£ ATLAS

) lrack

ATLAS - 3 status quo a

A. Salzburger, CERN

—~econstruction:

Nd our potentials




VWny do | talk “onty” "/ :
y Ao I laxk Only aooul Ne Inrnel LeleCtor :
| )
=
)
m
5
Domain breakdown in MC_TTbar no_command_available of 100 events §
10000 1 | 1 ] 1 ] 1 | 1 1 ] pumm—
| L 1 —‘—.‘1\ - | ) 1 ' T ' | | | ] | L | |_
e F %o oo 0 g 00O o o, Py o o Inner detector .
* ¢ —e— 25% of total E
~—— Other I
) —»— Persistency a
. ©
8000 | ||—*— Combined muon =
—»— EGamma %
¢ Calo 4]
©
—— Jet+Btag >
o —«— Qutside alg execute S
§ 6000 |- {|—e— Muon S
Y —e— Etmiss @
@ S
2 —<— Tau 3
tg: Trigger .
. . O
@ —— DQ monitoring g
= 4000 y o
S %)
<
\ / — ’ b =
<
@
>
a
2000 | - N
@
n
<
K'A—'—'—'—'—'—'—!—v—k'—'—kv—'—'—!—'—*—':
0 run 105200,
M T OO~ O =S N MT D ONSNOOODO e ANNMmM
TR gagaafaaanNaNNeee
S2228288288828_8388R_R_8_88_88_Ar+¢4

sample : ttbar MC 13 TeV with mu flat from O to 40




A nistorical review - the orngin & construction
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A nistorical review (1) - early days

persona

» ATLAS ID track reconstruction roots date back more than 20 years

- Inner Detector TDR, Volume | (1997) =2 B 00 o
= ® xKalman Pr
reconstruction performed within the é 2 i ;ﬁz
FORTRAN-based ATRECON framework, ©
featuring two main “monolithic” reconstruction s N
orograms . | I
- xKalman & iPatRec 10 7‘__‘__‘_:’::’:*__::;_::::—12
5
» ATLAS shifted to Gaudi-Athena
N late 2007 (1 joined ATLAS) "0 o5 1 15 2 |2-5
M

- both xKalman and iPatRec were ‘transcribed’ into C++(ish)
translated into the Gaudi-Athena structure of Algorithms and Tools
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main shortcomings:

- no common Event Data Model
- no common interface to conditions, alignment
- little flexibility for inclusion of new approaches, modules




A nistorical review (2) - the R T

persona

» ATLAS Reconstruction Task Force (2003)

- Final RTF Report released in September 2003 (I started working on ATLAS tracking)
ATL-SOFT-2003-010

start of the New Tracking/Common Tracking project

- Main recommendations:

- establishment of a common Event Data Model (EDM)
ATL-SOFT-PUB-2006-004, ATL-SOFT-PUB-2007-003

- description of ID track reconstruction by:

a sequence of Algorithms using Tools (defined by IAlgTool type interfaces)
ATL-SOFT-PUB-2007-007

encapsulation of common tools (e.q. extrapolation, fitting, calibration)
ATL-SOFT-2007-005

centralise access to common services (e.g. magnetic field, conditions, etc.)

split of detector specifics (ID/MS) and common tracking tools
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- Additional developments triggered by this:
- a new tracking geometry description: ATL-SOFT-PUB-2007-004

- a fast simulation program (Fatras): ATL-SOFT-PUB-2008-001



http://atlas-proj-rtf.web.cern.ch/atlas-proj-rtf/final-public-release-22Sep03.pdf
http://cds.cern.ch/record/973401?ln=en
http://cds.cern.ch/record/1038095?ln=en
http://cds.cern.ch/record/1020106?ln=en
http://cds.cern.ch/record/1038100?ln=en
http://cds.cern.ch/record/1038098?ln=en)
http://cds.cern.ch/record/1091969?ln=en

A nistorical review (3) - from =1 1o Run- |

persona

» Run-1 tracking setup was developed within 4 years

- Final RTF Report released in September 2003 to New T note in 2007
ATL-SOFT-2003-010 1O ATL-SOFT-PUB-2007-007

- Phase 1:
- review of internal EDM of iPatRec and xKalman

- establishment of a new EDM based on the two programs, with adaptions

- accommodate the MuonSpectrometer (it’s a Tracker!) in design
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335 2004-04-06 Andreas Salzburger <Andreas.Salzburger@cern.ch> l
336 * tagged 01-00-00

337 * MAJOR CHANGE ON MOMENTUM REPRESENTATION !

