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CA Track Finder



Cellular Automaton: 
• efficient 
• very fast 
• local w.r.t. data 
• intrinsically parallel 
• very simple 
• generic

0. Hits (CBM)

1000 Hits

4. Tracks 

1000 Tracks

Cellular Automaton (CA) Based Track Finding
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Cellular Automaton: 
- Create cells (short track segments) basing 

on the track model. 
- Switch from hits to cells. 
- Find neighbouring cells (adjacent cells 

which can belong to one track) 
- Connect only neighbours. 
- Tree structures appear, collect cells into 

track candidates. 
- Select the best track candidates.

0. Hits

1. Segments

1 2 3 4
2. Neighbors & Counters

3. Track Candidates

4. Tracks

Detector layers

Hits

Neighbors

Track Finder: Group hits into tracks. 
Cellular Automaton: Create short track segments basing on the track model, collect segments into track.



CA Track Finder with Different Detectors
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✓ Different implementations of CA have been used with success in such experiments as CBM, HERA-B, 
NEMO, ALICE and STAR

✓ Track Finder is Cellular Automaton (CA) and Kalman Filter (KF) based 

✓ CA has the same code for STAR HFT, ALICE ITS, PANDA STT 

✓ KF has the same code for STAR HFT, ALICE ITS, PANDA STT, STAR 

TPC (all barrel detectors)

ALICE ITS 

STAR HFT 

CBM L1 CA

Рис. 8: Трековi детектори експери-
менту CBM [13]. Положення мiшенi
показане червоною крапкою злiва.
Першi 2 станцiї вiд мiшенi � стан-
цiї вершинного детектору (MVD).
Вони будуть збудованi з тонких пi-
ксельних детекторiв та поставле-
нi у вакуумi. Усi iншi станцiї на-
лежать до силiконового STS дете-
ктору i слугують для реконструкцiї
iмпульсу трекiв заряджених части-
нок. Вони будуть збудованi з мi-
крострипових сенсорiв. Уся уста-
новка буде розташована всерединi
дипольного магнiту.

кону товщиною 300 мкм [14, 15]. Стрипи буде розмiщено на вiдстанi 58 мкм
один вiд одного, вертикально на переднiй сторонi детектора та пiд кутом 80

до вертикалi на заднiй. Для досягнення низько-масового детектору сигнали
з сенсорiв посилаються через тонкi мiкро-кабелi до електронiкi считування-
запису, що розташована по периметру STS.

Мiж STS та мiшенню знаходиться вершинний MVD (Micro-Vertex Detector)
детектор, що уточнює положення трекiв до декiлькох мiкрон та дозволяє
розрiзняти вториннi вершини розпаду коротко-живучих частинок та точку
взаємодiї (первину вершину). Це робить MVD детектор необхiдним для iден-
тифiкацiї D-мезонiв, час життя яких складає 100–300 мкм/с (див. Табл. 1), а
також дозволяє застосовувати для зменшення фону у дiелектроних розпадах.
Детектор буде мати вiд 2 до 4 детекторних станцiй, розмiщених на вiдстанях
мiж 5 см та 20 см вiд мiшенi [3, 16]. На Рис. 8 показано варiант геометрiї
детектора з двома станцiями, розташованими на вiдстанi у 5 та 10 см вiд
мiшенi у вакуумнiй трубi. Планується використовувати дуже тонкi пiксельнi
детектори з дуже високою просторовою роздiльною здатнiстю та радiацiйною
стiйкiстю [17]. Детектори MAPS (Monolithic Active Pixel Sensors) з розмiром
пiкселю бiля 40х40 мкм2 мають просторову роздiльну здатнiсть у 3 мкм та
повну товщину у 300 мкм силiконового еквiваленту.

Детектор черенковського випромiнювання RICH (Ring Imaging Cherenkov
Detector) буде розмiщено одразу за трековим детектором. Черенковський де-
тектор буде слугувати для iдентифiкацiї електронiв, вiд повiльних електро-
нiв до електронiв з iмпульсами до 10 ГеВ/с. Iдентифiкацiя таких електронiв
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PANDA STT

27

(a) Space time relation (b) Di↵usion

Fig. 20: The graphs refer to two gas mixtures with di↵erent CO2 percentage. Red points correspond to a percentage of 10 %
of CO2, blue to 30%.

