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The Analysis Framework for Run 3

ALICE

Run 3 upgrades Analysis Framework
O 50 kHz interaction rate for Pb—Pb, continuous
readout — ~100x% more data than Run 2 2 Online-Offline Software Framework (0?)

0 Legacy computing model was not built for this scale — Handles online & offline reconstruction,

and was redesigned from the ground up, deployed calibration, simulation, analysisz _
during LS2 - Dedicated analysis layer 0=Physics

6'3 Hyperloop Train System — Allows for
S organised analysis on the and

offering abstracted
use of the ALICE Grid infrastructure

(AliEn).

- See here for more information on O?
- See here for more information on the analysis layer
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https://alien.web.cern.ch/
https://aliceo2group.github.io/docs/
https://aliceo2group.github.io/analysis-framework/

ALICE

s, Hyperloop - Core concept

7

02 analysis workflows, known as wagons, are enabled on a
dataset to trigger a wagon test.

Tests ensure that workflows are valid and provide resource
estimates for running over the whole data sample.
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Hyperloop - Core concept
»

@ i

Wagon3

A train is composed from

& enabled wagons. Hyperloop
attempts to combine multiple

wagons into one train.

O O
’ / \ @ A train test is automatically
Train started after composition.

Composition

Individual 0? analysis workflows - known as wagons - are
combined into trains to run over the data together.
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Hyperloop - Core concept

O O
@{ | i i

Wagon3 Wagon4

Grid
/
Analysis

Facilities

®
———
o) o)

Submission |

X -

Train
Composition

Individual 0? analysis workflows - known as wagons - are
combined into trains to run over the data together.
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Wagons & Tests

LICE

7

D

K associator ) ? >¢ Search wagons by name...
Start: 08 May 2026 at 14:44:08 CEST
Package: O2Physics::daily-20260508-0000-1
Latest change by: = Wagon Click for more details...
Wagon settings Configuration [ Derived data Test Statistics Grid Statistics at 24/09/25, 10:30 CEST  —— associator - 674696

You have 1 subwagon(s)

atracks X 674696
activated which will run

Name

separately.

Work flow name 02-analysis-track-to-collision-associator ° TeStS ru N Iocal Iy O N 60 Core maCh in e

Dependencies Core Service Wagons/TrackSelection_Run3 X Core Service Wagons/eventSelectionService X [ TeSt reSu I t g ra p hs (m e m O ry C P U ) per
Core Service Wagons/propagationService X . ’
analysis task

When enabling a wagon, there is no need to enable its dependencies. This is done
automatically on train submission.

&
i

 Resource predictions for full train

Full Test Per Wagon Graphs

« Collaborative - Wagons are shared between multiple ...
users

Show top 10 largest Graphs for local 02 execution

 Derived data - Specify if any output should be saved ...
for input in future trains / local processing il o
Core service dependencies - Shared dependencies

(event selection, track selection) — only run the tasks =
once per train b e 2

- mwP»-—->0O

* Full Bookkeeping - every configuration is saved

Throughput 22.8 MB/s
fo rever Expected resources 8d 18h
Estimated emissions 1 kgCO2eq
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ALICE
—~— + Most trains automatically composed at
5 scheduled times (specified per dataset)
" '« Staged submission for large (> 200 TB)
C data samples — run first on a subset before
getting approval to run on bigger dataset
Train of results
test
@ AliEn 02
CPU time: 3y 329d 3y 312d
Wall time: 4y 304d 4y 299d
Throughput: 10.9 MB/s/core 10.9 MB/s/core
CPU efficiency: 81% 80%
Grid overhead: Startup: 0.1% Saving: 0.1%
CPU cores: 1

Output size: 1.6 GB

Trains

Train Run 661822

General Test

Package tag
Dataset

Test status

Target
Train status
Approved by

Train created
Train submitting
All jobs submitted
Train finished
Train duration
Needed resources
Emissions

