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• 107 collisions/second 
• A very high track density 
• 1000 charged particles/collision 
• A non-homogeneous magnetic field 
• The first plane has only 5 cm diameter 
• The silicon detector is only 1 m long

Vocabulary:
Event = Collision
Track = Trajectory
Hit   = Measurement

Beam

Target

Silicon Detector

CBM experiment at FAIR/GSI
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My research experience
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CBM (FAIR/GSI)ALICE (CERN)STAR (BNL)

COMPASS (CERN) HERA-B (DESY) LHCb (CERN)

DISTO (Saclay)NEMO (Modane)MMbar (PSI)ARES (JINR) PiBeta (PSI)

PANDA (FAIR/GSI)
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HEP Experiments: Collider and Fixed-Target

4

HEP Experiments: select interesting physics on-line 
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Reconstruction challenge in CBM at FAIR/GSI

5

π+

Κ+

p

Ω+ Λ

• Future fixed-target heavy-ion experiment 
• 107 Au+Au collisions/sec 
• ~ 1000 charged particles/collision 
• Non-homogeneous magnetic field 
• Double-sided strip detectors (85% fake space-points)

Full event reconstruction will be done  
on-line at the First-Level Event Selection (FLES) and  
off-line using the same FLES reconstruction package. 

Cellular Automaton (CA) Track Finder 
Kalman Filter (KF) Track Fitter 
KF short-lived Particle Finder 

All reconstruction algorithms are vectorized and parallelized.

(1) Collision (2) Detection (3) Reconstruction

5
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Reconstruction challenge in CBM at FAIR/GSI
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The full event reconstruction will be done  
on-line at the First-Level Event Selection (FLES) and  
off-line using the same FLES reconstruction package. 

• Cellular Automaton (CA) Track Finder 
• Kalman Filter (KF) Track Fitter 
• KF short-lived Particle Finder 

All reconstruction algorithms are vectorized and 
parallelized.

(1) Collision (2) Detection (3) Reconstruction

Prof. Dr. Ivan Kisel, Uni-Frankfurt, FIAS, GSI CBM Retreat, 24.06.2017      /2 
 

First Level Event Selection (FLES) Package

2

CA Track Finder

KF Track Fit

Event Builder

KF Particle Finder

Physics Analysis

Event Selection

FLES

OutputMonte-Carlo

Histograms

Efficiency

InputGeometry Measurements
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Many-Core CPU/GPU Architectures
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4xXX cores XXXX cores

1+8 cores60 cores

Intel/AMD CPU Nvidia/ATI GPU

Intel Phi IBM Cell

Future systems are heterogeneous. Fundamental redesign of traditional approaches to data processing is necessary

• Optimized for low-latency access to cached data sets 
• Control logic for out-of-order and speculative execution

• Optimized for data-parallel, throughput computation 
• More transistors dedicated to computation

• General purpose RISC processor (PowerPC) 
• 8 co-processors (SPE, Synergistic Processor Elements) 
• 128-bit wide SIMD units

• Many Integrated Cores architecture announced at ISC10 (June 2010) 
• Based on the x86 architecture 
• Many-cores + 4-way multithreaded + 512-bit wide vector unit
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Many-core HPC: Cores, Threads and Vectors
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CPU

Thread Thread

2000

2010

2025
Cores and Threads = task level parallelism

Process 

Thread1 Thread2 
…          …  

exe        r/w 
r/w        exe 
exe        r/w 
...          ...

Vectors (SIMD) = data level parallelism

Core
Scalar Vector

D S S S S

SIMD = Single Instruction, Multiple Data

Fundamental redesign of traditional approaches to data processing is necessary

HEP experiments work with high data rates, therefore need High Performance Computing (HPC) !

