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CHEP 2004 and 2024

m Until the mid-1980s HEP’s “computing problem” was often
thought to be about obtaining enough processor power

m Then we worried about storage capacity

m The real problem has always been, in my opinion, getting
people to collaborate on a solution

&n
[David Williams: "50 years of Computing at CERN ", CHEP 2004] N
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https://indico.cern.ch/event/0/contributions/1294158/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
https://cds.cern.ch/record/2815292/

IRIS-HEP and a HL-LHC vision



The IRIS-HEP software institute

« IRIS-HEP: “Institute for Research and Innovation in Software for High Energy Physics” w2 (S Nasional
) - Science
> a software institute funded by the US National Science Foundation, running 2018-2028 @Foundmm

» working in close collaboration with LHC experiments and facilities
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https://iris-hep.org/
https://www.nsf.gov/
https://indico.cern.ch/event/1374962/overview

R&D for the HL-LHC

« IRIS-HEP is working on computing and software R&D for the HL-LHC
> a software upgrade accompanying detector hardware upgrades

> focusing on a subset of activity areas today, connected through “challenge” format

DOMA AS SSL and OSG-LHC SS
data organisation and analysis systems deployment techniques training
management and tools and resources
Deerse Sciki@t R
e HEP FESTET
* XCache .
ServiceX pXEI ------ E =
WLCG Data
Challenge e
P SRR : (2, I
offea-Casa 77/ DASK @ python”  @Numba
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https://iris-hep.org/as.html
https://iris-hep.org/doma.html
https://iris-hep.org/ssl.html
https://iris-hep.org/osglhc.html
https://iris-hep.org/ssc.html

Empowering physicists, today and tomorrow

* This work is driven by the desire to minimize time-to-insight and maximize the HL-LHC physics reach
> let physicists spend more time doing physics, less time debugging, bookkeeping, waiting, ...
> tighten feedback & support cycles by connecting communities together

* Physics is the end goal: strive to find ways to overcome computing challenges

IRIS-HEP is active in all these areas

training & support

feature request, bug reports training & support, scaling

Analysis
Facilities

) Z—

historically underdeveloped connection
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Our end-user analysis vision

(44

« Analyze O(1000) TB of data within a few hours

* Interactive analysis turnaround: “coffee break” timescale

* Fully integrated Analysis Facilities (AFs) 4 :
S =
« UX to empower big & small teams .
< =
—
. — =
* Easy access to state-of-the-art ML + techniques =
today: HL-LHC:
L ) create O(1 — 10) TB ntuples analyze ©(1000) TB of data
* Reproducibility, preservation, reuse on the grid straight out of central
in O(days - weeks), PHYSLITE / NanoAOD files in 6(h)

analyze on Tier-3 in O(h - days)

Alexander Held (UW-Madison) 7




Our end-user analysis vision

* Analyze O(1000) TB of data within a few hours

« Interactive analysis turnaround: “coffee break” timescale .

H
H
]
i
°

© O mun Py e 10e

* Fully integrated Analysis Facilities (AFs) . .
. meaningful analysis iterations on .
R timescale of a coffee break, .
« UX to empower big & small teams g interactive analysis design N
* Easy access to state-of-the-art ML + techniques " . T reeacs .
o e I

* Reproducibility, preservation, reuse

Alexander Held (UW-Madison)



Our end-user analysis vision

* Analyze O(1000) TB of data within a few hours

@

2

* Interactive analysis turnaround: “coffee break” timescale

/g

i D —— — [ HTCondor scheduler
(shared
between

Dask
Jupyter kernel

1 HTCondor workers

Data delivery services - —— D
REw |
_— b
XCache bR .

Grid / cluster site resources
Remote data
I Data flow e:oz;sa - Kubernetes resources

o Per-user resources Coffea-Casa
Non-data Communication Shared resources between users

users)

* Fully integrated Analysis Facilities (AFs)

)
.
B[

+ UX to empower big & small teams

* Easy access to state-of-the-art ML + techniques
required services available,
convenient interfaces,

T . access to powerful resources
* Reproducibility, preservation, reuse powerf
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Alexander Held (UW-Madison)

Our end-user analysis vision

* Analyze O(1000) TB of data within a few hours

* Interactive analysis turnaround: “coffee break” timescale

* Fully integrated Analysis Facilities (AFs)

* UX to empower big & small teams

* Easy access to state-of-the-art ML + techniques

* Reproducibility, preservation, reuse

efficient collaboration within
analysis team

S

software environment
handling

data access &

output sharing

fast turnaround

seamless laptop-to-AF/grid transition

see also: HSF AF White Paper
https://arxiv.org/abs/2404.02100



https://arxiv.org/abs/2404.02100

Our end-user analysis vision

* Analyze O(1000) TB of data within a few hours

* Interactive analysis turnaround: “coffee break” timescale

|erioiny JoulApejN wodl

* Fully integrated Analysis Facilities (AFs)