338 * representation changes to (phi, theta, gq/p)
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- introduction of calibrated measurements (from RIO to RIO_onTrack)

- establishment of EDM persistency
(a long history of POOL to T/P conversion)



http://atlas-proj-rtf.web.cern.ch/atlas-proj-rtf/final-public-release-22Sep03.pdf
http://cds.cern.ch/record/1020106?ln=en

A nistorical review (4) - during Hun- |

persona

» Run-1 tracking setup was modified substantially during Run-1:

CPU/physics performance driven
ATLAS NOTE

Report of the Inner Detector Pile-Up Task Force

- Run-1 LHC performance created
some CPU tension

N»r-<»

- <mu> was to exceed design
average of 23 for 50 ns run of 2011/12

- established a ID Pile-Up task force
- deal with the CPU problem
- deal with the increased fake-rate

Edtors: Heather M. Gray and Simone Pagan Griso

The data delivered by the LHC this year has boon delivering high luminosity. However,
this luménosity has been accompasied by significantly more pile-op than onginally antici-
pated. The current sewings for track and venex reconstruction have beee optimnised for low
pilc-up scenarios. It has already been previowsly shown hat these scttings provided adoguate
performance up to g = 20, however they will need %0 be changed at higher pile-up. Such
changes will imspact not only tracking and venexing performance but also other performance
groups (especially cgamma and btagging) as well as physics analyses. The Inner Detecior
Pile-Up Task Force was formed in Acgust 201 | with the mandate to study the performance
of the Inner Detector with pille-up and 10 deveiop optissally balancod tracking and vercxing
scttings to reconstruct data at higher pile-ap. This reporet summarises the results obtained by
the Iener Detector Pile-Up Task Force.

- establish a robust vertex reconstruction | Abseracs
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A historical review (5) - durnng =un- |
personal
» Run-1 tracking setup was modified substantially during Run-1:
CPU/physics performance driven
- major changes on how the seeding is done

(with the aim of having less track candidates
at input)

- robust tracking cut study to control fake
contribution (a) Sced Level 1 (b) Sced Level 2

slight loss of track reconstruction efficiency accepted in order to control fake contribution
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» Run-1 tracking setup was modified substantially during Run-1: g
=
physics performance driven g ! ~ P
8 ,of ATLAS Preliminary *Sundwd =
_ icat lectron ttern r nition = Simulation \8-7 TevV | - %
adeldc;?edeec olpate ecognitio % 0B 7 o6 MG, s i, - :
- switching to a calorimeter-seeded S . . %o S
' ' ' ' . U - =% . 0, @ 1 T
region of interest tracking e St : R :
: o 5
- boost in electron reconstruction efficiency . 3 3 L =
. - O
ATLAS-CONF-2012-047 o E S
| | 0l3.;x_.zl‘.‘1..15‘...1l...6{él‘.(1).l;61.é.‘111...:]lé...12.‘.; é
- the neural network based pixel clustering d S
ks
- outcome of the Pixel Cluster Task Force o I : r I r >
50.06} A <
- using a set of neutral networks to estimate % - ATLAS Simulation | | CLACImng) 3 =
the probability of pixel clusters being created §°-°5§ Noa7 ToV — NN Clustering 5
by multiple particles 0.04f 4plxaliwile ustors 3
- attempt to split them into sub clusters o.os? ~ ifE
JINST 9 (20014) P09009 0.02}- E
- became later the new TIDE group in 0.0 :
ATLAS 956100 B0 B0 i00 T80

Local x resolution [um]



http://cdsweb.cern.ch/record/1449796
http://iopscience.iop.org/1748-0221/9/09/P09009/

A nistarical review (7) - the Lo-Tcampalgn

persona

» CPU performance driven SW campaign to optimise the 1D tracking

w  80f | | .
= -~ ATLAS Simulation Preliminary ]
¢ 70 RDO to ESD E
60 \s =14 TeV E
8 - <u> =40 ]
GEJ 50— 25 ns bunch spacing I
= R i Run-t-Geometry---greeeepeeees
L | ¥ — .
§ 40 ﬂpsoztt 1308 — > 5 CPU gain,
2 = | - | . no loss of physics
£ 30— ! —e— Full reconstruction ~ — ¢
& - : —e— Inner Detectoronly O periormance
S 20 ' : — A. Salzburger, CHEP2015
L - ' > 1 year w/o ! —e =
10 e OrKIng...... I il D O \ A
- i head release | . ! ]
oC | | | . | | =

