 07 1% oc o Data by Mercury Research
100.0% 96.8% 9717 96.6% 95,71 05.5% 9.9 04 —
"93.4%92.9%

91.1% 90.5% 59 8% 89,31 s 41
8

- AMD steadily increasing its market share

* Intel is struggling, but it still has the largest share ..

 Al-driven demand is high enough to exceed its
production capacity

« Working with Nvidia to provide CPUs for their rack-level
solutions

——AMD ——|ntel

« ARM being massively deployed by hyperscalers Arm CPU Expected to Further Expand Market
and Al companites Share of Server CPUs in 2026

« Ampere, Nvidia Grace (soon Vera), AWS Graviton5,

Axion, Cobalt, Arm AGil... .
- Expected by some to dominate Al server CPU market by VD
2029 because of high energy efficiency
 RISC-V still under the radar Intel
- Some server CPUs are being produced, mainly in China
and might become relevant in a few years

Source: TrendForce

>

>

1= TrendForce
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https://www.tomshardware.com/pc-components/cpus/30-percent-of-x86-cpus-sold-are-now-made-by-amd-as-companys-market-share-grows-thanks-to-a-flagging-intel-enjoys-growth-across-all-segments-as-competition-intensifies
https://www.trendforce.com/research/download/RP251205OX

G

PU market

Nvidia is the Al leader by far
* > 90% of revenues for training, ~75% for inference

« Might slightly decrease with more competition from AMD and
custom chips

Data center revenues are ~80% of their total
« > $100 billion in 2025, $130 billion expected in 2026

Prices of B200 set to rise by 20% by end of 2026 due
to memory cost inflation

AMD now making more money from GPUs than from
CPUs

« $100 billion deal with Meta to provide custom GPUs
optimized for inference

« “6 GW” of Al compute to sell to OpenAl in 2026-2030

Intel has Gaudi Al accelerators but negligible market
share

$3,000 M

$2500 M

$2.,000 M

51500 M

S1,000 M

$500 M

Nvidia revenues

© Additional Information

H N o » *

Statista 2026 &

Opteron/Epyc CPU Revenue

Instinct GPU Revenue

AMD revenues
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https://www.statista.com/statistics/1120484/nvidia-quarterly-revenue-by-specialized-market/

Storage market

« Data center needs for storage expected to grow
20%/year until 2029

¢ MOStIy HDDs because they are much Cheaper Flash Memory Market Growth Driven by the Inference Market

- HDD market split among WD, Seagate and Toshiba L=
. . ' Flash memory market CAGR

* Nearline drives 60% of the market W— CAGR +20% S
- NAND flash market dominated by Samsung, SK 1500 | o

Hynix and Kioxia/WD w!l = B l i

« Demand driven by Al inference (needed for KV caching)! e N Non-Al

« Revenues reaching $170 billion, +140% from 2025 . I o

- NAND wafer prices increased by ~250% in a year and still Biob CERn Heis KRk ke

|ncreas|ng by ~35%/quarter m Non-Al Training mInference

Source: Techlnsights, Samsung Securities Estimate, Kioxia Re-quote, Translated into English by Jukan on X

» Production capacity will not increase until 2027-28

« Tape storage not under pressure
« Manufacturing capability exceeds the still growing demand
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X86 CPUS AMD CPU roadmap

Leadership CPU Core Roadmap

Future Node
Industry-First 2nm

« AMD'’s Zen 5 (Turin) the latest architecture _]
(e | ZenT

« 128 cores (192 Zen 5c cores) = [=} e

“Zen 4c”
New Matrix Engine

« Zen 6 (Venice) later this year with up to 256 cores and

Full 512 Bit Al Vectors More Al Pipelines

DU Fore e o i Re-optimized Cache Hierarchy

PCle 6.0 support L 20wt

* “Verano” (?) in 2027, not clear if Zen 7 or a specialized e —

Zen 6 variant

* Intel’s Xeon 6+ (Clearwater Forest) this year

- 288 E-cores, aimed at cloud, edge Al, telecom Xeon Roadmap

Xeon Family Availability Core Type Process / Packaging
* Di d Id d

Diamond Rapids end of 2026 teonEeore e

« Upto 192 P-Cores, no SMT o cp
{(?rf?ar:\ite ‘[f;;ﬁjs) September 2024 P-core Intel 3 + EMIB