+ UX to empower big & small teams 0;

« Easy access to state-of-the-art ML + techniques e 0,

simulation-based inference techniques use different

* Reproducibility, preservation, reuse o ,
workflows from traditional histogram-based approaches

Alexander Held (UW-Madison) 11



https://madminer-tool.github.io/madminer-tutorial/

Alexander Held (UW-Madison)

Our end-user analysis vision

* Analyze O(1000) TB of data within a few hours

* Interactive analysis turnaround: “coffee break” timescale

* Fully integrated Analysis Facilities (AFs)

+ UX to empower big & small teams

* Easy access to state-of-the-art ML + techniques

* Reproducibility, preservation, reuse

preserve
[ ]
reana use archive el
fv ° e®
reproducible workflows physicist digital repositories

sustainable research
maximizing long-term impact and legacy

see also:
Nature 533, 452-454 (2016)
arXiv:2203.10057 [hep-ph]



https://hsf-training.github.io/hsf-training-reana-webpage/01-introduction/index.html
https://doi.org/10.1038/533452a
https://arxiv.org/abs/2203.10057

The Analysis Grand Challenge (AGC)



A test case for HL-LHC analysis

 The Analysis Grand Challenge (AGC) defines a physics analysis task with Open Data to test HL-LHC workflows

» columnar data extraction from large datasets & data processing into histograms

» statistical model construction and statistical inference, relevant visualizations

» ML training & inference

Result,

Workspace diagnostics

Columnar data Histograms

-
N—

= .|I|

Alexander Held (UW-Madison) 14



https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/
https://opendata.cern.ch/

Analysis with task graphs and /g dask

example of a task graph

file_1.root file_2.root

* We employ task graphs to express & execute data analysis operations ¥ NE
& fter 2 fter
* This relies on g dask, a Python library providing | ¢

array array

> an interface to describe manipulations of data via task graphs

o Vo
> a task scheduler to execute task graphs ; 6 a
o Vo

* Deep integration of Dask and existing Python HEP toolset with minimal API changes
> arrays via ig dask-awkward, histograms, ceffea etc. N 4
> Dask emerging as common feature in Analysis Facilities °
' Y

result

Alexander Held (UW-Madison) 15




The IRIS-HEP AGC reference implementation
ey

”g: dmic

ServiceX «2
ﬁproot p f‘f‘ XGBoost M If low  nvisia
COTTEQA  separate ovents into Modelfitingang TR s The IRIS-HEP reference implementation employs
Data subsamples and calculate  hyperparameter Select best models
access  Selection  iraining feature set optimization for inference

the Scikit-HEP/ PyHEP ecosystem
Obtain BOT and serves as ideal environment to test our latest R&D.

Input Features
and Labels Model Storage

find it all on GitHub and https://agc.readthedocs.io/

fune_adl gzcabinetry

formulate
Modularity & interfaces Declarative configuration

Statistical
Obtain BDT . model Statistical _Result,
Columnar data systematic Input Features Histograms building Workspace analysis diagnostics
LY ; \1
ol e

access systematic uncertainties service e.g. smoothing to likelihoods and diagnostics and preservation

iproot * RN .y -
™ ceffea T 2L, fay reama

Data Selection & Inference as a Post-processing, From workspaces Fit results Reusability ‘

Alexander Held (UW-Madison) 16
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A community project

* Variety of AGC implementations have been developed, more are welcome!

coumn reana

* Regularly hosting related events

» AGC workshops (#1, #2, #3, #4)

» “Demo day” event series

* AGC keeps evolving: wishlist for future additions

Alexander Held (UW-Madison)
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The 200 Gbps Challenge



Breaking down physics analyses

* Currently limited agreement on how “HL-LHC physics analyses” will look

> factorize into independent challenges, push the boundaries in all directions

R&D
. A Illl> ""‘E
analysis ]
complexity
e.g. AGC
total 5 :I:ta e
. D roughpu
computational ganhp
........................ »
cost
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Defining the 200 Gbps Challenge

~—

200 Gbps —

180 TB dataset ~ 25% of file content 30 minutes

Reaching these scales poses significant challenges. We set ourselves an ambitious goal.
... and had only 8 weeks to reach it.

