
Hongwei Ke
Brookhaven National Laboratory

With contributions from:
Maksym Zyzak, Ivan Kisel, Yuri Fisyak and Grigory Kozlov

Dec 9, 2020 1/17

Tracking with Cellular Automaton 
at STAR

• Overview
• CA at STAR High-Level Trigger
• CA + Sti in STAR offline software
• CA in express production
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STAR Time Projection Chamber 
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• TPC is the main tracking detector of STAR
• Each half has 12 sectors
• Each sector has 45 pad-rows, 72 pad-rows after inner TPC upgrade since 2019 
• Cover full azimuthal angle and |η| < 1.5
• Provide tracking and PID based on ionized energy lost
• The whole detector is put in a homogeneous magnetic field, 𝐵! = 0.5T

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA



Cellular Automaton Track Finding
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• local data access
• intrinsically parallel
• extremely simple algorithms
• suitable for SIMD

S. Gorbunov et al. Real Time Conference (RT), 2010

GORBUNOV et al.: ALICE HLT HIGH SPEED TRACKING ON GPU 1847

Fig. 6. Reconstruction time on CPU for events with different track multiplicity.

Fig. 7. a) Neighbors finder. b) Evolution step of the Cellular Automaton.

The tracking algorithm starts with a combinatorial search for
track candidates (tracklets), which is based on the Cellular Au-
tomaton method [3]. Local parts of trajectories are created from
geometrically nearby hits, thus eliminating unphysical hit com-
binations at the local level. The combinatorial processing com-
poses the following two steps:

• 1. Neighbor finder: For each hit at a row k the best pair
of neighboring hits from rows k 1 and k 1 is found,
as it is shown in Fig. 7(a). The neighbor selection criteria
requires the hit and its two best neighbors to form a straight
line. The links to the best two neighbors are stored. Once
the best pair of neighbors is found for each hit, the step is
completed.

• 2. Evolution step: Reciprocal links are determined and
saved, all the other links are removed (see Fig. 7(b)).

Every saved one-to-one link defines a part of the trajec-
tory between the two neighboring hits. Chains of consecutive
one-to-one links define the tracklets. One can see from Fig. 7(b)
that each hit can belong to only one tracklet because of the
strong evolution criteria. This uncommon approach is possible
due to the abundance of hits on every TPC track. Such a strong
selection of tracklets results in a linear dependence of the
processing time on the number of track candidates. When the
tracklets are created, the sequential part of the reconstruction
starts, implementing the following two steps:

Fig. 8. Reconstruction performance for proton-proton collisions at 14 TeV.

Fig. 9. Reconstruction performance for central heavy ion collisions at 5 TeV.

• 3. Tracklet construction: The tracklets are created by fol-
lowing the hit-to-hit links as it is described above. The ge-
ometrical trajectories are fit using a Kalman Filter, with a

quality check. Each tracklet is extended in order to col-
lect hits being close to its trajectory.

• 4. Tracklet selection: Some of the track candidates can have
intersected parts. In this case the longest track is saved,
the shortest removed. A final quality check is applied to
the reconstructed tracks, including a cut on the minimal
number of hits and a cut for low momentum.

IV. TRACKER EFFICIENCY

The performance of the HLT track finder of 99.9% for proton-
proton events and 98.5% for central Pb-Pb collisions has been
verified on simulated events. Corresponding efficiency plots are
shown on Figs. 8 and 9. In addition to the high efficiency, the
real-time reconstruction is an order of magnitude faster than the
off-line algorithm used as reference.