Fig. 21: Space time relation for the Ar+10% CO2 mixture at
1 atm for two di↵erent temperatures.

the isochrone hits in the 8 stereo layers to the helix cir-
cle provides the z-coordinates of the track with a single
hit resolution of slightly better than 3mm (�z), which is
determined by the isochrone resolution and the skew an-
gle (↵) of ±2.9� (�z = �r/sin(↵)). The tracking e�ciency
for a single layer is 98.5% and only slightly reduced com-
pared to the single tube radial e�ciency (99.5 %) by the

21.19

232.47

307.85

R160

246.26

R410

Fig. 22: Layout of the straw tubes in the STT in xy-view. The
straws marked in green are parallel to the beam axis. The blue
and red marked straw layers are skewed relative to the axially
aligned straws in the same sector by a small angle of +2.9�

and �2.9�, respectively.

STAR TPC CA

Different experiments similar reconstruction approaches



ALICE ITS CA Track Finder Performance
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Hits are smeared around 
MC position according to 
gaussian distribution with 
width 1 mm.

p+p events, 7TeV; Statistic: 8000 events 
1 core of Intel Core i7, 2 GHz, 4 MB L3 cache, 8 GB RAM

Efficiency and ratios, %

Fast Primary 98

All Tracks 75,2

Clone 0

Ghost 1,4

Tracks/ev 8

Time, ms/ev 2

Reconstructable track: 
4 consecutive MC points 

All set:            p ≥ 0.05 GeV/c 
Fast set:          p ≥ 1 GeV/c 
Ghost:            purity < 70%

The ALICE ITS CA Track Finder shows 98 % efficiency for signal tracks



STAR HFT CA Track Finder Performance
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AuAu 200 GeV central; Statistic: 5 events 
1 core of Intel Core i7, 2 GHz, 4 MB L3 cache, 8 GB RAM

Efficiency and ratios, %

Fast Primary 95,3

All Tracks 88,4

Clone 0

Ghost 5,2

Tracks/ev 1055

Time, s/ev 1,72

Reconstructable track: 
4 consecutive MC points 

All set:            p ≥ 0.05 GeV/c 
Fast set:          p ≥ 1 GeV/c 
Ghost:            purity < 70%
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The STAR HFT CA Track Finder shows 95 % efficiency for signal tracks
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STAR TPC Detector

STAR: 
• Collider experiment at RHIC, BNL (USA) 
• Main tracking detector – TPC



Based on the ALICE HLT TPC CA Track Finder

1. Reconstruction of track segments in each TPC sector: 
a) Find and link neighbours hits 
b) Clean links 
c) Create segments by fitting chains and adding outer hits 
d) Refit tracks and add inner hits 
e) Selection of tracks 

2. Merge sector tracks into TPC global tracks.
a) b) c) d)

e)

CA Track Finder Algorithm in STAR TPC

7



STAR TPC CA Track Finder Performance
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Efficiency and ratios, %

Fast Set 96.6

All Set 88.6

Clone 10.6

Ghost 12.6

Tracks/ev 659

Time/ev, ms 47

Au+Au 200 AGeV; Real Data
Reconstructable track: 
≥ 10 MC points 

All set:            p ≥ 0.05 GeV/c 
Fast set:          p ≥ 1 GeV/c 
Ghost:            purity < 90%

Sti+CA!!
Sti

9%!

The execution time of STAR TPC CA track finder is 47 ms with efficiency of 96.6 %
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Investigation of CA Event-Level Parallelism
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lxir075.gsi.de 
• 4 Intel Xeon Westmere CPU E7-4860 
• 10 cores per CPU, HT, 2.27 GHz, 24 MB L3 cache 
• 64 GB RAM

Strong CA scalability up to 80 cores



• 107 Au+Au collisions/sec 

• Track reconstruction in STS/MVD and displaced vertex 
search are required in the first level trigger 

• Double-sided strip detectors (85% fake space points) 

• Non-homogeneous magnetic field 

• 1000 charged particles per central collision

Reconstruction 
in the tracking detectors

Intel CPU 8 cores

based on CA & KF 

Detector setup

Tracking Challenge in CBM

10

Рис. 8: Трековi детектори експери-
менту CBM [13]. Положення мiшенi
показане червоною крапкою злiва.
Першi 2 станцiї вiд мiшенi � стан-
цiї вершинного детектору (MVD).
Вони будуть збудованi з тонких пi-
ксельних детекторiв та поставле-
нi у вакуумi. Усi iншi станцiї на-
лежать до силiконового STS дете-
ктору i слугують для реконструкцiї
iмпульсу трекiв заряджених части-
нок. Вони будуть збудованi з мi-
крострипових сенсорiв. Уся уста-
новка буде розташована всерединi
дипольного магнiту.