Job status
Per-run merging
Final-merging
summary

Submitted jobs

Grid statistics

>

Performance comparison

O2Physics::daily-20260420-0000-1

LHC23_PbPb_pass5

Done (output)

Grid - Single core

Done
PWG-CF

21 April 2026 at 13:04:48 CEST|(based on short train 661224)

(browse)

Speedscope &

22 April 2026 at 23:22:18 CEST by alihyperloop
22 April 2026 at 23:38:35 CEST
24 April 2026 at 11:20:55 CEST

1d 11h
4y 304d (wall time)
258 kgCO2eq

Total: 21059, Done: 20009, Active: 0, Wait: O, Error: 1050
Done: 92, Running: 0, Pending: 0, Skipped: 0, Failed: 0
Done: 7, Running: 0, Pending: O, Failed: 0
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System Monitoring & Operation =

- Dashboard page — Live & historical system status - System operated 24/5 by the institutes:
- Job error observability over all trains — identify « US Cluster
problematic files, code, or Grid sites. » Europe (Munster, Pavia / Brescia)
- Daily automated test trains for new O? builds — * India (NISER) |
check for issues & monitor performance over time * Shift-style support through dedicated
Mattermost channel for user requests and
issues
AliEn metrics:
Number of running jobs: 32688 Jobs ran in the last week 3639522 Number of waiting jobs: 33257 Jobs in INSERTING state: 0
@ Max PSS
5.6 GB
) 77 02 Hyperloop Operationv 2541 B Operators are available 24/5 (Mo...
(®)]
8 4.2 GB 14:18
= Dear operators, could you please create a derived dataset from the train output of
E.‘ ; ? The name should be MM_LHC26ac_passl_small_Multiplicity and atentative
g 28 GB1 description could be 'Derived data for multiplicity studies of Pb-Pb pass5'. Thank you!
) &= 1
= 14 GB
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Enhancing efficiency — ‘Pipelining’ A

ALICE

k 1

track-selection
[ |
|
| ]
il
B
track-to-collision-associatic

O? Analysis framework

« O? workflows consist of individual single-
threaded devices (UNIX processes) which
subscribe to other devices for input
through shared memory

* Modular design enables reuse of
common processing steps across
analyses (ie. shared dependencies)

eIl
@
-}

—

|

An analysis workflow consists of multiple ‘devices’, communicating via
shared memory.
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Enhancing efficiency — ‘Pipelining’ SN

ALICE

k 1

track-selection
[ |
]
| ]
| |
B
track-to-collision-associatic

O? Analysis framework

« O? workflows consist of individual single-
threaded devices (UNIX processes) which
subscribe to other devices for input
through shared memory

* Modular design enables reuse of
common processing steps across
analyses (ie. shared dependencies)

|

JURREERRRRORR TR

An analysis workflow consists of multiple ‘devices’, communicating via
shared memory.

The bottleneck Core0 ,
Event Track Trk-coll .
sel. ‘ sel. ‘ assoc. ‘ idle {565)
12s 20s 12s
« On multi-core nodes, a single slow device
can make other CPU cores sit idle waiting Core 1 ropagation service
— poor CPU efficiency. ‘ 100s
Os 50s 100s

& Wall time: 100s — Core 0 idles for 56s

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026 10
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Enhancing efficiency — ‘Pipelining’

ALICE
Without pipelining
O? pipelining Core0 . )
Event Track Trk-coll .
sel. ‘ sel. ‘ assoc. ‘ idle {5GS)
. . 12s 20s 125
* Any device can be replicated
» Replicated devices split data to be processed Core 1
in round robin fashion. Propagaion service ‘
l Pipelined devices must be chosen before the job starts
Os 50s 100s
With pipelining
Core 0
Prop. service [0] Track
50s (even TFs) ;Is
Core 1 -
Event Prop. service [1] Trk-coll
s 50s (odd TFs) | assoe.
0Os 50s 100s

Simplified example - ignoring other 02 devices (reader, writer) and input dependency chains

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026 11



Enhancing efficiency — ‘Pipelining’ SN

ALICE

Without pipelining

Track
sel.

