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HEP Experiment: three easy steps

~1MB / event
~100B events

2 May 23, 2024 Storage for HEP

1. Collide particles

2. Take pictures

3. Infer parameters

cms 137" (13 TeV)
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Step 2: take pictures

1 photo / event
~B6M events cds:1733654

$& Fermilab
3 13 Dec. 2022 Nick Smith | Object Stores


https://cds.cern.ch/record/1733654/files/vol44-issue6-p026-e.pdf

Step 2: take pictures

~100kB / event

~10M events cds:182190

1 photo / event
~B6M events cds:1733654
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https://cds.cern.ch/record/1733654/files/vol44-issue6-p026-e.pdf
https://cds.cern.ch/record/182190/files/p38.pdf

Step 2: take pictures

~100kB / event
~1B events 10.1016/.nima.2017.01.043

~100kB / event
~10M events cas:182190

1 photo / event
~B6M events cds:1733654
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https://cds.cern.ch/record/1733654/files/vol44-issue6-p026-e.pdf
https://cds.cern.ch/record/182190/files/p38.pdf
https://www.osti.gov/pages/servlets/purl/1345607

Step 2: take pictures ~1MB / event

3

~100B events

CMS Experiment ot the LHC, CERN  §
_ Data recorded: 2012-Mary-27 233547 279030 GMT
B RunvEvent: 105000 / 137440354 \

OkB / event
' events 10.1016/.nima.2017.01.043

1 photo / event
~B6M events cds:1733654
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https://cds.cern.ch/record/1733654/files/vol44-issue6-p026-e.pdf
https://cds.cern.ch/record/182190/files/p38.pdf
https://www.osti.gov/pages/servlets/purl/1345607

Our inference pipeline
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Our inference pipeline

RAW
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Our inference pipeline

RAW
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Our inference pipeline

RAW
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Our inference pipeline

Centrally managed
RAW
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Our inference pipeline

Centrally planned, executed

T
L

Centrally managed
RAW
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Our inference pipeline

Centrally planned, executed

T
L

Centrally managed User-
RAW managed
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Our inference pipeline

Centrally planned, executed

T
L

N

Centrally managed User-
RAW managed
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Our inference pipeline

Centrally planned, executed

T

L

-
P(x|0)
Centrally managed User-
RAW managed
$& Fermilab
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Our inference pipeline

Centrally planned, executed Analyst / Scientist

T

-
P(x|0)
Centrally managed User-
RAW managed
$& Fermilab
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Our inference pipeline

Centrally planned, executed

T

L

’o o = .’: ‘.'
,,A q,x ’_ _1 o... o...
30k CPU-y 30k CPU-y 30k CPU-y 3k CPU-y

Centrally managed

RAW 100 TB-10 PB
100 PB

Order of magnitude for CMS Run-Il (2016-18)
Processing time (~100B events)
Data volume on disk

$& Fermilab
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Our inference pipeline

Centrally planned, executed

30k CPU-y 30k CPU-y 30k CPU-y

Running cores

300K
250K
200K
150K

100K

50 K ‘ | |
: [

2020-01 2020-07 2021-01 2021-07

== MC Ultralegacy

Sustained high throughput for
Run-Il data reprocessing

(If we did this on AWS: ~340M)

Central

100 PB

" .

ly managed

RAW 100 TB-10 PB

Order of magnitude for CMS Run-Il (2016-18)
Processing time (~100B events)

Data volume on disk
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Our inference pipeline

Centrally planned, executed

. WLCG: cloud of the 2000s

C

i L
N-

| Lab a

Physics Institutes

Tier3 Tier2

Desktop

300K

250K

200K

150K

100K

S0K
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== MC Ultralegacy

Running cores

Sustained high throughput for
Run-Il data reprocessing

(If we did this on AWS: ~340M)

2021-01 2021-07

.. :

‘ally managed
) TB-10 PB

Data volume on disk
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Order of magnitude for CMS Run-Il (2016-18)
Processing time (~100B events)
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Running cores

