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Alexei Klimentov

 Expertise and interests: High-performance
and high-throughput computing, Workload and
Data Management Systems, HEP application
software, LCF usage for compute-intensive
applications

Brief bio: Graduated from MEPhI, PhD in particle physics, Doctor of Science in IT,
L3 experiment on Large Electron-Positron Collider, online computing coordinator,
AMS experiment (shuttle flight STS91 and International Space Station)
SW&Computing Coordinator, Physics Applications Group Head at BNL Physics
Department, Leading PI US DOE ASCR and HEP funded project “Next Generation
Workload Management System for BigData” (aka BigPanDA, 2012-2019). Over six
hundred publications and extensive service on national and international advisory and
conference program committees. Founder of ATLAS Distributed Computing and its
leader 1n 2009-2013 (during Large Hadron Collider preparation, commissioning and Run
1). Led several R&Ds in cloud and supercomputing for HEP. Russian Ministry of
Education and Science mega-grant award for Leading Foreign Scientists (2014-2018).
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|.Bird (CERN)
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P.Calafiura (LBNL)
S.Campana (CERN)
J.Catmore (U Oslo)
T.Childers (ANL)
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S.Panitkin (BNL)
J.Shiers (CERN)
T.Schulthess (ETH)
M.Schulz (CERN)
F.Schurmann (EPFL)
V.Tsulaia (LBNL)
A.Undrus (BNL)
V.Voevodin (MSU)
J\Wells (ORNL)
T.Wenaus (BNL)
A.Zarochentsev (SPbSU)

Mar 2020

Lectures drew on presentations,
discussions, comments, input from many.
Thanks to all, including those I've missed

Disclaimer : This lectures will
have a “slight” bias towards
ATLAS experiment @ LHC and
CERN computing
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«MoU» HerosHbIlU criucok abbpesuamyp (aka TLA)

AMI
AOD
ARDA
ATHENA
CA

CAT
cocC
CONDOR
DB

DC
DIAL
DQ
DVS
ESD
GRID
GUID
IS

LFC
LFN
LSF
mySQL
NG
ORACLE
PANDA
POOL
RDBMS
SC

SQL
SEAL
SRM
SWING
TRF
URL
VOMS
WMS

ATLAS Metada Interface

Analysis Object Data

Architectural Roadmap towards Distributed Analysis
ATLAS interactive analysis framework
certificate authority

Control a Task (AMI package)
Computing Operations and Coordination
batch system

Data Base

Data Challenge (can be 1 to 4)
Distributed Interactive Analysis

Don Quijote, roman by Miguel cervantes de Saavedra
Detector Verification System

Event Summary Data

just grid, etc

Grid Universal ID

Information System

Local File Catalog

Logical File Name

batch system

RDBMS

Nordic Grid

RDBMS

bear, also ATLAS Production system
LCG prject

Relational DB managementsystem
Service Challenge

Simple Query Language

Shared Environment for Applications
Site Resource Manager

ATLAS SW Integration Working Group
Transformation

Universal Resource Locator

Virtual Organization Memebership Service
Workload Management System

AMGA
API
ATCOM
ATLAS
CASTOR
CDR
COOL
CORAL
DAQ
DDM
DN

DQ2
EOWYN
FTS
GUI
HPSS
LEXOR

LHCG
MonAlisa
NFS
OKS
0OSG
PFN
RAT
RLS
3D

SE
SFO
SURL
TDAQ
Twiki
VO
VUID

meta-data and GANGA system
Application Program Interface
ATLAS task request package

A Toroidal LHC ApparatuS

CERN “home-made” storage system
Central Data Recording

Conditions DB project

LCG project

Data Acquisition system
Distributed Data Management

Distinguished Name. (grid-proxy-info command)

ATLAS DDM system

ATLAS jobs executor (one of many)
File Transfer Services

Graphic User Interface

Hierarchical Storage System

LCG Executor

LHC Computing GRID

GRID monitoring package

Network File System

Obect-oriented Kernel System

Open Science Grid, also GRID flavour
Physical File Name

Request a Task (Task Request Inerface)
Replica Location Service

Distributed Database Deployomen
Storage Element

SubFarm Output

Site URL

Trigger and DAQ) system

Web pages editor

Virtual Organization

Virtual Universal 1D




- Outline 1/2 . .

e Computing in High Energy and Nuclear Physics (HENP)

v’ data acquisition, analysis and processing from Hollerith machine to LHC Computing
v' WWW, mainframes, workstations, personal computers

v" Programming languages, libraries, SW tools

v" LHC Computing, looking at the (Big)Data

v Physics data flow

* From RAW data to Physics Results

v what is data?

v’ data processing and analysis chain

v' DAQ, chain

v’ data simulation and reconstruction goals
v data quality

* LHC Computing Model
e Distributed computing and Grid paradigm

® Grid key components

* MONARC model
* “mesh” computing model

® Wide Area Network (WAN)



Outline 2/2

v SW&Computing challenges in High-Luminosity LHC era. Big data at LHC

* Ponb cynepKkomnbloTEPOB ANA HAYYHOMU NPOrPammMbl PU3MKN 31EMEHTAPHbIX
YyacTumL,
NHTerpauma rpma, CynepKomMnbTEPOB U PECYPCOB «061a4HbIX BbIYUC/IEHUN Y
Intel x86 1 HOBbIE BbIYUCAUTENbHbIE APXUTEKTYPDI
Pioneering Research & Development projects in HENP Computing
from HENP applications to bioinformatics and computational science
v' CucTembl ynpasaeHua AaHHbIMU GU3NYECKOro SKCMepUMEHTa
*Cucrtembl ynpaBneHus 3arpy3koun
* Cuctembl ana obpaboTKku 1 aHanmn3a AaHHbIX.
* Cnucrtembl ynpaBaeHUa AaHHbIMU PU3NYECKOTO SKCNEPUMEHTA
* nepeaaya AaHHbIX
* «NONYNAAPHOCTb AAHHbIX»
* Cuctembl MOHUTOPUHTA
*JBOIOLMA CUCTEMbI YMPABNEHMA NOTOKAMUM HAY4YHbIX 3a4aHNN. HoBble BUAbl MOTOKOB
3a4aHUN B anoxy cynepbak
v"  Operations Intelligence n metoabl BM3yannsaumm Hay4HbIX gaHHbIX M.A.[puropbesa

EaiES. AN

JK3ameH anpenb 2020



We intend to fill this gap

Reality

=

Our Task

We use experiments
to inquire about what
“reality” (nature) does

ATLAS/CMS Physics Goals

* Explore high energy frontier of particle
physics

e Search for new physics

— Higgs boson and its properties

— Physics beyond Standard Model —
SUSY, Dark Matter, extra dimensions,
Dark Energy, etc

* Precision measurements of Standard
Model parameters

The goal is to understand
in the most general; that's
usually also the simplest.

- A. Eddington

Alexei Klimentov — Computing in HEP
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Data Acquisition



Tycho Brahe and the Orbit of Mars

I've studied all available charts of the planets and stars and
none of them match the others. There are just as many
measurements and methods as there are astronomers and all
of them disagree. What's needed is a long term project with
the aim of mapping the heavens conducted from a single
location over a period of several years.

Tycho Brahe, 1563 (age 17).

* First measurement campaign

e Systematic data acquisition

— Controlled conditions (same time of the day and month)

— Careful observation of boundary conditions (weather, light
conditions etc...) - important for data quality / systematic
uncertainties

10



Tycho Brahe's Mars Observations
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e
0
G

1582 1384 1586 1588 1590 1392 1394 1396 1598 1600

Image Copyrnight 2000, Wayne Patko

 Data acquired over 18 years, normally every month
 Each measurement lasted at least 1 hr with the naked eye
e Red line (only in the animated version) Shows comparison with modern theory



Data Analysis



* Tycho did not do the correct analysis of the
Mars data, this was done by Johannes Kepler
(1571-1630), eventually paving the way for
Isaac Newton theory of universal gravitation

Alexei Klimentov 13



Data Processing
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Hollerith’'s Successes

In 1890 Hollerith founded a company called the
Tabulating Machine Company.

In 1911, his company merged with two other
companies to create the Computing-Tabulating-
Recording Company.

Under the direction of Thomas Watson Sr, CTR would
change its name in 1924 to International Business
Machines. Hollerith's machine would provide the basis
for IBM's success and make him the father of
information processing. sssaa =

16 Alexei Klimentov



Thomas Watson Jr

| think there is a world market for maybe five computers

— 1943
First ~ Numeral  Computing
Name Programming
operational system = mechanism complete
Bi Electro- P -controlled by punched 35 mm film stock (but
2056 3 (Germany) My 1941 maw | ec ro. rogre'am controlled by punc mm film stock (but no —
floating point mechanical  conditional branch)
Atanasoff-Berry Computer (US) 1942 Binary Electronic Not programmable—single purpose No
February . , .
Colossus Mark 1 (UK) o1 Binary Electronic Program-controlled by patch cables and switches No
Electro- P -controlled by 24-channel punched paper t
Harvard Mark | - IBM ASCC (US) May 1944 Decimal % ro‘ o corT 'ro Y <-GIenne: paned pepertape No
mechanical | (but no conditional branch)
Colossus Mark 2 (UK) June 1944 Binary Electronic Program-controlled by patch cables and switches No

B Elect
Zuse 24 (Germany) Mach1945 -0 S prooamecontroled by punched 35 mm fimstock  Yes
floating point mechanical



Computers: Predictions

“Computers in the future may weight no more than 1.5 tons’
— Popular mechanics, 1949

The first electronic computer was
named Colossus (~1944) and weighed
approximately one ton

18



e Early 60. Computer services
company in industrial
Yorkshire, UK.

e Computer: Honeywell H200

Alexei Klimentov 19



BOCM-6. 1 MIPS. 1966
1960 - —

* At the beginning of the computer era, the
Soviet Union competed on an equal footing
with the world's leading computer powers

* A masterpiece of computer engineering, in
which many revolutionary solutions were
realized. The machine was produced for 17
years 1966-1983 (about 450 machines were
manufactured) and survived three
generations of computer technology. The last
copy of the legend worked in the Training
Center of the Navy near St. Petersburg.

Mar 2020 Alexei Klimentov 20



Ken Olson on the PC

* “There is no reason for any individual to have a
computer in his home.”

— Ken Olson, president, Digital Equipment Corporation, 1977.

* Ironic that DEC was subsequently taken over by
COMPAQ...

e ...and COMPAQ was taken over by HP in Jan 2002.

DEC PDP-8/S :~0.03 MIPS

One of the main processing
computers for bubble chamber
experiments

DEC — Digital Equipment Corporation
Major models : LSI, PDP 11, VAX

21 Alexei Klimentov



CERN 2M Hydrogen Bubble Chamber

100,000+ Pictures

/

IBM 360/44

Offline Analysis
~0.09 MIPS

MIPS — Million Instructions per
second

22



Mainframes & Workstations

1987 : PAW — Physics Analysis Workstation

per )
e o
W =

HBOOK

LA :|




==  ThelBMPC

=

e On August 12, 1981, IBM released their new
computer, the IBM PC.

* |InJuly of 1980, IBM representatives met with
Microsoft's Bill Gates to talk about an operating

system for the PC. ;
e |n 1983, Time Magazine named the PC “Man of the v
Year.” @ — cosMcs
— i.e.just over 1 year from the launch. 'g '”1 .
 Jan 1986. IBM PC used for HEP L3 experiment at 51 kN ]
CERN to calibrate Hadron Calorimeter utilizing 8 *Lb
natural Uranium radioactivity (Laboratory of HEP, 2r “\n,
ITEP, Moscow) *"*W
* Now <at least> one laptop per physicist "‘%m.f
— ATLAS collaboration has 3000+ physicists and engineers e —
0 20 40 60 80 100 120

— 2017 : Intel Core i7 ~320 000 MIPS © AMPLITUDE(ARBITRARY UNITS)

24 Alexei Klimentov
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Internet Timeline

1957: sputnik, ARPA

Early 1960s: papers on packet switching, ideas for a “galactic network”
LH C@PN

Late 1960s: ARPANET
— Original design speed: 2.4kbps

Early 1970s: network control protocol

1 January 1983: move to TCP/IP
o Originally 32 bit addresses

1986: US National Science Foundation develops NFSNET
o Today leading backbone of scientific internet (ESNET)

~1999 LHC MONARC Model (to address Computing TDR’s concern not enough

bandwidth

~2008 : LHC Optical Private Network to connect CERN and 12 main centers around

the globe (10-40GB/s)
~2008 Google global network

~2011 LHC Optical network (LHCONE) to connect all (O(100)) ce

® B G
S " % “'O




Birth of the Web

Alexei Klimentov



WorldWideWeb : Proposal for a HyperText Project
WorldWideWeb: Proposal for a HyperText Project

To:
P.G. Innocenti/ECP, G. Kellner/ECP, D.O. Williams/CN

R. Brun/CN, K. Gieselmann/ECP, R.€ Jones/ECP, T.€ Osborne/CN, P,

First web proposal was on 12 March 1989
30 years ago !!!

