
ATLAS ID Track Reconstruction: 
- a status quo and our potentials 
A. Salzburger, CERN
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yWhy do I talk “only” about the Inner Detector ?

2
sample : ttbar MC 13 TeV with mu flat from 0 to 40



A historical review - the origin & construction
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yA historical review (1) - early days
‣ ATLAS ID track reconstruction roots date back more than 20 years 

- Inner Detector TDR, Volume I (1997) 
reconstruction performed within the  
FORTRAN-based ATRECON framework,  
featuring two main “monolithic” reconstruction 
programs 
- xKalman & iPatRec  

‣ ATLAS shifted to Gaudi-Athena 
in late 2001  
- both xKalman and iPatRec were ‘transcribed’ into C++(ish) 

translated into the Gaudi-Athena structure of Algorithms and Tools 
main shortcomings: 
- no common Event Data Model 
- no common interface to conditions, alignment 
- little flexibility for inclusion of new approaches, modules

4
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(I joined ATLAS)
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yA historical review (2) - the RTF
‣ ATLAS Reconstruction Task Force (2003) 

- Final RTF Report released in September 2003  
  ATL-SOFT-2003-010 

- 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.g. 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  

- 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

5
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(I started working on ATLAS tracking)

start of the New Tracking/Common Tracking project

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
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yA historical review (3) - from RTF to Run-1
‣ Run-1 tracking setup was developed within 4 years 

- Final RTF Report released in September 2003 to NewT note in 2007  
  ATL-SOFT-2003-010 to 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  

 
- introduction of calibrated measurements (from RIO to RIO_onTrack) 
- establishment of EDM persistency 
   ( a long history of POOL to T/P conversion)

6
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http://atlas-proj-rtf.web.cern.ch/atlas-proj-rtf/final-public-release-22Sep03.pdf
http://cds.cern.ch/record/1020106?ln=en
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yA historical review (4) - during Run-1
‣ Run-1 tracking setup was modified substantially during Run-1: 

CPU/physics performance driven  
- Run-1 LHC performance created  

some CPU tension 

- <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 
- establish a robust vertex reconstruction

7

personal
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yA historical review (5) - during Run-1
‣ 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 
slight loss of track reconstruction efficiency accepted in order to control fake contribution

8
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February 15, 2012 – 10 : 11 DRAFT 18
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(b) Non Primaries

Figure 23: Selection efficiency of signal primaries and fraction of non primary tracks on all tracks. For
all tracks no holes in the pixel detector have been allowed during reconstruction.
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Reconstruction level

0.1 0.15 0.2 0.25 0.3

A
n
a
ly

si
s 

le
ve

l

0.1

0.15

0.2

0.25

0.3

offline
final
minClusters8
minClusters9
minClusters10
minPixel1
minPixel2
maxHoles0
maxHoles1
maxHoles2
maxPixelHoles0
maxPixelHoles1

(b) Non-primaries: Analysis vs reco level

Figure 24: This graph shows the mean signal primary efficiencies and non-primary rates respectively.
For each cut the values are determined by applying it on reconstruction level (y-axis) and on analysis
level (y-axis). Both lead to almost identical results.

on the vertex reconstruction but also on the efficiency to reconstruct particles with large impact parame-348

ters. Figure 33 compares the rate to reconstruct such vertices using the samples from µ = 0 to µ = 40.349

Both the efficiency to reconstruct any secondary vertex and the efficiency to reconstruct a vertex which350

passes the analysis selection requirements is shown. The efficiency falls swiftly with increasing radius351

due to the decrease in the track reconstruction efficiency. There is a slight global drop to efficiency with352

increasing pile-up, but it is at the few percent level.353

In Fig. ?? the fraction of tracks in the reconstructed secondary vertex matched to either true tracks354

or unmatched is shown as a function of the number of reconstructed vertices in the µ = 40 sample. Here355

an unmatched track is defined as one which has less than 80% of its hits matched to a true track from356
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yA historical review (6) - during Run-1
‣ Run-1 tracking setup was modified substantially during Run-1: 

physics performance driven  
- a dedicated electron pattern recognition 

- switching to a calorimeter-seeded  
  region of interest tracking 
- boost in electron reconstruction efficiency 
  ATLAS-CONF-2012-047 