кону товщиною 300 мкм [14, 15]. Стрипи буде розмiщено на вiдстанi 58 мкм
один вiд одного, вертикально на переднiй сторонi детектора та пiд кутом 80

до вертикалi на заднiй. Для досягнення низько-масового детектору сигнали
з сенсорiв посилаються через тонкi мiкро-кабелi до електронiкi считування-
запису, що розташована по периметру STS.

Мiж STS та мiшенню знаходиться вершинний MVD (Micro-Vertex Detector)
детектор, що уточнює положення трекiв до декiлькох мiкрон та дозволяє
розрiзняти вториннi вершини розпаду коротко-живучих частинок та точку
взаємодiї (первину вершину). Це робить MVD детектор необхiдним для iден-
тифiкацiї D-мезонiв, час життя яких складає 100–300 мкм/с (див. Табл. 1), а
також дозволяє застосовувати для зменшення фону у дiелектроних розпадах.
Детектор буде мати вiд 2 до 4 детекторних станцiй, розмiщених на вiдстанях
мiж 5 см та 20 см вiд мiшенi [3, 16]. На Рис. 8 показано варiант геометрiї
детектора з двома станцiями, розташованими на вiдстанi у 5 та 10 см вiд
мiшенi у вакуумнiй трубi. Планується використовувати дуже тонкi пiксельнi
детектори з дуже високою просторовою роздiльною здатнiстю та радiацiйною
стiйкiстю [17]. Детектори MAPS (Monolithic Active Pixel Sensors) з розмiром
пiкселю бiля 40х40 мкм2 мають просторову роздiльну здатнiсть у 3 мкм та
повну товщину у 300 мкм силiконового еквiваленту.

Детектор черенковського випромiнювання RICH (Ring Imaging Cherenkov
Detector) буде розмiщено одразу за трековим детектором. Черенковський де-
тектор буде слугувати для iдентифiкацiї електронiв, вiд повiльних електро-
нiв до електронiв з iмпульсами до 10 ГеВ/с. Iдентифiкацiя таких електронiв
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Tracking detectors

Very efficient, fast and flexible realisation of the CA track finder algorithm is required



CBM L1 CA: Track Reconstruction Quality
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567 

AuAu 25 AGeV mbias; 8 STS; 12b; realistic material budget; Statistic: 1000 UrQMD events 
1 core of lxir039: X5550, 2.9 GHz, 16 MB L3 cache, 64 GB RAM

Reconstructable track: 
≥ 4 consecutive MC points 

All set:            p ≥ 0.1 GeV/c 
Fast set:          p ≥ 1 GeV/c 
Ghost:            purity < 70%

Efficiency and ratios, %

Long Fast Primary 99,8

Fast Primary 97,5

All Tracks 92,1

Clone 0,3

Ghost 4,6

Quality (reco hits) 94,2

Reco Tracks/ev 131

Time, ms/ev 12

CA Track Finder shows 97.5 % efficiency for signal tracks at latest STS setup



12

Given n threads each filled with 1000 events,  

run them on specific n logical cores, 1 thread per 1 core.

AuAu 25 AGeV mbias; 8 STS; Intel Threading Building Blocks

Scalability on Many-core System

The CA Track Finder shows strong scalability on many-core system



CBM Standalone First Level Event Selection 
(FLES) Package
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3708 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 60, NO. 5, OCTOBER 2013

Fig. 7. Mass distributions of and candidates for 1000 minimum bias
Au-Au UrQMD collisions at 25 .