CN, R. Cailliaw/ECP

12 November 1990

A\

The attached document describes in more detail a Hypertext project.

HyperText is a way to link and access information of various kinds as a web of nodes in which the user can browse at will. It provides a single user-interface to large
classes of information (reports, notes, data-bases, computer documentation and on-line help). We propose a simple scheme incorporating servers already available at
CERN.

The project has two phases: firstly we make use of existing software and hardware as well as implementing simple browsers for the user's workstations, based on an
analysis of the requirements for information access needs by experiments. Secondly, we extend the application area by also allowing the users to add new material.

Phase one should take 3 months with the full manpower complement, phase two a further 3 months, but this phase is more open-ended, and a review of needs and
wishes will be incorporated into it.

The manpower required is 4 software engineers and a programmer, (one of which could be a Fellow). Each person works on a specific part (eg. specific platform
support).

Each person will require a state-of-the-art workstation , but there must be one of each of the supported types. These will cost from 10 to 20k each, totalling 50k. In
addition, we would like to use commercially available software as much as possible, and foresee an expense of 30k during development for one-user licences, visits to
existing installations and consultancy.

We will assume that the project can rely on some computing support at no cost: development file space on existing development systems, installation and system
manager support for daemon software.

T. Berners-Lee R. Cailliau




LINUX

e 1991 — the first version of Linux operating system

— Posted announcement to the Minix group on USENET, and made the
Linux source code available to other nerds free of charge.
Programmers everywhere started adding their own improvements,

and eventually companies like Red Hat, Corel, Caldera, and
TurboLinux began selling their own versions of Linux.

— The open-source nature of Linux is its greatest strength. Instead of
having paid programmers devising improvements and looking for
bugs from 9-to-5 with tight deadlines and budgets and memos from
bosses, Linux is perpetually being tinkered with by the most obsessed

nd enthusiastic high-tech hobbyists and experts.

e 2011 —the primary Operating System in High Energy Physics
Centers

Just For Fun’ is a humorous autobiography of Linus Torvalds

Alexei Klimentov — Computing in HEP 29



Larry Ellison (ORACLE CEO) predicted the future of
computing (~early 2000):

* “There have been 3 generations of computin?_:
mainframe, client-server and Internet computing

 There ]l be nothing new for one thousand (1000)
years

Curiously enough, very soon Oracle declared Grid to be
”the next big thing”

Alexei Klimentov — Computing in HEP 30



Software Tools, Libraries, Languages

« 1974 : Fortran IV, HBOOK, GD3, HYDRA, CERNLIB, SIGMA
. 1979 : Fortran 77, Pascal, CERNLIB, GEANT2 . 5 wGipi . . 5
e 1984 :ADA, ZEBRA, GEANT3, GHEISHA, PAW,X11 What is next ? “Siri style” programming :

. 1989 : PHIGS, MOTIF, FORTRAN9O, C, Perl, ORACLE, Web

. 1994 : 0O, Smalltalk, Eiffel, C/C+EANT4, MOSAIC, ROOT An attempt to use commercial SW for LHC era
. 1999 : JAS, Mathematica, Netscape, PROOF, XROOTD

. 2004 : Google, Python

. 2014 : GPUs/AI, ML, DL, GO, CLING

. 2018 : python3

. 2020: C++20

Programing languages

AN
SIGMA COMIS CINT CLING _
g ADA Modula2 PERL Python =
%' Algol Mortran OCCAM Eiffel Csharp Ruby Javascript _g-
2 Pascal Oberon A
Fortran 4,77,90 ObjectiveC Java co CUDA
Assembler Compass PL1 C Prolog Basic 4+ N Julia
Ve
8 R T
L e
S
3 el oIl e tIIIIIIz LIl Il IIINIIIIll g LIl QccooInIze?
_E DIIIIIIIL DIl Sl oIl oIl LG Il g Pl
S BRI g el

languages in
50 years !!

4990 1995 2000 2005

Nna/1n/17 R Rritn: HHhAaAalL /DA\N//RONT 1




3Tanbl pa3BUTUA MHPOPMALMOHHbBIX TEXHONOTUMN
NNA 3KCNepUMeHTOB B 06/1aCTU GU3UKM 31IeMEHTAPHbIX YacTuUL,

foabl Ymcno cotpygHmMkoB | Ob6bem AaHHbIX, TEXHOOTUA XpaHeHMA N 06paboTKu
3KCNepMMeHTa NHbopMaLmn

Komnern 1950 2-3 Kbut’sbl, 3amucu B pabounx )KypHayiax

1960 10-15 KbBaiitel, nepdokapThl, OyMaXXHbIC HOCUTEIIN

1970 ~35 MDBaiiTel, MArHUTHBIE JIEHTHI

(Y70, PS) Omnunaitn o6padotka : PDP 8, oddmaiin oopadotka : EC, IBM 360

1980 ~100 ['nraGaiiTel, MAarHUTHBIE JIEHTHI U JUCKU

(SPS, V70) Omnuaiin oOpabotka : Caviar, PDP 70, VAX, CM4, oddnaitn o6paboTka :

EC, IBM 370, B5CM 6, VAX 8800

1990 700-800 TepabOaiiThl, MATHUTHBIC JICHTBI, TUCKU

(LEP, Omnutaiin oOpaboTka : VAX, crem.mpoueccopsl;

TeBaTpoH, Oddnaitn odbpadotka : EC, IBM 370, VAX 8800, Appollo, SGI, Sun

SLAC)

2010+ ~3000 IIeTabaiiThl, MArHUTHEIC JICHTHI, JTUCKH

(LHC, AMS, OmnstaiiH 00paboTKa : KiacTepsl, rpapuueckre IpoLeccopsl,

Belle, LSST) Od¢maitn 006paboTKa : TpUA

2030+ 3000+ DkcabaiThl, MAarHUTHBIC JICHTHI (7), IUCKU, «OOJIAYHBIC PECYPChD)

(HL-LHC, OmnnaitH 06paboTKa : CHEIIIbHBIC TIPOIIECCOPBI, KIIACTEPHI

DUNE, EIC)

Oddrnaitn 06paboTKa : «00IaUHbIE PECYPCHI», TPHJL, CYIEPKOMIBIOTEPbI




1969I:\/Ian walks on the moon Ti m ECh eCk

— End of first Star Trek series
— First Arpanet nodes
1972:
— First e-mail program
— Telnet
— Ethernet
1989:
- Large Electron Positron Collider (LEP) at CERN pilot run
LEP : 1989 - 2000
1991.:
—  WWW protocols posted to alt.hypertext
1997:
— Grid paradigm (by Foster and Kesselman)
1998:
— Thefirst “scheduled” LHC run
— MONARC project
2000:
— LEP stopped
2011:
— LHC pilot run with Distributed Data processing at O(200) centers around the globe
2012-2013: LHC Physics Run (Run1). Higgs boson discovery

2015-2018 : LHC Physics Run (Run2) @

— Exabytes of data processed and analyzed

2020+ : HL-IHC challenges ahead
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CERN is the European Organization for Nuclear Research in Geneva
founded in 1954 : 12 European States
— The world’s largest particle physics laboratory

— Particle accelerators and other infrastructure for high energy physics (HEP)
and nuclear physics (NP) research

— Worldwide community
23 member states (+ 2 members in pre-stage)
 Observers: Russia, Japan, USA, EU, JINR and UNESCO
 About 2700 staff, 20 experiments, 1200+ physicists
e >10°000 users (about 5’000 on-site)
 Budget (2019) ~1200 MCHF

Birthplace of the World Wide Web



the frontiers of
knowledge

The secrets of the Big Bang
Origin of mass

new technologies for
accelerators and detectors

Information technology - the Web and
the Grid

Medicine - diagnosis and therapy

scientists and engineers of
tomorrow

people from different countries
and cultures

Research

. ,“l
S ’; E s ;MKZ

&

Brain Metabolism in Alzheimer's
Disease: PET Scan




Science is getting more and more global

Distribution of All CERN Users by Location of Institute on 9 December 2019

MEMBER STATES

Austria

Belgium 152
Bulgaria 43

Czech Republic 250
Denmark 47
Finland 92
France 852
Germany 1310
Greece 152
Hungary 75
Israel 73
Italy 1551
Netherlands 183
Norway 90
Poland 310

Portugal 95
Romania 118

Serbia 38
Slovakia 74
Spain 370
Sweden 105

ASSOCIATE

Switzerland 373 MEMBERS IN
United Kingdom 984 THE PRE-STAGE
2 TO MEMBERSHIP

13
20

7 432] con

Slovenia

ASSOCIATE

MEMBERS OTHERS Canada 21 Iceland 3 Mexico 58 Sri Lanka 8
Croatia 40 ) Chile 22 Indonesia 8 Mongolia 2 Taiwan 57
India 198 Algeria 3 China 376 Iran 12 Montenegro 5 Thailand 20
Lithuania 20 OBSERVERS Argentina 16 Colombia 24 Ireland 7 Morocco 16 UALE. 2
Pakistan 40 Japan 244 Armenia l.f ("uhu 3 Kurczl. 150 New Zealand 12
Turkey 132 Risssi 1099 Australia 25 Ecuador 4 Kuwait 2 Oman 4
Ukraine 36 [ USA 2002 Azerbaijan 3 Egypt 16 Latvia 2 Peru 3
z 3 ; i Bahrain 3 Estonia 24 I.ebanon 17 Puerto Rico 1
468 3 345 Belarus 27 Georgia 36 Malaysia 9 Singapore 3 1 437
Brazil 114 Hong Kong 21 Malta B South Africa 89




Fundamental Questions....

Dark Energy

Accelerated Expansion
Afterglow Light . .
Pattern DarkAges  Development of * How to explain that particles have mass?
380,000 yrs. Galaxies, Planets, etc. == . . .
* Theories and accumulating experimental

Inflation data...getting close

*  What is 96% of the Universe made of?
*  We only observe 4% of the apparent mass

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

* Where is all the anti-matter?
*  Why is Nature not symmetric?

* What was the state of matter just after the Big
Bang?
*  “Soup” of quarks and gluons before they
condensed into matter?

uon neutrino

Leptns |



From Internet to Gutenberg

« Hermes, the alleged inventor of writing, presented his invention to the
Pharaoh Thamus, he praised his new technique that was supposed to
allow human beings to remember what they would otherwise forget.

XX century (TV, radio, telephone...) brought another culture, people
watch the whole world under the form of images which would have

involved a decline of literacy.

« Computer screen is an ideal book on which one reads about the world in
form of words and pages. If teen-agers by chance they want to program
their own home computer, must know, or learn, logical procedures and
algorithms, and must type words and numbers on a keyboard, at a great
speed. In this sense one can say that the computer made us to return to
a Gutenberg Galaxy.

* People who spend their night implementing an unending WWW
conversation are principally dealing with words.

From lecture presented by Umberto Eco
(Italian philosopher, novelist,
author “ll nome della rosa”)




What's happening now at CERN?

LHC Pagel Fill: 1 No data 10-01-20 11:21:24

SHUTDOWN: NO BEAM

BIS status and SMP flags
Comments (10-Jan-2020 11:17:48) Link Status of Beam Permits
Error: Comments Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

No data PM Status Bl PM Status B2




The Science Drivers for Particle Physics

Five intertwined science drivers, compelling lines of inquiry that
show great promise for discovery :

1. Use the Higgs boson as a new tool for discovery.%l;ié., :

S A
=

2. Pursue the physics associated with neutrino
mass. 2

3. Identify the new physics of dark matter. |
4. Understand cosmic acceleration : dark energy ‘i/;
and inflation. oo

5. Explore the unknown : new particles, interactions,
and physical principles.

22.03.2020 Alexei Klimentov 41



Future of particle physics
High Luminosity LHC until 2035 f Logend -

e CERN existing LHC

* Ten times more collisions than R ——

CLIC1.5TeV

the original design

Studies in progress:
Compact Linear Collider (CLIC)
+ Linear e*e- collider Vs up to 3 TeV

Future Circular Collider (FCC)
New technology magnets -
100 TeV pp collisions in 100km ring
e*e" collider (FCC-ee) as 1st step?
HE-LHC in the present LHC tunnel
with FCC-hh technology?