Some remarks: 
+ hardware parallelism for free; 
-  many-core machine is not a batch farm; 
+ use core/thread parallelism at the event level; 
-  scalar code is useless; 
+ use vector programming; 

Speed-up = (1 + HT) * N cores * N sockets * SIMD width  
S lxir075@gsi = (1 + 0.3) * 10 * 4 * 4 = 200
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SIMD Registers

9

vc = va+vb

Prof. Dr. Ivan Kisel, Uni-Frankfurt, FIAS, GSI, HFHF Superphysics and Supercomputers, Uni-Frankfurt, 12.08.2021      /74

SIMD Registers - AVX

10

SIMD register:

float float float float float float float float

double double double double

__m256

256 bit

Speed up of factor 8

void main() 
{ 
  __m256  f; // float[8] 
  __m256d f; // double[4] 
  __m256i f; // char[32], short int[16], int[8], uint64_t[4] 
}
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Basic Single Precision SIMD Instructions
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_mm_add_ps (Va,Vb) 
_mm_sub_ps (Va,Vb) 
_mm_mul_ps (Va,Vb) 
_mm_div_ps (Va,Vb) 

_mm_and_ps (Va,Vb) 
_mm_or_ps (Va,Vb) 
_mm_xor_ps (Va,Vb) 

_mm_cmplt_ps (Va,Vb) 
_mm_cmple_ps (Va,Vb) 
_mm_cmpgt_ps (Va,Vb) 
_mm_cmpge_ps (Va,Vb) 
_mm_cmpeq_ps (Va,Vb) 

_mm_min_ps (Va,Vb) 
_mm_max_ps (Va,Vb) 
_mm_rcp_ps (Va) 
_mm_sqrt_ps (Va) 
_mm_rsqrt_ps (Va)

Arithmetic: 

Logical: 

Comparison: 

Extra:

a + b 
a - b 
a * b 
a / b 

a & b 
a | b 
a ^ b 

a <  b 
a <= b 
a >  b 
a >= b 
a == b 

min (a, b) 
max (a, b) 
1/a 
sqrt(a) 
1/sqrt(a)

There are much more instructions, including instructions for SIMD vectors with double precision values.
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Wrapped C++ Headers
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Partial source code of P4_F32vec4.h

44 class F32vec4 
45 {
46  public:
47
48   __m128 v;
49
50   float & operator[]( int i ){ return (reinterpret_cast<float*>(&v))[i]; }
51   float   operator[]( int i ) const { return (reinterpret_cast<const float*>(&v))[i]; }
52
53   F32vec4( ):v(_mm_set_ps1(0)){}
54   F32vec4( const __m128 &a ):v(a) {}
55   F32vec4( const float &a ):v(_mm_set_ps1(a)) {}
56
57   F32vec4( const float &f0, const float &f1, const float &f2, const float 

&f3 ):v(_mm_set_ps(f3,f2,f1,f0)) {}
…
62   /* Arithmetic Operators */
63   friend F32vec4 operator +(const F32vec4 &a, const F32vec4 &b) { return _mm_add_ps(a,b); }
…
72   /* Square Root */
73   friend F32vec4 sqrt ( const F32vec4 &a ){ return _mm_sqrt_ps (a); }
…
214 } __attribute__ ((aligned(16)));
215
216
217 typedef F32vec4 fvec;
218 typedef float  fscal;
219 const int fvecLen = 4;

The instructions can be wrapped by C++ class, which overloads standard operators (+, -, *, \, >, etc.) for the convenience of user.
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Headers - overloading operators

12

    typedef F32vec4 Fvec_t; 
    /* Arithmetic Operators */ 
    friend F32vec4 operator +( const F32vec4 &a, const F32vec4 &b ) { return _mm_add_ps(a, b); } 
    friend F32vec4 operator –( const F32vec4 &a, const F32vec4 &b ) { return _mm_sub_ps(a, b); } 
    friend F32vec4 operator *( const F32vec4 &a, const F32vec4 &b ) { return _mm_mul_ps(a, b); } 
    friend F32vec4 operator /( const F32vec4 &a, const F32vec4 &b ) { return _mm_div_ps(a, b); } 
    /* Functions */ 
    friend F32vec4 min( const F32vec4 &a, const F32vec4 &b ){ return _mm_min_ps(a, b); } 
    friend F32vec4 max( const F32vec4 &a, const F32vec4 &b ){ return _mm_max_ps(a, b); } 
    /* Square Root */ 
    friend F32vec4 sqrt( const F32vec4 &a ){ return _mm_sqrt_ps (a); } 
    /* Absolute value */ 
    friend F32vec4 fabs( const F32vec4 &a ){ return _mm_and_ps(a, _f32vec4_abs_mask); } 
    /* Logical */ 
    friend F32vec4 operator&( const F32vec4 &a, const F32vec4 &b ){ // mask returned 
        return _mm_and_ps(a, b); 
    } 
    friend F32vec4 operator|( const F32vec4 &a, const F32vec4 &b ){ // mask returned 
        return _mm_or_ps(a, b); 
    } 
    friend F32vec4 operator^( const F32vec4 &a, const F32vec4 &b ){ // mask returned 
        return _mm_xor_ps(a, b); 
    } 
    friend F32vec4 operator!( const F32vec4 &a ){ // mask returned 
        return _mm_xor_ps(a, _f32vec4_true); 
    } 
    friend F32vec4 operator||( const F32vec4 &a, const F32vec4 &b ){ // mask returned 
        return _mm_or_ps(a, b); 
    } 
    /* Comparison */ 
    friend F32vec4 operator<( const F32vec4 &a, const F32vec4 &b ){ // mask returned 
        return _mm_cmplt_ps(a, b); 
    } 