« Unclear what comes next
Xeon 6+ E-core
(Clearwater 1H 2026 (initial target) E-core Intel 184 + Foveros Direct 3D / EMIB 3.5D
Forest)
Diamond Rapids 2H 2026 or later P-core Unconfirmed
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https://www.tomshardware.com/tech-industry/semiconductors/intel-chip-roadmap-2026-2028

Arm CPUs

Nvidia Vera CPU, 2x performance over Grace
- 88 cores, 3 nm, SMT, +40% L3 (162 MB), 1.5 TB of SOCAMM

« Offered also as a standalone product

NVIDIA Vera CPU

88 NVIDIA Custom Olympus Cores

Arm jUSt announced thelr own AGl CPU for 2026H2 176 Threads with NVIDIA Spatial Multi-Threading
- Targets Al infrastructure, marketed as “agentic CPU” w5 ‘S‘BTB/SSV“”“:EG )
136 Neoverse V3 cores, 3.7 GHz, PCle6, DDR5-8800, TDP 300W 1.2 TBJs LPDDRSX

227 Billion Transistors

Ampere
« Ampere Altra will carry on for low power compute (up to 128 cores)

«  AmpereOne (192 cores) — AmpereOne M (192 cores, more DDR5
channels and PCle lanes) — AmpereOne MX (256 cores, 3nm, 512

CO reS) AmpereOne® Family
¥ - R me= gl grmeee gl ysmoos gl nesi
Fujitsu set to release Monaka in 2027 &= = > o
= AmpereOne® AmpereOne® “M" AmpereOne® “MX" AmpereOne® Aurora
* 2nm, 144 cores, 12-channel DDRS5, PCI 6.0 with CXL
’ ' ' ' r Shipping Now : : Shipping Q4 '24 : : In Fabrication : :Nex( Design Product:

» Positioned for Al inference, simulation and data processing
« Followed by Monaka X (2029), Monaka X with NPU (2030), Monaka RS RT

XX (203 1) \& ggltzg%‘com'hm Continued Ship Support at Least Thre h 2030
Arm is being considered as a power-efficient alternative = e
to x86
C\E?W IHEP and CERN-IT meeting 12
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G

PUSs

AMD’s current lineup is very competitive for Al
« MI325X: optimal for high precision computation

« MI350X: optimal for Al

AMD’s next gen will also support both Al and HPC
«  MI440X: low precision Al computation, moderate power and cooling

« MI455X: liquid cooling, rack-scale deployments
* MI430X: strong FP32 and FP64 for HPC

Nvidia GPU almost fully focused on Al
«  GB200 NVL4 (4 GPUs, 2 CPUSs) or HGX (8 GPUS)

* GB300 trades FP32/64 performance for FP4

AMD GPU specs

- MI300X MI325X MI350X MI355X

FP4
matrix

FP8

FP8
matrix

FP16

FP16
matrix

FP32
FP64
Memory

TDP

2.61 PFLOPS

1.3 PFLOPS

163 TFLOPS

81.7 TFLOPS

192 GB HBM3

750 W

2.61 PFLOPS

1.3 PFLOPS

163 TFLOPS

81.7 TFLOPS

256 GB HBM3

1000 W

9.2 PFLOPS

4.6 PFLOPS

144 TFLOPS

2.3 PFLOPS

144 TFLOPS

72 TFLOPS

288 GB HBM3e

1000 W

Nvidia GPU specs

H200 SXM B200 HGX B300 HGX
Edition

RTX Pro
6000 Server

10.1 PFLOPS

5 PFLOPS

157 TFLOPS

2.5 PFLOPS

157 TFLOPS
79 TFLOPS
288 GB HBM3e

1400 W

. ﬁlélbvilnbwiléfu_rdthher increase low precision performance and 2 9PFLOPS  14PFLOPS 4PFLOPS  35PFLOPS
andawidat
* Only liquid cooling and rack integration is the focus (NVL72: 72 GPUs, S| roms DTRIORS SPRORS ERRORS L iors
36 CPUS’ 200 kWI) FP16 1.979 4.5 PFLOPS 4.5 1 PFLOPS 4 PFLOPS
. . . tensor TFLOPS PFLOPS
* Intel IS developlng Jaguar Shores as Integrated AI platform FP32 67 TFLOPS 75 TFLOPS 75 TFLOPS 120 TFLOPS 130 TFLOPS
+ Crescent Island (Xe3P) new GPGPU architecture will support FP32/64, S B E——— Loss s TrLops
using LPDDR5X and optimizing performance per Watt and cost = GPS s
Memory 141 GB 180 GB 270 GB 96 GB 288 GB
HBM3e HBM3e HBM3e GDDR7 HBM4
TDP 700 W 1000 W 1100 W 600 W 2300 W
C\E?W IHEP and CERN-IT meeting 13
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Takeaway message for GPUs