The described algorithm has the advantage of a high degree of
locality and parallelism. Step one only searches for local neigh-
bors to each hit. It can be done in parallel for all the hits as the
result does not depend on the order of processing. Step three

II. CLASSICAL METHODS OF TRACK AND VERTEX
RECONSTRUCTION

In any analysis of the data of a high-energy physics
experiment, it is of crucial importance to estimate as
accurately as possible the kinetic parameters of particles
produced in a collision event, for example, the position,
direction, and momentum of the particles at their pro-
duction points. For this purpose, a set of detecting de-
vices providing high-precision position measurements is
positioned close to the beam collision area. Charged par-
ticles created in the collisions ionize the material of de-
tecting devices on their way out of the collision area,
providing several position measurements along the tra-
jectory of each particle. The detector elements should
disturb the trajectory of the particles as little as possible.
Hence, the amount of material present in such tracking
detectors should be kept at a minimum.

The task of track reconstruction is traditionally di-
vided into two different subtasks: track finding and track
fitting. Track finding is a pattern recognition or classifi-
cation problem and aims at dividing the set of measure-
ments in a tracking detector into subsets, each subset
containing measurements believed to originate from the
same particle. These subsets are called track candidates.
An additional subset contains measurements believed
not to come from any of the interesting tracks but, for
instance, from noise in the electronics or from low-
energy particles spiraling inside the tracking detector.
Track finding should be conservative and keep a track
candidate in case of doubt rather than discarding it, as a
track candidate discarded at this stage is impossible to
recover at any later stage. An example of a hard track
finding problem is shown in Fig. 1. It is the task of the
track finding to reconstruct the correct classification of
the hits, shown in the bottom panel, to their respective
tracks, shown in the top panel.

The track fit takes the set of measurements in a track
candidate as a starting point. The goal is to estimate
as accurately as possible a set of parameters describing
the state of the particle somewhere in the tracking de-
tector, often at a reference surface close to the particle
beam. With few exceptions !see, e.g., James "1983# and
Chernov et al. "1993#$, the estimation is based on least-
squares methods. The track fit should be as computa-
tionally fast as possible, it should be robust against mis-
takes made during the track finding procedure, and it
should be numerically stable.

The track fit is also used to decide whether the
track candidate hypothesis is valid. Such a test can be
based on the value of the !2 statistic, i.e., the sum of the
squared standardized differences between the measured
positions in the track candidate and the estimated posi-
tions of the track at the points of intersection of the
detector devices. If the value of such a statistic is too
high, the set of measurements is not statistically compat-
ible with the hypothesis of having been created by a
single particle. The reason for this incompatibility could
be a single or a few measurements in a track candidate
misclassified by the track finding, or a track candidate

being completely wrong in the sense that it is a random
collection of measurements originating from several
other particles—a so-called ghost track. The track fit
should, in this testing phase, be able to remove wrong or
outlying measurements in the track candidates and sup-
press the ghost tracks completely.

The step following track reconstruction is vertex re-
construction. A vertex is a point where particles are pro-
duced either by a collision of a beam particle with an-
other beam particle or a target particle, the decay of a
particle, or by an interaction of a particle with the ma-
terial of the detector. Vertex reconstruction offers the
following benefits.

• Using the vertex constraint, the momentum esti-
mates of the particles involved can be improved.

• A neutral or very short-lived particle can be recon-
structed by finding its decay products and fitting
them to a common vertex.
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FIG. 1. A hard track finding problem. Top: 100 tracks in a
cylindrical tracking detector with 13 layers. The tracks and the
position measurements "hits# are shown in the projection trans-
verse to the magnetic field. In this projection the track model is
a circle. Bottom: Only the hits are shown.
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II. CLASSICAL METHODS OF TRACK AND VERTEX
RECONSTRUCTION

In any analysis of the data of a high-energy physics
experiment, it is of crucial importance to estimate as
accurately as possible the kinetic parameters of particles
produced in a collision event, for example, the position,
direction, and momentum of the particles at their pro-
duction points. For this purpose, a set of detecting de-
vices providing high-precision position measurements is
positioned close to the beam collision area. Charged par-
ticles created in the collisions ionize the material of de-
tecting devices on their way out of the collision area,
providing several position measurements along the tra-
jectory of each particle. The detector elements should
disturb the trajectory of the particles as little as possible.
Hence, the amount of material present in such tracking
detectors should be kept at a minimum.