' Schematic of an
80 - 100 km
long tunnel

European Strategy for Particle Physics
* Preparing next update in 2020

é-




Prof. Sam Ting

History of Discoveries in Accelerators

Accelerator Original purpose Discovery

2 kinds of neutrinos,
Breakdown of time

AGS Brookhaven (1960) 7t N interactions reversal symmetry,
4-th Quark

FNAL Batavia (1970) neutrino physics 5-th Quark, 6-th Quark
SLAC Spear (1970) ep, QED Partons, 4-th Quark,

’ 3rd electron
PETRA Hamburg (1980) 6-th Quark Gluons
Super Kamiokande 0000  Proton Decay Neutrino Oscillation
Hubble Space Galactic Curvature
Telescope Survey of the universe

AMS on ISS Dark Matter
Antimatter
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e The largest detector
e Multiple components and sub- 44m
detectors N
e /000 tons |
e 10 MW electric power
e 150M sensors measure
direction, momentum and
charge
e Collisions at 40MHz
o Filtered to kHz or unde
6GB/s

ATLAS

EXPERIMENT

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detecto!

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transifion radiation fracker

Semiconductor fracker
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The ATLAS Experiment at the LHC

Argentina Morocco

Armenia Netherlands

Australia Norway = J gyl 0 Ol T S\ A IR T B e e —
Austria Poland

Azerbaijan Portugal

Belarus . Romania

Brazil Russia

Canada Serbia

Chile Slovakia

China Slovenia

Colombia South Africa
Czech Republic  Spain
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Collaboration

@ The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

Photo: Pnicolet via Photo: G-M Greuel via

Wwikimedia Commons Wikimedia Commons

Francois Englert Peter W. Higgs

ATLAS has 44 meters long and
25 meters in diameter, weighs
about 7,000 tons. It is about
half as big as the Notre Dame
Cathedral in Paris and weighs
the same as the Eiffel Tower
or a hundred 747 jets

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and
Peter W. Higgs “for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider"






Proton-Proton Collisions at the LHC

Candidate Hi
to four electrons fecorded
by ATLAS in 2012.

A Few LHC Facts

Proton-Proton 2835 bunch/beam

[N /
Proton Q c

Parton "
(quark, gluon) i
[l

l /

Particle
X
jet
jet

Protons/bunch 10" TV
Beam energy —FTeV{xio*e¥)- 13 TeV
Luminosity 10*cm? g’

Crossing rate | 40 MHz | 20 MHz

Collisions =

107-10°Hz

25 nsec (design)
between proton bunches

Multiple collisions

per Crossing
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Event Selection : 1 in 10,000
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Drop of water: Roughly 0.1 mL

New physics rate ~ 0.00001 Hz

Event Selection :
1in 10,000,000,000,000

Like looking for a single
drop of water from the
Geneve Jet d’Eau over 2+
days

»

?

- Bl s

-_

Alexei Klimentov

wiannmn - ..
- -




Information growth

Zetta = 1000 Exa = 1000000 Peta = 1000000000 Tera
Library of congress ~200TB

One email ~ 1 Kbyte yearly = 30 trillion emails (no spam)
30 Petabyte * N for copies

One LHC event ~ 2 MByte yearly = 10 billion RAW events
Tycho’s rate ~100 Byte/h ~ 800 Petabytes with copies,
derived data and selections

One photo ~ 2 Mbytes yearly = 500 billion photos
one Exabyte
25 billion photos on Facebook

World Wide Web 25 billion pages (searchable)
Deep web estimates > 1 trillion documents ~ one Exabyte

Blue-ray disks ~ 25 Gbytes yearly = 100 million units

2.5 Exabytes, copies

World-wide telephone calls - ~ 50 Exabyte (ECHELON)

Alexei Klimentov

PETABYTES

1S5+ &

PETABYTES B

20 THE AMOUNT OF DATA|PER
PROCESSED BY GOOGLE | DAY

PETABYTES

20 MILLION

FOUR-DRAWER FILING CABINETS
FILLED WITH TEXT

13.3 YEARS

OF HD-TV VIDEO

SIZE OF THE 10 BILLION
et —— FACEBOOK

INTERNET USER'S DATA BACKED UP ON

MOZY.COM

20 e oneow 1995

PETABYTES

THE ENTIRE WRITTEN WORKS
o F
ING OF R f‘ R,)F, IST! Y
PETABYTES - e
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Big Data: often just a buzz word, but not when it comes to HEP...

5(BB Thursday, Oct 10, 2019
g;;z§425308935804231zggj
Business emails sent ATLAS Data 0.47 EB
3000PB/year 0P LHC start
(Not managed as 2009
a coherent data set)
Climate Facebook uploads

DB

HL-LHC 2026 : 600PB RAW data
SKA Phase Il : 1EB science data

LHC data
15PB/yx

180PB/year

Us Kaiser
Censu
Permanente
Wired 4/2C 30PB

WWw.wired.com/magazine/2013/04/bigdata/



http://www.wired.com/magazine/2013/04/bigdata/

The Works of

Benjamin Franklin

Including the Private as well as the
Official and Sciemtific Correspondence

Together with
The Unmetilazed and Correct Version of the Autobiograpby

Compiled and Ediced
by

John Bigc}ow

* Scrange chaz Ulywes dows 3 Shossnd thiags 20 well ' —luas, B 11, 538

G. P. Putnam’s Sons

New York and London

The Ruickerbacker preas
1904

Big Data in the arts and humanities

Letter of Benjamin Franklin to Lord Kames, April
11, 1767. Franklin warned British official what
would happen if the English kept trying to control
the colonists by imposing taxes, like the Stamp
Act. He warned that they would revolt.

Lond Rames.

... But Awmenica. an immense teviitory. favored by watune with all advantages
of climate. sodl. great navigable nivers and lakes. ete. mudt become a

great country, populons and wighty: and will. in a less tine than io
generally conceived. be able to shake off any shackles that may be impoced
ou lhen, and fenkaps place them on the imposens. Tu the meantime, cveny act

of oppnession will sour thein lempens, lessen greatly. ¢ wot annihilate,

Benjamin Franklin
The political, scientific and literary
papers of Franklin comprise approx. 40

volumes containing approx. 100,000
documents.
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Big Data in the arts and humanities

News Events | About Us

GEORGE W. BusH

PRESIDENTIAL LIBRARY AND MUSEUM

The President & Family Photos & Videos

Research

ELECTRONIC RECORDS

w, Print I} Bookmark/Share

IN THIS SECTION

The George W. Bush Presidential Library and Museum holds approximately 80
Textual Materials terabytes of electronic records — the largest electronic records collection of any
Finding Alds Presidential Library. R e . A ;
Featured Document Seplember 11, 2001
This data includes over 200 million email
messages created or received using the
White House email system; nearly 4 million
photographs created by the White House
Photo Office; the files from the shared
network drives used by various offices in the
White House; and the data from the various
KA records management, scheduling, and
President George W. Bush and Israeli appointment systems used during the
Laws & Regulations ‘l’g']”;i2:'3frli;AQ:rr?;i;%"réas:Q“ Administration of P.resident George W. .
conference, July 29, 2003, in the Rose Bush. The vast majority of these electronic
Other Research Resources Garden of the White House. records are stored in the National Archives
Research FAQ LCI‘I’)‘I’;;SG/H‘;??’EQSL;:’:%%? 5’;2‘2‘)’””"' and Records Adminislration's Elgctronic
Records Archive (ERA). Electronic records
not stored in ERA are physically housed by
the National Archives at either the Library and Museum or at the National
Archives' headquarters in Washington, D.C.

Archived White House
Website

Audiovisual Materials

White House Email

Gubernatorial Records

George W. Bush Presidential Library:
200 million e-mails
4 million photographs
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TepmmnHonorus

KomnsromepHaa mooens (8bivyucaumenbHaa Mooesib, MOOEesb
KOMrbomuHaa) : moaenb 06paboTKM AaHHbIX PU3INYECKOTO IKCNEPUMEHTA.

Ceepxb6onbuwiue 06vemol OaHHbLIX : JaHHble MyNbTUNEeTabanTHOToO U
3KcabanTHOro AMana3oHa B COBPEMEHHbIX PU3NYECKUX IKCMEepUMEHTaxX. B
OT/INYUN OT «OONbLUNX AAHHbIX» - 3TOT TEPMUH B HaAcTosALLLEee Bpema mmeer
cneumanbHoe 3HaYeHue 1 NoApPasyMeBaET UCMONb30BAHME LIENIOTO CTEKA
COOTBETCTBYHOLWMX TEXHO/IOTUN.

MonynapHocme 0aHHbIX (0om aHen. data popularity) — BocTpeboBaHHOCTb
NAHHbIX 1 X HabopoB AnAa nporpamm GU3NYECKOro aHaIn3a Uan U3y4yeHus
paboTbl AeTeKTopa.

«06saKo ATLAS» — cTaTU4YecKas CBfi3Ka LEeHTpoB ypoBHA 1:T1 —n:T2 B
PAMKax Mepapxmyeckom KoOMnbOTEPHON MOAENN Ha MePBOM 3Tarne paboTbl
Bonbworo agpoHHOro Koananaepa



Terminology. Cont’d

e Data is collected online (real-time)
— Collision data recorded by the detectors
* Physicists analyze this data offline

— Optimizing selection, estimating/modeling
background, establishing limits, discovering New
Physics, etc.

* The LHC delivers a lot of data, which we need
first to select online for future analysis

— Data filtering is done online and offline

Alexei Klimentov — Computing in HEP
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Ponb MHPOPMALMOHHbBIX TEXHONOTUU B PU3UKE
3/1eEMEHTaPHbIX YacTUL,

NccnepoBaHua B 061acTv dU3NKKU BbICOKUX 3Heprnit (PB3) n apepHon dusukm (Ad)
HEBO3MOHbl 6€3 NCMO/b30BaHMA 3HAYUTE/NIbHbIX BbIYUCAUTEIbHBIX MOLLLHOCTEN U
nporpammHoro obecrneyeHuna ansa o6paboTkM, MOAENNPOBAHNA U aHANM3A AAHHbIX.

IT10 onpeaenseTca psaom GpakTopos:

* 6onbWwKMMKM 06bEMaAMU NHPOPMALMK, NONYYaEMbIMU C YCTAaHOBOK HA COBPEMEHHbIX
YCKOpUTENSX;

* CNOMHOCTbIO anropntmoB 06paboTkm aaHHbIX (ATLAS SW 5M LoC);
* CTAaTUCTUYECKOW NPUPOAON aHANN3a AAHHDbIX;

* HeobxogmmocTbio (nepe)obpabaTtbiBaTh AaHHbIE MOCAE YTOYHEHMUA YCOBUIN PabOTHI
leTEKTOPOB U yCKOPUTENs U/UAK NpoBeaeHUs KanmbpoBKU KaHaNoB CYMTbIBAHUS;

* HeobXxoAMMOCTbIO MOAENNPOBAHUNA YCNOBUIA PaboTbl COBPEMEHHbIX YCTAHOBOK U
dn3MYECKMX NPOLECCOB OAHOBPEMEHHO C HAbopom M 06PaboTKOMN «peasibHbIX» AaHHbIX.

BeBegeHue B cTpon bonblIOro agpoHHOro Konnamaepa, 3anyck yCTaHOBOK macwTaba ATLAS,
CMS, aKkcnepmmeHTbl Ha byayuimx yctaHoBKax, Takux Kak NICA, xapakTepusytoTca
ceepxbonbwmmm ob6vemammn MHGOPMaLUM U TbiICAYAMKM YYEHDBIX BEAYLLUX UCCNea0BaHMA. ITO
TpebyeT HOBbIX NOAX0A0B, METOA0B U peleHn B 061acTM MHGOPMALMOHHbIX TEXHONIOTUMN.
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Physics Dataflow

Detector =

One Experiment |
| | 150 million electronic channels

1 PBytes/s
Level 1 Filter and Selection Fast response electronics,
' "~ FPGA, embedded processors,
Limits : very close to the detector
X 150 GBytes/s
Essentially the budget ytes/
and the downstream
data flow pressure
High Level Filter and Selection 0(1000) PC’s for processing,
' - Gbit Ethernet Network
N x 10 Gbit links to 0.6 GBytes/s

the Computer Center

CERN Computer Center

Alexei Klimentov 59



Ponb nHbopMaLMNOHHbIX TEXHONIOTUIN B DU3MKe BbiCOKMX dHeprnm n AgepHon dumsmnke

JKCNEepUMEHT

i r )
I ! ]
I ! ]
| PekoHcTpyKuma | AHanus |
l ! ]
I ! ]
l § ' 06paboTaHHble !
: DunbTpauma cobbITHi naHHble :
i (BbIGOP M PEKOHCTPYKLMS) i

[}
[} I
[} I
: : :
I ! ]
| | |
I ! ]
I ! ]
I | ]
I ! ]
I ! o ]
i ! ®u3nyecknit aHanms .
[ Coipble PekoHCTpyKuMS : !
: 6 o ! :

aHHble cobbITHI .
| A | O6bekTbl Ans
[} I
: i ¢usnueckoro |
: | aHanMza |
________________________ .
I
I
. l
Wall Clock consumption per workflow |
MopenuposaHme l
CoBbITHi i
I
I
I
I
I
I
I
I
:
I
! MHTepaKT1BHbIE NPUNOXKEHUS I
I
i (GU3M4eCKOro aHanms3a :
PeanbHoe Bpems, 3aTpaymMBaemoe Ha
@ MC Simulation @ MC Reconstruction
® MC Event Generation @ Analysis BbINO/HEHWE 33/lay Pas/INYHbIX TUNOB 60

@ Group Production @ Data Processing @ Other



LHC Challenges

Google ClOUd Confidential & Proprietary




WHAT IS AN EVENT?