SIMD instructions
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Code (Part of the Kalman Filter)
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inline void AddMaterial( TrackV &track, Station &st, Fvec_t &qp0 ) 
{ 
  cnst mass2 = 0.1396*0.1396; 

  Fvec_t tx = track.T[2]; 
  Fvec_t ty = track.T[3]; 
  Fvec_t txtx = tx*tx; 
  Fvec_t tyty = ty*ty; 
  Fvec_t txtx1 = txtx + ONE; 
  Fvec_t h = txtx + tyty; 
  Fvec_t t = sqrt(txtx1 + tyty); 
  Fvec_t h2 = h*h; 
  Fvec_t qp0t = qp0*t; 
   
  cnst c1=0.0136, c2=c1*0.038, c3=c2*0.5, c4=-c3/2.0, c5=c3/3.0, c6=-c3/4.0; 
     
  Fvec_t s0 = (c1+c2*st.logRadThick + c3*h + h2*(c4 + c5*h +c6*h2) )*qp0t; 
     
  Fvec_t a = (ONE+mass2*qp0*qp0t)*st.RadThick*s0*s0; 

  CovV &C = track.C; 

  C.C22 += txtx1*a; 
  C.C32 += tx*ty*a; C.C33 += (ONE+tyty)*a;  
}

Use of headers to vectorize the code
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Task Parallelism

14

Parallelization between cores → Task Parallelism, Parallelization, MIMD 

Tools: 
• OpenMP 
• OpenCL 
• Intel Threading Building Blocks (ITBB) 
• Pthreads 
• Intel Cilk 
• Intel Array Building Blocks 
• MPI
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Performance Characterization 

15

• Performance increasing is characterized with speedup factor 
• In ideal case – perfect linear speedup 
• Super-linear speedup (usually cache effect) 
• Speedup in presence of a serial part  
• Number of CPUs is infinite (P → ∞) – the maximum speedup (Amdahl’s law)

Real-life example: 
scalability of the CBM track finder on different platforms Amdahl’s law

Gene Myron Amdahl (born November 16, 1922) is an American computer architect and high-tech 
entrepreneur, chiefly known for his work on mainframe computers at IBM (System/360) and later his own 
companies, especially Amdahl Corporation. He formulated Amdahl's law, which states a fundamental limitation 
of parallel computing.
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CPU systems

16

SMP (symmetric multiprocessor) systems: 

• Homogeneous 
• “Equal-time” access for each processor to 

any part of the memory

NUMA (non uniform memory access) 
systems: 

• Heterogeneous 
• Non uniform access to different parts of the 

main memory – different speed, data 
should be close to the CPU
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OpenMP

17

• OpenMP (Open Multi-Processing) technology is the most popular technology of parallelization nowadays.  

• A sequential program is taken as a basis and a set of compiler directives, environment variables and library procedures 
intended for programming multithreaded applications on multiprocessor systems with shared memory are used for its 
parallelization.  

• Memory in OpenMP is divided into: local and shared memory. Local memory is only available for one thread, and shared 
memory is available for several threads. 