 Generation-to-generation improvements focus on Al 140
 low precision performance, memory size and bandwidth o
- AMD seems keener on having HPC-oriented products than Nvidia -
* Nvidia pushing for “emulated” FP32/FP64 40

* Current gen AMD GPUs are the FP32 champions ’
« But the RTX 6000 Pro leads on FP32 TFLOPS/$

* Current gen AMD GPUs are the FP64 champions

Performance/price for GPU servers at CERN

2.0
8.0
7.0
6.0
5.0
4.0

30

3.0
20

20
10

1.0
0

0.0

Vector FP32 (TFLOPS)
B S e . R, I S RN R RN SR
W P GV P P =N AN & P &
TR @B vi"@ Q\,@“ &@ & Q‘\d@@
Vector FP64 (TFLOPS)

T <> S L N » QS O

RTX6000 H100 NVL H100 NVL H100 NVL H100 SXM5 MI300X W7200 Q@f’ R \,b@ \,gﬁ” & (go“” s %‘\g\ S VY PP Q@‘
HRT R R W S S & S
EFP32 GFLOPS/CHF B FP64s GFLOPS/CHF OO Qg\-
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DRAM and NAND memory

« DRAM s improving in technology and
packagmg

* NAND Flash is improving in bits per cell and

« Scaling will go via the 4F2 cell layout and vertical

channel transistors (VCT), and further via “3D RAM”
DDR6 will arrive only in 2029, DDR5 keeps increasing

bandwidth (e.g. MRDIMM up to 12800 MT/s)
LPDDRG6 gaining popularity due to lower power
GDDRY7 lower cost alternative to HBM for GPUs

number of layers

Push for higher capacities, QLC on its way to dominate

the market (1-2 Tb/die in 2027)
Up to ~300 layers today, ~500 layers by 2027
Speed reaching 4800 MT/s per channel by 2027

DRAM Technology Roadmap: Generic

Year of HVM

Node

2D
Cell layout /
Structure 6F? 4FzveT A
i
= * Vertical
% % ¥ Daese
F [nm] in 6F2 13 12~11 11~10 10~9
Cap. pitch [nm] 39 cum e 36~33 33~30 30~27 24 21
F
Cap. AR. >50 " - - |22 >66 >65 570 >75 >80
Cap. Mat. ZrAIHfO i Alternative (HfZrO Anti Ferro, STO etc.
p . ey 2 ( )
BL w o \ = Low R metal
LK spacer - +
Peri. CMOS ) '
Invester Relations / February 15, 2024 TEL. 59

Major Memory Makers’ NAND
Layer Roadmap

Future Roadmap Production Base

South Korea
SAMSUNG 286<Iayer 400—Iayer V10 (/Pyeongtael;
V9 £ Hwaseong
(va) NAND: 2H25 orned
(Xi'an)
South Korea
. 321-layer  400-Layer 4D (Cheongju)
Kt (Vo) NAND: 2029-31 China
(Dalian)
Singapore
smicron. | 276-layer U.s. (in the
(G9) NA works)
(Idaho, N.Y.)
SANDISK %
218-layer 332-layer 10t.h Japan.
h gen NAND: (Yokkaichi,
K|OX|A (8t ) 2026 Kitakami)
Source: Business Korea, SK hyni,eeWord NEUVWWS
N 4 a Ecor Daily hitps/Avww endforce.com/new
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https://www.tomshardware.com/pc-components/dram/samsung-outlines-plans-for-3d-dram-which-will-come-in-the-second-half-of-the-decade
https://www.trendforce.com/news/2025/12/12/news-kioxia-reportedly-to-make-332-layer-10th-gen-nand-at-kitakami-in-2026-repurposing-existing-fab/

...And Accelerated Transition From Technology Introduction to
Volume Shipments

Disk storage

HDD capacity is growing at a rate similar to storage demand
(number of shipped units remains ~constant)