17.2, 32bit 19.0, 64bit 19.1 ,:64bit 20.1, 64bit
| |

| | : Software release

:

March/April 2015
“Run-2 release frozen” 10

A. Salzburger - ATLAS ID Track Reconstruction: status quo and potentials - TIM2015, Berkeley

Tracking SW workshop Tracking ISW workshop
“Run-2 planning” “LS 1 Mid-term”
Nov 2012 Oct 2013



A nistorical review (8) - additional Lo changes

persona

» Newly established TIDE (Tracking in Dense Environments) tracking
update to usage of Neural Network based clustering

- former (Run-1) strategy was to split clusters if they had a high probability of being
created by more than one particle before pattern recognition

- aim to split clusters into siblings in order to have unigque hit assignment

- changed to NN estimation of whether a hit is allowed to be changed

during ambiguity solving
ATL-PHYS-PUB-2015-006

- relax initial hit sharing restrictions and
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. S — B —— N
. . = 3 ATLAS Prellmma u TIDE E
validate/quantity at later stage g °-9fj; Simuiaton, ‘513 TeV, 23 TeV . Baseline
- speed up reconstruction since NN is only & 3'225 :
c RS Ve -

called on demand 2 o9k k-

: - % 0.88=* " . —'——.ﬁi——'——.—.—;:

- tracks without shared hits do not - ——_ :
- - g 086t A ————
require any action ff 0.84F 3
- hit book-keeping is still required g 082 3
0.8 r

(has consequences for concurrency) 0.78F =

100 200 300 400 500 600 700 800 900 1000
Truth Jet P, [GeV]



http://cdsweb.cern.ch/record/2002609

—~UN-2 status and evolution towards Run-3

» LST SW campaign has secured Run-2 data taking and MC production
- combinatorial growth of ID track with <u> remains worry

- is already of concern for Phase-2 Upgrade (Run-3) simulations
expect <u> ~ 200 at HL-LHC (and up to 1000 for FCC-hh studies)

» Major hotspots/bottlenecks have been removed from Tracking code
- there are continuous improvements being implemented, maximal O(10%)

- there are no obvious hotspots to tackle

» Need to ook at different approaches and R&D

cut on physics performance (e.g. raising of momentum cut) ?

hard scatter (“triggered”) event reconstruction only ?

evolution of code to exploit concurrency

new approaches in pattern recognition main topic of this talk
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The nutshell view - data preparation In slicon (1)

Clustering
finding connected cells (pixels/strips) on module via a connected component analysis

strip detector

0 2 4 6 8 101214 16 18

followed by estimation of cluster postion
e.g. the charge-weighted approach :

charge collected
, E z in cell |
i=1,N

>
1)
O
X
p -
O
m
S
0
o
(QV]
=
|_
1
w
@
-—
(-
O
9
o)
Q
©
(@
@
o
-]
o
N
D
2
©
S
9p]
c
©
=
O
D
-
=
N
(@
o)
O
O
o
X
O
Z
|_
o
%)
<C
o
<
1
o
&
-]
O
N
©
n
<

pixel detector

particle origin
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The nutshell view - data preparation In slicon (2)

Space Point Formation
using the local cluster positions & sensor surface to form 3D space points

strip detector

using beam spot
to constrain
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The nutshell view - track finding (1)

Space Point seeding » puilding triplets of space points

strip detector \

- initial cuts on do, pr

» confirmation with an agditional

space point
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pixel detector

» road pbuilding for combinatorial
particle origin Kalman filter




The nutshell view - track finding ()

Space point seeded track finding » resolve detector elements in a
given road and start track
candidate search

strip detector - there can be more than one

candidate per seed

- there can be shared hit

- there can be disregarded seeds

» dedicated road search for
electrons allowing kinks due 1o
energy loss

- only allowed in seeded regions from

pixel detector the calorimeter

particle origin
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he nutshell view - ambiguity soVING

Evaluate the track candidates » NIt associations

- using PrdAssociationTool

- finding shared hits

strip detector

- evaluated shared/split probability

» tracks are ranked (scored)