- the neural network based pixel clustering 
- outcome of the Pixel Cluster Task Force 
- using a set of neutral networks to estimate 
  the probability of pixel clusters being created 
  by multiple particles 
- attempt to split them into sub clusters 
  JINST 9 (20014) P09009 

 - became later the new TIDE group in  
   ATLAS  

9
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η
0 0.5 1 1.5 2-0.5-1-1.5-2

http://cdsweb.cern.ch/record/1449796
http://iopscience.iop.org/1748-0221/9/09/P09009/
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yA historical review (7) - the LS-1campaign
‣ CPU performance driven SW campaign to optimise the ID tracking 

10

Software release
17.2, 32bit 19.0, 64bit 19.1, 64bit 20.1, 64bit
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“Run-2 release frozen”

> 1 year w/o  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head release

personal

> 5 CPU gain, 
no loss of physics 

performance
A. Salzburger, CHEP2015



A.
 S

al
zb

ur
ge

r -
 A

TL
AS

 ID
 T

ra
ck

 R
ec

on
st

ru
ct

io
n:

 s
ta

tu
s 

qu
o 

an
d 

po
te

nt
ia

ls
 - 

TI
M

20
15

, B
er

ke
le

yA historical review (8) - additional LS1 changes
‣ 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 unique 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  
  validate/quantify at later stage 
- speed up reconstruction since NN is only  
  called on demand 
- tracks without shared hits do not  
  require any action 
- hit book-keeping is still required  
  (has consequences for concurrency) 

11
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http://cdsweb.cern.ch/record/2002609
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yRun-2 status and evolution towards Run-3
‣ LS1 SW campaign has secured Run-2 data taking and MC production 

- combinatorial growth of ID track with <μ> remains worry 

- is already of concern for Phase-2 Upgrade (Run-3) simulations 
expect <μ> ~ 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 look 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

12

main topic of this talk
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yThe nutshell view - data preparation in silicon (1)

14

particle origin

pixel detector

strip detector
Pergiee

q = (d0, z0,�, ✓, q/p) (7)

C =
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the binary approach: i-th pixel position
measurement
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2

e.g. the charge-weighted approach :
charge collected 

 in cell i

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

followed by estimation of cluster postion
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yThe nutshell view - data preparation in silicon (2)

15

particle origin

pixel detector

strip detector

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

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

16

particle origin

pixel detector

strip detector

Space Point seeding ‣ building triplets of space points 

- initial cuts on d0, pT 

‣ confirmation with an additional 
space point 

‣ road building for combinatorial 
Kalman filter
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yThe nutshell view - track finding (2)

17

particle origin

pixel detector

strip detector

Space point seeded track finding ‣ resolve detector elements in a 
given road and start track 
candidate search 
- 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 to 
energy loss 
- only allowed in seeded regions from 

the calorimeter
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yThe nutshell view - ambiguity solving

18

particle origin

pixel detector

strip detector

Evaluate the track candidates ‣ hit associations  
- using PrdAssociationTool 

- finding shared hits 

- evaluated shared/split probability 

‣ tracks are ranked (scored)  
- using a scoring tool: 

penalties for holes/shared hits 
bonus points for hits/good chi2 

- classification problem 
(NN based version exists) 

‣ let tracks with highest score 
survive 
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yThe nutshell view - TRT extension

19particle origin

pixel detector

strip detector

Evaluate the track candidates ‣ Tracks found in Silicon are 
tested for extension into the TRT 
- road definition by silicon track 

- search for compatible hits and 
tested for extension using a Kalman 
filtering 

‣ a first algorithm finds compatible 
hits by track following 
- sequential at input 

- first come, first serve  

‣ a second algorithm evaluates 
the extension 



A.
 S

al
zb

ur
ge

r -
 A

TL
AS

 ID
 T

ra
ck

 R
ec

on
st

ru
ct

io
n:

 s
ta

tu
s 

qu
o 

an
d 

po
te

nt
ia

ls
 - 

TI
M

20
15

, B
er

ke
le

yIt’s all about timing

20



A.
 S

al
zb

ur
ge

r -
 A

TL
AS

 ID
 T

ra
ck

 R
ec

on
st

ru
ct

io
n:

 s
ta

tu
s 

qu
o 

an
d 

po
te

nt
ia

ls
 - 

TI
M

20
15

, B
er

ke
le

yConcurrency usage  - Cluster creation
‣ Cluster creation is the first stage of local pattern recognition

