CMS Software and Offline
preparation for future runs

Tommaso Boccali
INFN Pisa / CERN



—— Physics §
—— Data Parking ~ = Run change

Fill 7105 HLT rate

. . 'g‘eooc‘l 1 i r
CMS Computing circa 2019 Souh || N
T ooshl I e\
the status N AR
Ho | M -
2000H--+- -2 i S
i . ] N
e LHC concluded in December 2018 its second Run ‘°°°§§h’ﬁ‘r *7':' 'r —
("Run”") 0555205 14:00 16:00 18:00 50:00 3200

CMS Integrated Luminosity, pp, 2018, vs = 13 TeV

. CMS Very SuCCeSSfuI in the data taking and analySiS Datalncludedfrom201804171054t0201810260823UTC
operations, with computing supporting unexpected éso; S
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o ParkingB: additional 12 B events collected in 2018 to
support CMS B Physics; a sample 5x larger than Babar's and
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e On top of that, standard pp operations (64/fb

collected), analysis operations in full swing
o 859 collider papers submitted
o Derivative increasing!




Utilization

Pledge

Overall...

Complete utilization of resources, with
sizeable over-pledges in CPU

In 2018, more than 24 B full Simulation
events generated to support the physics
program

Storage areas (disks, tape systems) well

under control

o Thanks to Dynamo/DDM, operational since the
start of the Run

CMS SW in full-real multithreading mode
since 2015 (8 threads is the default): no
memory problems, even with Phasell
simulations

2018: T2 CPU usage
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Time: Sat Jan 12 2019 9:43:03 PMExpected events: 34.0G Events in DAS. 27 5G Done events in DAS: 23.26
events

24B Full Sim events
generated in 2018

Data Deletions by DDM (2015-2018)

40

-Tier-1s
DDM deletes -~ Tier-2s
= ~40 PB/month
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. . Total 142263 / 223279
Production varies
from 1 -1 5 threads Production 85441 /171029
Analysis still mostly ;

single thread Analysis  50537/52250




So where is the problem?

e 2009-2012 (Runl): resources somehow overprovisioned, luxury mode

e 2013-2014 (LS1): Funding Agencies imposed a “flat funding”, which means ~20% increase/y thanks to
Moore's law (and friends)

e 2015-2018 (Runll): resources more and more constrained, Moore’s law starting to be excessively

optimistic

2019-2020 (LS2): virtually no increase in resources granted

2021-2023 (Runlll): in principle not incredibly different from Runll, but LHC is willing to surprise us

2024-2025 (LS3): no increases?

2026+ : the LHC Phase II, the problem!

LHC . HL-LHC

LS1 13 TeV EYETS LS2 14 TeV LS3 1Jmn| v PP
e ———————— energy
Runl oNos Somsolidettor moecrorurarace  ROLINTIT B— o 5to7x
_7 Tev % bunmgon wwo,mm.m'm RU n I I nT ;?:u: :.:;:i.r:mor :'.'.‘:'.o,,.”""" installation '_Iumlnoslty

Civil Eng. P1-P5

upgrade phase 1

y upgrade phase 2
ALICE - LHCb ) md
upgrade

SO0 3000 1o TR

FP7
Hi-Lumi MAJOR CIVIL WORKS 4 TECHNICAL INFRASTRUCTURE
DESIGN STUDY
PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS
CONSTRUCTION AND TEST INSTALLATION
2 & 4 5 4 21 2 22 23 24 25




ROUND OPTICS

Beam energy [TeV] 7.0

Collisions at IP1/5 & IP2/IP8 2736/2736 & 2250/2376

Runll — Runlll e

Normalized emittance [pum] 2.5
B’ [m] at IP1/5 0.28
Half X-angle [mrad] at IP1/5 162 (9.4 Gpeam)

Levelling time @ 2 x 103*Hz/ 0.0 > 5.0 5.0>11.9 11.9
cm?[h]
® Limi‘t in instantaneous Iuminosity @ Optimal fill length [n] -—>98 98> 146 14.6
Bunch charge [10"! ppb] 0->0.89 0.89 > 0.97 0.97
2e34 Cm'28'1, close to Runll ... B’ [m] at IP2/IP8 10.0/1.5 10.015 10.01.5
e _ but levelled for most of the fill time Half X-angle [mrad] at IP2/8 200/250 200/250 200/250
Half || sep. @ IP2 [0,0,] 0> 1600 | 1.60->1.64 1.64
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Runlll — RunlV

e Current modelling expects up to 7.5e34
cm2s1 flat luminosity during fills

e PU=<PU>=200

e CMS with an upgraded detector:

o Many more silicon tracker measurements

o Completely revamped forward calorimetry

o — many more channels, much larger expected
algorithmic complexity

e Physics requirements currently
suggesting 5-10x increased trigger rate

— on paper, easy to get factors 50-100x
more resources needed with respect to
Runll!

(see An analytics driven computing model for
HL-LHC here at ACAT)
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What to do?