The task of track reconstruction is traditionally di-
vided into two different subtasks: track finding and track
fitting. Track finding is a pattern recognition or classifi-
cation problem and aims at dividing the set of measure-
ments in a tracking detector into subsets, each subset
containing measurements believed to originate from the
same particle. These subsets are called track candidates.
An additional subset contains measurements believed
not to come from any of the interesting tracks but, for
instance, from noise in the electronics or from low-
energy particles spiraling inside the tracking detector.
Track finding should be conservative and keep a track
candidate in case of doubt rather than discarding it, as a
track candidate discarded at this stage is impossible to
recover at any later stage. An example of a hard track
finding problem is shown in Fig. 1. It is the task of the
track finding to reconstruct the correct classification of
the hits, shown in the bottom panel, to their respective
tracks, shown in the top panel.

The track fit takes the set of measurements in a track
candidate as a starting point. The goal is to estimate
as accurately as possible a set of parameters describing
the state of the particle somewhere in the tracking de-
tector, often at a reference surface close to the particle
beam. With few exceptions !see, e.g., James "1983# and
Chernov et al. "1993#$, the estimation is based on least-
squares methods. The track fit should be as computa-
tionally fast as possible, it should be robust against mis-
takes made during the track finding procedure, and it
should be numerically stable.

The track fit is also used to decide whether the
track candidate hypothesis is valid. Such a test can be
based on the value of the !2 statistic, i.e., the sum of the
squared standardized differences between the measured
positions in the track candidate and the estimated posi-
tions of the track at the points of intersection of the
detector devices. If the value of such a statistic is too
high, the set of measurements is not statistically compat-
ible with the hypothesis of having been created by a
single particle. The reason for this incompatibility could
be a single or a few measurements in a track candidate
misclassified by the track finding, or a track candidate

being completely wrong in the sense that it is a random
collection of measurements originating from several
other particles—a so-called ghost track. The track fit
should, in this testing phase, be able to remove wrong or
outlying measurements in the track candidates and sup-
press the ghost tracks completely.

The step following track reconstruction is vertex re-
construction. A vertex is a point where particles are pro-
duced either by a collision of a beam particle with an-
other beam particle or a target particle, the decay of a
particle, or by an interaction of a particle with the ma-
terial of the detector. Vertex reconstruction offers the
following benefits.

• Using the vertex constraint, the momentum esti-
mates of the particles involved can be improved.

• A neutral or very short-lived particle can be recon-
structed by finding its decay products and fitting
them to a common vertex.
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FIG. 1. A hard track finding problem. Top: 100 tracks in a
cylindrical tracking detector with 13 layers. The tracks and the
position measurements "hits# are shown in the projection trans-
verse to the magnetic field. In this projection the track model is
a circle. Bottom: Only the hits are shown.

1421Are Strandlie and Rudolf Frühwirth: Track and vertex reconstruction: From …

Rev. Mod. Phys., Vol. 82, No. 2, April–June 2010
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Kalman Filter Track Fitting
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378 S. Gorbunov et al. / Computer Physics Communications 178 (2008) 374–383

Fig. 3. Block diagram representation of the conventional Kalman filter.

surement after the other. The optimum value is attained after
the addition of the last measurement.

The vector rt can change from one measurement to the next:

(1)rt
k = Akrt

k−1 + νk,

where Ak—a linear operator, νk—a process noise between (k−
1)th and kth measurements.

The measurement mk linearly depends on rt
k :

(2)mk = Hkrt
k + ηk,

where ηk—an error of the kth measurement.
It is assumed that measurement errors ηi and the process

noise νj are uncorrelated, unbiased (〈ηi〉 = 〈νj 〉 = 0) and those
covariance matrices Vk , Qk are known:

(3)
〈
ηi · ηT

i

〉
≡ Vi,

〈
νj · νT

j

〉
≡ Qj .