• OpenMP gives an opportunity to use multiprocessor computing systems with shared memory most efficiently, providing the 
possibility to use shared data for parallel executed threads without any difficulties for inter-processor data transfers.  

• OpenMP allows incremental (step-by-step) development of parallel programs. It means that at the early stages of 
development you can already get a parallel program, due to OpenMP directives, which can be added into a sequential 
program step by step.   

• A program created with the use of OpenMP technology consists of sequential (single-threaded) and parallel (multi-threaded) 
sections.  

• In OpenMP the parallelization model „Fork - Join“ is used. At first, there is only a single thread called the initial thread or the 
main thread or master thread (threard is a lightweight process).  As soon as a thread meets a parallel construction in the 
program code, it creates a group of threads and becomes the main thread. In the created group all the threads, including the 
main one, execute the program code.  After executing a parallel construction in the code, only the main thread continues to 
work.
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OpenMP - HelloWorld

18

#include <omp.h>
#include <iostream>
using namespace std;

int main() {

  #pragma omp parallel num_threads(10)
  {
    int id = 0;
    
    cout << " Hello world " << id <<  endl;
  }

  return 0;
}

HeloWorld program parallelized with OpenMP for 10 threads. 

omp.h header mast be included to operate with OpenMP constructs.
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OpenMP - HelloWorld

19

Such a program will print symbols on the screen chaotically, because all 10 threads try to do this at the same time and only 
one of them can print at the current moment. To prevent such situation the threads should be synchronized.
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OpenMP - HelloWorld

20

#include <omp.h>
#include <iostream>
using namespace std;

int main() {

  #pragma omp parallel num_threads(10)
  {
    int id = omp_get_thread_num();
    
    #pragma omp critical
    cout << " Hello world " << id <<  endl;
  }

  return 0;
}

omp critical can be added to the parallel region just before the printing to synchronise threads. 

To obtain the id of the thread the function omp_get_thread_num() should be used. Each thread has it’s 
own id, therefore the function should be called in the parallel region by each thread individually. Then id is 
stored to the local variable of each thread and printed on the screen.



Prof. Dr. Ivan Kisel, Uni-Frankfurt, FIAS, GSI, HFHF PUNCHLunch, 24.02.2022      /42

OpenMP - HelloWorld

21

Now threads are synchronised, but they order stays unpredictable and would be different for every run.
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OpenCL - Host Program Structure

22

cl_int clGetProgramBuildInfo (cl_program program,  
           cl_device_id device, 
           cl_program_build_info param_name,   // The parameter we want to know
           size_t param_value_size,
           void *param_value,    // The answer
           size_t *param_value_size_ret) 

Program: 
create 

Program: 
build 

Error log: 

Kernel: 
create

CL_PROGRAM_BUILD_STATUS 
CL_PROGRAM_BUILD_OPTIONS 
CL_PROGRAM_BUILD_LOG

// Returns the OpenCL program
cl_program clCreateProgramWithSource (cl_context context,
           cl_uint count,          // number of files
           const char **strings,   // array of strings, each one is a file
           const size_t *lengths,  // array specifying the file lengths
           cl_int *errcode_ret)    // error code to be returned

cl_int clBuildProgram (cl_program program, 
           cl_uint num_devices,
           const cl_device_id *device_list,
           const char *options,   // Compiler options, see specifications
           void (*pfn_notify)(cl_program, void *user_data), 
           void *user_data)

cl_kernel clCreateKernel (cl_program program,   // The program where the kernel is
          const char *kernel_name,              // The name of the kernel
          cl_int *errcode_ret)
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Stages of Event Reconstruction

23

• Hough Transformation 
• Elastic Neural Net

D0

K-

π+

• Kalman Filter

• Conformal Mapping 
• Hough Transformation 
• Track Following 
• Cellular Automaton

25 March 2011, DPG, Münster Ivan Kisel, GSI 7/36

Kalman Filter (KF) based Track Fit

π

(r, C)

// Track Fitter

• Kalman Filter

// Track Finder

// Ring Finder (Particle ID) // Short-Lived Particles Finder

1 2

3 4
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Cellular Automaton (CA) Track Finder

24

0. Hits

1. Segments

1 2 3 4
2. Counters

3. Track Candidates

4. Tracks

Detector layers

Hits

4. Tracks (CBM)

0. Hits (CBM)

1000 Hits

1000 Tracks

Cellular Automaton: 
1. Build short track segments. 
2. Connect according to the track model, 
    estimate a possible position on a track. 
3. Tree structures appear, 
    collect segments into track candidates. 
4. Select the best track candidates.