Our inference pipeline

Centrally planned, executed o
- WLCG: cloud of the 2000s 100K

C

:L.
B

I
G
E

Lab a
Physics Institutes

=
Tier3 Tier2

Desktop

J .
L}l\l(i)

IF) PAN
Cyfronet

Running jobs: 365644
Active CPU cores: 807139
Transfer rate: 21.54 GiB/sec
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Centrally managed data

Primary dataset

Abstract, “what kind of events.”

e.g. hard scatter process for simulation, trigger filter for data

@ )
AOD e

Data columns pertaining to
low-level reconstruction

éh -

.root '@

Qo
©®

Data tiers

\ —  1e9/file J

6 May 23, 2024 Storage for HEP

‘MiniAOD i

Calibrated physics objects
Particle-flow candidates

A

.root

\ - 1e9/file

J

Data volume
order of magnitude

[bytes]
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Centrally managed data

Primary dataset

Abstract, “what kind of events.”
e.g. hard scatter process for simulation, trigger filter for data

CAO DI g fl\/l INIAOD (esesen

Data columns pertaining to Calibrated physics objects
low-level reconstruction Particle-flow candidates

.root .
\ - 1e9file | J J

Data tiers

Data volume
order of magnitude

[bytes]

£& Fermilab
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Centrally managed d

Primary

Abstract, “what kind
e.g. hard scatter proc

AOD

Data columns pqg
low-level reconst

Data tiers

.root

\ = 1e9/file

Event index
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Centrally managed d

Accessed

P rl m ary Not accessed -

Abstract, “what kind
e.g. hard scatter proc 0

20
., ;

AOD | .
Data columns pgq ; *
low-level reconst
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Event index

120

140

160

Data tiers

.root

\ = 1e9/file
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File format

* Event Data Model (TTree)
 Branch: metadata about C++ data

type, basket positions

» Basket: serialized C++ objects

stored contiguously”

Number of products

MiniAODSIM data products

20.0 A

17.5 4

15.0 A

12.5 A

10.0 A

7.5 4

5.0 A

2.5 A

00

102

103

104
Average basket size [bytes]

May 23, 2024 Storage for HEP

10°

106

Son

Tree Data Structure

Collection
of Trees
fBranches = TObjArray of TBranch
Tree
fScanField S
vaxeventroon —Branch-0—Branch 1—Branch 2 —Branch 3}---
fMaxVirtualSize’ /!
fEntries I o H
d fleaves = TObjArray of Tl eaf
- - s 2
fDlmen5|9n | R
fSelectédRows ’ _f—’ Leaf O _’ Leaf 1 _’ BEane --------
I3 7 ¢
¢ 4 /’ - . TS o
- 2 ," “Tlen: number of T Blements B fType codes
fBasketSize e fLenType: numher of hytes of data type C : a character string
fEventOffsetLen "’ 1T01fsel: relative 1o LeafD- FAddress B : an 8 hit siglned inte_qer
N e 1 Nllvt.esIO: nuni.mr n.f bytes usel for 1/O b : an 8 hit nnsigned integer
: o I:snl‘omlel::TTme.;f:u:lhter S : a 16 hit siyned short integer
e o s eng:e. t“e ! _a as S s : a 16 bit unsigned short interjer
fAddress of Leafd fIsUnsiyned: True if unsigned 5 S
] *fLeafCouni: poinis to Leaf counter ‘ 4 1
kL i: & 32 bit unsigned integer
fName: Branchnamg fName - Leaf hame I : a 32 bit floaliny pont
fTitle: leaflist o 1Tille - Leaf iype (see Type codes) D : a 64 hit floadinyg poini
: i T00CK : a class name TXOX
)
fBaskeirvent ]
First event of each basket

—

Array of fMaxBaskets Integers

fBaskets = TObjArray of TBaske?

