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Offloading CMS data analysis on a distributed high-

throughput platform with RDataFrame
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Introduction

e Analysing large amounts of data efficiently, exploiting the available resources as much as possible, is a
common challenge both for research and industry.

e From the beginning, the High Energy Physics (HEP) experiments at CERN, gave much attention to the
computing and data management aspects. Nevertheless, the next phases of the Large Hadron Collider (HL-

LHC) will require an even greater effort.
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Introduction
Some estimate for the next 5-10 years of CMS operation: Not only concerning the HEP domain (“Data is data”):
« ~30 Billion collision events + 30 Billion simulation
events; e More scientific / industrial / societal domains have or will
« Eachevent: 2-4 kB; have soon needs like those from LHC;
« The last update of the CMS Computing model foresees I
this throughput: (\ ProtoDune: 2-3GB/s (like CMS); Real Dune:
NEUTRINO EXPERIMEN 8OX
Name Length % of the dataset Data to process Event, data rate S:’ SKA up t0 2 PB/da\/;
“A coffee” <5 min 1% (~0.6B evts) ~27TB ~~1'77G'\S/HSZ' i
CTA projects: up to 10PB/y
“A lunch break” 1 hour 10% (~6B evts) ~20TB ~1.5MHz,
~6GB/s
“A night"” 12 hours 100% (60B evts) ~200TB ~352(3'\I£|3/Hsz

« Difficult to get more than 100 Hz/CPU core — needs
efficient distribution on a few tens of machines;

New analysis paradigm based on: . Declarative programming and interactive workflows;

 Distributed computing on geographically separated
resources.

Tommaso Diotalevi 1ISGC2026
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Introduction

Some estimate for the next 5-10 years of CMS operation: Not only concerning the HEP domain (“Data is data”):

« ~30 Billion collision events + 30 Billion simulation

events; °
« Eachevent: 2-4 kB;

More scientific / industrial / societal domains have or will
have soon needs like those from LHC;

« The last update of the CMS Computing model foresees

BUVE

this throughput: ~WA Ve ProtoDune: 2-3GB/s (like CMS); Real Dune:
N‘EUTRINO EXPERIMEN 8OX
Name Length % of the dataset Data to process Event, data rate
S!’ﬁ SKA: up to 2 PB/day;
" " H o (. - ~1.7MHZ,
A coffee < 5 min 1% (~0.6B evts) 2TB ~7GB/s
. (o yalel (TA projects: up to 10PB/y
u " o (. - ~ 1. Z,
A lunch break 1 hour 10% (~6B evts) 20TB ~6GB/s
s . _ ~1.2MHz,
A night 12 hours 100% (60B evts) 200TB ~5GB/s

« Difficult to get more than 100 Hz/CPU core — needs
efficient distribution on a few tens of machines;

Tommaso Diotalevi
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ICSC: The National Center for HPC, Big Data and Quantum Computing

what is it?

* Italy has funded, with NRRP (pandemic recovery) ICSC: Big Data, High
funds, 5 large National Centers, for a total of o Performance and X{ ICSC
1.6B€ over 3 years, on key future technologies. ST {E a0 e

* ICSC, coordinated by INFN, focuses on modern IT
technologies, with the final goal of deploying a
long-term distributed infrastructure (>> 3y) for
national research and industrial development.

» The project started on September 2022, lasting
until April 2026.

Want to know more?
Take a look at yesterday’s presentation ]

Tommaso Diotalevi 1ISGC2026
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The ICSC includes:

The structure of the ICSC National Center

- 2 O
10 thematic Spokes and 1 Infrastructure Spoke L FUNDAMENTAL
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3 © |4 building the
g ASTROPHYSICS & EARTH infrastructure
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& NATURAL DISASTERS APPLICATIONS
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Quasi interactive analysis of Big Data with L i 0
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Re-thinking the analysis pipeline