21

‣ Connected component 
analysis (CCA) runs per 
module 

‣ Could easily be parallelised 
- a perfect use-case for a 

HiveAlgorithm that opens up many 
(100s) threads

module i

module i+1

‣ No bookkeeping needed, since every module represents one 
collection in our Identifiable container module 

‣ It will not gain us all too much CPU gain, but it is a very good 
testbed
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yConcurrency usage  - Space point creation
‣ Space point creation is a very simple activity

22

using beam spot 
assumption

pixel detector strip detector

‣ 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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yConcurrency usage - seed creation (1)

23

x

y

z

r

 d0
 z0

 pT

‣ Step 1: finding triplets of space points and evaluate their compatibility 

- initial cuts on d0, z0, 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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yConcurrency usage - seed creation (2)

24

x

y

z

r

 d0
 z0

 pT

‣ Step 2: confirming a seed by a fourth hit 

‣ 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)
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yConcurrency usage - track finding (1)

25

x

y

z

r

‣ Step 3: seed defines a road, track finding within road 

‣ Seeds can lead to several track candidates 
- parallel following of track candidates possible  

- open and close threads 
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yGPU based track finding tests (offline)

26

Johannes Mattman, diploma thesis, 2011, 

University of Mainz 

Sebastian Artz, diploma thesis, 2011, 

University of Mainz 
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y

‣ 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  

- track finding within the road 

- no full track fit 

GPU based track finding - JM thesis (1)

27
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y

‣ Segmentation of the ID into regions 

‣ Seed finding is done in these regions, moving in layers outwards  
- control the search regions with particle bending

GPU based track finding - JM thesis (2)

28
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yGPU 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 

‣ Fixed pre-oredereing of 
segment combination in 
memory

29

6. Implementierung

����� ����� �����

����� ����	


��������������������������

Abbildung 6.15.: Abbildung der Seedkandidaten innerhalb der Segmente auf das Ergebnis-
Array: In der dargestellten Reihenfolge werden allen Hit-Kombinationen
innerhalb der markierten Segmente Speicherpositionen für das Ergebnis
der Überprüfungen im Rückgabe-Array zugeordnet

die auch im GPU-Code die Abbildung des Index auf die tatsächliche Hit-Kombination
vornimmt.

Speicher-Skalierung

Umfangreiche Ereignisse mit hoher Detektorbelegung, also insbesondere Bleiionen-Kol-
lisionen, bedeuten einen deutlich erhöhten kombinatorischen Aufwand in der Seed-Ge-
nerierung. Da für jedes potentielle Ergebnis eine Array-Position vorhanden sein muss,
bedeutet dies einen sehr hohen Speicherbedarf auf der Grafikkarte. Daher wurde ein Ver-
fahren eingeführt, das eine schrittweise Verarbeitung der Seed-Kombinationen ermöglicht.
Dazu wird das boolean-Array in einer festen Größe angelegt; diese ist frei wählbar und
muss hinreichend klein eingestellt werden, damit der Grafikkarten-Speicher in der Summe
mit dem etwa durch die Hits belegten Speicherplatz nicht überläuft. Das eigentliche Seed-
Prüfungsverfahren bleibt unverändert, allerdings ist die Komplexität der Adressierung der
den Thread-Indizes zugeordneten Hit-Kombinationen durch die Einführung dieser Funk-
tionalität noch einmal erhöht worden.

Das beschriebene Verfahren führt in der aktuellen Implementierung zu einem sehr ho-
hen Speicherbedarf und einer geringen Flexibilität für Anpassungen. Da die überwiegende
Mehrzahl an potentiellen Seeds tatsächlich nicht bestätigt wird, ist die Belegung des
boolean-Arrays im Resultat sehr gering. Daher erscheint eine andere Organisation der
Speicherung ausschließlich der bestätigten Seeds als wünschenswertes Entwicklungsziel.
Insbesondere im Hinblick auf die Auführung des Kalman-Filters im Anschluss wäre es
sofern möglich wünschenswert, die Startparameter aus den Seed-Kandidaten auf der GPU
zu berechnen und den aktuell dazu erforderlichen Zwischenschritt auf der CPU zu ver-
meiden.
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yGPU based track finding - JM thesis (4)
‣ Some results 

- GPU version indeed offers 
a great scaling behaviour 
with increasing number of 
particles 