- uSing a scoring tool:
penalties for holes/shared hits
obonus points for hits/good chi2

- classification problem
(NN based version exists)

pixel detector

» let tracks with highest score
survive

particle origin
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1he nutshell view - 1R extension

Evaluate the track candidates y Tracks found in Silicon are
— tested for extension into the TRT

\\\ - road definition by silicon track
\\‘\r\\,\\\ - search for compatible hits and
\‘\ tested for extension using a Kalman
N fittering

» a first algorithm finds compatible
nits by track following

- sequential at input

- first come, first serve
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» a second algorithm evaluates
the extension

pixel detector

particle origin
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Concurrency usage - Cluster creation

» Cluster creation is the first stage of local pattern recognition

module |

» Connected component
I analysis (CCA) runs per
R module

module i+1

» Could easily be parallelised

] - a perfect use-case for a
HiveAlgorithm that opens up many
(100s) threads

» No bookkeeping needed, since every module represents one
collection in our ldentifiable container module

» [t will not gain us all too much CPU gain, but it is a very good
testbed
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Concurrency usage - opace point creation

» Space point creation is a very simple activity

pixel detector

using beam spot
assumption

» Simple local to global transformations
- in principle a vec(3) x mat(3,3) + vec(3) operation, can be done as vec(4) X mat(4,4)

- not much relative CPU time to gain, however a perfect testbed for e.g. aggressive
compiler settings & Eigen

- number of cells is huge (e.t. 10k space points) and memory requirement is minimal
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Concurrency usage - seed creation (1)

» Step 1 finding triplets of space points and evaluate their compatibility
Ya r 4

|
e
DN
S

doy » X H > Z

- initial cuts on do, zo, pT applied

- looking for seeds in “connected” regions, not just random space point combinations
raises the question of resolving the overlap regions

- currently some book-keeping is done whether space points are already used
makes concurrency a bit tricky

having space points multiply used is not a problem per se (-> can be resolved later)
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Concurrency usage - seed creation (2)
» Step 2: confirming a seed by a fourth hit
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» Fast confirmation with a fourth space point before entering combinatorial
Kalman filter (i.e. track finding)

- each seed can be treated independently (and thus in parallel)




Concurrency usage - track inding (1)

» Step 3t seed defines a road, track finding within road:
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» Seeds can lead to several track candidates
- parallel following of track candidates possible

- open and close threads




Pl based track finding tests (offine)
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GPU based track finding - JM thesis (1)

» diploma thesis of Johannes Mattmann (2011)

» prototype exploits parallel processing by using detector regions
- prototype restricted to barrel only (see next slides)

- seeding restricted to pixels

» reference CPU implementation & GPU implementation (CUDA)
- seed finding (fixed to pixel detector)

- propagation (helical) for road creation
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- track finding within the road

- no Tull track fit
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GPU based track finding - JM thesis (3)

» Seed finding starts with
central cell

- expands to neighbouring cell
respecting the bending

- cell size is related to minimal
momentum cut

» Fork seeds into different

threads gi /;<K /y
» Fixed pre-oredereing of iz

segment combination in
memory

part4 part5

\’\V
S S e Y

Seed-Candidate-Array complete
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GPU based track finding - JM thesis (4)
» Some results | | | | | S
- GPU version indeed offers | cure J[ - §
a great scaling behaviour ! % g
with increasing number of 30000 | % % ] 2
particles ) e S

- some initial overhead due i _ e X | %
to data preparing for GPU 5 1o | e ) - =
architecture e g

ok x x x x ¥ %X T | i S

» Biggest problem is - =
resolving the overlaps é’
between the regions 5
<

» Physics performance of sequential approach could not fully be met

- difficulties to control duplicates/overlaps




GPU pbased track finding - SA thesis (1)

» Diploma thesis of Sebastian Artz (2013)

» Extended JM 1o include endcaps

- seeding still restricted to Pixels

Hit 1 Hit 2 Hit 3
Kombination 1 | Barrel Layer 0 Barrel Layer 1 Barrel Layer 2
Kombination 2 | Barrel Layer 0 Barrel Layer 1 Endkappen Layer 0
Kombination 3 | Barrel Layer 0 | Endkappen Layer 0 | Endkappen Layer 1
Kombination 4 | Barrel Layer 0 | Endkappen Layer 1 | Endkappen Layer 2
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Concurrency usage - ampiguity soving (1)