Detector High-Level
collisions

Data
Analysis Image taken from: link

L1 trigger

~40 MHz ‘”‘100 KHz

Resource monitoring dashboard Analysis code

Trigger

~1 kH=z
Data stream

Jupyterlab

@00 Ye)
= Fie it v o Kere Tobe_Seuree el Jreeremes T Fie Eat Vew fn Kome Tobs seumes Heb Ve[ e reeens
™ [ Terminal 1 X | @ Launcher X | (% HNL_analysis.ipynb ® | i Workers X % = | [ Launcher X W HNL_analysis.ipynb x %
B+ XDODO » = C » Mrkdownv @ ot Singularity kernel O
o CPUUse(%) e o =)
I HNL CMS Analysis
L7

Code from Leonardo Lunerti

Vi & &

B Dask cluster configuration

*» NOTE: The cell below must be changed every time the Dask cluster is recreated
Memory Use(%)

from dask.distributed import Client

client = Client("localhost:22631")
° @ client

usr/local b, :1309: 3 Mismatched versions found

Workers:

| Package | Client | Scheduler | Workers |
“ g it L I T ————— e oo raturta
. ey iy o s agos ocor s | | 400 | None 1 4.0, |
Er 5068 moes  mew 00 ame szom 00 a0 va aaawn | msgpack | 1.0.3 11.0.5 11.0.3 |
n% sme 2008 zex 1 oM worwe 0o a ke 10okB | python | 3.10.10.final.0 | 3.9.9.final.0 | 3.10.10.final.0 |
% sosme 208 245 o0 Tome wzoms oo @ ke oxe |seelzignlnonzey) oans Il e !
@ sozwe 2008 Zan 0 aMe  wsawe 0o a seke neke (s
FTy wTMa 2008 Ty M mowe  wsine oo P won ke - msgpack: Variation is ok, as long as everything is above 0.6
HICondorGustr (108012811 2% mems 2008 9% 00 ToMB  Toke 00 z 78 axe M - Kt redla)
HTCondorCustor 1cp10.60.128.1€ 1 o ssome 2008 2785 00 7sME awssme 00 @ 168 K8 10K8 Client
i i e op_aral askrond (cabd Client-ce7539b8-6288-T1ed-81dd-7a36fecas287
a0 prre— o 2un
o wsaxe Connection method: Direct
o z1eks Dashboard: htp:/focalhost:31645/status
. o 1se10
v
o o
o ° Scheduler Info
Scheduler
Simple 1M1 ® Mem 104/800G8 Workers Simple 0 B 1 @ Singularity kemel | Idle Mem: 23551/ 8192.00 M8 Mode: Command @ L, Col 19 HNL_analysis.ipynb
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The high throughput platform

Detector | T s High-Level
collisions 898 Trigger

@~4D MH=z= ~100 kH=z

Data

) Image taken from: link
RAnalysis

~1 kH=z

« Offload capability on remote
HTC resources, via Interlink;

1

Deployment of the (~ [eee Real k8s nodes @CNAF (" Virtual k8s node @Naples )
Kubernetes resources - . Integrateciviaintarbink
i Jupyter hub . Server Options v
handled via HELM Charts. ~ HIConddr
I 7o 0(~200) CPUs
(Scalable on available resources)
S e e e B s R 000
[ Y o 000 I O >
L . : pdask - - [ )
« The distributed execution | [wdask) e = Jupyter « ! pdask
. : scheduler : | ~ Jupyter : r' d?§|l(r worker :
happens in the Dask Cluster; : plask | PN ;
* Users choose on how many p e ¢ GllEEEE \ :
cores parallelly distribute the )
analysis.
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Dask cluster

runs which task;
Tracks dependencies and task status.
3. Workers Workers compute tasks and store / serve computed results

Processes that execute tasks; ,
Each worker:

Has multiple threads or processes

Holds data in memory

Returns results to the scheduler/client

A Dask cluster is a distributed computing system that )] ,
: . Submit tasks to
allows Python workloads to run in parallel across A. Client bas axecsted
multiple machines or processes. ~
1. Client o l _____________________________________
User-facing interface (Python session, notebook, 3 Scheduler & Scheduler sends
int); ; Workers are on Scheduler tasks to works :
SCrip ! _ +  the same network for execution E
Submits computations and tasks to the cluster. g §
2. Scheduler § ( { ) : Dask
Central coordinator of the cluster; : Cluster
Builds the task graph and decides which worker : w :
; orker Worker Worker 5