20s

O? pipelining Core 0

idle (56s)

Event
sel. assoc.
125

125

ool ‘

* Any device can be replicated
» Replicated devices split data to be processed Core 1
in round robin fashion. R ‘

100s

l Pipelined devices must be chosen before the job starts
Os 50s 100s

Automatically finding an optimal pipelining strategy
With pipelining

sel.
20s

Challenge - Choose candidate devices from 5-minute Core 0 o
Prop. service [0
local wagon test S0 (oven 729 ‘

Track ‘

« CPU, memory statistics saved per device in local test  core
 When composing a train: sel
 Normalise per device across all wagon tests to
identify slowest devices
* Pipelining increases memory usage, so an
optimal balance is found algorithmically

i
Trk-coll

assoc.
125

Prop. service [1]
50s (odd TFs)

Os 50s 100s

Simplified example - ignoring other 02 devices (reader, writer) and input dependency chains
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i Enhancing efficiency — ‘Pipelining’ A

ALICE

O? pipelining Results

* Any device can be replicated
» Replicated devices split data to be processed
in round robin fashion. .

Since introduction in 2025

CPU efficiency of multi core trains 84% — 90%
l Pipelined devices must be chosen before the job starts * Estimated > 500 years of idling CPU avoided

Automatically finding an optimal pipelining strategy

Challenge - Choose candidate devices from 5-minute G el (o e e
local wagon test

* Reusing the same jobs for multiple trains
» Data locality — 21% of trains run with local data
(thanks to Analysis Facilities)

« CPU, memory statistics saved per device in local test
 When composing a train:
 Normalise per device across all wagon tests to
identify slowest devices
* Pipelining increases memory usage, so an
optimal balance is found algorithmically

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026 13
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All time statistics

ALICE
4.9 EBT
All time
3.9 EBH
90,000 trains %
4.1 EB input data ©
. 77% CPU Efficiency (90% in Q29681
last 3 months) %
« 315 million jobs @ 94% S 208
success rate =
« 60,000 CPU years
« 20% of trains ran over derived e
data

0- T T T T T
202|3/2 202‘3/14 202|3/26 202‘3/39 202|3[51 202|4/‘I'I 202‘4/23 202|4/36 202‘4,’49 2025/9 2025/21 2025/34 2025/47 2026/7 2026,

2023 2024 2025 2026

Last 12 months
_ * 110 trains daily from 434 users
« 39,900 trains processed vs 26,700 in year before. 67% YOY increase

* Average train grid job submission time: 2h 48m
« Busy periods can saturate available resources

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026



Future directions, lessons learnt SN

ALICE

Lessons learnt

« Balance rigidity and user freedom — composition schedule frequency and memory limits trade
efficiency for flexibility.

« Automation alone not enough. Operators catch cases that rules cannot anticipate.

» Fair-usage policy is essential to share resources equally across users.

Future directions
* Improve job success rate - tolerate single-file read failures instead of failing the whole O? job.

« PostgreSQL schema improvements - bookkeeping means that the database grows continually
» Web app modernisation - TypeScript port, React 19

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026
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Summary

ALICE
LEGO vs. Hyperloop
Hyperloop - the organised analysis system for ALICE, ™ [EGO = Hyperioop
enabling 02 analysis workflows to be run on the Grid and o
Analysis Facilities ‘S 40000
« Automatic job configuration & merging of results ﬁ 30000
» High system observability & full bookkeeping %20000
(&)
« 24/5 user support provided by central operators across D oo
time zones <
« High CPU efficiency thanks to pipelining and other 2021 2022 YM 2024 2029
improvements ear

Usage steadily increasing

« Efficiency is more important than ever

Resources

« Approaching 100% adoption from legacy LEGO train

system . with technical description

. Current

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026 16


https://aliceo2group.github.io/analysis-framework/docs/hyperloop/userdocumentation
https://aliceo2group.github.io/analysis-framework/docs/hyperloop/userdocumentation
http://cds.cern.ch/record/2872063/
http://cds.cern.ch/record/2872063/
https://aliceo2group.github.io/analysis-framework/docs/hyperloop/hyperlooppolicy.html

ALICE

Thank youl!

