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CERN
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CERN is the world’s

biggest laboratory for
particle physics.

Qur goal is to understand
the most fundamental
particles and laws of the
universe.

Located near Geneva on
either side of the Swiss
French border



How do we do it?

* We build large machines to study the smallest particles in the universe
« We.develop.technology to advance the limits of what is possible
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- Large Hadron
Colllder (LHC)

o 27 km in circumference

e About 100 m underground

« Superconducting magnets
steer the particles around
the ring

e Particles are accelerated
to close to the speed
of light



®

The detectors measure the energy,
direction and charge of new
particles formed.

.

They take 40 million pictures
a second. Only 1000 are
stored.
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q The LHC detectors have been built
by international collaborations
covering all regions of the Globe.
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Last transfer was on : Mi .28 July 2019 08:00:00

D iy -.—-“—— ————— -
g . e

LOADING 1'

100 %

600.0 PB

300.0 PB
= ] — ==
0.0PB
DATA TRANSFER CONSOLE
Used to store, 1 million processing || pore than 1000 Petabytes

oo e i o cores

;zd:zzssaésés'ané}r]{n -t Tnpmqunkq? Mnndngngulg?UlQ()él}Uj dIStrIbUte, process .

R e g I dat in about 120 data centres
and analyse aata. and 42 countries.

of CERN data stored
world-wide.
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Storage in High Energy Physics

- ﬁ Archival & Backup Storage

f; Storage for Data Acquisition iﬁ Storage for Home Directories

ﬁﬁl '

Y l&'i!ISE;

Storage for HPC

g Storage for Applications

.~ Y Private Cloud Storage L Storage for GRID Computing

{! 5 Public Cloud Storage

Storage for Software

g Distribution
é Storage for Data Analytics

e=me | Storage for Physics Analysis Storage for Sync&Share
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Data Acquisition / Data Takin
* Hundreds of streams possibly as fast.e

« 50-250 MB/s per stream with File

* 400 MB/s-1 GB/s per stream with fa
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Data Analysis '

« >100 000 relatively slow streams r i
from 70 000 HDDs -
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External
Data Center

CERN Data Center

Experiment Site

Detector

‘Middleware
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Physics Storage and Data Management Services

Storage
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| ‘eos.cern.ch
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Qoftware to manage Disk Storage - 930 PBJ

@

CERN
lape Arcnive

cta.cern.ch

\Software to manage Tape Storage - 730 PB/

TRANS

DISK

D@1

SIERLENON

Data Management

File Transfer Service

7 fts.cern.ch

f

Middleware to run File Transfers - 1 Billion / y@
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General Storage Services

General Home, Media & Project spaces

WLCG

~100PB
Physics Data
worldwide

Web Analysis

30K clients
1xplus

lxbatch
soco@oa

o
B CodiMD [ :
: physics analysis

suw i er

150K+
clients
worldwide

cvmfs

Data Analysis & Physics Infra

@ m puppet ..

General Infrastructure & Services

mﬁ

Backups
Prevessin Zone

Sync/Share

openstack.

OPENSHIFT

\oo

2%

. DOVECOT :

AFS |FILER

S3

RBD cephfs

EOS File Store

CEPH Object Store @
ceph
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Why does CERN develop storage software’?

1 .r;ﬁ—' ===
_’ =2
- Extremely large amounts of data T
Experiments such as the Large Hadron Collider (LHC) generatel
be stored, processed and distributed efficiently. Commercial s
requirements.

 Adapting to special requirements .
CERN requires highly specialized storage solutions that are optimized for proces

access, high throughput rates and long archiving times. —’§ ‘ i‘w S

4 BB

« Scalability and availability — =3 -\-k""\‘k TN ..\

The storage systems must scale globally and remain reliabl
as EOS (for high-performance storage) and CERN Tape A

« Cost efficiency

3 -~ P NN
In-house developed solutions can be more cost-effective than cﬁ cial alternatives;espe ’ ‘?\:"\
managing exabytes of data. «‘; e \\ b\ TR e N
« Open science and open source aan! I 5 SR ﬁ <
CERN relies heavily on open source software to promote transpafenc ration® ,",_J el any of tl}storage
systems developed, such as EOS, CTA and XRootD, are publlcl ava - othe .\ research institutions

- Optimization for physics workflows

Scientific applications have special requirements in terms 0
always optimally supported by standard storage solutions.
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CERN IT Data Storage Services (i'i/@/

- -——~--~ ___—-symghafe'
-~ . PR - services _
Tape services Diskiservices OpenStaCk
P local batch cluster
O(10°) cores

Tape Archive

&

EOS

Total Space (raw)

Files Stored

~8 Billion

# Storage Nodes

~1600

# Disks

~80000




EOS Open Storage — CERN;D“i

What is EOS?