Interaction
Point

Relative beam sizes around Interaction Point 1 (IP1) ATLAS in collision

Alexei Klimentov 62



WHAT IS AN EVENT?

Proton bunches
>10"" protons/bunch

Colliding at 13/14 TeV and at 40 MHz in Run2 (2015-2018)
Collided at 7/8 TeV and at 20 MHz in Run1 (2010-2013)
commissioned at 2.76 TeV before Runl

Alexei Klimentov
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PILE-UP

Proton bunches
>10" protons/bunch

(colliding at ~40MHz in run2)

~20 p-p collisions / bunch crossing (Run [)
~40 p-p collisions / bunch crossing (Run Il)

Increased complexity due to much higher pile-
up and higher trigger rates will bring several
challenges to reconstruction algorithms 64



| 25Mm

IkcnepumeHT ATLAS Ha bonbwom AgpoHHom Konnangepe

44 m
A

150M KaHanos cYNTbIBAHMA
3000+ yyacTHUKOB

150+ ueHTpoB 06paboTKK

O6bem aaHHbIx ATLAS

500P

400P

300P

200P

100P

TOPOMAANLHLIE MArHUTLI

~480 MNeTabant
1 mapta 2020

Mepsblit 3Tan paboTbl
BAK 2010/2012 rr.

2010

Habop
AAHHbIX

Run|

2012

KanopumeTpbl

MIOOHHbIE AETEKTOPbI

Thursday, Oct 10, 2019 ®
» Bytes: 465 308 935 804 231 700

[MnaHoBas

_—— -

2014

LS|

OCTaHOBKa

2016

- -

Run i

BTopoit aTan
paboTbl
BAK 2015/2018 rr.

2018

BHYTPEHHUA AeTekTo] ' 100

< walltime/event >

ATLAS 1 CMS nmetoT cneaytouime 0CHOBHbIE HanpaBaeHUs UCCNeA0BaHWM :
Ncnonb3oBaHWe 6030Ha XUITca Kak MHCTPYMEHT A151 HOBbIX OTKPbITUIA;
MoncK TeMHoM maTepuu;

MoncK HoBOWM PU3NKM : YaCTULL, B3aUMOAENCTBUI, GU3MYECKNX 3aKOHOB.

b~ 1012 T T T T T T
o
= ? ,T,T:’Sg’remem ATLAS Preliminary
c b A
'% 10 e A T o
)
[}
(7)) = S
o E ]
0 . /—a—— -
5 1 wow E
Bpems peKoHCTPYKLMKM cobbiTua Z 2y M—-&—— f
3 10k g
S R R LA LAY RERR LA LA 29 £ E
E Reconstruction in rel. 21.0.37: 5Q C ]
90._ 8 © 103__ —
E 0 .6 ; E
80F 10" - NNLO+NNLL ]
E -hlgh-mumn335302(2051lob|) p
706 . 10 PP W‘}’ E
B produced only single (AOD) output :;' Eoppo tq ]
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E 2 ; T —F—\NLO = ;
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What is this data?

e Raw data: 150 Million sensors deliver data ... ~

— Was a detector 40 Million times per second
element hit?

— How much

energy? Up to 6 GB/s to be stored and
— What time? analysed after filtering

@ATLAS

EXPERIMENT

e Reconstructed
data:

Momentum of
tracks (4-vectors)

Origin

Energy in clusters
(jets)

Particle type

Calibration
information

12611816

EEEEEE H




Data and Algorithms

HEP data are organized as
Events (particle collisions)

Triggered events

. . . Detector digitisation
Simulation, Reconstruction RAW E)exgded V
and Analysis programs ~2 MB/event
process “one event at a time”
— Events are fairly independent - -
. Y P ] ESD/RECO Reconstructed Pseudo-physical mfgrmatlon.
—> Trivial parallel processing nformation Clusters, track candidates

Event processing programs ~100 kB/event

are composed of a number of

Algorithms SEIECting and Physical information:
transforming “raw” event (D)AOD  MPolse  rociation of pariles,jts,
data into “processed” ~10 kB/event id of particles
(reconstructed) event data l

and statistics

ATLAS reconstruction and TAG ~assiieation Relevant information

for fast event selection

simulation code 5M LOC
~70% C/C++, ~20% Python

~1 kB/event

1000 software developers



2 level, online system
(HW+SW)

Reduce event rate from 40
MHz (60TB/s) to 1kHz
(1.6GB/s) based on
signatures

Event size ~1.6MB

The data processing chain

Detector
data

Trigger

Simulated
- data
Wi 5-ifdsl()
¢ e ———
Generation HPC
¢ Event generator output (E & Gri d
Simulation

Raw data (RAW)

Reconstruction

Analysis Object Data (AOD)

Organized

Chaotic
analysis

Reconstruction

Derivation

v Simulated detector output (RDO)

—

v Analysis Object Data (AOD) Grid

Grid & local
resources

Derivation

Online

Offline : common code

Offline : MC

)
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The Data Processing Chain. Cont’d

Fundamental physics simulation of the proton collisions and

Z\;enn;ration resulting particle production; evolution into stable particles
Processing rate O(0.01) seconds/event maximum C++
Athena
Simulation  Simulation of the interaction of the particles with the
detector external (Geant4) and internal (fast sim) O(10)
minutes/event (Geant4), O(1) minutes/event (fast sim)
Reconstruction Re-building the collisions based on the detector (or
simulated) data; conversion into the “event data model” for
onward analysis O(30 seconds) / event
. . L C++
Analysis Processing of the reconstructed events by individual analysts; Python
multi-variate analyses; final statistical analysis ROOT
0(0.01) seconds/event ScyPy,

etc
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The Code

e The ATLAS offline code lives in 2 repositories

o One reasonably small one that holds our basic build configuration code,
and code for building external software needed by the offline code

o One quite large one that holds all of the code itself
e ATLAS has a fair amount of code in our offline software

o And this doesn’t even count the amount of “common” HEP specific
code that we absolutely need




Software Framework : Athena / Gaudi

e Event processing

(©]

(©]

(©]

(©]

Algorithms run in predefined '

sequences

Algorithms produce and
consume data via an Event
Store

e Framework components

Algorithm

Main building block of the
Event Loop called once per
event

AlgTool

A plugin that helps an
algorithm perform some
action

Service

A plugin providing a common
service to multiple
components

Application
mq-' -y Bvent O\ | Converter u
T Selector &8 Anal

‘"‘\ E8 %

i 2 APatCanddaes] T -
Message |- - fEventData | | M | |Persistency
Service \ l Service v 7] Service
) Aow
- Transient
JobOptions <
Service || Algorithm \ Event Store

/'—” ( ot ) >

o ﬂ Detec. Data Transient __|Persistency

. | Data
Service Service Desf;cr?r Service Files

( = o2 )
. Transient : -
Histogram || Histogram | {Persistency| I Data
Service Store Service Files
-

Athena/Gaudi framework was
designed more than 15 years ago
Original execution model : a serial
processing of events
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EventLoopMgr | WOI k

1tLoopMgr
Scheduler

“heduler

Algorithm Pool
Algorithm Pool |

hiteboard

Whiteboard

(= .'l R

EventN
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Experiment. RAW data...

fraction of RAW event More than 300K such
words in each event,
corresponding to the full
data from all the
detector components.

Data size: 1-1.5MB /
event depending on the
compression. Pretty
consistent between
ATLAS and CMS.

Challenge:
make sense out of all
these numbers!!

“Address” :

® which detector element took the
reading

“Value(s)” :
® what the electronics
wrote out
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Reconstructed Data.

Eens
Nch (charged tracks) : chr(charged tracks) :

2 3
Pcha
Pcha (Momentum of each track):

£{"-12.9305","12.2713","40.5615"},
{"12.2469","-11.606","-38.7182"},
{"0.143435","-0.143435","-0.497444"}}

(Momentum of each track):
{{"-7.65698","42.9725","14.3404"},
{" 7.54101","-42.1729","-14.0108"}}

N > ., pX Py Pz
Qcha

%Chha e track): (Charge of each track):

(Charge of each track): £-1,1,-1)

{_111}

-




Data Analysis at the LHC

The process to transform raw data into useful physics datasets
This is a complicated series of steps at the LHC (Run2)
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@j Data reduction/abstraction

particle y

%

helix
(R, do, 20)

e IR N A e A | Magnetic field B
C A | (X1,Y1,21, t1) reconstruct

A M o | F (X2,¥2,22, t2)
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hits
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Sample Number

Analog
sighals

event and

Px
Store the P = |py
Pz

info for every
Track momentum
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Making the connection

The imperfect measurement of a (set of)
Raw Data interactions in the detector

A unique happening:
Recon!
eg. Run 23458, event 1345
Events which containsaZ > ¢ * ¢~ decay

Analysis . We “confront theory with experiment” by comparing

the measured quantity (observable) with the prediction.

cross sections (probabilities for interactions),
Observa branching ratios (BR), ratios of BRs, specific
lifetimes, ...

1

A small number of general equations, with some

- parameters (poorly or not known at all)




Front-End

DAQ chain

Detector
Front-End

- I : r‘

Rate : MHz

Main event Builder,
High Level Trigger
online reconstr.

Rate : ~100 Hz

data

storage




TRIGGER MENUS

Trigger

Typical offline selection

L1 Peak
Rate (kHz)
Lpeax =7e33/cm?s

EF Avg.
Rate (Hz)

Lavg_=5e33/cm2 S

Single leptons

Single iso u, pr >25 GeV

8

45

Single iso e, pr >25 GeV

17

70

Two leptons

Two u’s, each pr >15 GeV

|

Two u’s, pr >20, 10 GeV

8

Two e’s, each pr >15 GeV

6

Two e’s, pr >25, 10 GeV

17

Two 7’s, pr >45, 30 GeV

12

Two photons

Two y’s, each pr >25 GeV

6

Two y’s, pr >40, 30 GeV

6

Single jet

Jet (R =04), pr >360 GeV

Jet (R = 1.0), pr >470 GeV

miss
E T

E™ss 5150 GeV

Multi-jets

4 jets, each pr >85 GeV

5 jets, each pr >60 GeV

6 jets, each pr >50 GeV

b—jets

4 jets, each pr >50 GeV
out of which one is b—tagged

Total




STREAMING

Streaming is based on trigger decisions at all stages
The Raw Data physics streams are generated at the HLT output level

Debug Streams
events for which a
trigger decision has

not been made,
because of failures in
parts of the online
system

HLT — High Level Trigger Farm @CERN




HEP Online. Reduce the data volume in stages.

Higgs Selection using the Trigger

40 MHz Level 1:
Not all information
available, coarse

granularity

Detectors

Front end pipelines

100 kHz

@ Readout buffers A ;
3 kHz Swiching network [P - _
@ Processor farms Level 3-
High quality reconstruction

‘ 1000 Hz algorithms, using information
from all detectors

1000 Hz. Run2 ATLAS RAW data rate to tape L .

Level 2:
Reconstruct events

Improved ability to reject
events




Knaccuumkauma nOTOKOB 3adaHUMWN COBPEMEHHOIO 3KCMeEpUMEHTa B
obnactn ®unsnku Beicokux SHeprumn n AgepHon Onsnku.

* MopenupoBanue MmeTogoM MonTe-Kapio
e (OOpabotka M  mnepeoOpaboTKa HaHHBIX »JKcrepumeHTa. OO0paboTka
JAHHBIX JJISI CHCTEMBI OTOOpa COOBITHMH “BBICHIETO” YPOBHS (TpHUITEp

HLT).