Useful for complicated event topologies with heavy combinatorics

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

Deeply appropriate for many-core CPU/GPU

1
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Cellular Automaton (CA) Track Finder

25

770 TracksTop view Front view

Fast and efficient track finder
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Figure 4.25: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 90.9

Primary high-p 97.5

Primary low-p 92.6

Secondary high-p 91.1

Secondary low-p 63.8

Clone level 0.4

Ghost level 5.9

MC tracks found 134

Time, ms/ev 10

Table 4.5: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.

Figure 4.20: Track reconstruction e�ciency as a function of track momentum and track

finder performance after merging clones.

presented in the table in Fig. 4.20. The clone level has decreased in more than

two times from 1.0% to 0.4% after switching the merger option on.

The results of the CBM CA track finding performance test for the minimum

bias (random value of impact parameter) and central events (zero impact param-

eter) at 25A GeV are summarized in the table in Fig. 4.20.

The majority of signal tracks (decay products of D-mesons, charmonium, light

vector mesons) are particles with momentum higher than 1 GeV/c originating

from the region very close to the collision point. Their reconstruction e�ciency is,

therefore, similar to the e�ciency of high-momentum primary tracks that is equal

to 97.5%. The high-momentum secondary particles, e.g. in decays of K0
s and ⇤

particles and cascade decays of ⌅ and ⌦, are created far from the primary vertex,

therefore their reconstruction e�ciency is lower – 91.1%. Significant multiple

scattering of low-momentum tracks in the material of the detector system and

large curvature of their trajectories lead to lower reconstruction e�ciencies of

92.6% for primary tracks and of 63.8% for secondary low-momentum tracks. The

total e�ciency for all tracks is 90.9% with a large fraction of low-momentum

secondary tracks. The levels of clones and of ghost tracks are 0.4% and 5.9%

respectively.

The behavior of the CA track finder in the case of higher track multiplicity

1
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CBM CA Track Finder

4.2 Track finding 99
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4.2 Track finding 103

will be investigated in the next chapter.
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Figure 4.21: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 70.4

Primary high-p 94.9

Primary low-p 56.8

Secondary high-p 49.7

Secondary low-p 13.0

Clone level 0.3

Ghost level 0.3

MC tracks found 103

Time, ms/ev 4

Table 4.1: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.
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Figure 4.22: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 87.8

Primary high-p 95.8

Primary low-p 91.4

Secondary high-p 84.5

Secondary low-p 54.2

Clone level 0.9

Ghost level 5.6

MC tracks found 129

Time, ms/ev 6

Table 4.2: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.

Figure 4.17: Track reconstruction e�ciency as a function of track momentum and track

finder performance after the search for primary tracks with low momentum.

is calculated for di↵erent sets of tracks. First of all, the tracks are divided into two

momentum sets: high momentum (0.1GeV/c p > 1GeV/c) and low momentum

(p > 1GeV/c) tracks. Secondly, the tracks are divided into primary tracks and

the tracks, originating from short-lived particles decay points.

Let us briefly go throw the list of four CA track finder iterations, outlining the

initialization parameters used and the performance achieved after each of them.

In the very first stage the algorithm searches for high momentum primary

tracks. Since searching for almost straight tracks origination from primary vertex

is relatively easy due to smaller extrapolation errors and, thus, less combinatorics,

this iteration is relatively fast and supposed to suppers combinatorics for later

search.