® &
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Backup
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Bookkeeping & comparison

ALICE

Compare different wagons Compare different trains

Hyperloop Framework Test Analysis [ Correlations vs OZ2 Development / Correlations -
yperloop ysis/ pment / Train run | 174155 vs 173900
Wagon settings  Configuration  Derived data Package tag O2Physics:daily-20240301-0100-1 02Physics:daily-20240229-0100-1
. ) Dataset LHC23zzfghi_pass2_upc_small
( @ - inherited from base ) base
Operator spadhan alihyperloop
Created 01 March 2024 at 10:43:03 CET 29 February 2024 at 23:01:07 CET
— Settings 1 slow train derived data automatic submission
processAOD I I ‘1 ‘
— Wagons Train run 174155 Common Train run 173900
. DG-Candidate-Producer_Jpsi CorrectedFTO dg-cand-producer-FTOveto
processDerived v ‘ 0 ‘ EventSelection_Run3_PbPb
Multiplicity_Run3_PbPb
PIDTOFBaseRun3
PIDTOFBetaRun3
- PIDTOFFullRun3
axisDeltaEta [ ][] [eins:40 min:-2, max: 2 ‘ oo
PIDTPCBase
PIDTPCFull
axisDeltaPhi Bins: 72, Min: -1.5707963267948966, Max: 4.71238898038469 TimestampCreator
Bins: 72, Min: -1.5707963705062866, Max: 4.71238899230957 TrackPropagation
TrackSelection_Run3

Compare the same wagon between moments in time
Options5 at | 17 November 2021, 11:40:55 vs at 17 November 2021, 11:41:43

Wagon settings Configuration Derived data

( @ - inherited from base ) base Sub1 Subwagon1 Subwagon?2 AnaIySiS iS preserved With fuu bo°kkeeping -
wagon and train configurations are kept forever

array D 35 3 100
99 900
3 5 77
5 100 8
cut.bins D 3
4
™ 46

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley CHEP 2026 19



ALICE
Hop-on trains

Use the same job across multiple trains for
common data — less /O [ s 22

PIDEZ
Done
. . . Start: 16 April 2026 at 16:43:09 CEST
Train 1 waiting to submit on 3678872642 E:::I: 16 A;ril 2026 at 16:51:47 CEST
dataset A Wlth 5 runs B This job is used in multiple trains - to ensure compatibility oIy
between trains, a test was performed.
Dataset runs Grid jobs B
Click for more details...
Job for train 1 Total job submission time: 24m 36.2s
Run 1 > :
analysis wagons o
Shared analysis jobs for the common data
Job for train 1
Run2 —> s _ " _
analysis wagons Train 2 waiting to submit on dataset
: B, a subset of dataset A, with 2 runs
_|Job fortrain 1
Run 3 > ;
analysis wagons
Dataset runs
Job for all trains
Run 4 > : < Run 4
analysis wagons
_| Job for all trains |,
Run 5 > : Run 5
analysis wagons

Enhancing efficiency

Data locality

« Analysis Facilities optimised for
analysis workflows

* High usage datasets are staged to
Analysis Facilities
« Trains running at AFs have local data
« Faster — no remote reading
* Less error-prone

« ~3.5 PB staged to GSI, ~500 TB to LBNL
« 21% of trains ran at Analysis Facilities
in last 12 months

Enabling Distributed Analysis for ALICE in Run 3 — Nicolas Poffley
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