» Today’s “sweet spot” for price is around 24-26 TB

All HDD makers use some sort of energy-assisted magnetic C°"“""e*°::";::;:::;;‘,;1-,’;:::,3;:5;::;:;;;“""°'°9ies
recording to increase capacity per platter ZTHZ - - . MTINET

» Seagate is the technology leader with 44 TB HAMR drives ' ) @ @ @.
« Toshiba had a more cautious roadmap, using more platters and gl B

microwave-assisted MR (MAMR), with HAMR adopted after 2027

* WD chose energy-assisted perpendicular MR (ePMR) + SMR until 60 TB,
then fully adopt HAMR

HAMR

] Reinventing the HDD
« All makers expected to reach 80-100 TB capacity around 2030-2031 & Putting It into Customer Hands

Finally, progress on performance is planned
« Seagate intends to increase the number of actuators

« WD will introduce high performance drives aiming at 8x bandwidth and 4x
I/O using Dual-Pivot and High Bandwidth technologies

(ﬁ“‘“i\i IHEP and CERN-IT meeting 16
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Tape storage

.9
Barium Ferrite _i§§ Hybrid magnetic particles 355 Strontium Ferrite
ek ey Particles

BaFe + SrFe

Particles =~ BariunFeri

« Capacity will grow faster than throughput
« Longer media, smaller magnetic particles, more tracks

Particle volume used up to LTO-7

and better tracking accuracy .
+ Future media should move beyond today’s ~450 MB/s | =
 Magnetic material transitioning from BaFe to
hybnd BaFe+SrFe and f|na||y SrFe Percentual increase comparison
. . 1700
* Needed to increase density o proughPlt
« LTO-10 released with two native capacities e
« 30 TB cost-effective, 40 TB thinner and more stable g oo
700
 New solutions, e.g. head tilt to improve tape ”
dimensional stability o0
* No need for media initialization -

Source: V. Bahyl

@ERNW IHEP and CERN-IT meeting 17
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Prices and impact




Prices More Than Double in Q1 2026 vs. Q4 2025 j

I r I C e eV O I u t I O n Price Increase by Quarter (Memory Price Tracker)

DRAM NAND

« CPUs have been mostly spared by price increases
« Al data centers are fully GPU-centered

* This might change soon, due to the explosion of agentic Al

+35%

® Mem O ry p rl Ces | n C reaS ed by ~6X Q32025 Q4 2025 Q12026 Q22026 Q32025 Q4 2025 Q12026 Q2 2026

64GB RDIMM DDRS 8GB SoDIMM DDR4 12GB LPDDRSX

 Production will increase by just ~20%/year and won’t meet O vimme ™" © mdie @ =R
demand until 2030

« Contract prices should increase another 50% in the third quarter
and 40% in the fourth [—__1sotBTLCSSD [__]30TBQLC SSD 30TB HDD

« No relief before 2028 -
« Storage costs maybe the biggest concern
« HDD became ~30-50% more expensive, SSDs 5x more! $15,000

« Tape is not immune, tape drives price increased by ~30% and by
about ~5-10% for tape media

$20,000

$10,000

$5,000

Al not the only reason but the main one

« Helium shortage may impact the entire semiconductor and $0
Storage industry Q2'2025 Q3'2025 Q4'2025 ‘ Q2'2026

., 4.9x

C\E?W IHEP and CERN-IT meeting 19
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https://www.forbes.com/sites/tomcoughlin/2026/04/16/ssd-storage-capacity-prices-are-over-20-times-hdd-storage-capacity-prices/
https://wccftech.com/there-is-no-scenario-where-memory-prices-will-drop-anytime-soon/

Impact on WLCG

« Computing servers
 Increase of memory prices is enough to increase $/HS23 by 2-3x

« Fortunately, little need to deploy more CPU in the next few years (thanks to Long Shutdown 3)
* No hope to get back to the “flat budget” curve

« GPU servers
* Needs still marginal, no way to express pledges (yet), but sites will have less money for GPUs

« Disk storage
» Very critical, experiments will struggle to fit in the envelope

* Flash vs. HDD price gap has become enormous, must stick to disk

 Tape storage
» Probably price reductions will not happen as previously expected

« Overall, huge stress on the experiments’ computing models!