——) |Basket 11— Basket 2} --------

TNhytes: Size of compressed Daskel
1OhjLen: Size of uncompressed Daskel
1Datime: DatefTime when wrilten 1o slore
TKeylen: Number of bytes for the key
1Cycle : Cycle number

1SeekKey: Pointer 1o Daskel on file
1SeekMlir: Moinier to directory on file
TClassName: TDaskel’

fName: Branch name

fTille: Tree name ,

TNevBuf: Number of evenis in Basket ¢

I,,
fBuffer

. >

IZipBuifer

TLasl: poinier to last used byte in Daskel ||

—

fEventOffset

Offsel of cvents in fBuiTer
Amay of FEventOffaciLen Integers

{if variablc lenglh atwucl

)

Basket buffer
Array of fBasketSize chars

Basket comprzaaci buffer

{if compreasian)

Baskets

Stores

2= Fermilab



Simulation processing

s
T

2% Fermilab
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Simulation processing

s
3 =S

* Generate events at many sites

2% Fermilab
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Simulation processing

* Generate events at many sites
| / * Collect output on disk & tape

2% Fermilab
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Data reconstruction

—

30k CPU-y

2% Fermilab

9 May 23, 2024 Storage for HEP



Data reconstruction

* Copy raw input from tape to many sites

—

30k CPU-y

£& Fermilab
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Data reconstruction

* Copy raw input from tape to many sites
* Process data

—

30k CPU-y

2% Fermilab
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Data reconstruction

* Copy raw input from tape to many sites
* Process data

Z 1 * Collect output on disk & tape

30k CPU-y

2% Fermilab
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Data reconstruction

* Copy raw input from tape to many sites
* Process data

Z 1 * Collect output on disk & tape

30k CPU-y

Transfers via File Transfer
Service “third-party copy”
between storage; orchestrated
via Rucio data management

-
=z
w
= \
g \
| |
= P Sl
FT =3 N
= &
‘ < :
Pt g .
H g
L
,:

‘RUCIO

2% Fermilab
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Data cataloging

Mario Lassnig

Rucio main functionalities @N

Provides many features that can be enabled selectively Froe A homomse R
Horizontally scalable catalog for files, collections, and metadata O @) & ’0“
Transfers between facilities including disk, tapes, clouds, HPCs / aw
Authentication and authorisation for users and groups

Many interfaces available, including CLI, web, FUSE, and REST API
Extensive monitoring for all dataflows

Expressive policy engine with rules, subscriptions, and quotas
Automated corruption identification and recovery

Transparent support for multihop, caches, and CDN dataflows

* Data-analytics based flow control

AP
4

More advanced features

Rucio is not a distributed file system, it connects existing storage infrastructure over the network

No Rucio software needs to run at the data centres (!)
Data centres are free to choose which storage system suits them best - No Vendor Lock-In (!)

£& Fermilab
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https://indico.cern.ch/event/1332413/contributions/5753094/attachments/2817523/4919228/Computing%20for%20LHC%20Experiments%20-%20CS3.pdf

Data cataloging

Source
transfer_ops

Bl wma_prod

EE wmcore_transferor

Unavailable
Locked

pe_recall

BN sync

Bl crab ta

X put

I wmcore out

Dynamic
I Obsolete

|

|
!

!

!

- UISUODSIM SN ZL
- J1QJ9pUBA SN ZL
- dsdNn sn z.L

- anpind SN ZL

- e3selgaN SN ¢l
- LIN SN ZL

- epuold sn zL

- yd931ed sn ZL

- ddvd PUOS N 21
- 103sug pLUOS N 2L
- DI uopuot N zL
- [ounig uopuol N Z1
- 1dIX VN ZL

- DHON ML Z1

- NLIW Yl Z1

- UNIf NY ZL

- d3Ll Ny ZL

- YNI NY 21

- uogsi7T OON 1d ¢zl
- M9IMS 1d 2L
-19uolAD 1d ZL

- dON Jd Z1L

- I¥DdH 91 2L

- ILSI WY 2L
-awoy 1l 1
-esid 1l 1

- oleuba || ZL
-ueg 1|zl

- YdIL NI 2L

- 1sadepng NH ZL
- DHdI Y4 2L
RIE PR ER4N
- N4Yl 4149 Y4 7L
- 414D Y4 2L
FdIH 14 2L