» Ambiguity solving decides on the best hit association

Y4

\, |

» What is the current setup ?

s this <black+green, blue>
or <black, blue, green>

or <green,black+blue>

or <black+ blue>

or <>

= / / / / /=X » hypotheses tested & scored

they are interconnected via shared hits

» Parallelism could be around connected sets of tracks

- final merging and chasing of tracks above certainn score cute
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Concurrency lable - Summary

Algorithm

Cluster
creation

SpacePoint
creation

SpacePoint
seeded track
finding

Ambiguity
Solving

TRT extension

Concurrent Cell

Number of cells

Tests

Rel. CPU of ID

Comments

output merging

per module O(1000) no tests exist O(5%) into identifiable
containers
identifiable
per space point O(10000) no tests exist O(<1%) container,
SIMD ?

. GPU based test o overlaps are
detector region 0(100) version from 2011 O(50%) dangerous
fitting: per track
=MISlgy: [per O(1000) no tests exist O(20%) SOOI LEEIING O

tracks ° hits is shared
through shared
per track O(100) no tests exist O(10%)
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_et's tak apout EDM, Algorthms & 1o0ls

» Current ID track reconstruction is built of a sequence of algorithms

- following Gaudi-Athena design, they comunicate via the blackboard (EventStore)

EventStore <id,<RDO>> X
< PrepRawDataFormation
<id,<PRD>>
<id,<PRD>> .
< _ SpacePointFormation
<id,<SP>>

<id,<PRD>/< SP>>>
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< T SpSeededTrackFinding
<Track> . — .
< e AmbiguitySolving

<Track>, <id, PF%D>>

< TRT Extension
<Track>




DM, Algorthms & Tools (1)

» PrepRawData Formation tools/concurrency requirements

PrepRawDataFormation

id,<RDO
EventStore == 22
<
<id,<PRD>>

SiClusterization
l <id <RDO>>

A

Algorithm could call parallel_for ==l  for id in <id,<RDO>> : <PRD> per id

I

SiClusterMaker::clusterize(<RDO>)

l <<RDO>>

AlgTool could call parallel_for =  for <RDO> in <<RDO>>:

|l <noos

SiClusterMaker::createCluster(<RDO>)
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DM, Algorthms & Tools (2)

» SpacePointFormation concurrency requirement - parallel_for option

E - <id,<PRD>>
ventStore - > SpacePointFormation
<id,<SP>>

A
l <id,<PRD>>
Algorithm could call parallel_for m—- for id in <id,<PRD>>:
(simple unwrapping loop,
might not be optimal for parallel processing) <SP> perid

<<PRD>>

A A

SpacePointMaker::makeSpacePoint(<PRD>)

PRD.localPosition() * PRD.surface().transform()
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DM, Algorthms & Tools (3)

» SpacePointFormation concurrency requirement - SIMD option

> SpacePointFormation

unwrapping loop to guarantee

optimal-sized <<PRD>> collections,

e.g. <PRD>[4]

<id,<PRD>>
EventStore
<
<id,<SP>>

A

l <id,<PRD>>
for id in <id,<PRD>> :

<SP> perid

<PRD>[4]

A A

SpacePointMaker::makeSpacePoints(<PRD>[4])

parallel_for <PRD> in <PRD>[4]:
PRD.localPosition() * PRD.surface().transform()

output collection has to be per identifier (id), re-ordering/bookkeeping necessary

A. Salzburger - ATLAS ID Track Reconstruction: status quo and potentials - TIM2015, Berkeley



DM, Algorthms & [ools (4)

» SISpSeeded TrackFinding tools/concurrency requirements

<id,<SF’>/<RDO>>>
EventStore SpSeededTrackFinding
<Track>

<id,<SP>>
geometrical unwrapping into seed triplets,
confirmation with fourth space point v
+ book keeping of successfully <<SP>[4]>
used space points (cache) l
parallel_for <PRD>[4] in <<PRD>[4]>:
l <PRD>[4]
NA Al
SiRoadMaker

|

<PRD>[4], <DetElements>
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combinatorial Kalman filter
can fork to test several
track candidates
new threads could be
opened & closed
depending if the track
candidate survives

DM, Algorthms & Tools (5)

SiRoadMaker

|

<PRD>[4], <DetElements>

|

SiTrackFinder

|

<PRD>[4], <PRD>

il

SiTrackFinder
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DM, Algorthms & Tools (6

» Ambiguity solving concurrency/tool requirements

<Track> .
EventStore « AmbiguitySolving
<Track>

3

=

n

s

S

l<TraCk> =

------------------- 5

cache <Track> s .