- some initial overhead due 
to data preparing for GPU 
architecture 

‣ Biggest problem is 
resolving the overlaps 
between the regions

30

7. Ergebnisse

generiert wurden, während die Ereignisse oberhalb mit einem hohem Pileup von 40 Kol-
lisionen pro Ereignis generiert wurden, um die Ausbeute an Ereignissen mit möglichst
vielen rekonstruierten Spuren zu erhöhen. Um diese Werte einordnen zu können, sei an
dieser Stelle angeführt, dass der entsprechende Wert für Pileup für den LHC aktuell zwi-
schen 15 und 20 liegt. Für die Laufzeit der (vergleichbaren) Algorithmen auf CPU und
GPU ist aufgrund ihrer Konzeption im Mittel über viele Ereignisse ein kontinuierlicher
Anstieg der Laufzeit zu erwarten.
Um die Relation zwischen GPU- und CPU-Zeiten zu untersuchen, wurde für den Be-

reich jenseits dieses Übergangs eine Geradenanpassung durchgeführt, um für den weiteren,
nahezu linearen Verlauf das Verhältnis zwischen den beiden Laufzeit-Mitteln zu bestim-
men.

������

������

�

�����

�����

�����

�����

�����

� �� ��� ��� ��� ��� ���

�	

��
�
	

��

�
���
��

��������	�������
	��	������	�

 !"
 !"�#
��	��$	

%!"
%!"�#
��	��$	

Abbildung 7.2.: tt̄-Vergleich aus Abbildung 7.1 mit Fitgeraden

Das Resultat ist im Plot in Abbildung 7.2 dargestellt. O↵ensichtlich ist insbesondere für
die GPU-Implementierung im betrachteten Bereich tatsächlich ein nahezu linearer Anstieg
der benötigten Zeit pro Ereignis festzustellen. Für die CPU-Implementierung gibt es für
hohe Spurenzahlen leichte Abweichungen zu einem stärkeren Anstieg; dabei ist jedoch zu
berücksichtigen, dass die Statistik für die höheren Spurenzahlen sehr begrenzt ist (was
sich in den Fehlerbalken entsprechend widerspiegelt).
Seien im Folgenden m die Steigung der GPU-Messreihe und n die Steigung der CPU-

Messreihe. Die Geradenanpassung liefert hierfür folgende Ergebnisse:

m = 14,5± 0,3ms sowie n = 199,3± 5,6ms. (7.2)

Als Resultat für das Verhältnis ergibt sich aus den Geraden-Steigungen der einzelnen
Fitgeraden das Verhältnis

d :=
Steigung

CPU

Steigung
GPU

⌘ n

m
⇡ 13,7. (7.3)
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‣ Physics performance of sequential approach could not fully be met 
- difficulties to control duplicates/overlaps
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yGPU based track finding - SA thesis (1)
‣ Diploma thesis of Sebastian Artz (2013) 

‣ Extended JM to include endcaps 
- seeding still restricted to Pixels 

31

5.2. Die Propagation

Besteht ein Seedkandidat alle obigen Tests, so werden aus den drei Hitpositionen die
Startparameter (xloc, yloc,�, ✓,

q
p) berechnet. Wurden alle Hitkombinationen geprüft, so ist

die Seedsuche abgeschlossen.

Tabelle 5.1.: Kombinationen der Lagen, die im Endkappenbereich berücksichtigt werden
müssen

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

Abbildung 5.2.: Beispiele der vier verschiendenen Kombinationen von Layern im Endkap-
penbereich

5.2. Die Propagation

Im Anschluss an die Seedsuche findet die eigentliche Propagation statt. In diesem Schritt
werden die Parameter und deren (zunächst abgeschätzte) Kovarianzmatrix von ihrem
ermittelten Startpunkt aus entlang der physikalischen Trajektorie propagiert und mit den
Hitinformationen auf der Trajektorie verrechnet, um somit möglichst e↵ektiv und mit
hoher Genauigkeit die Daten der Bahn des Teilchens ermitteln zu können. Die Propagation
selbst lässt sich in mehrere Propagationen von einer Detektorebene zur nächsten zerlegen
bis die letzte Lage erreicht ist. Dabei kann ein Propagationsschritt weiterhin in drei Teile,
den Intersector, den Propagator und den Kalmanfilter separiert werden.