The Kalman filter starts with an initial vector r0, then for
each measurement mk a vector rk is calculated, which is the
optimum estimation of the vector rt according to the first k

measurements.
The conventional Kalman filter algorithm consists of four

stages (see also a block diagram in Fig. 3):

1. Initialization step. Choose an approximate value of the vec-
tor r0. Its covariance matrix is set to C0 = I · inf2, where inf
denotes a large positive number.

2. Prediction step.

(4)r̃k = Akrk−1, C̃k = AkCk−1A
T
k .

3. Process noise. In contrast to the prediction step, describing
deterministic changes of the vector rt in time, the process
noise describes probabilistic deviations of the vector rt :

(5)r̂k = r̃k, Ĉk = C̃k + Qk.

4. Filtration step. At this step the state vector r̂k is updated
with the new measurement mk to get the optimal estimate
of rk and its covariance matrix Ck :

Kk = ĈkH
T
k

(
Vk + HkĈkH

T
k

)−1
,

rk = r̂k + Kk(mk − Hk r̂k),

Ck = Ĉk − KkHkĈk,

χ2
k = χ2

k−1 + (mk − Hk r̂k)
T(

Vk + HkĈkH
T
k

)−1

(6)× (mk − Hk r̂k).

The following designations are used in Eqs. (4)–(6): rk−1,
Ck−1—the optimum estimation, obtained at the previous step
and the error covariance matrix; the matrix Ak relates the state
at step k − 1 to the state at step k; r̃k , C̃k—predicted estimation
of rt

k before the process noise; r̂k , Ĉk—predicted estimation
of rt

k after the process noise; mk , Vk—the kth measurement and
its covariance matrix; the matrix Hk—the model of measure-
ment; the matrix Kk is the so-called gain matrix; the value χ2

k

is the total χ2-deviation of the obtained estimation rk from the
measurements m1, . . . ,mk .

The vector rn obtained after the filtration of the last mea-
surement is the desired optimal estimation of the rt

n with the
covariance matrix Cn.

In track fitting applications, the state vector rk is vector of
the track parameters, the prediction matrix Ak describes extrap-
olation of the track in the magnetic field from one detector to
another, and the matrix of noise Qk describes the effect of mul-
tiple scattering in the material.

5. Speedup of the algorithm

The Kalman filter method is used both in the track finding
and track fitting routines of the CBM experiment. The track
finder is based on the cellular automaton method [4]. The algo-
rithm creates short track segments (triplets) locally in neigh-
boring detector planes and links them into track candidates,
which are then selected using the χ2-criterion. The Kalman
filter based routines are used at all stages of the track finder
in order to reliably estimate parameters of the track segments
and quality of the track candidates. The track fitting routine
in the CBM experiment realizes the Kalman filter in its con-
ventional approach and includes all necessary implementations
of the Kalman filter method, like extrapolation, update and
smoother. All variables in the routine are scalars and most of
them have floating point representation in double precision.
The track fitting routine performs three iterations in order to
achieve maximum momentum resolution and to take accurately
into account multiple scattering in material of the detectors. As
in the track fitter the Kalman filter is more isolated compar-
ing to the track finder, we have chosen the Kalman filter based

• Start with an arbitrary initialization
• Add measurement one by one
• Optimized parameters and covariance 

matrix are obtained after the last 
measurement added

• Independent to track model
• SIMD version available

S. Gorbunov et al., Computer Physics Communications 178 (2008) 374–383

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA
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1. Reconstruction of track segments in each TPC sector:
a) Find and link neighbors 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)

• The version used by STAR is developed by Ivan Kisel’s group and 
originally designed for Alice HLT

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA
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• SIMD becomes important again given new instruction sets and wider registers
• 2 – 8x speed up for single-thread programs
• Both CA Track Finder and Kalman Filter Track Fitter are fully vectorized by 

using Vc library

Vc Project: https://github.com/VcDevel/Vc
Workshop on tracking, reconstruction, and physics performance studies at 

FAIR and NICA
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trigger decision is made in Level 3 based on
tracking in the slow detectors and is discussed
elsewhere in this volume. The first three levels, 0, 1,
and 2, are based on fast information, as discussed
here.