* (OOpabotka, pUIbTpalds U aHAIU3 JAHHBIX, MPOBOAUMBIC (DUZMUECCKUMU
rpynnamu.

e @PuU3nUeCcKUi aHaAJIN3 JTaHHBIX.

* (O0OpaboTKa JaHHBIX “TOe370M” M “NOCTOSHHAs 00padOoTKa” JaHHBIX.
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Reconstruction

* Detector reconstruction
— Tracking

* finding path of charged particles through the detector
— Calorimeter reconstruction

* finding energy deposits in calorimeters from charged and neutral particles
 Combined reconstruction
— Electron/Photon identification
— Muon identification
— Jet finding

e Calibrations and alignments applied at nearly every step

'
-

proton beams

84



Reconstruction Goals.

e 800,000,000 proton-proton interactions

(+30 minimum bias events)

High efficiency
Good resolution
Low fake rate
Robust against detector problems
— Noise

— Dead regions of the detector

Be able to run within the computing resource
IIm itations We are looking for this “signature”

. econstructe racks wi > eV
— CPU time per event |
— Memory use




Reconstruction. Track Finding.

*  Track Finding
—  Track finding very important for analysis
—  Tracks are used directly in the reconstruction of
*  Electrons
*  Muons
- And to a lesser extent in Tau, Jet and photon reconstruction
—  For reconstructed tracks we know

*  Momentum
- straighter the track the higher momentum it is

*  Charge
*  Point of closest approach to the interaction point

E - ) . Tracking by eye —
>100— L Te L. Can you find the
S r Lo e e 50 GeV Track?
— | ! . . . . ‘: . . . .. .
m 50__ ’ ....' ..' ... * S .. b ... -
i B AL
0 _—' : . .. . . . .‘ '."L ,‘-: !. :" o* ¢ : :
-50:_ i T L. . .-. 'o.. . . c. .
100 LT
B 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 86

1 I 1 1 I 1
-50 0 50 100
alobal x (cm)



Physics Objects Reconstruction.

* Electron/Photon Identification

Electron/Photon reconstruction takes
as input the tracks and calorimeter
clusters already produced

Electron/Photon leave narrow clusters
in the electromagnetic calorimeter

* Apply selection on the cluster shape to
reduce background from jets
Electron has track pointing at cluster

* Requires aligning the calorimeter with
the tracker

Photon has no track pointing at it

Final Electron momentum
measurement can come from tracking
or calorimeter information (or a
combination of both)

* Often have a final calibration to give
the best electron energy

Often want isolated electrons

* Require little calorimeter energy or
tracks in the region around the
electron

An electron in ATLAS

1. Narrow cluster in electromagnetic calorimeter
2. No energy in the hadronic calorimeter behind
2. High momentum track pointing at cluster
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RECO flow

/ DAQ

s

il \ system
Prompt

Reconstruction

Observed Reconstruction
F - tracks, etc

eg. jet algos

Interpreted
events

Physics Tools

Root,

Individual
Analyses

Data storage
Various formats:

Full Event info,
only RECO info,

¢ Use special database to handle the calibration and alignment ., cd/selected RECO info
data needed in reconstruction



Background .,

% ew physic s or
DATA QUALITY & [Bimmetil "

Relevant quanti

The data we analyze has to follow norms of quality such that our
results are trustable.

Online: Fast monitoring of detector performance during data taking,
using dedicated stream, “express stream”.

Offline: More thorough monitoring at two instances:

Express reconstruction; fast turn-around.
Prompt reconstruction: larger statistics.
What is monitored?

Noise in the detector.

Reconstruction (tracks, clusters, combined objects, resolution and
efficiency).

Input rate of physics.

All compared to reference histograms of data that has been
validated as “good”.




Cond
DB
(online)

Control
room
monitoring

Results

Input

DQ shifter

Data Quality

To@CERN  GRID

3 update

Cond
DB
(offline)

Oracle
streams

2" update

1st update

Copy to Tier-1s

Physics streams

Calibration streams B 4
Express streams calibration calibration

Y v w w
= I=
8 s
- - w w
Express Calibration s Bulk data s Bulk data
CosmicCalo Al'_gnment e processing e reprocessing
Noisy Cells 5 5
= @
5 S
© ©
O (V)
= 3 2
© w© o
@ [ -
o
4 Input o Input fat
System D System D
System DQ experts y Q y Q
experts experts
Delay
_ v —. _ R —————— >
— 48 h — — 1 week — «— O(months) —




Simulation



MONTE CARLO SIMULATION - WHY

We only build one detector.

How do we compromise physics due to detector design?
How would a different detector design affect measurements?
How does the detector behave to radiation?

In the detectors we only measure voltages, currents, times.

It's an interpretation to say that such-and-such particle caused such-
and-such signature in the detector.

Simulating the detector behavior we correct for inefficiencies,
inaccuracies, unknowns.

We need a theory to tell us what we expect and to compare our data
against.

A good simulation is the way to demonstrate to the world that we
understand the detectors and the physics we are studying.

Alexei Klimentov 92



Simulation

Simulated data samples needed for
— Designing experiments
— Tuning analysis selections
— Background estimation
— Efficiency, resolution and fake-rate estimation

To get best physics outputs from the experiment it is essential to have an
accurate simulation of the detector

— Lots of work goes into tuning the simulation to give best description of the
data

— Test beam studies from construction period of the detector used to tune
simulation (test beam allows to study detector response to known particle
types and momenta — e.g. 20GeV electrons)

Very detailed simulation of the detector
— Detailed description of the detector geometry
— Accurate simulation of the detector electronics response
— Include detector ‘noise’ in the simulation
Keep the ‘truth’ information
— Allows efficiency, resolution and fake rates to be estimated



is complex at all levels

1oN

Simulat
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particle
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element
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Simulation workflow

Electronics Simulation

Physics simulation Detector Simulation Simulate the response of
Simulate the physics interaction Simulate the propagation of the detector elements to
(set in the simulation configuration) the electrons through the the ‘hits’ from the
Output of this part is the detector. electron
4-vector’s of the Including: o Simulate the voltage pulse
produced particles. -bending in the magnetic field . the detector and how
In this case the 4-vector’s -leaving hits in the tracking the detector electronics
of the 2 electrons from detector elements works
the Z decay. -interacting with the material 114 output of this stage is
q e’ N the de.tec’.cor ' very similar to the raw data
-interacting in the calorimeter ¢ 0 the detector
Z°0 (detailed description of the EM (but we keep the truth
q e shower) information).
particle

Pulse Hel
o o

element

Detector simulation step is very CPU intensive. Requires huge computing resources.



MONTE CARLO PRODUCTION CHAIN

How much processing time
needed for each step?

Event Generation
simulate the physics process. From < 1s to a few hours / event.

Detector Simulation
simulate the interaction of the

particles with the detector material. From 1 to 10min / event

MC simulation 70.5% of ATLAS Computing Resources

Digitization
Translate interactions with detector
into realistic signals.

Reconstruction
Go from signals back to particles,
as for real data.

All together, 70% of ATLAS computing resources

are utilized to produce simulated events samples °



MONTE CARLO PRODUCTION CHAIN

How much processing time

- needed for each step?
Event Generation
simulate the physics process. From < 1s to a few hours / event.

~ 50 MC generators on the market. How many can you nhame?
>> 50 combinations of MC generators in a sample.

~ 35 K samples generated on ATLAS in the last “campaign” of 2012.
~ 7 B events!

QBH comy«ép CASCADE HELLAC.ALPGEN MCFM 3
o Horace TAUOLA NOJet++‘ISAJET POMWIG "

e Y By .
JL ;LProtos EvtGen' Ny ) o -
== PHOTOS == N
e KEWZ, JETPHOX gg2vV e o

‘ Prospino2 DYNNLOQ he MC@NLO Package S8 ¥~

~—— (‘H/\»RYHI)IS
MadGraph5=aMC@NLO T0p++@ -y MadGraph > <Courtesy: Z. Marshall




SIMULATION - HOW

1. Break the problem up as much as possible.

- Do you understand all the steps of the system?
2. For each piece of the problem, write some code

- Did you remember all the effect for each step?
3. Figure out what accuracy is needed.

- And spend the appropriate time in working out the details.
~ ~

4. Cross your fingers and press the button.

Alexei Klimentov 98



Flow of simulated data

Generators

Geometry
Simulation

Specific
reaction

Particle
paths

Response
Simulation

Separate components:

¥ often made by different experts

¥ makes it more manageable

¥ Product is realistic “data” for analysis

Building a better model:

Reconstruction

e

Physics Tools

eg. jet algos

“Fimproved details (eg. better detector geometry)

99

Observed
% tracks, etc
Interpreted
—
events

/

Individual
Analyses




Partitioning production systems

l Specific
Generators )
\
Particle
)
\

Response

Simulation ‘
. | Observed
Physics Tools | Interpreted
eg. jet algos ~ events /

Individual
Analyses

Geometry
Simulation

Partitioning

¥there can be event stores between
individual components

Why this structure

®flexibility,

have different versions of pieces

® cfficient for repeated studies

don’t have to start all over again if some
improvement in later stage

® Manageability

large programs, hard to build, understand,
debug, maintain, ...




Reason |: we will need them to be able to exploit the HL-LHC

Annual CPU Consumption [MHSO06]

Simulation needs for HENP scientific

100

80

60

40

20

program ?

- ATLAS Preliminary ]

| CPU resource needs -]
| 2018 estimates: . _v__
~ ¥ MC fast calo sim + standard reco .
| ® MC fast calo sim + fast reco ) i S i
4 Generators speed up x2 v |
- J [ ] o _|
- — Flat budget model ;e e /]
- (+20%/year) vV a--a @ -

Run 2

I I | l 11| I | I I | I | I | I 1

2018 2020 2022 2024 2026 2028 2030 2032

Year

Alexei Klimentov

ATLAS Preliminary. 2028 CPU resource needs
MC fast calo sim + fast reco, generators speed up x2

MC-Full(Sim)

Data Proc

Analysis
MC-Full (Rec)
HI
MC-Fast (Sim)
MC-Fast (Rec) EvGen
ATLAS Preliminary. 2028 CPU resource needs
MC fast calo sim + standard reco
MC-Full(Sim)
MC-Full (Rec)
MC-Fast (Sim) Data Proc
Analysis
MC-Fast (Rec)
HI
EvGen
101



derivations

digitisation +
reconstruction

AW
ESD, RDO etc

Slide from J.Tanaka. April, 2017




Number of Events

[ LS\ ]

Fast Simulation Chain

STANDARD MC CHAIN

To be used to speed up of tracker simulation chain

Can use full MC chain for hard scatter and fast chain
simulation of hadron-hadron for pileup : more detailed
treatment for the important part of event
Components :

— Simulation (FATRAS)

— Silicon digitization FAST CHAIN BASELINE

— TRT digitization

— Pseudo-tracking : seed tracks with PrepRawData
associated to truth track, to skip the CPU consumption

track finding steps irezr(\:t:
At least 1/4 of CPU to be used for Full simulation

— Tuning and improvement of full simulation very
important. Already underway FAST CHAIN AGGRESSIVE

Fast Chain is a key ingredient for future optimizations
— Validation of physics results is a major challenge
New ideas are needed, e.g. GANs

FATRAS about 400 times faster than full G4

standard

digitization reco

Geant4
or Atlfast2

fast digitization pseudo tracking

»

standard

reco

(ESD)
AOD

full digitization

pseudo

fast digitization tracking

pseudo
@F E
atras+FCS fast digitization track "‘9

—_

e T T T T T T LR T LB LI B B B T T T T
:_ ATLAS Slmulatlon Prel|m|na|’ _ _: [ T T T [ r T T T [ T T T T [ T T T [ T T T T
= bp - - qalv 15 = 13TeV y — j’:f‘r"LS:ST“ = = ATLAS Simulation Preliminary — FullG4

E_ —— ATLFASTIIF _E 102 = s E=65 GeV, 0.20 < In| i(_)_.25 --+- G4FastCalo =
=5 (Galo E C ] ) ]
SRR FastC® FullGA - - o = 1
= = I -
- - el =
— _ — & : ]
i L 0 ot E i 1 | AR T [T T T Y N T T B i [T R |
= v e o 094 095 096 097 098 099 1