CMS NanoAOD example ATLAS PHYSLITE example
With 2 kB / event, this means With 10 kB / event, this means
* 90 B events, * 18 B events,
* 50 MHz event rate, > 10 MHz event rate,
or 1k cores with 50 kHz and 25 MB/s each. or 2k cores with 5 kHz and 12.5 MB/s each.
T E— S T —— —— e
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Defining the 200 Gbps Challenge

~—

200 Gbps —

180 TB dataset ~ 25% of file content 30 minutes

* Targeting “HL-LHC scale” analysis, including decompression & data in memory as arrays

* Two different setups, targeting realism, all code on GitHub

* Nebraska: analyze Run-3 NanoAOD CMS data (iris-hep/idap-2000bps)

» UChicago: analyze Run-2 PHYSLITE ATLAS data (iris-hep/idap-200gbps-atlas)

> similar tasks broadly, important differences: facilities, event sizes, object types, compression, ...

Alexander Held (UW-Madison) 21



https://github.com/iris-hep/idap-200gbps/
https://github.com/iris-hep/idap-200gbps-atlas/

Ingredients for 200 Gbps throughout
100s of messages per day,

dedicated communication channels

. T, . team of experts from IRIS-HEP and beyond, s

0 o e o ° .
. rallied behind a shared vision L . .. . ] s I q c k

planning, structure, schedule

A

* . challenging timeline: 8 weeks

& °° ’ from first idea to WLCG/HSF workshop

A
?@4........
V.

©

Lot ‘A

dedicated meetings in multiple formats

200gbps IDAP Challenge stand-up meeting

& Monday 6 May 2024, 18:00 — 18:30 Europe/zur

Demonstrator Analysis 200 Gb/s Brian Paul Bockelman [

Hoersaal, DESY 16:00 - 16:20

Alexander Held (UW-Madison)


https://indico.cern.ch/event/1369601/
https://indico.cern.ch/event/1369601/contributions/5924000/

Key Analysis Facility elements for 200 Gbps

M

limit WAN traffic, XCache instances

cache on AF low-latency,
D .
reliable data access

Rucio / AAA

C)—

cache delivering 200+ Gbps

200+ Gbps sustained sufficiently many worker
network throughput nodes to process data

Alexander Held (UW-Madison) 23




developed in

Coffea-casa at Nebraska: 200 Gbps setup
== O

« R&D prototype of a future Analysis Facility

« designed as hybrid setup including Kubernetes and Nebraska CMS Tier-2 / Tier-3 resources

JupyterHub [ Dask scheduler ]]E':_"l

(shared :

: between ' l\‘ | Dask | w | 4 |
i users) ’ Jupyter kernel ‘ ‘ workers | i .

Data delivery services - —— | ’
| riton

8x XCache

[ ] Grid/cluster site resources
I Data flow NanoAOD - Kubernetes resources
\ Per-user resources Coffea-Casa

Non-data Communication Shared resources between users

using 8 XCache instances behind 2x100 Gbps uplink each

Alexander Held (UW-Madison)
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Coffea-casa at Nebraska: measurements

............................................................................

details for this example:

> 40 B events, 64k files
» 1304 workers
> 32 MHz event rate

. i » data processed (compressed): 30 T8 :
* re-compressed NanoAOD (LZMA — ZSTD) for 2.5x event rate increase - data processed (uncompressed): 71 T8 :

* 200 Gbps sustained throughput of data for physics
> scheduling with Dask & TaskVine, scaling with HTCondor & Kubernetes

worker count and data rate over time
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200+ Gbps with Dask + HTCondor
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UChicago AF: 200 Gbps setup cose cgsaraton
¥iiLas (@)'hep

* Production Analysis Facility for ATLAS

* built on Kubernetes, partially reconfigured for needs of challenge
#:4-

ScienceDMZ

| Border
R~/

MWT2/AF spine to
Campus Border
200Gbps to ScienceDMZ

* Two configurations explored with Kubernetes scaling (HTCondor available)

» uproot scaled with Dask reading from XCache

. . . L. . Rack Switch uPIink Mx\'ééx/\‘;gglzne
> ServiceX as data delivery service writing to object storage 80Gbps to spine
e FEE
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filtering 8 XCache instances total,
distributed to maximize bandwidth

9

storage
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UChicago AF: measurements

* 200 Gbps sustained throughput of data for physics D000 worker count and data rate over time e
e | 200 Gb
e LTI Y Yy vy 200Gbps
f @ dask \ . 1500 - )
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Name Max Mean Last * time
= Total 209 Gb/s 154 Gb/s 257 Mb/s

200 Gb/s W — c026_af_uchicago_edu 26.9Gb/s 19.0 Gb/s 246 Mb/s grm——————————mesew

W"L — c027.af_uchicago_edu  27.0 Gb/s 19.3Gbfs 1.55 Mbls more details:
150 Gb/s W == c028_af_uchicago_edu 27.5Gb/s 19.4 Gb/s 1.21Mb/s R 32 B events, 190 TB data 218kfll€S
W == c029_af_uchicago_edu 26.7 Gb/s 19.4 Gb/s 1.44 Mb/s R 1739 Worke'rs peak ',