- vO4l S3 2L

- IVINTID ST 2L

- ejuois3 33 zL

- HLMY 3d 2L

- AS3A 3a L

- builleg ND 2L

- SDSD HD ZL
NY3ID HD 7L
3OVYdS g ZL
10N 39 2L
JHIN 39 2L
BUUSIA 1V 71
%SId VN4 SN 1L
3SId IvY N TL
3s1d WNIf NY TL
3SId 4VYND LI T1
3SId €dZNIDD 44 Tl
3sid JId S3 11
JsId L 3a 1L

200 PB A

75 PB A
50 PB A
25 PB A

175 PB A
150 PB A
125 PB A
100 PB A

BWIN|OA Pasn

0B-

RSE

2024-05-23 18:13:13 UTC
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Disk storage at CERN

Vladimir Bayhl

openstack.
local batch cluster
0O(105) cores
CERN
Tape Archive EOS

Total Space

600 PB

Files Stored

~7 Billion

# Storage Nodes

~1600

# Disks

~80000

2% Fermilab
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https://www.fujifilmsummit.com/wp-content/uploads/2022/06/001-Vladimir-Bayhl-CERN.pdf

Disk storage elsewhere

* Facebook Tectonic FS: one disk cluster per datacenter, two basic workloads:
- Blob storage: pictures/videos
« Steady-state IOPS, random access

- Warehouse: engagement data (clicks/likes)
» Bursty, more sequential access

: - https://www.usenix.org/system/files/fast21-pan.pdf
- Potential analog: ' - —
Capacity Used bytes Files Blocks Storage Nodes

- Blob storage: pileup mixing in generation (500PB__1250PB__107B _ 15B 4208
- Warehouse: analysis queries Table 2: Statistics from a multitenant Tectonic produc-

- tion cluster. File and block ts in billions.
o Many SplndleS! ion cluster. File and block counts are in billions

- Load-balance=»performance f:gg Warehouse 4.: Warehouse
. C e : Blob
- Scalability via indirection 1600 o s plob storage
: 1400 =
- 3 (1) metadata queries /access <0 @2;
© 1000 s°
O 800 3 2
400 l
200 0.5
0 | | | | | | | 0 | | | | | | |
0O 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (hours) Time (hours)
(a) Aggregate cluster IOPS (b) Aggregate cluster bandwidth

£& Fermilab
13 May 23, 2024 Storage for HEP


https://www.usenix.org/system/files/fast21-pan.pdf

Michael Davis

1974: Tape Storagé auIt — when robots were human

& Fermilab
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https://indico.cern.ch/event/1075584/contributions/4659579/attachments/2378870/4064239/CTA_ArchivalStorageForScientificComputing_MichaelDavis.pdf

Tape storage

14

Michael Davis
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https://indico.cern.ch/event/1075584/contributions/4659579/attachments/2378870/4064239/CTA_ArchivalStorageForScientificComputing_MichaelDavis.pdf

Michael Davis

Tape storage

* Advantages:
— - pr— _ Reliability
: R /%, - Cost
\ ' - Energy efficiency

"
-
7
Y
N
=
—
—

|
By =
-

B

e
-

d

» Rl ] Lk |
2 161 ﬁ'fll i ] = L - i

'''''

=
Y
-
b
¥

3F Fermilab
14 May 23, 2024 Storage for HEP


https://indico.cern.ch/event/1075584/contributions/4659579/attachments/2378870/4064239/CTA_ArchivalStorageForScientificComputing_MichaelDavis.pdf

Michael Davis

* Advantages:
- Reliability
- Cost

- Energy efficiency
B T

.2 - o , W - l“v
X 7L e g\ A\\ \
St T ANV

Technology

New Advanced Materials

-
-

W

= Very fine magnetic particles
® Smooth surfaces with low friction

= 3D stacking of magnetic particles ,7” /"