Tommaso Diotalevi 1ISGC2026
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Offloading strategy with Interlink

Scheduling worker processes, spawning on multiple remote sites dynamically
and transparently:

« Virtual Kubelet (open-source Kubernetes kubelet implementation
that masquerades as a kubelet): registers as a virtual node and
pulls work to run;

* "It takes your pod and executes it wherever”

* InterLink + HTCondor Sidecar (Plugin): pods are translated into
HTCondor jobs:

« Translating interlink create/status/delete calls interacting
with the proper HTCondor schedd via CLI

* POST /create call -> condor_submit
* GET /status call -> condor_q

* POST /delete call -> condor_rm

» This strategy can be also applied to other job scheduling systems
(e.g. Slurm/HPC)

K8s API server o

e ¢ interTwin

[ Virtual kubelet (Knoc) @ Vitual ]

~

create status delete i
Json: 1\
Json: . Json: Json: IAM IdP
: od uid,
v1.Pod JSON poduid PO poduid  status 5¥
' 4
P F 4

KUBERNETES CLUSTER

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

MOCk : SL.URM B Local, htc ...
InterLink plugin InterLink plugin

REMOTE MACHINE

Tommaso Diotalevi 1ISGC2026
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Orbiting activities

[ VVector Boson Scattering ssWW analysis } [

N | Net k h t timisati lied to fut
in hadronic tau and light lepton eural Network hyperparameter optimisation applied to fu ure}

colliders (FCC-ee)

Declarative paradigms for analysis description and implementation
neutrinos in the Ds decays [ P & y P P ]

[ Heavy Neutral Lepton search on heavy }

Muon detector performance analysis [ tapiquarksMET analysis ]

Continuous Integration pipeline, triggering
analysis execution on HTP

Benchmark interactive analysis for
future colliders (FCC-ee)

5 - . BA J\| Politecnico
[ di-Higgs decaying to two b quarks and two muons ] L
LE
: ® i o : .
[ Search of rare events in tau to 3 muons decay ] By Distributing the Simulated Annealing
' workload for Quantum Unfolding in HEP
csS
Differential cross section measurement for ttbar =
inclusive production

Search for new phenomena in events with two opposite-charge
leptons, jets and missing transverse momentum

Tommaso Diotalevi 1ISGC2026
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Offloading a CMS analysis

Typically, Detector Performance Group (DPG) analyses are run on a reduced
amount of data (e.g. one run or fill), but processing of large dataset, at once, M CMS barrel muon system, including Drift Tubes (D)
might be needed: —

» To assess/improve systematics of high precision analyses, when they are

dominated by the response of a specific detector; e

» To reprocess multiple year data, e.g. for detector stability studies (ageing). Be

Porting of a well established Drift Tubes (DT) Tag-

and-Probe analysis [CMS-DP-2023-049]

A data sample consisting in a skim of Z — uu decay candidates collected by
CMS over 2023, corresponding to ~27fb™! was explored for the study. Size:
224GB

 To evaluate the technical performance, the available statistics has been processed
3 times, mimicking roughly a entire year of data taking. Size: 224*3 = 672GB

Tommaso Diotalevi 1ISGC2026
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Data processing in CMS

The entirety of CMS data, centrally produced, are saved in ROOT Event

files, in different data formats: o Typically run
1-3MB —— twice a year

* RAW: A collection of the detector electronics output. Event size:
1-3MB

~1 month runtime,
run every few months

* AOD: Analysis Object Data. Transforming RAW data in analysis
objects (used by analysts) like jets, muons, electrons, etc...
Event size: 500kB

AOD
500 kb ——

1-2 week
runtime

* MiniAOD: Reducing the size of AODs, making them more
compact with the downside of losing some information (e.g.
zeroing floating-point numbers bit). Event size: 50kB

MINIACD

NANOAOD

Introduced
in year

Run1 LS1 End of Run2
2011 /2012 2013/2014 2018/2019

2009/2010

* NanoAOD: Further reduction of MiniAODs, saved as a columnar
ROOT file. This new format, using fundamental data types (int,
float), exits from the CMS ecosystem and requires a small
number of dependencies to be analysed. Event size: 2-4 kB.