Ziel des Intersectors ist es die Hits des nächsten Layers zu finden zu denen propagiert
werden soll. Ausgangspunkt dafür sind die lokalen Parameter auf dem aktuellen Surface.
Diese werden mithilfe der Jacobimatrix des Surfaces in globale Koordinaten umgerechnet
um anschließend mittels eines adaptiven Runge-Kutta Verfahrens (siehe Kapitel 5.2.1)
zum nächsten Surface zu propagieren. Da das Zielsurface aus mehreren hundert kleinen
ebenen Surfaces besteht, wird zunächst zu einem abstrakten Surface propagiert, durch das
die Detektorlage beschrieben werden kann. Im Barrelbereich sind dies Zylindersurfaces, im

25
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yConcurrency usage - ambiguity solving (1)

32

x

y

z

r
‣ Ambiguity solving decides on the best hit association

‣ What is the current setup ? 
- is this <black+green, blue> 

- or <black, blue, green> 

- or <green,black+blue> 

- or <black+ blue> 

- or <> 

‣ 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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yConcurrency Table - Summary

33

Algorithm Concurrent Cell Number of cells Tests Rel. CPU of ID Comments

Cluster 
creation per module O(1000) no tests exist O(5%)

output merging 
into identifiable 

containers

SpacePoint
creation per space point O(10000) no tests exist O(<1%)

identifiable 
container, 
SIMD ?

SpacePoint 
seeded track 

finding
detector region O(100) GPU based test  

version from 2011 O(50%) overlaps are 
dangerous

Ambiguity 
Solving

fitting: per track 
ambiguity: per 

tracks 
through shared 

modules 

O(1000) no tests exist O(20%) book keeping of 
hits is shared

TRT extension per track O(100) no tests exist O(10%)
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yLet's talk about EDM, Algorithms & Tools
‣ Current ID track reconstruction is built of a sequence of algorithms 

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

34

SpacePointFormation

PrepRawDataFormation

SpSeededTrackFinding

AmbiguitySolving

TRT Extension

<id,<RDO>>

<id,<PRD>>

<id,<PRD>>

<id,<SP>>

<id,<PRD>/< SP>>

<Track>

<Track>

<Track>

<Track>, <id, PRD>

<Track>

EventStore
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yEDM, Algorithms & Tools (1)
‣ PrepRawData Formation tools/concurrency requirements 

35

PrepRawDataFormation
<id,<RDO>>

<id,<PRD>>
EventStore

SiClusterMaker::clusterize(<RDO>)

SiClusterization

 for id in <id,<RDO>> :

<RDO>

<<RDO>>

SiClusterMaker::createCluster(<RDO>)

 for <RDO> in <<RDO>>:

<RDO>

Algorithm could call parallel_for

AlgTool could call parallel_for

<id,<RDO>>

<PRD> per id



A.
 S

al
zb

ur
ge

r -
 A

TL
AS

 ID
 T

ra
ck

 R
ec

on
st

ru
ct

io
n:

 s
ta

tu
s 

qu
o 

an
d 

po
te

nt
ia

ls
 - 

TI
M

20
15

, B
er

ke
le

yEDM, Algorithms & Tools (2)
‣ SpacePointFormation concurrency requirement - parallel_for option

36

SpacePointFormationEventStore
<id,<PRD>>

<id,<SP>>

 for id in <id,<PRD>> :

 <<PRD>>

<id,<PRD>>

Algorithm could call parallel_for
(simple unwrapping loop,  
might not be optimal for parallel processing)

SpacePointMaker::makeSpacePoint(<PRD>)

PRD.localPosition() * PRD.surface().transform()

<SP> per id
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yEDM, Algorithms & Tools (3)
‣ SpacePointFormation concurrency requirement - SIMD option

37

SpacePointFormationEventStore
<id,<PRD>>

<id,<SP>>

 for id in <id,<PRD>> :

 <PRD>[4]

<id,<PRD>>
unwrapping loop to guarantee  
optimal-sized <<PRD>> collections, 
e.g. <PRD>[4] 

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

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

<SP> per id

output collection has to be per identifier (id), re-ordering/bookkeeping necessary 
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yEDM, Algorithms & Tools (4)
‣ SiSpSeededTrackFinding tools/concurrency requirements