Disk technologies are pushing the limits j' -/
of storage density. Tapes have plenty of e

room to improve capacity. /"
£ &
= The cost advantages of tape will A

Increase over time

& Fermilab
14 May 23, 2024 Storage for HEP


https://indico.cern.ch/event/1075584/contributions/4659579/attachments/2378870/4064239/CTA_ArchivalStorageForScientificComputing_MichaelDavis.pdf

Projected usage

https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

1750 / —
- CMS Public /
L Total Disk /
1500 - 2022 Estimates / —
3 —— No R&D improvements // ,/’.
vy | -@- Weighted probable scenario V4 ’,0’ |
E 1250 - == = 10 to 20% annual resource increase ,z.'
f— i ,.’, 1
% 1000} _
) i -
= 750f - -
— L
(@) L
500} .
250 -
0 [ | | | | | | | | | | | | | | | | L]
2021 2023 2025 2027 2029 2031 2033 2035 2037
Year
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8000

7000

]

(o))
o
o
o

Total Tape[PB
S
o
o

. CMS Public
Total Tape
2022 Estimates
[ —m NoR&D improvements
i -®- Weighted probable scenario
== = 10 to 20% annual resource increase

L1 | | | | | | | | | | | | | | | | L]
2021 2023 2025 2027 2029 2031 2033 2035 2037
Year
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

Projected usage

1750 -
- CMS Public
- Total Disk
1500 2022 Estimates 1
—— No R&D improvements l,’.
vy | -@- Weighted probable scenario ’,0( |
E 1250 == = 10 to 20% annual resource increase
% 1000}
a :
< 750}
+J L
o i
500}
250}
0' | | | | | | | | | | | | | | | | | L]
2021 2023 2025 2027 2029 2031 2033 2035 2037
Year
CMSPrublic

Total Disk HL-LHC (2031/No R&D Improvements) fractions
2022 Estimates

CACHE: 13%

AODSim: 11%
MINIAOD: 13%
AOD: 12%
A ALCARECO: 4%
‘ USER: 4%
MINIAODSim: 23%
SKIM: 7%
¢ * RECOSim: 2%
- 0,
NANOAODSIm: 3% RECO: 5%
RAWSim: 4%

/ OPERATIONS: 10% Othe?:RE%HX: 3%

15 May 23, 2024 Storage for HEP

8000 —T——T—T1 1 T ]
. CMS Public ]
7000 Total Tape §
L 2022 Estimates ,. g
— 6000 —® NoR&D improvements /’ ]
m -®- Weighted probable scenario o ]
(a == = 10 to 20% annual resource increase i
()
o
©
|_
‘©
4
(@]
|_
L1 | | | | | | | | L]
2021

| | | | |
2029 2031 2033 2035 2037

Year &

CMS Public

Total Tape usage HL-LHC (2031/No R&D Improvements) fractions
2022 Estimates

HIAOD AODSIim: 12%

8%
AOD: 11%
MINIAOD: 2% A ALCARECO: 4%

MINIAODSim: 3% »—'\
( ‘ SKIM: 6%

HIRAW: 12%

Other: 4%

RAW: 39%

2400 PB
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults

Disk as a cache

* Disk is expensive (vs. tape)

- Only MiniAOD, NanoAQOD data tiers reliably on disk now
* Ok because of 10+y experience with detector to know what we need
« For HL-LHC, new detectors may require more time with low-level information

* Best cache: all the columns you need, none you don't
- Different set of columns needed for different PDs, analyses

- Not all rows read if filtering (skimming)

- How much can we reduce disk use from PD*tier granularity we have now?

CMS Public

Total Disk HL-LHC (2031/No R&D Improvements) fractions
2022 Estimates

CACHE: 13%

AODSIim: 11%
MINIAOD: 13%
AOD: 12%

MINIAODSim: 23%
L]