The parameters, used in the stage for track estimate initialization, are re-

flecting the desired track category. The initial track position and errors in the

covariance matrix for the propagation in the magnetic field are defining the tar-

get area: x = 0, y = 0 , � x = 0.01 cm, � y = 0.01 cm, which corresponds to

a primary track. The initialization of q/p track parameter is set to zero, since

one does not know in advance the sign of particle charge, while the � q/p in

the covariance matrix is set to the value, which corresponds to the track with

momenta of about 0.75 GeV/c making the propagation errors relatively small.
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will be investigated in the next chapter.
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Figure 4.21: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 70.4

Primary high-p 94.9

Primary low-p 56.8

Secondary high-p 49.7

Secondary low-p 13.0

Clone level 0.3

Ghost level 0.3

MC tracks found 103

Time, ms/ev 4

Table 4.1: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.
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Figure 4.22: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 87.8

Primary high-p 95.8

Primary low-p 91.4

Secondary high-p 84.5

Secondary low-p 54.2

Clone level 0.9

Ghost level 5.6

MC tracks found 129

Time, ms/ev 6

Table 4.2: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.

Figure 4.16: Track reconstruction e�ciency as a function of track momentum and track

finder performance after the search for primary tracks with high momentum.

where N12 is the number of tracks reconstructed by both track finders. These

equations allow to determine the unknown e�ciencies of both track finders.

However, since the CBM experiment is not operating yet, it works with simu-

lated data and uses the Monte Carlo data the hit matching version for definition

of reconstructed track. A reconstructed track is assigned to a generated particle,

if at least 70% of its hits have been produced by this Monte Carlo particle. If

the particle is found more than once, all additionally reconstructed tracks are re-

garded as clones. A reconstructed track is called a ghost, if it can not be assigned

to any generated particle according to the 70% criterion.

The probability to reconstruct a certain particle strongly depends on its pa-

rameters, mostly momentum and the point of origin. Fast particles with large

momentum usually have straight trajectories and are almost not influenced by

the multiple scattering. On the other hand, low momentum particles not only

have more curved tracks and get randomly scattered in the detector material, but

also often leave the detector volume after few stations. Thus, small number of

hits also complicates the task of track reconstruction in this case. As far as the

point of origin is concerned, primary tracks have the advantage of the additional

measurement over secondary tracks — the target.

In order to better analyze the performance of the CA track finder, the e�ciency
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Figure 4.23: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 89.2

Primary high-p 97.5

Primary low-p 92.4

Secondary high-p 86.6

Secondary low-p 54.7

Clone level 1.0

Ghost level 5.5

MC tracks found 131

Time, ms/ev 7

Table 4.3: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.
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Figure 4.24: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 90.9

Primary high-p 97.5

Primary low-p 92.6

Secondary high-p 91.1

Secondary low-p 63.8

Clone level 1.0

Ghost level 5.9

MC tracks found 134

Time, ms/ev 8

Table 4.4:

Figure 4.18: Track reconstruction e�ciency as a function of track momentum and track

finder performance after the search for secondary tracks.

As a result, the track finding performance after the first iteration is presented

in the table in Fig. 4.16. As one can see, since the parameter initialization is

tailored to reconstruct primary tracks with high momentum, the e�ciency for

the reconstruction of this category of tracks is of a high value – 95.8% already

after the first iteration, while the reconstruction of low momenta and secondary

tracks is not su�cient. In Fig. 4.16 the track reconstruction e�ciency dependence

as a function of track momentum is illustrating that the first iteration, due to

parameter initialization used, is able to reconstruct tracks with momentum above

0.5 GeV/c.

The main aim of the second iteration is to include the search for low momenta

primary tracks as well. That is the reason why � q/p in the covariance matrix

is initialized with 10 times higher value during this iteration. It corresponds to

the track with momenta till about 0.15 GeV/c, making the propagation errors

larger. All other parameters are used with no change at this point. The resulting

performance one can find in the table in Fig. 4.17. After the second iteration,

the reconstruction e�ciency for the low momenta primary tracks has increased

from 56.8% to 91.4%. However, the ghost and clone rate get increased as well

due to increased combinatorics. Also, one can notice the e↵ect on the reconstruc-

tion e�ciency as a function of momenta dependence in Fig. 4.17, since after the
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Figure 4.23: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 89.2

Primary high-p 97.5

Primary low-p 92.4

Secondary high-p 86.6

Secondary low-p 54.7

Clone level 1.0

Ghost level 5.5

MC tracks found 131

Time, ms/ev 7

Table 4.3: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.
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Figure 4.24: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 90.9

Primary high-p 97.5

Primary low-p 92.6

Secondary high-p 91.1

Secondary low-p 63.8

Clone level 1.0

Ghost level 5.9

MC tracks found 134

Time, ms/ev 8

Table 4.4:

Figure 4.19: Track reconstruction e�ciency as a function of track momentum and track

finder performance after the search for tracks with missing hits due to detector ine�ciency.

second iteration the algorithm is able to reconstruct tracks with momenta till

about 0.1 GeV/c.