— Highly scalable distributed storage system for large

amounts of data at CERN

Development & use:
— Developed at CERN for high-energy physics

experiments (e.g. LHC)

— Optimized for high performance & low latency
Features:

Software-defined storage with POSIX-like access

High scalability for petabyte to exabyte data volumes
Replication & erasure coding for data security

Low latency, optimized for many parallel I/O operations
Integrated with CERNBox (“cloud storage for physicists®)
Cost-efficient

Areas of application:
— Data storage for LHC experiments - over 20 instances

at CERN

— Storage of scientific analysis data
— Research & development in distributed storage (WLCG)

- dozens of deployments worldwide

-
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EOS Architecture

Highly-available and low latency namespace:
e Namespace persisted on a distributed key-value store
e Working entries cached in-memory

Highly-available and reliable file storage, based
on (unexpensive) JBODs:

— build.ma
— checksum

Adle
Chec
crcd
cred

— cmake_cl
— CXX.inel
— DependIn
— depend.i
l— depend.m

e File replication across independent nodes and disks

e Erasure coding to optimize costs and data durability namespace

namespace

MGM : meta data server

MQ : message queue

NS : persistent namespace
FST : file storage server




<3h Storage

. Realtime Buff
BT e i —— . -

250 Nodes
with
fk x GPUs
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(range variant of Asymmetric Numeral Systems)

CERN Experimental Site
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Points of Concern Server Evolution

SS8 2022 2025 - R&D
4 JIES] 166 - 100 -200/400GE
85 48 22 28 TBHDDs
S 96 . 120 — 60 HDDs/node
Rep2) —mix— EC(10,2)++

&uad —~Quad— Pizza Box

e HDDs size growing
o 50-100TBby 2030

B Disk Server Capacity
B 2023/24 B 2025 R&D
3

e Performance-Capacity
Ratio is going down

e #streams per HDD
expected to go up

o Reduces HDD bw R&D
o EC increases#streams §§
by up to 10x
e Fewer servers needed Arm/intel/AMD
to provide capacity CMR/SMR/HAMR
o Need toincrease NVME/ Low-cost Flash
network connectivity per

server
0 Need to reduce number
of disks per front-end

server

Hybrid Flash/HDD
Hybrid Disk/Tape
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CTA (CERN Tape Archive) Architectul
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« A tape copy is an offline file for
EOS _
* Intended to meet the requirements > W7 W Retrieve
of Run3 and Hi-Lumi LHC
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EOS is natively used as a namespace orage
and disk pool manager ° ° 5
A pure SSD EOS instance with tape 5 5 5 5
backend -
Conceived as a fast buffer to the tape ®| @] e |&
system d : : )
* File residency on the SSD disk is ‘
transitory
® ®
® ®

®
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Rutherford
Appleton Lab

Institute of High

Energy Physics
(IHEP)

0...‘
.
A

Fermi National Port d'Informacid
Accelerator Lab < Cientifica

(FNAL) > o~ " (PIC)
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CERN - IHEP CTA Collaboratio
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Institute of High Energy Physics, Chinese Academy of Sciences

Overview Stats

storage and Backup ;E]]'I“’ é;* SEREL CTA status at IHEP « Total 88.27 PB/ Used 64.22 PB, 91.49 M Data
LHAASO: 10 PB/y * + 2 Experiments (LHCb & HERD)

:ESH: (Beiiitng L :JU r:o (Jiang;neng HXMT (Hard X-Ray
H E PS: 300 PB/Y a:,;cEPgll)e e Neu:'riﬁaogbservatary) Moderate Telescope) Tape Capacity by Experi
/ CSNS: 1 PB/y (}NS m Qiuling Yao .
- On behalf of Storage group i
CSNS (China LHARSO (Lagatlights ol e .
1 1 :pallati)on Neutron glglst:rc‘i;::l:ys)hower Photon Siurce) £l CO m p Utl n g Ce nte r, I H E P *
' — 2025-03 O
LTO7 & LT09 g’@ C ZVV({// ‘M: 2021 2022
ffer =T T | L
V87 International cd o o o
) . =JUNO
avs.| SATL Tape Infrastructure
i~ | EXPERI o By
: EOS Status at IHEP e B -— : ‘ '
CTA workshop 2025 i I BM TS3500 CTA workshop 2025
Frames: 12 Frames: 8

Drives: 15 LTO7
Tapes: 5k+ LTO7(+500)
(- LTOA4)