. /"~ central processor 5

PrdAssociationTool | : . D y 2

». 1o find optimal set of Z

<PRD,<Track>> K S

<PRD> 2

e g

_________________ g

% A C%)

<C

parallel_for <PRD> in <<PRD>> <score, <Track>> <

S

Track l E

. . Track TrackSummaryTool 8

TrackFitter::fit(<PRD>) > , <
TrackScoringTool

TrackParameters l

ExtrapolationEngine::extrapolate()




DM, Algorthms & 1ools (7))

» TRT extension tools/concurrency requirements

<Track>, <id, PRD> .
<Track>

l <Track>

<id, PRD>
parallel_for Track in <Track>

l Track v
TRT_ExtensionTool::extend(Track)

<Track, <PRD>> l

TRT_ExtensionProcessor::extend(Track)

l A
parallel_for Track< <PRD> in <Track, <PRD> >

!

TrackFitter::fit(Track, <PRD>)

l TrackParameters

<Track>
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ExtrapolationEngine::extrapolate()




o0ls example - Extrapolation engine

» Jools Involved in Track reconstruction are pretty evolveo

- one of the most complex tools is the extrapolator used in
track finidg™, track fitter, hole search, etc.

- Run-1 extrapolation tool was about 5k lines
not thread safe, as it had an internal cache \

- Re-write as a new ExtrapolationEngine
orototype now working in current release

should/will be changed into a AthsService
(is public tool now)

stil keeps the nice caching functionality
designed 1o be thread-safe by a cache visitor

(called ExtrapolationCell) =

e.g. Kalmankilter usually starts at the last destination

ExtrapolationCell: :restartAtDestination()
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Xtrapolationz=ngine (1

» New interface with a visitor pattem

namespace Trk {
static const InterfaceID IID_IExtrapolationEngine("IExtrapolationEngine”, 1, 0);

typede! ExtrapolationCell<TrackParameters> ExCellCharged;
typede! ExtrapolationCell<NeutralParameters> ExCellNeutral;

class IExtrapolationEngine : virtual public IAlgTool {
public:

/% Virtual destructor */
virtual ~IExtrapolationEngine(){}

/+x AlgTool interface methods */
static const InterfaceID& interfaceID() { return IID_IExtrapolationEngine; }

/*x charged extrapolation */

virtual ExtrapolationCode extrapolate(ExCellCharged& ecCharged,
const Surfacex sf = 0,
PropDirection dir=alongMomentum,
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BoundaryCheck bcheck = true) const = @;
/*x neutral extrapolation */
virtual ExtrapolationCode extrapolate(ExCellNeutral& ecNeutral,
const Surfacex sf = 0,
PropDirection dir=alongMomentum,
BoundaryCheck bcheck = true) const = @;
/*x define for which GeometrySignature this extrapolator is valid */
virtual GeometryType geometryType() const = @;
protected:
//'< SCREEN output formatting (SOP) - unify amongst extrapolation engines
std::string m_sopPrefix; //'< prefix for screen output
std::string m_sopPostfix; //'< prefix for screen output
}

} // end of namespace




Xtrapolationzngine (2

» ExtrapolationCell acts as the cache & steering object

/%x @class ExtrapolationCell

templated class as an input-output object of the extrapolation,
only public members, since it 1s a container class