The third iteration is targeted to the search for secondary tracks. In order to

include the secondary tracks in the consideration the initial parameter initializa-

tion of position errors in the covariance matrix in this case is 10 times larger:

� x = 0.1 cm, � y = 0.1 cm. If one compares the track finder performance

after the iterations with the search for primary tracks with performance after the

third iteration (Fig. 4.18), one can notice the improved reconstruction e�ciency

of secondary tracks: from 84.5% to 86.6% for low momenta tracks, and from

54.2% to 54.7% for high momenta tracks.

In the last iteration the search for the track with hits not registered in the

STS due detector ine�ciency. The resulting performance is presented in the

table in Fig. 4.19. The overall reconstruction e�ciency after the last iteration

has improved by about 2%.

There is a special procedure implemented in the algorithm to suppress clones,

which merges together potentially double reconstructed tracks. Also, there is a

special extender option, which tries to extend tracks in both direction via search

for unused hits, which can be attached to the already reconstructed track. The

reconstruction performance after switching on merger and extender options is

Efficient and stable event reconstruction

(1) high-momentum primary tracks

(2) low-momentum primary tracks

(3) secondary tracks

(4) broken tracks

1
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CA Track Finder at High Track Multiplicity

27

100 mbias events, <Nreco> = 103405 mbias events, <Nreco> = 572

Reliable reconstruction efficiency and time as a second order polynomial w.r.t. to the track multiplicity
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MC + b·NMC + c

Au+Au mbias events at 25 AGeV

1 mbias event, <Nreco> = 109

A number of minimum bias events is gathered into a group (super-event), which is then treated by the CA track finder 
as a single event.

CBMCBM

1
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Time-based (4D) Track Reconstruction

28

The reconstruction time 8.2 ms/event in 3D is recovered in 4D case as well

Sp
ee

d-
up

Speed-up factor due to parallelization within the time-slice

Total CA time = 84 ms

Total CA time = 849 ms 100 mbias events in a time-slice

• The beam in the CBM will have no bunch structure, but continuous. 
• Measurements in this case will be 4D (x, y, z, t).  
• Significant overlapping of events in the detector system.  
• Reconstruction of time slices rather than events is needed.
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Time-based (4D) Track Reconstruction with CA Track Finder
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4D track reconstruction is scalable with the speed-up factor of 10.1; 3D reconstruction time 8.2 ms/event is recovered in 4D case
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• The beam in the CBM will have no bunch structure, but continuous. 
• Measurements in this case will be 4D (x, y, z, t).  
• Significant overlapping of events in the detector system.  
• Reconstruction of time slices rather than events is needed.

The Cellular Automaton (CA) track finder [3] is used to reconstruct tracks of charged particles
inside a time-slice. The reconstruction of each time-slice is performed in parallel between cores
within a CPU, thus minimizing communication between CPUs. After all tracks of the whole
time-slice are found and fitted in 4D, they are collected into clusters of tracks originated from
common primary vertices, which then are fitted, thus identifying 4D interaction points registered
within the time-slice. Secondary tracks are associated with primary vertices according to their
estimated production time. After that short-lived particles are found and the full event building
process is finished. The last stage of the FLES package is a selection of events according to the
requested trigger signatures.

2. Cellular Automaton Track Finder Algorithm at High Track Multiplicities

The CA method, being a local one, suppresses combinatorial enumeration by building short track
segments at the first stage before starting main combinatorial search (1). These track segments,
so-called cells, have a higher dimensionality, than measurements have. After this stage is finished
the CA track finder never goes back to processing hits information again, working only with
created track segments instead. Taking into account the track model, the method searches for
neighboring cells, which share a hit in common and have the same direction within some error,
and, thus, potentially belong to one track. During this neighbors search the track finder also
estimates a possible position of the segment in the track (2). Beginning with the first station
the track finder goes to the last station moving from one neighbor to the next one assigning to
each segment a counter, which stores number of neighbors to the left. Starting with a segment
of a largest position counter the track finder follows a chains of neighbors collecting segments
into a track candidate (3). As a result one gets a tree structure of track candidates. In the last
stage (4) the competition between the track candidates takes place: only the longest tracks with
the best �2-value sharing no hits in common with better candidates are to survive.