Drives: 20 LTO9

- W/m Iapes: 10k+|_| 09( 1 ()
W///////

24
ey
BES lib

| ] IBM TS4500

' IBM TS4500



Monthly tape usage at CERN — past 10 years

30.0 PB

READ

275 PB

25.0 PB
22.5PB

20,0 PB

17.5 PB

15.0 PB
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45.0 PB 1

WRITE

15.0 PB
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Data taking period
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25.0 PB
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10.0 PB
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Tape Storage challenges-

Market dominated by hyperscalers

Vendor consolidation

 Monopoly on the tape drive manufacturing
* Duopoly on the tape media manufacturing
Lack of competition = Price increases

Absence of features available in the past:
 Backward compatibility
 Media upformating

Focus on capacity growth not throughput

Consequences: - = P Tl S

« Need to keep older technology for longer =1 S L plpTiel i":_‘ =

- Data migration take longer and require = =8t el ararel e
resources (drive and cartridge slots) — : oL -‘,\7'

* Loss of technological competitiveness




powered by

Central Hub to access for CERN g l Nl l l ‘l{ e R 7,
Main features: A 4 l -

Storage and Synchronization (r‘
File Sharing and Collaboration

Versioning and File History (re ’ ‘
Security (encrypt data in transit
Integration with CERN Services

Scientific Computing (SWAN, L
Built upon the open-source softv ﬁ
Quotas: personal 1 TB; project s x “ ,

Engineers Physicists

Select a remote destination folder

CERNBox
alice
atlas
cms
engineering
experiment
Ihcb

project
public
scratch
user
home

ote path: home

vers\dense\ cembox

{4 CERN Templates

== \Web Access

Storage Usage Account Manterance

Edt ignore
Currently there is no storsge usage < {

nformation avalable,

Services &
Administration ‘ Sync Client

Modfy Ac
1 /eos

Cancel G

P THEET T T T T D N e aeep—_—
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Ceph, S3, CVMFZ and AFS
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Ceph B

Block: Openstack RBD Volumes for Virtual Machme,s
Objects: Backup target, native appllcatlons usmg S3I§
Filesystem: Openstack Manila Share, NFS- hke CLETCN

/

0_“'5‘

,'

Main Storage for IT Infrastructure: =0
* OpenStack, K8s/OKD, GitLab, Container regmtﬂeé]
 AFS, CVMFS, Dedicated NFS Filers ,:-/ A

-Ji G
CVMFS 5
Read-only filesystem to deliver software packages 'a nd d

7’

>

AFS -l

Home directory shared filesystem for interéctj;ﬁﬂga



IT Provided Databases ‘}‘“

ORACLE

124 instances / ~1200 schemas
+1000 data volumes
2.7PB physical space / 6.5PB logical space’ it

MySQL / PostgreSQL / IanuxDB \

+ 1500 instances
+ 3000 data volumes
165TB physical space / 245TB logical space

7 NetApp clusters

NFS exported to database hosts
Logical isolation per use case
Physical isolation per criticality

28



CERN Storage Volume comparison CE/RW

Status Q4 2024 o

raw capacity

Tape Archive

On-premise @ Ceph

Cloud

Sync & Share @ CERNBox

IBM Storage Protect Licens
tape backup 15 PB

HDFS

AFS Home
Directories

29
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Physics

CERN Throughput / Cost comparison

S
I}

Tape Archive

Cost ratio of disk : tape is around 4-5 : 1 of ¥€S per TB

Why do we have so much disk vs. tape capacity?
Data analysis requires disk storage with high bandwidth
Data archiving requires with tape storage at low cost

CE?W
\

Nt

60 GB/s

30
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CERN openlab mnovatlon platform

e

1 1
PURESTORAGE Jii& .[] cerabyte

-
Breaking the DRAM Barrier ). . l
Traditional SSD scale is limited by dependence on DRAM - ‘ 1
- |
DRAM and over-provision flssh, over-provisioning of NAND: ! |
-
[ | Sham - - -
* Next-Generation Exascale Flash Storage ’ Eva_l,uating- ne
* Investigate the latest flash technologies to build a high .
performance and environmentally-friendly scalable solution
* Integrate DirectFlash technology into CERN's storage system .
(EOS) to increase the scalability and its efficiency
« Evaluate DirectFlash and HDDs EOS auto-tiering model . p cod’es, arrange
+ Demonstrate viability and value in HEP environment, * Potential tp’offe mat;vé to tape
evaluate possible solutions that might replace HDDs * B, ' a b

B T



CERN LHC Future...