Time (ms) Reta = E(3x7Y/E(7x7) in EM Barrel 2



Machine Learning

 Machine Learning is a fashion at S T T vactomn performance | ]
o 180¢ —— HP optimisation, best result ]
the moment : & jeob o~ Hoptmisaton medum resut
— ML assisted reconstruction used S jaob 3
by HEP experiments T E
— New generation of HEP physicists £ 100- e E
expect to use it (career 2 gol ATLAS Simulation Preliminary ~ * 3
progression) ool V5= 13TeV. & E
— It could radically speed up 400 v E
simulation and reconstruction at N
the inference step 4 45 5 55 6 65 7
e Current usage still at the ML- C-et rejection
driven reconstruction and T - - = —
analysis | — G4 | e
* We are still better than a machine [ = N el
— HEP has a long tradition of data oo
analysis (which today is called .
data science) 7
e Started to look how to integrate o
industry standard ML systems 10
into our software framework 0§

Mar 2020 Alexei Klimentov 104



Computation speed (sec/event)

trackML challenge

15 March 2019

Tracking and ML

Tracking is @ major CPU consumption in reconstruction

103

102

1013
* Sharad
1004 ¢ Taka
q e Vicennial
1 cloudkitchen
l e cubus
] o fastrack
e sgorbuno
101 T T T T T T T
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

Accuracy mean

hit_id track_id

5 1
272 1
982 1
1231 1
8771 1

8771

/';ack 1
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v
~kB

Physics Analysis Steps

~TB

Start with the output of reconstruction

Apply an event selection based on the reconstructed object

guantities

— Often calculate new information e.g masses of combinations of

particles

— Event selection designed to improve the ‘signal’ to ‘background’ in

your event sample
Estimate

— Efficiency of selection (& uncertainty)
— Background after selection (& uncertainty)

— Can use simulation for these — but have to use data-driven techniques

to understand the uncertainties
Make final plot
— Comparing data to theory
— Correcting for efficiency and background in data
— Include the statistical and systematic uncertainties

LB e
ATLAS Preliminary

Data 2011,_|. Ldt=0.70fb"

o

un ]

Comb. —
ee w/ b-tagging —
uu w/ b-tagging et
ep w/ b-tagging

Comb. of w/ b-tagging

m, = 172.5 GeV
172£16£31 77

19 +7
P 154410 1[5 *J

1767 *[7 +8

ket— 171+6 '[P +8

175+15 * 30 2

e 15910 7 7

19 8
187+8 1) 1;
+17 +8
1776 4

0

50 100 150

200 250 300

o, [pb]
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]

Analysis flow in Z cross-section

measurement

Detector & Trigger

Reconstruct El and Mu
candidates

Reconstruction

1. Select events with 2

Simulated data

Reconstruction

oppositely charged e-/Mu
2. Calculate mass N
Physics Analysis 3. Select events with mass
close to Z mass

o

Compare theory and experiment

2

D
o
o

Events/ GeV/c
[4)]
(=]
o

B

[=]

o
I

0- s -
40 50 60 70 80 90 100110120130

Yz~ ee Data|
Oy/Z—ee MC i

M. (GeV/c?)




Analysis flow in Z cross-section
measurement

Detector & Trigger : Simulated data

Reconstruction < Reconstruction

Physics Analysis

Lompare theory and experiment 108



Higgs Boson Discovery

> 35 _I | | L I L I LI | LI I LI | LI I LI L l_
& - ys=7TeV |Ldt=0.05f" Apr24, 2011 .
L 30— —
w — ]
2 - .
a) L —
o 25 ATLAS Preliminary
- H-zz" >4l channel -
20 - [ Signal (m =125 GeV) -
— Bl Background 22" ]
15— I Background Z+jets, tt
H —4— Data _
10— —
51— —
a) :I 1 1 I L1 1 1 | I I - I Ll 1 1 I | I I | L1 1 1 111 L1 1 1 1 1 l:
po] AL AL LA AL L AL L R R L AL AL R ERL L B L B EL AL L B B L AL IR R
5 10+ -
O
o)
S 0 -
(4]
m
g -10F —
a 50 100 150 200 250 300 350 400 450 _ 500

M, [GeV]
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Events / 10 GeV

Evidence for a new Particle

Events / 2 GeV

Events - Fitted bkg

> C
_— : : : : : — § 30/~ e Data ATLAS Preliminary
Selected diphoton sample 7 2 [ Backaround ZZ(') "
- e Data2011+2012 ] 9 L g _ H-zz" -4l
Sig+Bkg Fit (mH=126.8 GeV) _ S 25 - Background Z+jets, it
......... Bkg (4th order polynomial) 7 Lﬁ C I:\ Signal (m -125 GeV)
6000 ATLAS Preliminary - L H
..... Hoyy - C %
- o 20~ 7, Syst.Unc. \s=7TeV:|Ldt= 4.6 b
o E 4 -1
(s=7700 [t 45" . g Is =8 TeV:/Ldt = 20.7 fb
2000 - B
\s=8TeV, ILdt =207’ ] 15~
5F-
100 110 120 T30 T40 150 160 C
m,, [GeV] -
0
80 100 120 140 16
200_ LN L L L L L L B B o mAI?GeV]
- ATLAS Preliminary —$— Bkg subtracted Data
5ol Ns=7TeV [ Ldt=a6 o’ [] Hiscew
- \s=8TeV,| Ldt=20.7 b’ YV, ZZ and WW channels
HoWW ' Siviv + 0/1 jets .
100 updated with full data

+

.I...I...I...I...l...l.._+_l...l...|,..I...‘
60 80 100 120 140 160 180 200 220 240 260
my [GeV]

50

IIIIITTIIITI

Clear evidence for a new particle
seen in these channels
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H -> yy Results

CMS Preliminary
\s=7TeV,L=5.11b"
Is=8TeV,L=5.31b"

IIIIIIIIIIIIIIIIIIIIIIIIIII|l

—— S/B Weighted Data

IEAE

Bkg Fit Component

m,, (GeV)

DIg Udld VVOUTRSTTOP

Analysis carried out in different
categories of events with
expected different resolution
and Signal /Background.

Left plot shows mass plot
where events are WEIGHTED
by the category (more like
what the fit “see’s”).

ATLAS & CMS both saw

significant (>40) peak at
~126GeV. Most important

result in the recent Higgs
observation.
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Offline Computing in High Energy Physics

e Offline computing in HEP

— Has changed and evolved dramatically over the past
decades

— Especially for the biggest experiments — at the LHC

 The situation ~15 years ago

— Data processing was performed in large computing centers
using local batch systems with dedicated shares

— A few satellite centers did simulations, occasionally data
reprocessing

— Users were mostly located near large computing centers,
usually at the laboratory where the experiment was
located, and used a combination of desktops and batch
systems for analysis

— Final Data Summary Files versions were physically shipped

for remote analysis
112



KomnbloTepHaa mogenb skcnepmmeHta AMS-02
Ha MexayHapoaHon Kocmumnyeckon CtaHumm

4 R
POIC@MSFC AL AMS Ground Centers
HOSC WERB Server and XTerm
X Window and Web Acoess
AMS Commands
Health& Status
% o
.S “Volce Loop”
Video distribution
§ GSC
E ) Data | .*°
1]
Monitoring Data
Health& Status
ALL Science Data
Flight Ancillary
. POCC Payload Operations Control Center
SOC Science Operations Center
Remote Centers/Stations Computing facilities
) .-uﬁ:ﬁ’ﬁ;‘g:;@&&%g’ff&m;"ﬁg{: ) - of AMS Universities and Labs
Sclence Data : CCSDS, ~2Mbit/sec orbit average, samples. NRT T AMS commands
« s Complete copy of H&S, Monitoring and Science data for the analysis ()~ Store Commands and Monitoring
(with minimal delay, preferably NRT) = MC data
L FTP and TELNET access —-=—3= XWindow. Telnet. Web access , wmmen, 0 14 e Upd 22 000
Alpha Magnetic Spectrometer [AMS-01: shuttle flight @1998, AMS-02 : ISS 2010-now]

AMS -



PacnipenenieHHas MOaeb KOMITbIOTHHTA JIUISI SKCIIEPUMEHTOB HA
bAK. DKOHOMHUYECKHE U COLMOJIOTUYECKUE TPUYHNHBI :

O6beMm nanubix BAK, He mo3Boisin mpocto pacmuputh cymectpyomuil BI[ [IEPH u
MCII0JI30BaTh TOJIbKO 0auH BII 115 XpaHnenus, oOpabOTKH 1 aHaIn3a JaHHBIX.

— TpeboBanuch KanmuTaabHBIC BIOKECHUS B UHPPACTPYKTYPY U B CIydae UCIOJIb30BAHUS
HEHTPAJIM30BAHHON MOJICIN B3HOC CTPAaH YYaCTHUII B OFOKET OpraHu3aluyd MOT
BO3pAaCTH B HECKOJBKO pa3, mpu 3toM LIEPH nomxen Obl1 0JHOBpEMEHHO 00€CIICUNTh
CTPOUTENILCTBO CAMOM “MallIMHbI” U CONMyTCTBYIOIIEH HHPPACTPYKTYPHI;

KonndecTBo y4eHbIX, y4acTBYHOIIUX B dKcriepumeHTax Ha bAK, yxe Ha nepBoM 3Tane
3asBOK OBLJIO OJIM3KO K 5 ThIcsyaM (B HACTOsAIIEE BpeMs 0K0JI0 9 Teicsad) u3 6onee ueM 50
CTpaH MHUPA, B CIIy4yae LIEHTPAJIU30BAHHOTO pelIeHUs, aHau3 naHHbiX B LIEPH co3nasan
HEpaBHOIPABHBIEC YCIOBUS JJI CTPAH HAXOASAIINXCS HA 3HAUUTEIILHOM PACCTOSHUM OT
HEPH (takux xak Poccus, CIIIA, SAnonwusi, ABctpanus, Kanana), 1oCTyn K TaHHBIM IS
HUX ObLI OBl HE CTOJb 3((PEKTUBEH Kak JJIs CTpaH 3amnagHoi EBpomnsl;

MHorue cTpanbl, YHUBEPCUTETHI, MlcCaenoBaTenbCKkue HHCTUTYThl UMEJIN 3HAYUTEIIbHbIE
BBIUYHUCIIUTEIbHBIE MOIITHOCTH, U OBLIM 3aMHTEPECOBAHbI B UX Pa3BUTUHU U UCIIOJb30BAHUU;

DKOHOMHYECKAs CUTyaIlus BO MHOTHX CTpaHax Mupa TpeOoBaja BIOKSHHH B HAIIMOHAJbHBIC
IPOEKTHI U CO3/1aHus pabouux MecT B cTpaHax EC, mo3Tomy ujiest 10MOJHUTEIBLHOTO
(dbuHaHCHpOBaHMs KOMIIbIOTEpHBIX MoliHOCTe [IEPH He Oblna nojnepsxaHa
sKkcriepuMeHTaMu. OJTHOBPEMEHHO HJiesl O pacIIMpeHUH HalluoHaIbHBIX B s
norpedHocteit LHC Obly1a BocOpuHATa TO3UTUBHO MUPOBBIM COOOIIECTBOM.



Pacnipenenennas Moaenbs KomnbroTuHra 18 SKkcriepuMeHToB Ha bAK.
TexHUYEeCKUE IPUUYNHBI :

 Hwu HHEPH, uu apyrue uentpst @B u D He umenu onbita ctpoutenbeTa B s
00pabOTKM JAHHBIX B MYJIbTH-TIETA0ANTHOM JHaNa30He U OJHOBPEMEHHOIO JOCTYIIA K
JAQHHBIM TBICSIY I10JIb30BaTEIIEH.

* XapaKTepHUCTUKHU OyAyILIEro IEHTpa B YACTU NOTPEOIIIeMON MOIIIHOCTH U CUCTEM
OXJIQXKJICHHUSI He MOIJIM OBITh peaiin3oBanbl Ha TeppuTopuu [IEPH B IIBelinapuu uiu
®paniuu 0€3 U3MEHEHUSI IBYXCTOPOHHUX COIVIAIICHUN OpraHU3allui C dTUMH CTpaHAMU;

* Hcnonp3oBanue cynepkoMnbroTepa (i Heckonbkux CK) s mpoBeaeHus
[IEHTPATM30BaHHONW 00pPa0OTKH JaHHBIX HE MO3BOISIIO PEIIUTh BOIIPOC C aHATU30M
JaHHBIX, HE TOBOPSI O CTOMMOCTH Takoro pemieHus; [10 ¢puznyeckux s3KCnepuMeHTOoB (a
3TO0 4M HHCTPYKIIUM Koja) He Ob110 onTuMu3rupoBano st CK 1, B 4aCTHOCTH, IS
rpadUUeCKuX MPOIECCOPOB;

e TexHoJIOrHM UEPAPXUIECKOTO THOPUTHOTO XPAHEHUS JaHHBIX (AUCK-JICHTA), HE
03BOJISUTM 3 (PEKTUBHO MUTPUPOBATH (Paiiabl MEKTy MMOCTOSHHBIM (JIEHTA) U BpEMEHHBIM
(IMCK) XpaHUIUIIAMHU C 3(DPEKTUBHOCTHIO U 00beMaMHM, TPEOYyEeMbIMH 11 00paOOTKHU
oynymux manHpix LHC B ogHOM LICHTpE;

* Ornenka Bo3moxkHocTert WAN He rapantupoBaja 3QQPeKTUBHBIN yaaaeHHBIN JOCTYI K
JTaHHBIM;

* TpeboBaHMS K BEIYMCIUTEIBHOMY M JUCKOBOMY PECYPCY 3HAUUTEIHLHO MEHSIINCH B
TEUECHUH TTOATOTOBKH IKCIIEPUMEHTOB Ha bAK.