@author Andreas.Salzburger -at- cern.ch
*/

template <class T> class ExtrapolationCell {
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public :
const T& startParameters; //'< by reference - need to be defined
const TrackingVolumex startVolume; //'< the start volume - needed for the volumeToVolume loop
const Layerx startlLayer; //'< the start layer - needed for layerToLayer loop
const T= endParameters; //'< by pointer - are newly created and can be optionally ©
const TrackingVolumex endVolume; //'< the end Volume - can be optionally @ (needs other trigger to stop)
const Layer= endLayer; //'< the end Layer - can be optionally @ (needs other trigger to stop)
const T leadParameters; //'< the one last truely valid parameter in the stream
const TrackingVolumex leadVolume; //'< the lead Volume - carrying the navigation stream
const Layerx leadLayer; //'< the lead Layer - carrying the navigation stream
int navigationStep; //'< a counter of the navigation Step
double pathLength; //'< the path length accumulated
double pathLimit; //'< the maximal limit of the extrapolation
ParticleHypothesis pHypothesis; //'< what particle hypothesis to be used, default : pion
MagneticFieldProperties mFieldMode; //'< what magnetic field mode to be used, default : fullField
bool navigationCurvilinear; //!< stay in curvilinear parameters where possible, default : true
bool destinationCurvilinear; //!< return curvilinear parameters even on destination
std::vector<const T> sensitiveParameters; //!< parameters on sensitive detector elements
std::vector<const T*> passiveParameters; //'< parameters on the passive layers
std::vector<const T#> boundaryParameters; //!< parameters on boundary surfaces

unsigned int extrapolationConfiguration; //!< integer carrying (by setting bits) the information how to extrapolate -

serves as Input/Output and Cache of this extrapolation job
- automatically thread safe !




xtrapolation=ngine (3)

» Major part of time Iin extrapolation is spent on Runge-Kutta
integration

- numerical integration to drl = Aty
solve equation of motion dugl = At “w("’my;t)
 X(T) dz2 = At (vpq+ "2“”1)
dzrl dyl At
E d'v_z-2 — At ax(xn + T,yn + %.t -+ T)
E dzd = At(ven+ dv;Z)
: dx?2 dy2 | At
! dv,3 = Atag(z, + %ayn + %,t + T)
: drd = At (vy,+dv,3)
. ! dv,4 = Atag(z, +dzd,y, + dy3,t + At)
drl dz2 dz3 dz4
tg l:1 Tpnyl = Yp+ 6 + 3 + 3 + 6
‘ — duv,1 " dv,2 . dv, 3 " dv,4
Vegn+l = Uzn 6 3 3 4
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» ATLAS has two test versions - none run in production
- vectorised version (hand-written)

- 4-dimensional Eigen based version (was about the same speed)




Xtrapolationzngine (4

» vectorised Runge-Kutta kermel

TOrLANT 1=9; 1<4Z; 1+=/) { for(int § = @; { < 42; {+=7){
doub{et R = g{“él _m256d dR = _sm256_loadu_pd(&PI1i]);
doublex dA = 1+3);
n256d dA = loadu_pd(&PI1 + 3]);
T m256d dA_201 = CROSS_SMUFFLE_201(dA);

double dA®@ = HO[ 2]=dA[1]-HO[ 1]=dA[2]; . i
double B0 = MO @]+dA[2]-HO[ 2]=dA[@]; =~ LA = S AELELN e
double a(®@ = H[ 1)=dA(@]-Hol @)=dA[1]; A256d d0 = _sm256_sub_pd(_sm256_sul_pd(H0_201, dA_120), _sa256_sul_pd(H0_120, dA_201));
1f(i==35) {dA@+=AQ; dBO+=BO; dC0+=(0;} 11(1==35)(
d0 = _mm256_add_pd(de, ve_012);

doub{e % - M{O}: }
double = dB@+dA(l);

. _m256d d2 = add_pd(d9, dA);
double dC2 = dCe+dA(2]; TR2564 d2 20T = CR3SS. SIFFLE_201{42);
double GA3 = dAI0] +dB2ut1 (2] -dC2u 1) —AZ56d 62,120 = CROSS_SHUFFLE_128(d2);
double dB3 = dA[1)+dC2+H1[0]-dA2+H1[2]; n256d d3 = _mm256_sub_pd(_sm256_add_pd(dA, _sm256_sul_pd(d2_120, H1_201)), _sa256_sul_pd(d2_3
double dC3 = dA[2)+dA2«H1[1])-dB2+H1[0]; | 256 d3_201 = caﬁss_ﬁrm_zoim; bt patar. - bt peta

. T n256d d3_120 = CROSS_SHUFFLE_120(d3);