‘ USER: 4%
SKIM: 7%
¢ RECOSim: 2%
- 0,
NANOAODSIm: 3% RECO: 5%
RAWSim: 4%
(/ OPERATIONS: 10% othePREMIX: 3%

&Y . 900 PB

16 May 23, 2024 Storage for HEP

CMS Public

Total Tape usage HL-LHC (2031/No R&D Improvements) fractions
2022 Estimates

HIAOD: 8% AODSiIim: 12%

AOD: 11%
ALCARECO: 4%

\ A

HIRAW: 12%

MINIAOD: 2%
MINIAODSim: 3%

Other: 4%

RAW: 39%

2400 PB
2= Fermilab



Our inference pipeline —

4
V4 L AN
Centrally planned, executed / Analyst / Scientist \
- -1 /

? \\ |

Centrally ma yaged User-
RAW \ managed
2= Fermilab
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Local Celoud) resources
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Facility view
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|

|

|
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|

Local (eloud) resources :
|

|

|

|

|

|

AF "seed’ of resources

e SN G G G R N SRR GER GER SN R SRR GER GER GER GER R SR SR S . e e e e wwn wwn wwe e - - w—

 Small data (kB-GB)

* User code, calibration payloads,
output histograms, ...

* Medium data (GB-TB)
* |ntermediate datasets (skims)

- Large data (TB-PB) ' Storage
* |Input datasets

£& Fermilab
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Small data
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AF "seed’ of resources

Mounted -

Distributed
Filesystem
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Small data

Local Celoud) resources

AF "seed’ of resources

e - - . e e e e e G G S G G G G S G G G e S S e S e e e . e .

- e - e— e e - - - - - - - - = = e = e - .

| /" Less often mounted
Xrootd/https

Mounted -

Distributed
Filesystem
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Small data

Local Celoud) resources

AF "seed’ of resources

e - - . e e e e e G G S G G G G S G G G e S S e S e e e . e .

- e - e— e e - - - - - - - - = = e = e - .

Mounted § /' Less often mouhted

Xrootd/https

Distributed CVMES
Filesystem

£& Fermilab
19 May 23, 2024 Storage for HEP



Small data

Local Celoud) resources

AF "seed’ of resources

e - - . e e e e e G G S G G G G S G G G e S S e S e e e . e .

- e - e— e e - - - - - - - - = = e = e - .

Mounted § /' Less often mouhted

Xrootd/https

Distributed cvN~ REST
Filesystem APls
2& Fermilab
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Small data

Local Celoud) resources

AF "seed’ of resources

e SN G G G R N SRR GER GER SN R SRR GER GER GER GER R SR SR S . e e e e wwn wwn wwe e - - w—

- e - e— e e - - - - - - - - = = e = e - .

Mounted § /' Less often mouhted

» Authorization: unix (token?) Xrootd/https

* Logical organization via directories
- Directory quotas

 Performance: IOPS Distributed cvhN~ REST
- Read-only mount on workers? Filesystem APls
$& Fermilab
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Medium data

Local Celoud) resources

AF "seed’ of resources

e - - . e e e e e G G S G G G G S G G G e S S e S e e e . e .

- e - e— e e - - - - - - - - = = e = e - .

Xrootd/https

Distributed
Filesystem
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Medium data

20

- e - e— e e - - - - - - - - = = e = e - .

Authorization: token

Logical organization via provenance
- Derived dataset catalog?

Performance: IOPS & Bandwidth

Lateral movement is non-trivial
-  TPC across facilities?

May 23, 2024 Storage for HEP

Local Celoud) resources

AF "seed’ of resources
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Xrootd/https

Distributed
Filesystem
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Medium data

20

- e - e— e e - - - - - - - - = = e = e - .

Authorization: token

Logical organization via provenance
- Derived dataset catalog?

Performance: IOPS & Bandwidth

Lateral movement is non-trivial
-  TPC across facilities?

May 23, 2024 Storage for HEP

Local Celoud) resources

AF "seed’ of resources

— o ———————————————————— -

Distributed
Filesystem

§  Xrootd/https

Object Store
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Medium data
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Local Celoud) resources
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AF "seed’ of resources
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§  Xrootd/https

Distributed Obiject Store
Filesystem
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Local Celoud) resources
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Medium data

Local Celoud) resources

AF "seed’ of resources

e SN G G G R N SRR GER GER SN R SRR GER GER GER GER R SR SR S . e e e e wwn wwn wwe e - - w—

- e - e— e e - - - - - - - - = = e = e - .