Data flow through the trigger (TRG) is shown
in Fig. 1. The trigger detectors in our first run
consisted of a Central Trigger Barrel (CTB), and
two Zero Degree calorimeters (ZDC East and
ZDC West). The 240 slats of the CTB measure
charged particle multiplicity in the pseudo-rapidity
range !1oZo1 and 2p in azimuth angle f while
the ZDCs measure neutron multiplicity in a small
solid angle near zero degrees. The anode wires at
the two ends of the cylindrical TPC act as
MultiWire proportional Counters (MWC) for fast
signal analysis. Individual slats or subsectors can
be viewed as pixels in Z! f space for analysis.
Each of the trigger detector systems has multiple
channels as shown in Tables 1–3. We have recently
added a portion of the Barrel Electromagnetic
Calorimeter (BEMC) which provides energy loca-
lization of dZB0:05 and dfB0:05 (high towers)
and patches of dZB0:2 and dfB0:2 (tower sums)
to the STAR trigger, suitable to selection of
electrons and photons. The algorithms of Level 0
(see below) generate dZB0:8 and dfB1:0 patches
suitable for jet selection. Each detector channel is
digitized for every RHIC crossing and fed into a
Data Storage and Manipulation (DSM) board

where it is analyzed and combined with the other
signals in a multi-layer pipeline that forms a fast
decision tree.

Output from the DSM tree is fed to the Trigger
Control Unit (TCU) where it is combined with
detector status bits to act as an 18 bit address to a
lookup table (LUT) which holds the trigger word
that goes with each bit combination. The trigger
word then acts as an address into the Action Word
LUT which holds the information on which
detectors are to be involved and what action is
to be taken for this trigger. This DSM-based
decision tree constitutes Level 0 of the trigger and
is constrained to issue a decision within 1:5 ms
from the time of the interaction. When an
interaction is selected at Level 0, each STAR
detector designated to participate in this type of
event is notified using a 4-bit Trigger Command
and told to identify this event with a 12-bit
token [1].

While the amplification/digitization cycle is
proceeding in the slow detectors, the fast detector
information is gathered by VME processors and
examined in a coarse pixel array (CPA) at Level 1.
The cells of Level 1 have dZB0:5 and dfBp=2;
suitable to respond to gross spatial symmetries in
particle distributions typical of beam-gas back-
ground, which could lead to Level 1 aborts.
Interactions not aborted by Level 1 continue their
data acquisition cycle while the raw trigger

FAST
DETECTORS

CTB
ZDC
EMC
MWC
BBC
FPD

DIGITIZERS

DSM
TREE TCU

TCD TO SLOW DETECTORS

L1
FARM

L2
FARM

DAQ

raw trigger data

coarse pixel array

Fig. 1. Data flow through the trigger. See text for definition of acronyms.

F.S. Bieser et al. / Nuclear Instruments and Methods in Physics Research A 499 (2003) 766–777 767

HLT

• STAR HLT uses computers to do real time event reconstruction and 
analysis

• Provide additional event selection capability based on physics 
analysis

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA



HLT Tracking
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• Before 2013: Conformal mapping + Least squares fit

P. Yepes, A fast track pattern recognition, Nucl. Instrum. Meth. A server 380, 582 (1996)
Workshop on tracking, reconstruction, and physics performance studies at 

FAIR and NICA



HLT Tracking
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• 2013+: CA + Kalman filter
• HLT use preliminary calibrations and simplified method to apply correction