TABLE II
SERVERS FOR THE SCALABILITY TESTS

The FLES package has been parallelized with ITBB imple-
menting the event-level parallelism by executing one thread per
one logical core. Reconstruction of 1000 minimum bias Au-Au
UrQMD events at 25 has been processed per each thread.
In order to minimize the effect of the operating system each
thread is fixed to a certain core using the pthread functionality
provided by the C++ standard library. Fig. 8 shows a strong scal-
ability for all many-core systems achieving the reconstruction
speed of 1700 events per second on the 80-cores server.

VIII. CONCLUSION

The standalone FLES package has been developed for the
CBM experiment. It contains track finding, track fitting, short-
lived particles finding and physics selection. The Cellular Au-
tomaton and the Kalman filter algorithms are used for finding
and fitting tracks, that allows to achieve a high track reconstruc-
tion efficiency up to 97% and the track parameters quality with

Fig. 8. Scalability of the FLES package on many-core servers.

1% of the momentum resolution. Reconstruction of about 50
decay channels of short-lived particles is currently implemented
in the KF particle finder. The package shows a high reconstruc-
tion efficiency with an optimal signal to background ratio. For
instance, the reconstruction efficiencies of 11.3% and 9.2% are
achieved for and particles with the signal to background
ratios of 1.15 and 2.14 respectively.
The FLES package is portable to different many-core CPU

architectures. The package is vectorized using SIMD instruc-
tions and parallelized between CPU cores. All algorithms are
optimized with respect to the memory usage and the speed. The
FLES package shows a strong scalability on the many-core CPU
systems and the processing and selection speed of 1700 events
per second on a server with 80 Intel cores.
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Quality Check

FLES

Given n threads each filled with 1000 events,  
run them on specified n cores, thread/core.

The first version of the FLES package is vectorized, parallelized, 
portable and scalable

AuAu 25 AGeV mbias; 8 STS; Intel Threading Building Blocks
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AMD Opteron 6272,  2.1 GHz

2.2*105 events/s

FLES Tests on ITEP Supercomputer 
(Event-Level Parallelism)



 CA Track Finder: towards 4D Reconstruction

The beam in the CBM will have no  
bunch structure, but continuous: 
!
Reconstruction of time slices rather  
then events will be needed. 
!
Measurements in this case 4D (x, y, z, t). 
!!
Packed groups of  events: 
!
• a number   minimum bias events was grouped 

into one, which was treated by track finder as one 
event 
!

• no  time measurement was taken into account 
!

• hits were created on the minimum bias event level

15

Events

tTime Slice

                    A group of minimum bias events is treated as a single event



CBM CA Track Finding at High Track Multiplicity

16                    Towards 4D (space + time) event reconstruction

Au+Au mbias events at 25 AGeV, 8 STS, 0 x 7,5 strip angles

A number of minimum bias events is gathered into a group, which is then treated by the track finder as one event

1 minimum bias event 
<Nreco> = 109

5 minimum bias events 
<Nreco> = 572

100 minimum bias events 
<Nreco> = 10340



Efficiency and Time vs. Track Multiplicities 

MC Tracks
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Stable reconstruction efficiency and time as a second order polynomial 
 up to 100 minimum bias events in a group 17



NUMA Node architecture
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lxir075 server: 
Xeon E7-4860  
4CPUs

Single CPU: 
10 physical cores  
Hyperthreading

In order to optimise memory access avoid CPU communication: time slice per CPU



CA Track Finder: Speed up Factor within CPU  
(In-Event Parallelism)
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Algorithm Step %  of total 
execution time

Initialisation 2%

Triplets 
construction 90.4%

Tracks 
construction 4.1%

Final stage 3.4%
N Logical Cores
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10 CA Track Finder

1.  Initialisation

2.  Triplets Construction

3.  Tracks Construction

4.  Final Stage

                    CA Track Finder was parallelized inside the event with the use of Open MP

Speed-up factor 10.6     Expected factor: 13



Summary and Outlook
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Summary 
!
Cellular Automaton Track Finder is very fast and efficient, local w.r.t. 
data, intrinsically parallel and generic algorithm 
!
CA Track Finder is available for STAR TPC, CBM STS, ALICE ITS, STAR HFT 
and PANDA STT detectors 
!
CA Track Finder was parallelized between events and shows strong 
scalability up to 3k cores on ITEP computer cluster 
!
CA Track Finder  was parallelized inside the event with speed up factor of 
10,6 between 10 physical cores with hyperthreading 
!