Even considering an optimistic technology
factor ~4x from technology, factors > 10x are
missing

Miracles apart (quantum computing anyone?),
we need an intense and focused R&D program
in order to allow for a(n economically) viable
exploitation of HL-LHC

In CMS, the activity is carried out in multiple
groups, with an attempt of light steering from
the Evolution of Computing Model 202X —
ECoM2X

It is not a Computing only effort, but an overall

CMS effort, including:

o Physics, Trigger, PPD and Run Coordination
o Expert analysts
o Representative of major funding agencies

Activity split in 7 Working Groups

Technology tracking and expectations from industry

LHC and CMS modelling (parameters). This includes general status of event
sizes, cpu requirements of HL-LHC software today, premixing. It thus
includes where we are today, and where we think we need to get to as a goal
to make reasonable budget assumptions.

Physics choices and their impact. HLT rate, (re)processing model (prompt vs
scouting vs parking). Definition of analysis data tiers. Definition of
benchmark analyses. Physics impact of budgetary constraints on things like
tracking (higher minimum pT cut etc.), HGCal granularity in reconstruction,
HLT rate, ...

CMS SW: frameworks, access to heterogeneous computing, architecture
unaware programming.

CMS SW: algorithms for RunlV. Identification of resource critical algorithms /
parts. Estimates of utilization of GPUs / accelerators / ... Impact of
generators and Simulation / fast simulation

Facilities and distributed computing. Data model, data lake, TO/HLT
integration. HPC integration. Analysis facilities

R&D in CMS/HSF/WLCG/Industries/Countries

Some highlights in the next
slides...



Technology tracking

HDD vs. Flash SSD $/TB Annual Takedown Trend

Difficult -to fu I |y predict the 2026+ MAMR will enal:vle continued $/TB advantage over Flash SSDs
technology scenario, but our analyses

show that we should focus on:
o Directly supporting GPUs and FPGAs in our
software stacks
o TPUs are also promising, but are there use
cases apart from speeding up ML training?

e At the moment there is no convergence of

HDD and SDD, with a “distance” in $$/TB e Upto nowmno real effo.rt. to .
roughly constant in time streamline network utilization

e Tape technologies are advancing at (cc?nsic.jered infinite)
higher pace than disk; still there is a e This will probably change by

problem with decreasing user base FUEIV' at least for transatlantic
inks

s, T I>1ok

Byﬁ!! Percent of Total One Month Change One Year Change
i ?
OSCARS 10.15PB 15.4% -11.6% +1.66% © Abandon Unlform fU” meSh :
_ o Segregate continents?
LHCONE 31.32PB 47.4% -16.1% +38.1% .
o US (ESnet) LHCone traffic +40%/y
Normal traffic 24.56PB 37.2% -15.0% +1.90%

8
Total 66.04PB -15.0% +17.5%



Physics choices, data rates and analysis model

e Investigations just started, and complex due to many stakeholders

e Naive extrapolation from L=1.9e34 — L=7.5e34 explains the expected
need of HLT output at ~ 7.5 kHz, mostly coming from single object
triggers

o Unless we want to reduce / descope a part of the physics program
o Unless we can use less inclusive trigger approaches - to be studied!

e More to be gained by smart data handling approaches:
o Park a large fraction of triggers, and recover in the winter shutdown or LSs
o Scouting datasets, with small “reco like"” output to offline
o Prompt reconstruction just in order to ensure data quality; deferred reconstruction for the
rest
O

e The amount of MC to produce has a large effect on resource needs
o Need for a common-HEP GAN based Fast Simulation?

o Event generators’ increase in resources due to N(Nnn)LO to be kept under control - today it
is not



Heterogeneous architectures

e There is general consensus that the best
performance/SS will not be obtained with
standard CPUs

e Testbeds active on GPUs, FPGAs, ... initially as
standalone exercises

e Inthe last year, CMS has performed a general
attempt to systematically include these in the
standard CMSSW Software Framework:

o Allow multiple versions of “equivalent” modules, and
defer the decision on which to use even very late (event
by event, module by module)

o Allow the best communication between modules
exposing different interfaces (for example, aut. chain
GPU modules without moving data back to the host)

o Have CUDA as an external tool in CMSSW, for native
utilization

o Next step (in collaboration with other experiments?) is
to try and have automatic code translation in place (is
it even possible?)

Throughput (evis)

CMS Preliminary 2018 data 13 TeV

|t et Pixel tracking only
- — <PU> ~50
2 “Newish”
!l CPILJ “Oldish” GPU
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e Examples exist; see for

example Towards a
heterogeneous High Level

Trigger farm for CMS at

ACAT

e Status of the framework
allows to run benchmarks /
compare architectures / plan
for infrastructure 10



Reduced data formats

e The most important result of the previous RAW \Q
ECoM17 task force has been the definition
of a (even more) reduced data format /GV/
e CMS already in 2014 pioneered the
definition of “small” general purpose

e lIts adoption has bee \ (\\'/«M)/ 2000
Runll: its adopti &o
~70% of a /(ﬁ(SIM) 400 (8x reduction)
e NanoAOD
MlNlAOD(SlM) 20 (8x reduction)