 Afew pros:

- Cloud-friendly: support industry
guery platforms

- More flexible authorization & QoS
« A few cons:

- Fighting 50y of unix knowledge

- Existing infrastructure built on top of « Object Store
POSIX(-ish) base layer

§  Xrootd/https

3F Fermilab
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Large data

Local Celoud) resources

AF "seed’ of resources
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Xrootd/https
access only

Scalable
Storage
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Large data

Local Celoud) resources

AF "seed’ of resources

e - - . e e e e e G G S G G G G S G G G e S S e S e e e . e .

- e - e— e e - - - - - - - - = = e = e - .

F /. Xrootd/https Cache

access only g
Scalable Data lake
Storage Streaming/CDN

2& Fermilab
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Large data

22

- e - e— e e - - - - - - - - = = e = e - .

Authorization: token

Logical organization via DM service
- User requests (subset of) datasets

Performance: IOPS & Bandwidth

How to interact with the lake?
- Data management philosophy

May 23, 2024 Storage for HEP

Local Celoud) resources

AF "seed’ of resources

— o ———————————————————— -

F /. Xrootd/https Cache

access only g
Scalable Data lake
Storage Streaming/CDN
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Data management philosophy

Primary dataset

Abstract, “what kind of events.”

e.g. hard scatter process for simulation, trigger filter for data

@ )
AOD e

Data columns pertaining to
low-level reconstruction

éh

.root

Data tiers

\ = 1e9/file

Similar layout for xAOD / PHYSLITE

23 May 23, 2024 Storage for HEP

‘MiniAOD i

Calibrated physics objects
Particle-flow candidates

™

.root

\ - 1e9/file

J

Data volume
order of magnitude

[bytes]
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Can we align unit of data access to unit of physics content?

* Dataset = list of 2-4 GB files, totaling 10GB-1PB. Why?

$& Fermilab
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Can we align unit of data access to unit of physics content?

* Dataset = list of 2-4 GB files, totaling 10GB-1PB. Why?

 Lower limits:
- 10OPS!!
- Erasure-code block size ~ 4-16kB

* Upper limits:
- Third party copy timeout ~ 20 GB

- Catalog/filesystem overhead ~ 10MB-1GB? - Tape cartridge ~ 10 TB

7 ‘7 7
K ¢ ¢ % 3= Fermilab
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Can we align unit of data access to unit of physics content?

* Dataset = list of 2-4 GB files, totaling 10GB-1PB. Why?

 TBasket / Page sizes ~ 10-100kB
- This is physics-relevant
- One float column for O(100k) events
- One ragged column for O(10k) events

* Motivation for byte-range xcache

QG 2= Fermilab
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Can we align unit of data access to unit of physics content?

* Dataset = list of 2-4 GB files, totaling 10GB-1PB. Why?

Cluster size ~ 10MB
- All columns pertaining to same group of events
Good target for read-ahead buffer size

* Do we want to cluster all columns though?

- Typical analysis accesses 10-50%
- How will column joins be performed?

7 7, 7 7
4-0 %Y % ’Q Y
K ¢ ¢ % 3= Fermilab
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Can we align unit of data access to unit of physics content?

* Dataset = list of 2-4 GB files, totaling 10GB-1PB. Why?

28

* Sweet spot for access ~ 1MB
- Few ragged columns for O(10k) events?
- Many columns for O(1k) events?
- Do we want small # events per unit?