Pacnpenenennas Moaenb KoMnbroTHHra 17151
3KCIIEpMMEHTOB Ha bAK

['puj TexHOJIOrMU OBLIM HNPEIJIOKEHBI B KOHIIE Ipouuioro Beka S.docrepom u
K.KeccearrmanoMm 1 ocHOBHAsI KoHIenUg n3nokeHa B kaure «GRID: a
Blueprint to the New Computing Infrastructure»

3agaun ©BO u AP npuBenu K LIKPOKOMY HCIIOIb30BAHUIO IPUJ TEXHOJIOTHM.

— Eme Ha panHeM 3Tane pa3sutus komnbiorepHor moaenn LHC (konen XX
BE€Ka) ObLIO MPUHSTO PEIICHUE OOBEIUHUTH CYIIECTBYIOIINE U BHOBb
CO3/1aBa€MbI€ BBIYUCIUTENbHBIE IEHTPHI (0oJiee 300 1eHTpoB Ha
CETOAHAIIHUM J€Hb) B pacpeAcICHHbBIA EHTP 00paOOTKH JaHHBIX

— Jlms Takoro pemeHus ObUIH MPUYUHBI TEXHUYECKOTO, SKOHOMHUYECKOTO U
COIIMOJIOTHYECKOT0 XapakTepa.



WEB and Grid

Tim Berners-Lee
invented the
World Wide Web
at CERN in 1989

The World Wide Web provides seamless
access to information

that is stored in many millions of different
geographical locations

SEARCH INSIDE!™

The Grid is an infrastructure that provides
seamless access to computing power and
data storage capacity distributed over the
globe

Foster and
Kesselman 1997

Alexei Klimentov




GriPhyN, GRID3 OSG
iVDGL, PPDG_ . _
EU DataGrid EGEE 1 EGEE 2 EGEE 3

——————————+—+—+—+—+%—| || @
Service Cosmics
Challenges First
)physics
Data
Challenges

When LHC computing was started (~2001)

— There were no internet companies, no cloud computing — Google was a search engine, Amazon, etc. did
not exist

We had to invent all of the tools from scratch

— At CERN we had no tools to manage a data centre at the scale we thought was needed (no commercial or
OS tools existed)

* |Initial tools developed through EU Data Grid

Grid ideas from computer science did not work in the real world at any reasonable scale

— We (EU, US, LHC grid projects) had to make them work at scale

— We had to invent trust networks to convince funding agencies to open their resources to federated users
Physics community was not convinced that any of this was needed ;-)

Grid initiative in Russia — RDIG — Russian Data Intensive Grid (V.A.llyin)




What is a computing Grid ?

There are many conflicting definitions......

1998 The Grid by lan Foster and Karl Kesselman
— Made the idea popular

“coordinated resource sharing and problem solving in dynamic, multi-
institutional virtual organizations. “

— These are the people who started globus, the first grid middleware project
From the user’s perspective:

— | want to be able to use computing resources as | need them

* | don’t care who owns resources, or where they are
* Have to be secure
* My programs have to run there

The owners of computing resources (CPU cycles, storage, bandwidth)

— My resources can be used by any authorized person (not for free)
* Authorization is not tied to my administrative organization

NO centralized control of resources or users

Alexei Klimentov 119



How Does the Grid Work ?

* |t relies on advanced software,

called middleware. S
_ . i RIS

« Middleware automatically finds Nt

the data the scientist needs, ¥

. )
and the c;omputmg power to 5«% o Unform
analyse |t. b‘B @ AP @ Access
= cation Unix
Authentification | Services Grid and OGSA

Collaboration Information Hosting
and Remote Service
Instrument

Authorization

3. %3
3% ‘B
9~ =

"sensor"

 Middleware balances the load
on different resources. It also
handles security, accounting,
monitoring and much more.

March 2016 Alexei Klimentov 120



How Does Grid Work ?

Q %) Local site batch system,
‘_) O | Monitoring and

(f | ) L \ data management
:"1:5[ ;

Programs
Monitoring
Computing Element Information Storage Element
CE System SE

GRID ‘batch’ systerk\ T

Monitoring and
data management

March 2016




Main components of a WLCG site

CPU servers:

CPU servers are
grouped into Batch
systems for
processing of data

\:S FS '

!

\J
‘ FAL A B &Y

Y

\

J o

Disk servers:

CPU server attached
to several disks

Disk servers are
grouped into
Storage Elements
Data storage with
fast access

LG

STORAGETEK 1™ n)\
.)

Tape robots:

Long term archival
Slow access

All raw data from
the experiments has
2 tape copies
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PanDA

Grid middleware: the glue

. Heterogeneous resources are
grouped and exposed in a uniform
way

o Computing Elements give access to CPUs

o Storage Elements give access to data

o Information systems describe the grid

o Authentication is done via x509 public key
infrastructure

123



Why not store and process
everything at CERN?

Traditionally a single computing
center at CERN could not

physically provide all resources

Data redundancy
o LHC and ATLAS operation is
expensive: we can’t afford to lose
any data
o There are multiple copies, in
particular of RAW detector data

Funding reasons
o ATLAS is an international
collaborations with participants
from 38 countries
o Funding agencies prefer to invest
and employ locally

computing.web.cern.ch/ssl-

computing/default.htm
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http://ssl-computing.web.cern.ch/ssl-computing/default.htm

LHC Computing Grid

Collaborating computing centres
Interconnected with good networking

Interfaces and protocols that enable the centres to
advertise their resources and exchange data and work units

Layers of software that hide all the complexity from the
user

So the end-user does not need to know where his data sits
and where his jobs run

The Grid does not itself impose a hierarchy or centralisation
of services

Application groups define Virtual Organisations that map
users to subsets of the resources attached to the Grid

Alexei Klimentov 125



WLCG — World LHC Computing Grid KoHcopuyuym 8bi4uciumesnbHbiX UeHmMpos 014

0bpabomKu u aHanu3a 0aHHbIX BAK

Peanu3zayusa KoHuenuyuu 2pud 0718 BAK
EGI/EGEE — European Grid
Infrastructure, 60NbWKNHCTBO
eBPONencKmx ctpaH, Poccua, NHaus,
Kutan, AnoHua, TaBaHb, Kopes

OSG — Open Science Grid, CLLA
NorduGrid — Nordic Grid,

CKaHAWMHABCKKE CTPaHbl, LUBel‘;ILI,apMFI,
CnoBeHwus, BeHrpua

MONARC - Models of

Networked

Analysis at Regional Centres for
LHC Experiments.

@ ®® | @

Hay4HoU npoepammel LHC

Tier-2 sites
(about 140)

Tier-1 sites
10 Git/s links

o

€

Tier-0 (LLEPH) 15%:

- XpaHeHue faHHbIX
- MNepsuyHas obpabotka
-MNepenaya aaHHbIX B T1

Tier-1 (11 uentpos) 40%:

- XpaHeHu1e AaHHbIX

- MNepeobpaboTka AaHHbIX

- LleHTpan130BaHHbIM aHanu3
[aHHbIX

Tier-2 (> 200 ueHTpoB) 45%:

- MoHTe-Kapno MogenupoBaHue
- AHanu3 JaHHbIX
NoNb30BaTENSIMM

Llenb co30aHus WLCG : enobanbHaa uHmMe2payusa 8bi4UC/IUMeENbHbIX
LleHmpoe no ecemy mupy u 0ocmynn K Ux pecypcam 018 8Cex y4acmHUKO8

126

OpraHunsayma n posab ueHTpos KoHcopumyma WLCG Ha momeHT 3anycKa bAK. 2009 ropg,




I I

18 Slgnatprres 7

2

2020:
63 MoU'’s
170+ sites; 42 countries
1M CPU cores (x86)
~1 EB of storage (50:50 disk/tape)
Global networking (10-100 Gbps)




OrpaHundeHunsa nepapxmyeckon moaenm MONARC

Online HLT
1 CIpble AaHHble

11 ueHtpos
TIER-1

~200 ueHTpoB
TIER-2

NOMOKY OGHHbIX TIER 0 =

[epsuyHas
PEKOHCTPYKLMUS

coipbie 0aHHble v
¢ obbITHiA

(RAW)
Colpsie
Qdanrble (RAW)

Q

ApXMB CbIpbIX AAHHbIX

Habopb OaHHbIX
(RAWSRECO)

1+

Habopb! aaHHbIX,
pasgenseMble
MEXZy UEHTPaM
TIER-1

ADXMB CbIPbIX AdHHbIX

TIER 1

Ouanyeckuit
aHanus,
KanubpoBkm,
PEKOHCTPYKLMS,
OKaTHe, ...

Mp ol I I I
AdHHbIE

Depma Ana dusuyeckoro aHanusa IT1:nT2;n=2.12

OnpeneneHne BbIMUCANUTENBHOIO pecypca, Kak
COOTHOLLEHMA BbIYUC/IUTENBHbIX Y3/10B, 4NCKOBOIO
NPOCTPAHCTBA U CUCTEM apXMBUPOBAHMA MHPOPMaLum, bes
ydyeta WAN

CtaTnyeckasa meTtop, pacnpegeneHua AaHHbIX mexay
LEeHTPaMM;

MeToaunka 06paboTKM AaHHbIX NPU CTAaTUYECKOM XapaKTepe
OpraHu13aummn BblYMCAUTENIbHOIO pecypca M pacnpeaeneHma
JAHHbIX («334aHMA MAYT K AaHHbIM»);

OTCyTCTBME NOHATUA «MONYAAPHOCTUY» (BOCTPeboBaHHOCTH)
ANS KNaccoB M HAabopoB AaHHbIX;

MpeanonoXxeHmne roMoreHHOCTM MCNONb3YEMOTO pecypca U
Hannuyme MO npomerKyTouHoro yposHa («middleware») Bo
Bcex BLI.

OcHosHoe oepaHu4eHue moodesau MONARC : uepapxus

ueHmpos u cmamuyeckul xapakmep cesa3Kku 1:T1-n:T2

* ntobow cbon B paboTe ueHTpa ypoBHA T1 NnpaKTU4ecku
OCTaHaB/MBan PaboTy BCeX CBA3AHHbIX C HUM LEHTPOB
ypoBHA T2;

* MHOrMe LEeHTPbl YPOBHA T2 H6biaM MoLLHee 1 cTabunbHee
LeHTpOB YpOBHA T1, HO pecypc ypoBHA T2 He Bcerga mor
6bITb MCNO/Ib30BAH ONTUMANbHbIM 06pPa3om;

* OrpaHuyeHus Npu nepenayvn aaHHbIX. B pamkax moaenm
pe3ybTaTbl BbINONHEHWUA 3a4aHKUI Bcerga A.6. bbiTb
nepeaaHbl B LLEHTP ypoBHA T1 1 ToNbKO Nocne 3Toro
MOTN10 BbITb CO34aHO AOMNOIHUTENIbHOE KO/IMYECTBO
Konum
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Pa3paboTka HOBOM KOMIIBIOTEpHOM Moaenu. Ilepexom ot

UEPAPXUUYECKON MOJIEIIM K «CMEIIAHHOM» MOJIEIM B paMKax

rpyua HHPPACTPYKTYPBI

Mpwn pa3paboTke HoBOW moaenun bbinm BBeAEHbI Caeaytowme onpeaenenms :

— TMonynApHOCTb KAAcCOB AAHHbIX. HAaCKONbKO AaHHblEe Pa3nyHbIX pOpMaToB
nonynapHbl (BoCcTpeboBaHbl) Y YYEHbIX, MU HAYYHbIX FPYynmM;

— Temnepatypa AaHHbIX. Kak cO BpeMeHeM MeHAeTCA YyacTtoTa obpalweHuns K
Habopam AaHHbIX;