(image taken from: link to CHEP 19 contribution)

Dataset used, based on muon DPG common NANO flavour: a NanoAOD-like dataset, with 410 physical variables, tailored for DPG-based analyses.

Tommaso Diotalevi ISGC2026 14
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Af ROOT ROOT RDataFrame

Data Analysis Framework

RDataFrame (RDF) is the high-level interface of ROOT for the data

analysis saved in TTree, CSV and many other data formats. —
|t iS based on: (eg Ngg\?AOD)

Apache Arrow
ATLAS' xAOD
Numpy Arrays

rang® | [7,89]
Filter

* multi-threading;

.. . . . ¥ enable multi-thread df = df.Range(2)
* low level optimisations (parallelism and caching). ROOT EnablelmplicitVT) A

df = ROOT.RDataFrame(dataset)

h1 = df.Histo1D(“my_px", “w")
h2 = df.Histo1D("px", “W")

Computations are expressed in terms of actions and i p
transformations chain, constituting a computational graph.

The execution of such graph can be made also distributed,
exploiting backends such as Dask and Spark.

Graph

RDataFrame
Computation

|

Images taken from:
PyHEP 2021

Thanks to the “distributed” extension of RDF,
available experimentally.

Tommaso Diotalevi 1ISGC2026
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Porting results

(one entry per chamber)

The original code running mainly on C++, for the base histograms and

: o _ % CMS Preliminary 2023 (13.6 TeV)
computing the segment efficiencies. o L
s [
s [
. . . 160 —
* The ported code is running on Jupyter notebook (in Python), g F distributed: <eff> 99.8% - # underfiows 2
using ROOT RDataFrame. The Tag-and-Probe libraries are 2 140 ; e 0985 s 2 ,r_
. . . e serial: <efr> .8% - # underflows H
stored in a dedicated header file. - :
120_
#include “RDataFrame.hxx” # Load header with: o
#include “RVec.hxx ROOT.RDF .Experimental.Distributed.initialize(...) 100
# Point RDF calls to Dask-specific RDF =
using namespace ROOT: :VecOps; df = B
RVec<RVec<T>> setProbeVars(...) { ROOT.RDF .Experimental.Distributed.Dask.RDataFrame 80
RVec<RVec<T>> probeVars; ) (treeName, inputFiles,...) = 1
for (std::size_t i{@}; i!=nMuon; ++i){ B i1
df .Define(“probeVars”, setProbeVars<T>(...)) 60
} df .Histo1D(("vare", "vare", 10, @, 10), - |
return probeVars; @ "probevars[@]") ﬂ N
} 40_ :
Example of header structure Example of RDF implementation N
for data collections 20 !
« The changes applied to the Tag-and-Probe program to run on WERTTET ARTRR AT NUAPTe mopw O
. 8.9 0.92 0.94 0.96 0.98 1 1.02
the High Throughput Platform ( ) do not affect DT Segment Reconstruction Efficiency
performance, which is consistent with the original program
(serial).

Tommaso Diotalevi 1ISGC2026




Ministero
dell’Universita
e della Ricerca

+*+, | Finanziato
«+ » | dall'Unione europea
b NextGenerationEU

Centro Nazionale di Ricerca in HPC
PIANO NAZIONALE " 7z
DI RIPRESA E RESILIENZA Big Data and Quantum Computing

Italiadomani Xf I C S C

\\/\

Porting results (cont’d)

The original code running mainly on C++, for the base histograms and
computing the segment efficiencies.

* The ported code is running on Jupyter notebook (in Python),
using ROOT RDataFrame. The Tag-and-Probe libraries are
stored in a dedicated header file.