Hi-Luminosity LHC Schedule

2025 2026 2027 2028 2029
J|FIMAM J|J|AISIONID|J|FIMAM|J|JJAISIONID|J|FIMAM|1|JJA|SIOINID| J|FIMAM|J|JJAISIOINID| J | FIMAM| 3|3 AISIONID

Extended LHC Run3 Long Shutdown 3
Operations Accelerator Complex and Experiments Upgrades

High-Luminosity LHC Operations
Run4

2030 2031 2032 2033
AM J|J|AISIOINID|J|FIMAM|J|J|AISIONID|J [FMIAM 3| J|AIS|OINID{J|FIMAM 1| J/AISIOIN.

33



Experiments’ Computing Model

Run Run 4 (1=88-140) Run 5 @=165-200)

o’ | L) | i L ) L L LI If ) it | l T 17 I % 3 l | B (i ) I
50000 .. = | % — ATLAS Preilmlnary n
— . CMS Public @ | 2022 Computing Model - CPU / -
v - Total CPU 3 B [
- L 2022 Estimates T N 2l
Q© 40000 —= NoR&D improvements = | * Conservative R&D ‘/ )
?" I -®- Weighted probable scenario - - Aggressive R&D ! ,./'/ i
0, 1 — A -
g [ = 101to20% annual resource increase ,/ % [ Sustained budggt model 8 / i
N 30000 Factor x3-4 / — g 30_— (+10% +20% capacutylyear)F g < a
I I g - ‘ -
= P | O i %
2 20000 Va 4 & 20 N
U I / O | -
= i |
5. | 2 —
£ 10000; -=="71 & 10 o g
= i - 1
0 I l I l I l l I | Ol_l l 1 L L Rl i 1 i I 1 Ll I | 1 | - l = | L l L i
2021 2023 2025 2027 2029 2031 2033 2035 2037 2020 2022 2024 2026 2028 2030 2032 2034 2036

With ~7M HS06 (CMS+ATLAS) in WLCG we see 220k parallel streams on CERN Physics storage system (EOS)
 How many parallel stream should we expect with 50 MHS06?

* In Q4-2024 CMS demonstrated remote reconstruction from WLCG Tier-1s reading directly from CERN
* Will this be a general trend for the future?




Experiments’ Storage Model

v Y LA B |

TLAS Preilmlnary
22 Computing Model - Tape

.'.,,.l.....,...,..,]...,...,
ASPrellmlnary =
22 Computing Model - Disk

'
1

.“‘

e Tier-1 Conservative R&D
v Tier-1 Aggressive R&D

-— Sustained budget model
(+10% +20% capacity/year)

* Conservative R&D
v Aggressive R&D

— Sustained budget model
(+10% +20% capacity/year)

R T L el O |

Disk Storage [EB]
1 luul‘;uﬂ
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2020 2022 2024 2026 2028 2030 2032 2034 2036 7070 ?ﬂ?? 7074 7076 2028 2030 2032 2034 70'26

1 8000 T T T T T T T T

- CMS Public CMS Public

Total Disk 70001 Total Tape
2022 Estimates 2022 Estimates

- No R&D improvements —&— No R&D improvements
-@- Weighted probable scenario
== = 10 to 20% annual resource increase

-8~ Weighted probable scenario
== = 10 to 20% annual resource increase

=
N
w
o

1000

750

Total Disk[PB]
Total Tape[PB]

500 =

-

250
ol

| | R el [’ 1 1 1 1 1 1 1 I | 1 1 1 1
05051 3023 2055 2057 3029 3031 3033 2035 3037 2021 2023 2025 2027 2029 2031 2033 2035 2037

In ~2030 CERN IT will need to provide ~3-4x more of the current storage capacity to LHC Experiments

Note: Capacity does not automatically translate into required performance!




Archive Growth Projections

2022 — 2025 43EB -

* Up to 350 PBl/year
* Up to 50 GB/s

2018 2020 2022 2024 2026 2028



- Summary

__*» CERN operates complex infrastructure (accele

— diverse HEP experiments

— hundreds of PBs/of expefim

- CERN develops.its own ope
- EOS for.data analysis

 CERN requires various solutions to ca
ent data

»

pture, sfore, rﬂ‘a{&
+§

n-source software

. ,
rators, deteqt s, ccon‘kputin

|

| | |
g%, analyse|and

| | | ;
| s ¥ ‘,

3

distribute

|
|
i

g) to supp

|
|

|

'« Therelis.currently-around 1-EB of data stored in these systems

E fo
s« CTA for-long term archive i

These twoscomponents ‘will continue to'bethe main buildin? blocks for the future
High-Luminesity ‘HCRun-4 supporting thesincreased workloads

CERN ié"élo\s:;ely following the main trends in flash, magnetic disk and tape data storage
and addressing miscellaneous challenges as these technologies evolve

37.
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