— BblunMcauTenobHan cpepa ;. BbIMUC/IUTENbHbIM PECYPC, AUCKOBbLIA pecypc U
pecypc apxuBMPOBAHWUA, MNPOMYCKHAas CNOCOOHOCTb M  CTabuAbHOCTL
rnob6anbHOM BbIYNCAUTENIbHOMU CETHU;

* B HOBOM Mmoaenun oTCyTCTBYET npegonpeaeneHnsa PyHKUUN LEHTPOB;
— HoBbIn MmeToa, oueHKU cTabunbHOCTU PaboTbl LEHTPOB, M KaK pe3yabraT peweHue ob

MCNONb30BAaHUN MX OUCKOBOrO pecypca B KayecTBe MNOCTOAHHOrO UAM BPEMEHHOrO,
HEe3aBMCMMO OT YPOBHA LeHTpa B Knaccudurkaumm WLCG.
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Knaccndpukauma aaHHbIX U UxX “nonynapHocTb”

e ‘Tier? : DESY-HH, Naples, MT2.
RAW CoBbiTus o7 T — ! £ ANAY JARPOU
DAQ, ! s /
[laTK0B CUMTLIBaHMS ) - £ L +E
0T06paHHble o -
2 MBlooBbimve |, ¢ B F i
) 350 AOD, DESD, ESD, ] P o
i S : 3 m /[
n,. [ — nmam i +08)
00— . : 0 ALY St i g
WHchopMauma o Tpexax YacTuy; [} C H ot
Boccranosnel H inati -
ESDRECO Hble cTogb::;sJH KRCrepsI B KAOPHNETPE, 0, 30 N'|'Dljl:t ;07 o :
~100 kBJcob (Y,2{) - 419 TpeKoBIX Kamep 0 250 — 23 '] ( equests) g
COObITHE % C ] \ 57 .
o E : CERN
\ 5 200 148 i o [
— TiLocal [
OuaecKan HHAOPMALA: +* E L
nyne, WaeHTMGMKALMS YacTL, 150 — 657 e Ly 1“‘&\,—0\. Zﬂj
DIAOD lonHoe BOCCTaHOBNEHHE TPexos C k) [
( ) 06bexTsl g 100:_ ‘ T %, ARPALIVOR FPPTFOPR PPPTFOPR PPRTIOVR I cevra vt FOPTIVVR PP e, coWTOOOTI
~10kBlcoBbimvie  chua, avanwaa R Rante xnacca NTUP meperaisl o R W by R M Ay o M A Ny
= Ha 52 uenTpa Tpua , ¥ 3TO Nonth Honth Honth
RabiX ~ cocTaBuio ~95% IOMCKOBOTO
50 :—_ NPOCTPAHCTBA nonb30BaTeNen Tierl . FZK CNAF BNL
«aeKcaus coBbimiy F """"""""""""""" m ' ! ! .
Meranrchopmaums  MHchopmaLms Heobxoumas 0 March April May e bf A K H gm ANALY BNL ATLAS
TAG 0 AakHbix Ans BbicTporo noucka 260 ] ]
. MecAL 2 2
cobbiTwit [
~1 kBlooBbiTe -

KomraecTBo 3aIrpocoB TOJIK30BATENICH Ha CO3/IaHNe t
-,

JIOTIOJTHUTENBHBIX KONHI HA0OPOB JIAHHBIX B pACHIPEIICIICHHON -

ANALY_INFN-TH

[laru 06paboTkH i
nauHbx B OBD u IO uHppacTpyKType :

\Ararys rrem ervet PR ARV FOVOTIVONT el ndly
L — R Ny o Rbo M Ay My [
North Honth Jan

Honth

KonunyectBo obpaleHnii 3afayq aHann3a AaHHbIX K Pa3iMyHbIM
KNaccam AaHHbIX B LLeHTpax ypoBHA T1 n T2
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TepmoanHammyeckaa moaenb AaHHbIX

TepmonruHamMuyeckas MOJIEJTb
[aHHble 3kcnepumenTa ATLAS 8 2011 roay. MNocne 3tana

JTAHHBIX. .
nepeobpaboTku 1 BBEAEHWE TEPMOANHAMUYECKON MOAENN

beina BBeneHa TemmeparypHasi MiKaia s BCeX AaHHBIX,
COMIacHO Moka3zaHusM Mkaiabl coctosHue (T) maHHBIX |
M.0. :

«l opadue OaHHblIeY. ,HaHHble, WUPOKO  UCNOJIb3yeMble

The Cumulative Data Volume (data11_7TeV) |

‘ 3asepueHue nepeobpaborku

RAW
ESD

DESD
AOD

VUeHbIMU U QU3UYECKUMU 2DYRNamMu — 9KCnepumeHnma Ous

Havano
nepeobpaboTku

TBytes

nposedenuss usuuecko2o amamuza u O UCCIe008aHUS

pabomul demekmopa.

“Tennvie Oannvie”. Jlannvie, UCNOIb3YeMble OMOETbHLIMU 5000 T

Habopa
yBenudeH 8 4 pasa
00400 Hz

Qusuueckumu  epynnamu U yueHoiMu 0N PUIUUECKO20
ananuza. Ilpeononazaemcs, umo yoice umeemcs. 0ocmamovHoe 4000

KOUYeCme0 KONULL IMUX OaHHbIX 8 2pud UHppacmpykmype.
“Xonoonvte oannvie”. /lanuvie, ucnonivzyemvie OmMoeIbHbIMU 3000

«BPEMA XM3HUY
[LaHHbIX ESD

Qusukamu unu padboyumu epynnamu. /lee nonmvie Konuu OpaHAEHO 6 HegenANA

“X0noouvix dannbix” pacnpedeneHvl MeHcOy YeHmMpamu epuo 2000

uHpacmpykmypoi,;

“Iamoposricennvie Oannvle”. JlanHble «NPAKMUYECKU) He B

ucnonvzytomes. Coxpansemcsi 00Ha NOIHASL KONUs (8 yeHmpe,

IIIl|IIII|II|I|II|[|IIII|IIII||||I

20e OaHHble ObLIU NPOU3BEOEHbL UU NOBMOPHO 0OPAOOMAHDbL).

ol by P Iy )
31/03/11  30/04/11  30/05/11 29/06/11 29/07/11

I I Loy vy
28/08/11 27/09M11 2710/11

«Ycmapeswiue oOannvie» lannvie ne mocym  Oblmb
UCnOML308anbl O PUBUYECKO20 AHAIU3A UTU  OpPYeUX 201
UCCIe008aHUL 8 IKCNEPUMEHME, OHU NOOAEHCAM YOAIEHUIO CO 8/1/2011 Alexei Klimentov - TOB 13
6cex caumos u U3 6cex Kamano2os.
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MeTop

onpeaeneHus

CTabunbHOCTU paboTbl

LLeHTPOB roua.

[epexon K «CMeLlwaHHON MOoAenN» KOMNbIOTUHIA ANA SKCNepUMEHTOB Ha BAK

..

N

@
a ..nsfer matrix for all period, status of T1-T1 transfers (cpinfiles), updated: 2008-12-04 08:15:19 UTC |

«CMellaHHan Moaesb»
KOMMbIOTUHIA ANA rpUa,

MHOPACTPYKTYpPbI

P

Bbln BBEAEHbI TPM HE3AaBUCHMMbIE METPUKM :
e CrabunbHoCTb UeHTpa npu o6paboTke W aHanuse

NaHHbIX;
e CTabunbHOCTb LEeHTpa Npu obmeHe AaHHbIMKU C APYTUMU
LUeHTpamu;
 [lponycKHaa cnocobHOCTb LEHTPa;
N YyeTblpe rpajauuu LEHTPOB ANA MX Knaccupukaumm : anbda,
6eTta, yapau, genvta (oT aHramickoro A, B, C, D). Ha nepsom

3Tane BCe UEHTPbl YPOBHA T2 6bIAM NPUYUCAEHbI K rpynne
‘anbda’.

TRIUMF
SARA
RAL
PIC
NDGF
LYON
FZK
CNAF
BAL
ASGC

from tiers

40
ceHTAbpy 2011
4772 uentpos ¢ 90% crabunbHoi pabotoit
32 T2D weHtpa co crabunbHoit pabotoit WAN

2 Q X z &
ooz 0% 50 60 70 8 90
to'tiers . -
Analysis Queues Availability
Last subscription: 03 December 22:37:42 | Last FC checked: 04 December 07:32:58 | Last transfer: 04 Decy R T

Number of Sites per Analysis Availability

Pesynbrarsi pacnpenesenua nanubix B uentpbl T1 u T2

dataset status statistics for all period, TIER1S+ only, updated: 2009-01-07 12:20:03 UTC

[ subscribed [ done [ suspect
o o

[ transfer
L

. 88335

RERERRRR ERERE
£33 53483%8%¢ §3351¢1
“Hi‘s%i%ﬁ AR
g é il iy § i ;
Last subscription: 13 December 19:51:25 | Last FC checked: 07 January 12:08:06 | Last transfer: 02 January 13:38:23

[ transfer I done I suspect

ic_oATATAPE}

o

e
o

TRIUMF LCG2_DATADS|

TRIUMF-LcG2_DATATAP]

I subscribed

datasets

Tier-2 LienTpbl akcnepumenTa ATLAS 1 ux Knaccudukauma

Number of Sites per Analysis Availability

0
man 2012
53 uentpa ¢ 90+% crabunbHocTbo
37 T2D ueHrpa co cTabunbHoi paboton WA

% 100% 0% 50 60 70 80 9 95 100%
Analysis Queues Availability
B ™20 pnl32



MeTon AMHAMHUYECKOTO paclpeaeIeHUs JaHHBIX C UCIIOJIb30BaHUEM HH(MOPMALIUU O
MOMYJIIPHOCTH JAHHBIX

CraTtnyeckoe pacnpeaeneHne gaHHbIX ANA LEHTPOB 12 npeKkpawaeTCA,
JlononHnTenbHbIe Konnu Ha60p0|3 AaHHbIX CO34a0TCA aBTOMATUYECKHU, CNIEAYA a/ITOPUTMY

Ecnu 3a0a4a nonvs3osamess obpawaemcsa K Habopy OaHHbIX U Hem Konuu Habopa 8 yeHmpax yposHsa T2, mo nepeas makas 3a0a4a 8bInosHAemcs 8
yeHmpe nepsozo yposHa (T1), 20e scea0a ecmo Kornusa OaHHbIX, 00HOBPEMEHHO A8MOMAMUYeCKU MoCblAdemcs 3anpoc 8 cucmemy ynpasaeHus 0aHHsIMU
014 co30aHusA 0ornosaHumesnsHol Konuu Habopa OaHHbIX HO 0OHOM U3 UeHMPOo8 yposHA T2;

Taknm obpasom ansa nepsoro obpaweHma K JaHHbIM He CyLLEeCTBYET 3a4E€PKKM C BbIMOJIHEHNEM 33434M
NONb30BaTeENA, @ BPeMA Mnepefayn AaHHbIX M CO34aHWE AONOJHUTENbHOM KOnMMKM Habopa AaHHbIX
3aHUMAI0 HECKO/IbKO YacoB.
* Kpwutepuu Bbibopa ueHTpa T2 npu co3gaHnm 4ONONHUTE/IBHOW KOMNUN
— (CBoboaHOEe ANCKOBOE NPOCTPAHCTBO;
— Konunyectso 3a4a4 B o4epeam Ha BbINOJIHEHME K JAHHOMY CaUTy;
— TlnaHupyemas OCTaHOBKa CalTa;
— Konunyectso pannoB Ha nepeaavy K JaHHOMY CauTy;
Obuwee KoNnMyYecTBo KOMNUM AaHHbIX OCHOBAHO Ha CTAaTUCTUKE 0OpaLLeHNA K HUM 33434 NOAb30BaTENEN U
yBe/NIMYMBaETCA NorapuPmmyeckm no mepe pocTa Koamyectsa obpaweHun, 1.e 10, 100 , 1000,...
obpaleHun cooTBeTCTBYHOT 1,2,3,... AONO/IHUTENBHBIM KOMUAM AaHHbIX;
[aHHble dopmaToB He Ncnonb3yembix oA GU3NYECKOTO aHANM3a MUCKAKYAKOTCA U3 PaCCMOTPEHMS;
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Merton AMHAMHUYECKOTO pacnpeaeiCHUs JaHHBIX C
MCII0JIb30BaHUEM HH(POPMAIIMM O HOITYISIPHOCTH JaHHBIX

Cumulative evolution for DATADISK in USASITES by site (SRM)

T T T T
BeefieHO AMHaMMyeckoe
pacnpegenenne paHmsix, .. [l |
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