# Load header with:
ROOT.RDF .Experimental.Distributed.initialize(...)
# Point RDF calls to Dask-specific RDF

#include “RDataFrame.hxx”
#include “RVec.hxx

using namespace ROOT::VecOps; df =
RVec<RVec<T>> setProbeVars(...) { ROOT.RDF .Experimental.Distributed.Dask.RDataFrame
RVec<RVec<T>> probeVars; ) (treeName, inputFiles,...)

for (std::size_t i{@}; i!=nMuon; ++i){

- df.Define(“probeVars”, setProbeVars<T>(...))

} df .Histo1D(("vare", "vare", 10, @, 10),
return probeVars; @ "probevVars[0]") P
}

Example of header structure
for data collections

Example of RDF implementation

« The changes applied to the Tag-and-Probe program to run on
the High Throughput Platform ( ) do not affect
performance, which is consistent with the original program
(serial).

ISGC2026
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(measurement as a function of muon p-)

CMS Preliminary 2023 (13.6 TeV)
31.04
c B
2 L
L -
5102
c B
° B
g
‘a -
S 0.8l ;
S0.98 *
o B
m =
$ 0.96
E -
= B
Q I
:f 0.94 —&— MBI - serial
a B —&— MB2 - serial
- —&#— MB3 - serial
0.92 B —&— MB4 - serial
- —=— MB1 - distributed
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Porting results (cont’d)

(efficiency x acceptance vs muon 1)
The original code running mainly on C++, for the base histograms and

5 .. ) CMS Preliminary 2023 (13.6 TeV)
computing the segment efficiencies. i —3— MB1 - serial
8 1.4 + MB2 - serial
. : , & r —3%— MB3 - serial
* The ported code is running on Jupyter notebook (in Python), 2 —3— MB4- serial
. . . I~ —=— MB1 - distributed
using ROOT RDataFrame. The Tag-and-Probe libraries are S 12 e E— i dkifboind
. . , x T —=— MB3 - distributed
stored in a dedicated header file. 3 Ll e
% 1 ; s
#include “RDataFrame.hxx” # Load header with: F;
#include “RVec.hxx ROOT.RDF .Experimental.Distributed.initialize(...) c
# Point RDF calls to Dask-specific RDF 2
using namespace ROOT: :VecOps; df = g
RVec<RVec<T>> setProbeVars(...) { ROOT.RDF .Experimental.Distributed.Dask.RDataFrame -
RVec<RVec<T>> probeVars; ) (treeName, inputFiles,...) s
for (std::size_t i{@}; i!=nMuon; ++i){ o
df .Define(“probeVars”, setProbeVars<T>(...)) =
} df .Histo1D(("vare", "vare", 10, @, 10), s
return probeVars; @ "probeVars[0]") P E
} §
Example of header structure Example of RDF implementation E
for data collections “L
« The changes applied to the Tag-and-Probe program to run on oL o b e e e ey
. -1 -05 0 0.5 1
the High Throughput Platform ( ) do not affect ——
performance, which is consistent with the original program
(serial).
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Technical performance

*Quasi-interactivity is now reached: Time distribution (pie charts)
3500 Bl Preprocessing
R E _t. t- fth | . W Lazy RDF instructions
very time a re-execution o e_analysis IS — S
needed (e.g. tweaking some thresholds or O Blue % + Orange % ~ const.
using different selection criteria), running a 5 28001 Green % decreases with the number
few Jupyter Notebook cells will do the trick 2 i of Dask workers:
(transparently accessing more resources)!! %
£ 1500
._
» This can result in a great improvement for oo
any  detector  performance  analysis
application. 500
20 40 60 80 100
Dask workers
= Serial processing (as a single job = Distributed processing on the
on HTCondor) platform:
Wall time: ~120 minutes ﬁ Wall time: ~7 minutes
1 CPU on a AMD EPYC 7302 16-Core Processor, Up to 92 CPUs (46 physical), on offloaded ICSC » New result!
with 2GB memory Naples HTCondor resources