C\E/RW IHEP and CERN-IT meeting 20
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Possible mitigation measures

 Delay / advance procurement —
« Hoping for Al bubble to burst soon seems an increasingly bad bet

« Reduce hardware specifications
« Sites which were generous with memory/core cannot afford it anymore

« Consider using DDR4 — SGjtes
« Cheaper than DDRYS, it might still be an option in some cases

 Extend hardware lifetime
* Do not retire old hardware unless absolutely necessary

« Cannibalize components from old/broken servers

* Find more opportunistic resources
« Exploit as many HPC centers as possible

« Resource requests reduction by experiments
* Push for as much R&D as possible — Experiments

« Make GPUs a cost-efficient alternative to CPUs

« Convince funding agencies to allocate more money to hardware
« Asdifficult as it sounds, it might make the difference between being able to process Run4 data or not

C\w IHEP and CERN-IT meeting
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Conclusions

« Hardware evolution is heavily driven by Al use cases
 CPUs need to be power efficient; ARM gaining importance

« GPUs focusing performance for low precision
« Flash memory becoming dominated by very large QLC SSDs
« HDDs increasing in capacity towards 100 TB

* Incredibly high demand by hyperscalers and Al companies
« DRAM production directed to HBM, creating scarcity and high prices

» Flash vs HDD price gap increasingly crazily instead of decreasing

* Price increases are an existential threat for WLCG’s “flat budget” model
« Thankfully, we are entering 4 years of LHC shutdown

« Mitigation measures
» Explore “creative” solutions for procurement

* Revisit computing models and hardware requirements

C\E?W IHEP and CERN-IT meeting
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Hardware cost evolution at CERN

CHF/HS06

Price/performance evolution of installed CPU servers (CERN) V1 May 2026

100.00

10.00

121 108 105 114

HDD -> ssp 120% RAM price increase

INTEL - AMD price war, low RAM prices

0.77 1.07

1.00

2GB->3GB/core memaory

1.62 1.00
1.06 120

‘*m..
4"‘"‘.*...

%
N [ 8
COVID19 side effects AMD Turin 9.
1209

2030 diff = factor 1.55

0.10

20052006200720082009201020112012201320142015201620172018201920202021202220232024202520262027202820292030203120322033

Last 5 year average improvement factor = 1.21

CHF/GB  price/performance evolution of installed disk server storage (CERN)

v2 Sep 2025
10.0000
108 0 reference is usable disk space, cost figures include mirrored space
125
-—
.52 CERN disk server
1.0000
115 919 /
122
125 095 COVIDIB side effects
0.1000
memvement factor/year
1.05
T teoggg e
0.0100 Front-end server price increase 1.10
’ {memory + SSD)
2032 diff = factor 1.2
0.0010

2005 2006 2007 2008 200920102011 20122013201420152016 2017 20182019 202020212022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Last 5 year average improvement factor = 1.03

CERN
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WLCG CPU and disk cost variations

Purchase Power variation

CPU Cost Reduction (all sites, weighed)
(compared to previous year)

Baseline

Year of Procurement

—&—Measured Average

Purchase Power variation

120%

100%

80%

60%

40%

20%

DISK Cost Reduction (all sites, weighed)
(compared to previous year)

—&— Measured Average

Baseline

0%

-20%

L ==
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Nvidia GPU Performance/cost

FP32 GFlops per $ for Nvidia high end gaming (GTX), Quadro and HPC cards
[FP32 GFlops/$] Release date prices (PRELIMINARY)

100.00

:.1*30'7E RTX 5080

Improvement:

RTX 6000 Pro Blackwell
RTX GIDOQ A

Gaming Cards

10.00

Factor ~6
Improvement: ~1.25 [y

B200

Workstation Cards

HPC Cards

Error bars at the 10% level
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Memory and storage price evolution
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* Memory: 4x increase but stable since February
NVMe: 3x increase so far, slightly decreasing
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Tape media price evolution

Each data point = media purchase. Prices normalized to

. CHF/TB.
IBM 3592
:? ) . Source: V. Bahyl
-
8 , LTO . S

Overall tape infrastructure costs at CERN are primarily
dominated by the price of tape cartridges. ° °

IBM TS11x0 / 3592 technology cartridges offer ~twice the . .
storage density but it is ~twice as expensive as LTO.

Cheaper

Price/TB decline slowed down. x= quoted LTO-10 prices
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