1f(1==35){(
dl =

1f(1i==35) {dA3+=A3-A00; dB3+=B3-Al11; dC3+=(3-A22;}
’ _ma256_add_pd(d3, _sm256_sub_pd(V3_012, A_012));

double dAd = dA[@]+dB3+H1[2]-dC(3e+H1[1];

double dB4 = dA[1]+dC3eH1[0]-dA3eM1 [2]; }
double dC4 = dA[2]+dA3+H1[1]-dB3+H1(0]; __m256d d4 = _sm256_sub_pd(_se256_add_pd(dA, _sm256_sul_pd(d3_120, H1_201)), _sa256_sul_pd(d3_3
11(1==35) {dAQ+=A4-A0Q; dBA+=BA-A11; OC4+=C4-A22;} {10 1==35)
dd4 = _me256_add_pd(dd, _mam256_sub (v4_012, 012));
double dAS = dA4+dA4-dA(0); } e ™
double OBS = dB4+dB4-dA[1l); asd & vk adt add nilds. 0. @)
double (5 = dC4+dC4a-dAl2); :Pm B T e ms.ﬁ,,:ggg,w: » 04), OA);
double dA6 = dBS#H2[2]-dCSeH2(1); —A2364 5,120 = CROSS_SFRLE_120(&5);
e = “"Wmmmgg}f __n256d d6 = _ma256_sub_pd(_sm256_sul_pd(dS_120, H2_201), _ma256_sul_pd(ds_201, H2_120));
1f(1==35)(
1£(1==35) {dAG+=A6; dB6+=B6; dCE+=C6;} 96 = _me256_add_pd(d6, V6_012);
dR[0] +=(dA2+0A3+dAd) +53; dA[0)=(dAD+dA3+dA3+dAS+dAG)+.33333333;
OR[1] +=(dB2+0B3+0B4) #+53; dA[1]=(dBO+dB3I+dB3+dBS+dB6) . 33333333; 256 _storeu_pd(4Pli], m256_3dd_pd(dR, em2s6_mulpd(_me256 3dd_pd(d2, _ma256 add_pd(&3, o4)
OR[2]+=(03C2+0C3+40C4)#53; dA[2]=(dCO+AC3+0C3+0C5+dC6).33333333; y —mDA.storedpd(Pl1 31, _ma256_sul_pd(T_012,”_saZ56_3dd_pdT00, _ma256_3dd_pd(d3, _se256_adq
}
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e Runge-Kutta integration but up to 2.4x faster using SIMD instructions

e Future CPUs are expected to further extend SIMD capacities , _
Roberto Agostino Vitillo
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Hermermber s ECRE HiggsML challenge

challenge
May to September 2014

When High Energy Physics meets Machine Learning
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A new challenge lies aneao

» Are we using the most up-2-date approaches 7
- are there smarter kids out there?

- we never know if we do not ask!

» HEP pattern recognition ?
technigues are more _
than 25 years olo

- machine learning
techniques are flooding
the market

- are they suitable for our n
complex problems ?

A. Salzburger - ATLAS Track Reconstruction Machine Learning Challenge, TIM Berkeley, Nov 2015




A HEP Tracking Machine Leaming Challenge (1)

» Can we teach the computer to find tracks for us 7

- what is the minimal input for such a challenge *?

» Formulation of the v
challenge is a challenge -
tself

- balance of simplification -
versus complexity must
be met to make such a -
challenge useful

- formulation of the goal
IS similarly difficult
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- how can we take
timing aspects into /
account ?




A HEP Tracking Machine Leaming Cnhallenge (2)

» Our current understanding - preconditions
- difficulty of pattern recognition is not only due to combinatorics

- ideal world (perfect magnetic) field and no process noise, there is an ideal solution:
conformal mapping technigues have been successfully used in the past,

e.g. Hough transformation, Riemann sphare

- yet, only TPC-like detectors currently allow such semi-algorithmic approaches
FCC detector concepts actually bring more complexity rather than simplicity

- process noise Is a problem, they make the problem messy
multiple coulomb scattering, energy loss effects, hadronic interactions

pa—

do we
place the
challenge ?
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A H=P Tracking Machine Leaming Challenge (3)

» Challenge will have to take several stages

- We Wi” need ; SensitivePosR:SensitivePosZ L
1 ?owi— Dt ntm e eSS Y "hit:;fo‘g'
2 000 |- -123.2,
83.22
ool B e ot gt ]
Lo a a o o o o o o o o o o }
B I T—— S
detector geometry simulation event data
planar barrel/EC type detector with the possibility to easily readable,
pixel/strip system simplify where possible platform independent
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visualisation well defined goal different categories
of geometry, what is success for different
hits & found tracks and how we measure them solutions