38

SpSeededTrackFinding
<Track>

EventStore
<id,<SP>/<RDO>>

<id,<SP>>

<<SP>[4]>

geometrical unwrapping into seed triplets, 
confirmation with fourth space point 

+ book keeping of successfully 
used space points (cache)

parallel_for <PRD>[4] in <<PRD>[4]>:

SiRoadMaker

<PRD>[4]

<PRD>[4], <DetElements>
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yEDM, Algorithms & Tools (5)

39

SiRoadMaker

<PRD>[4], <DetElements>

SiTrackFinder

<PRD>[4], <PRD>

SiTrackFinder

combinatorial Kalman filter 
can fork to test several 

track candidates 
new threads could be 

opened & closed  
depending if the track 

candidate survives



A.
 S

al
zb

ur
ge

r -
 A

TL
AS

 ID
 T

ra
ck

 R
ec

on
st

ru
ct

io
n:

 s
ta

tu
s 

qu
o 

an
d 

po
te

nt
ia

ls
 - 

TI
M

20
15

, B
er

ke
le

yEDM, Algorithms & Tools (6)
‣ Ambiguity solving concurrency/tool requirements

40

AmbiguitySolving
<Track>

<Track>
EventStore

TrackFitter::fit(<PRD>)

ExtrapolationEngine::extrapolate()

parallel_for <PRD> in <<PRD>>

 Track

 TrackParameters

<<PRD>>

<score, <Track>>

central processor 
to find optimal set of 

<PRD>

PrdAssociationTool

TrackSummaryTool
TrackScoringTool

 Track

<Track>

<Track>

<PRD,<Track>>

cache
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yEDM, Algorithms & Tools (7)
‣ TRT extension tools/concurrency requirements 

41

TRT_ExtensionAlg
<Track>

EventStore

parallel_for Track in <Track>

<Track>

 Track

TrackFitter::fit(Track, <PRD>)

TRT_ExtensionTool::extend(Track)

ExtrapolationEngine::extrapolate()

 TrackParameters

<Track>, <id, PRD>

<id, PRD>

<Track>

TRT_ExtensionProcessor::extend(Track)
<Track, <PRD>>

parallel_for Track< <PRD> in <Track, <PRD> >
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yTools example - Extrapolation engine

42

‣ Tools involved in Track reconstruction are pretty evolved 
- 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 
prototype now working in current release 
should/will be changed into a AthService  
(is public tool now) 
still keeps the nice caching functionality  
designed to be thread-safe by a cache visitor 
(called ExtrapolationCell) 

e.g. KalmanFilter usually starts at the last destination 
ExtrapolationCell::restartAtDestination()
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yExtrapolationEngine (1)
‣ new interface with a visitor pattern 

43
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yExtrapolationEngine (2)
‣ ExtrapolationCell acts as the cache & steering object 

44

serves as Input/Output and Cache of this extrapolation job  
- automatically thread safe !
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yExtrapolationEngine (3)
‣ Major part of time in extrapolation is spent on Runge-Kutta  

integration 
- numerical integration to  

solve equation of motion 

‣ ATLAS has two test versions - none run in production  
- vectorised version (hand-written)  

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

45
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yExtrapolationEngine (4)
‣ vectorised Runge-Kutta kernel

46



New paths
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A new challenge lies ahead

49

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

- we never know if we do not ask!  

‣ HEP pattern recognition 
techniques are more  
than 25 years old 
- machine learning  

techniques are flooding  
the market 

- are they suitable for our  
complex problems ?
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A HEP Tracking Machine Learning Challenge (1)

50

‣ Can we teach the computer to find tracks for us ? 
- what is the minimal input for such a challenge ? 

‣ Formulation of the  
challenge is a challenge 
itself 
- balance of simplification 

versus complexity must  
be met to make such a  
challenge useful 

- formulation of the goal  
is similarly difficult 

- how can we take  
timing aspects into 
account ?
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A HEP Tracking Machine Learning Challenge (2)
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‣ 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 techniques 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 

where  
do we  

place the 
challenge  ?
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‣ Challenge will have to take several stages 
- we will  need

detector geometry 
planar barrel/EC type detector 

pixel/strip system

simulation 
with the possibility to 

simplify where possible

event data 
easily readable, 

platform independent

visualisation 
of geometry, 

hits & found tracks

well defined goal 
what is success  

and how we measure them

different categories 
for different  

solutions