Tommaso Diotalevi 1ISGC2026



Finanziato Ministero X -
dall'Unione europea $~% dell'Universita Italiadomani

NextGenerationEU &> e della Ricerca

Conclusions

® The challenge presented by the next LHC phases requires a strong development effort of new tools, for making data analysis
as efficient and as modern as possible;

® The «National Center for HPC, Big Data and Quantum Computing» is a unique opportunity for the creation of a modern
infrastructure for research and industry in Italy;

e Aligned with CERN's R&D roadmap, a new High Throughput Platform has been developed:

O Based on interactive workflows and on declarative programming;
© Running on distributed resources (and heterogeneous).

® A CMS Detector Performance analysis has been used to benchmark such platform, obtaining identical results in terms of
physics results.

o From the technical point of view, a significant speed up is observed, thanks also to the new offloading capabilities granted
by Interlink and ICSC resources;

o This enables multiple analysis execution, critical aspect to assess detector stability during data taking.

This work is supported by ICSC — Centro Nazionale di Ricerca in High Performance Computing, Big Data and Quantum Computing, funded by European Union — NextGenerationEU.
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DT local recontruction efficiency

The DT efficiency to reconstruct a local track segment was defined and measured using a Tag & Probe method.

Events were selected to contain a pair of oppositely charged reconstructed muons.

Muon tracks were required to be well reconstructed in the tracker detector (= 6 hits in the strip detector and = 1 hit in the pixel detector) and to be well isolated in 77 and ¢

from other tracks. Moreover the muon tracks were required to have a separation between each other AR = 4/ An? + A¢? > 0.3.

e To ensure that they come from the same interaction vertex, their distance at the point of closest approach to the interaction point should be Az < 0.1 cm.

e Their invariant mass should be within 10 GeV of the Z; mass.

The track used as tag is also required to be well reconstructed in the muon detector, by satisfying the Tight-ID criteria described in JINST 13 (2018) PO6015. Furthermore, it

is required to have a transverse momentum p, > 27GeV and also to pass the High-Level Trigger selection of isolated muons with p; > 27GeV.

The inner component of track used as probe is propagated inside-out to each station of the DT detector and must have segments matched in = 2 muon stations different

from the one under study. It also must have p; > 20GeV.
A DT chamber crossed by a probe track is considered efficient if a reconstructed segment is found within 15 cm distance of the extrapolated track in the R-¢ plane.

The DT Segment Reconstruction Efficiency can be computed:
= within the full solid angle, in this case it also includes detector acceptance
» within fiducial regions i.e. discarding probes that cross a chamber within 15 cm of its edges.
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LHC roadmap for Analysis Facilities

o Analysis facilities (AF) are one of the topics of the 2023 WLCG strategy document.

o All the R&D activities have been already packed in a comprehensive white paper (D. Ciangottini L1)

o Since last year, LHCC has requested experiments to take part of such strategy and to provide a working
direction:

« Provide a list of questions that defines the expectations of AF from experiments.
» LHCC will then ask all experiments to answer those questions (will happen ~November).

o In CMS, the O&C coordination area took part to this survey. The final proposal was refined and closed during
the WLCG/HSF 2024 Workshop.

2. Please describe the data formats used today and in 2030 for analysis?

1. How does the experiment expect the Analysis Model will evolve for Run4 (and Run5)

i . . I .
:;f)sr:\uppa;e: :: l:lurtlin c;gnsudenng both evolutionary advancements and potentially E How much compute power is used today for analysis?
I v volutl e |
4. What are the main pain points that users experience today in analysis and how doesthe [ [5  Wwhatis an Analysis Facility from the experiment point of view?

experiment plan to improve them in the coming years? 6. What are the capabilities and support models that you would need from the AF for them
to be effective?

8. Describe the testing and benchmarking approach for the AF of the type(s) defined in 7. What is the motivation for deploying AF?
Q57?7 How will their effectiveness and reliability be ensured? If benchmark analyses will s
be used, which ones? 9. List R&D that is being done to help address your concerns in qu

stions Q1 and Q4?
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