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA



STAR Offline Tracking: Sti-CA
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• STAR integrated tracking (Sti): track finding and fitting
- To integrate Silicon detector in reconstruction
- To use Kalman filter in full scale

• Room to improve:
• Speed
• Tracking efficiency

• Sti-CA: Use CA tracks as seeds and refit with Sti to ensure 
tracking consistency

(fitted within 0.2–2.1 GeV)
Global tracks Primary tracks

Sti CA+Sti Sti CA+Sti

Mult < 200 90.3% 97.7% 97.3% 99.3%

200 < Mult < 400 90.2% 97.5% 97.0% 99.1%

400 < Mult < 600 86.9% 96.6% 96.0% 98.9%

Mult > 600 84.4% 96.2% 95.4% 98.9%

All 88.1% 97.1% 96.4% 99.1%

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA



Sti-CA
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• Sti-CA gives 6-12% more tracking efficiency, which is crucial to the 
STAR HFT program and spin program. 

• Sti-CA runs about 8% slower per event; but about 13% faster per track 
because it finds more tracks

• ~70% of the event reconstruction time spend by Sti-CA on TPC tracking, 
while most of that time still used by Sti track fitting.

STAR Beam Use Request Run17/18
Workshop on tracking, reconstruction, and physics performance studies at 

FAIR and NICA
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Software Update: Loopers

!3
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• The CA track finder has been extended to find loopers of low-momentum particles (+ GenFit). 
• The resolution of loper problem allows us to increase pseudo rapidity acceptance for track with pT < 0.4 GeV/c.
• The CA tracker is recently to reconstruct loopers by merging very low pT

track fragments (p < 200MeV)
• The loopers reconstruction extend our acceptance at low pT and high η
• This development is under evaluation before been put in production

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA

Most recent development:
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HLT

Distributed 
Storage

Production Controller:
• submit jobs
• track job status

DB: Job and file Status

PicoDst

• Generate calibrations with a delay of hours
• Produce data with a delay of hours to days

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA
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xCalibration, BES-II

!9

• The TFG19c xCalibration shows dE/dx of similar quality as in offline. 
• dE/dx spectra of BES-II are comparable to the similar data set of BES-I. 
• The spectra have lower noise and clear separation of 3He and 4He in the high momentum region. 
• Data processing with TFG19d xCalibration is ongoing.

BES-I, 19 GeV, 30M

3He
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p
Kπ

Sti

BES-II, 19 GeV, 60M
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p
Kπ

CA

Ivan Kisel, Uni-Frankfurt, FIAS, GSI STAR Collaboration Meeting, BNL, 04/01/2019      /12 
 

xProduction, BES-II

!10

• Tracking with iTPC extends η coverage from 1.0 to 1.5. 
• The TFG19c xCalibration was used here, but with low statistics yet.

η
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BES-I
BES-II

• The HLT expression calibration and production has been running since 
year 2019

• On average 70% of the data were produced with in 1-2 days after data 
taking

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA
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BES-II: xHyperons

!12

200M AuAu events at 14.5 GeV, 2019 BES-II express production

• With the express calibration and alignment we reconstruct hyperons with high significance and low level of background. 
• Hyperons are clearly seen at all BES-II energies: 3, 3.2, 3.9, 7.7, 9.1, 14.5, 19.6, 27 GeV. 
• High significance allows extraction of spectra.
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• With express calibration we reconstruct hyperons with high significance and low level of background.
• Allow for data quality check and quick physics analysis.

Workshop on tracking, reconstruction, and physics performance studies at 
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• STAR has been using CA tracker for about 10 years

• Successful application on both online and offline computing

• Fast, reliable and precise HTL is critical to STAR BES-II program and 
we provided that by applying CA and other technologies

• The express calibration and production mode has been demonstrated 
in year 2019 and 2020. It provided us timely calibrations and preview 
of physics results.

Workshop on tracking, reconstruction, and physics performance studies at 
FAIR and NICA