Analysis data formats

to be positivel NANOAOD(SIM) | 1 (sox reduction)

] Exec Summary: “Prevalent analysis format
See The NanoAOD event data format in CMS at ;. ~MS reduced by a factor 3000x in event

ACAT size since the start of Runl”



Changing SW tools

e The CMS SW stack and Computing e CMS identified 3 initial areas where
Infrastructure were adequate for CMS we can profit from existing OSS:
needs in Runll, and then some. o Geometry description: testing DD4HEP

e We have no real hint that Runlll would from AIDA2020; if testing is positive,
pose irresolvable problems either; but, transition in ~1y

) ) ) o CRIC from CERN as a replacement for
since RunlV is a different story, CMS the Information System - already in place
plans to try and test any disruptive for the first use cases
technology already in Runll o Rucio (initially from ATLAS) as the Data

. Management solution - transition and
e Among the software tools, the biggest .
7 _ then large scale testin~ 1y
worries in the RunlV time scale are
about software support and
sustainability. Common solutions with
other experiments are a way to

mitigate the support cost

TIFIC DATA MANAGEMENT

=
Computing Resource Information Catalog E RU ‘ I o
w



Changes to the infrastructure

e Reducing the needs for data replication is of paramount The AAA Xrootd Federation
importance for a cost reduction
e This can come from aggressive policies paired with

remote reads

o CMS already executes prod WFs without data locality, and explicit —
overflows to “close sites” via the Xrootd federation tS “esns

e The data lake seems the most promising solution to- |
date for a safe storage of our data, with limited ol [ oy
replication [ T[]

e It also allows to think that most of the CPU resources
can be served without managed disks. This opens to: AN O

Pt

o HPC systems A | AR - aws
o Commercial Clouds Sl

o Ephemeral sites E Custodial openstatk
HPC Ldataﬁ

e and drives the needs for proper caching tools, easy to = =

. l

deploy. See Using DODAS as deployment manager for Tir2
smart caching of CMS data management system at ACAT !m E B i




HPC systems

e Next big thing is ExaScale (10

An HPC races is going on, at Ie_la83t between major players

Flops - operations per second)

o Should be well available by HL-LHC

e Somehow difficult to compare, technologies / benchmarks, but
o LHC needs today the equivalent of ~30 PFlops
o A single Exascale system is ok to process 30 “today” LHC

o Scaling: a single Exascale system could process the whole

offline HL-LHC with no R&D or model change

e Some FAs/countries are explicitly requesting HEP to use the HPC

infrastructure as ~ only funding; it is generally ok IF we are

allowed to be part in the planning (to make sure they are usable

for us)
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US: apparently no current way to
have a say at least on big DOE
systems

EU: ETP4HPC has at least “asked
for HEP position”

China: no current way to have a

say 14



HPC systems #2

Our Funding Agencies are asking CMS to be prepared to use national HPC infrastructures for a
sizeable part of our needs, by RunlV
There are many not trivial problems to solve:

@)

o O O O

O

Data access (access, bandwidth, ...)

Accelerator Technology (KNL, GPU, FPGA, TPU, 7?77, ...)

Primary architecture (Intel, Power9, ARM, proprietary ...)
Submission of tasks (MPI vs Batch systems vs proprietary systems)
Node configuration (low RAM/Disk, ...)

Not-too-open environment (OS, Access policies,...)

Since many problems are more political than technical, CMS has prepared a document to perform
handshaking with HPC sites, and in order to

o Explain our needs
o Propose solutions (standard, ad-hoc)
o Discuss out-of-the-box solutions for
Future systems Report on HPC resources integration at
o (shared with the other exps to find a CMS
Common ground)
CMS plans a (virtual) trip to visit all Introduction
the HPC sites, and establish e B et o o s o o B
. c The utilization of these system by HEP experiments is not trivial: each HPC center is different
direct links and, of course, this increases the level of complexity from the integration and operations

perspectives.



Current understanding of resource needs for

Phasell

e All, in all, starting from the factors 50-
100x as previously mentioned, the
efforts already put in place are starting
to pay off

e Last public version of our 2027

estimates cite projected needs for
o CPU: 44 MHSO06
Disk: 2.2 EB
Tape: 3EB
(with respect to 2019 pledges, these are
22x, 13x and 15x)

e .. with a storage decrease by 2x due
the modellization of NanoAOD as a
tool for 50% of the analyses, and
thus reducing the needs to process and
store on disk larger data formats

O O O
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See An analytics driven
computing model for HL-

LHC at ACAT for more
information



Conclusions

e HL-LHC is a fascinating research environment, with incredible capabilities
for physics discoveries

e Unfortunately, the large amount of expected data does not fit any
reasonable amount of funding, if handled via standard operation models

e CMS has started a deep and intense R&D program, involving all the
stakeholders from Physics groups to Trigger experts, in order to pave a
way towards an affordable HL-LHC computing

e Ideas are being collected, analyzed and formalized, with the plan to have
them under test in Runlll before the final deployment in production starting
from 2026

17