* Whole-unit cache =¥ off-shelf solutions

» (Catalog challenge: need indirection

May 23, 2024 Storage for HEP
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Object store vs. filesystem

* Traditional data storage technology: distributed filesystem
- e.9. NFS, EOS, dCache, Lustre, HDFS*, ...
- Often with remote access protocol (xrootd)
- Files are concurrently read/writeable File Object

* Popular new-ish technology: object store Specific folder Highly scalable

in a fixed logical order and metadata driven
- Native remote access (http)
- Objects are immutable (overwrite possible)

File Location/Property Data Metadata/Object ID

9 10 11 12

13 14 15 16

attrib
2= Fermilab
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https://blog.scaleway.com/understanding-the-different-types-of-storage/

Breaking down the ROOT file

* Essentially storing (+ moving) smaller units
- This is usually a bad thing

- -

HANJIN TAIPEI
HAMBURG

— e e s

Intermodal container
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Break-bulk cargo
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https://en.wikipedia.org/wiki/Breakbulk_cargo
https://en.wikipedia.org/wiki/Intermodal_container

Breaking down the ROOT file

* Essentially storing (+ moving) smaller units
- This is usually a bad thing

 Calculated placement
- Like a hash, client-side

- Downside: cluster state change causes reshuffle e
 Consistent hashing to minimize movement

ntermodal container

Controlled _
Replication ICH
Under Sig
Scalable =
Hashing '

oBects B ----» - 'K“

OBJECT NAME - PG ID - [0SD.185, OSD.67] -

Bre'ak-'bulk cargo
2= Fermilab

CLUSTER
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https://en.wikipedia.org/wiki/Consistent_hashing
https://en.wikipedia.org/wiki/Breakbulk_cargo
https://en.wikipedia.org/wiki/Intermodal_container

Higher levels of indirection

32

Data tier layer

Dataset layer I Tectonic FS
Name layer
Client Key-value
B | 1
Library File layer Store
Block layer
I Metadata Store

Chunk Store

For intermediate data, (ab)using POSIX filesystem as an implicit data catalog.

Bring Rucio to intermediate data”? Does Rucio have sufficient indirection layers?

How do we enable a “facility grid” (cross-facility namespace for intermediate data)

May 23, 2024 Storage for HEP
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A totally different storage technology Appuswamy

DNA as a digital storage media

100011011100011 OlbO [barcode/address)

DNA molecule & 01100110 [1] 01100101 fe] 01100101 Y,
Oo 01100101 [e] 01101110 [n] 01110100 [t) Cb
Four nucleotides: O 01101001 [i] 01100001 [a] 01101100 [1) O
QQ/ ([muuww” 17.|.».‘1‘\-‘.[0] 100111 x[N] @
@ Adenine

TaacGTeTTGeecGGaGaa

@ Cytosine N T
{ = - 0} alGaallcallcalal alGlcaGa al lcalaG

GGalGlaalGlicla GlcTecal aGG
Ta oc aTacaTaa cl GTTa

& O
DNA strand (oligonucleotide) is a O(/ )
linear sequence of these nucleotides ((\ Qf(’

K
Ny
Oa0a020x02020

GTeT

O@ &

2% Fermilab
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https://indico.cern.ch/event/1106990/contributions/5095023/attachments/2534479/4361591/AppuswamyACAT-talk-Oct-2022.pdf

A totally different storage technology Appuswamy

DNA as a digital storage media

1 Figure 1.2: The volumetric information density
of conventional storage media vs. DNA
1.00E+10 —
1.00E+09 /'
1.00E+08
DNA molecule 1.00E407
. (s . >
OQ/ o 1.00E+05 10’ improvement &
@ Adenine S 1.00E+04
E— -
@ Cytosine ~ 1.00E+03 k TGeeeGGaGaa
_ - 1.00E+02 I aTGTcaGa aTTcaTaG
@ Guanine e icTcal
— 1.00E+01 , 1 Taa c1
@ Thymine " 1.00E+00

@6\ ' 1.00E-01 . . .
DNA strand (oligonucleotide) is a OC 10002 —
linear sequence of these nucleotides | Optical ~ HDD ~ Tape  Flash  DNA
B Today Projection Limit

107 higher density
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https://indico.cern.ch/event/1106990/contributions/5095023/attachments/2534479/4361591/AppuswamyACAT-talk-Oct-2022.pdf

Conclusion

* Data management for large HEP experiments is a complex topic
* Physics workflows drive requirements
* Always keep an eye out for new technologies

£& Fermilab
34 May 23, 2024 Storage for HEP