100 Gb/s ot eeeeen | = c030_af_uchicago_edu 27.0 Gb/s 19.2Gb/s 1.09 Mb/s 15 M 520 ki
e TSR = c031af_uchicago_edu 26.5Gb/s 191Gb/s 193 Mb/s z event rate, 5- z per core
== c032_af_uchicago_edu 27.9Gb/s 19.2Gb/s 1.44 Mb/s e 200 GbpS throughput sustained

= c033_af_uchicago_edu 27.7Gb/s 19.7 Gb/s 2.56 Mb/s i » data processed (compressed): 32 TB
: » data processed (uncompressed): 80 TB :

50 Gb/s EM.J—W

e
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ServiceX as data delivery service

* Idea: filter data with ServiceX, then further process output with Dask

> rapid turnaround from cached ServiceX output

* -~ g dask P

%’ ServiceX Object g ﬁproot Awlvard

(omrure) > > ool = (2= ) > [ =
OOOO & root Awkward

\ aE s

Dask tasks l

i > 1 TB data (skimmed)
i » 500 worker nodes
£+ 10 MHz event rate

é/ ......... ..........................

170 Gbps parallel data processing with ServiceX

- 19 B events, 146 TB data :
S+ up to Tk pods :
i » 10 MHz event rate

workers

multi-stage processing schema,
transparent to users
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Towards multi-user interactivity

* Analysis Facilities will host many users looking to achieve interactive
turnaround simultaneously

> ensure scale testing includes number of users

* Live exercise at 2024 IRIS-HEP retreat: 200 Gbps setup with 16 participants live demonstration with retreat participants

» automatic CPU scaling with Dask

> limited maximum number of cores per user

* Intended as part of a bigger discussion about fair-share & interactivity
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data rate [Gbps]
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Bandwidth shared between multiple users

data rate
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task launch times were randomly distributed to
simulate reality of random submissions

» Test with ten simultaneous users at
UChicago

User 1 (19:22:25) > users limited to max 200 cores
User 2 (19:22:31)
User 3 (19:23:28)
User 4 (19:24:40)
User5(19:25:24)  » Reached 200 Gbps collectively
User 6 (19:25:55)

User 7 (19:26:30)

User 8 (19:27:01) .

User 9 (19:27:12) H

User 10 (19:28:18) W

data rate per user

» network saturation effect visible
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Automatic worker scaling

User 1 (17:15:46)
User 2 (17:15:51)
User 3 (17:15:51)
User 4 (17:15:53)
User 5 (17:15:53)
User 6 (17:17:19)

User 1 (17:15:46)
User 2 (17:15:51)
User 3 (17:15:51)
User 4 (17:15:53)
User 5 (17:15:53)
User 6 (17:17:19)

* Test with six simultaneous users at Nebraska

s First five users launch at the same time

> stable parallel processing

* User 6 receives last available cores, slower initially
> rapid automatic scaling once more resources

become available
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Where to go from here?



Next steps

A
* Further explore the parameter space of HL-LHC analyses analysis
complexity
> extend 200 Gbps setup towards full AGC-type workflow
R . . . 200 Gbps +
medium term: 400 Gbps exercise AGC workglow
. 200 Gbps 400 Gbps
* Further collaboration with community & knowledge sharing 3 3 S >
> lessons learned help analyses already today B ' """"""" y&;&‘l”
throughput
* Help inform Analysis Facility evolution total
computational
cost

axis closely connected to
environmental sustainability
— David Britton’s talk
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Conclusion

* Successful 200 Gbps Challenge shows technology readiness, checkpoint towards HL-LHC

data rate [Gbps]

> extremely valuable project to generate feedback and identify potential bottlenecks

» planned extensions for more realism (Analysis Grand Challenge) :

analysis
complexity

* Difficult to predict future of HEP end-user data analysis

> factorize challenges & push boundaries, remain open to new ideas —>
throughput

total
computational
cost

* Close collaboration remains crucial: take advantage of CHEP to connect to colleagues from different areas!

» physics is the end goal

Also check out these related contributions this week!

Investigating Data Access Models for ATLAS: A Case Study with FABRIC Across Borders and ServiceX [Oct 22, 15: 18]
GIL-free scaling of Uproot in Python 3.13 [Oct 23, 14:42]
Building Scalable Analysis Infrastructure for ATLAS [Oct 23, 17:09]
Operating the 200 Gbps IRIS-HEP Demonstrator for ATLAS [Oct 24, 16:33]
Tuning the CMS Coffea-casa facility for 200 Gbps Challenge [Oct 24, 16:51]
Benchmarking massively-parallel Analysis Grand Challenge workflows using Snakemake and REANA [Oct 24, 17: 45]

+ Contact: join us at analysis-grand-challenge@iris-hep.org (sign up: google group link)

Alexander Held (UW-Madison)
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