Since the CBM experiment will operate at extremely high interaction rates, di↵erent collisions
may overlap in time with no possibility to separate them in a trivial way. Thus, the need to
analyze so-called time-slices, which contain information from a number of collisions, rather than
isolated events arises.

The reasons, mentioned above, bring us to introducing the concept of time-slice to the
reconstruction procedure. As a first step on a way towards the time-slice reconstruction we
introduce a super-event consisting of packed minimum bias events with no time information
taken into account. To create such a group we combine space coordinates of STS hits from a
number (from 1 up to 100) AuAu minimum bias events at 25 AGeV ignoring such information
as event number or time measurements.

E�ciency, % 3D 3+1 D 4D

All tracks 83.8 80.4 83.0

Primary high-p 96.1 94.3 92.8

Primary low-p 79.8 76.2 83.1

Secondary high-p 76.6 65.1 73.2

Secondary low-p 40.9 34.9 36.8

Clone level 0.4 2.5 1.7

Ghost level 0.1 8.2 0.3

Time/event/core, ms 8.2 31.5 8.5

Table 1. Track reconstruction performance
for 100 minimum bias AuAu collisions at
25 AGeV in case of event-by-event analysis
(3D), grouped on a hit level with no
time information (3+1 D) and time-based
reconstruction (4D).

The super-event was treated by the CA track finder as a regular event and the reconstruction

2
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4D Event Building at 10 MHz

29

Reconstructed tracks clearly represent groups, which correspond to the original events

Hits 0.1 MHz Hits 1 MHz Hits 10 MHz

Hits at high input rates

(1) Hits 10 MHz (2) Tracks (3) Events

From hits to tracks to events

1
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Kalman Filter Algorithm

30

The Kalman filter is a recursive estimator – only the estimated state from the previous time step and the current measurement 
are needed to compute the estimate for the current state.

n

n+1

mean value over n measurements

mean value over n+1 measurements

previous estimation new measurement

correctionweight

December 21, 1968. The Apollo 8 spacecraft has just been sent on its way to the Moon. 
003:46:31 Collins: Roger. At your convenience, would you please go P00 and Accept? We're going to update to your W-matrix.

r = { x, y, z, vx, vy, vz } 

σ2
x  

     σ2
y          … 

          σ2
z  

              σ2
vx  

      …          σ2
vy  

                        σ2
vz 

C =

Radar applications state vector:

covariance matrix:

2

For this work, U.S. President Barack Obama 
rewarded Rudolf Kálmán with the National 
Medal of Science on October 7, 2009.
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Kalman Filter (KF) based Track Fit

31

Track fit: Estimation of the track parameters at one or more hits along the track – Kalman Filter (KF)

r = { x, y, z, px, py, pz } 

Position, direction and momentumState vector

Nowadays the Kalman Filter is used in almost all HEP experiments

Kalman Filter:  
1. Start with an arbitrary initialization. 
2. Add one hit after another.  
3. Improve the state vector.  
4. Get the optimal parameters after the last hit.

KF Block-diagram 

KF as a recursive least squares method

1

2 3

Detector layersHits

π
(r, C)

r  – Track parameters 
C – Covariance matrix

Initialization

Prediction

Correction

Precision
2

1

3

2
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Kalman Filter Track Fit on Cell

32

Motivated by, but not restricted to Cell !

blade11bc4 @IBM, Böblingen:  
2 Cell Broadband Engines, 256 kB LS, 2.4 GHz

In
te

l
Ce

ll

10000x faster 
on any PC

Comp. Phys. Comm. 178 (2008) 374-383The KF speed was increased by 5 orders of magnitude

2

Emulator 
Assembler
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Kalman Filter Track Fit Library

33

Conventional KF DP vs. SP

Strong many-core scalability of the Kalman filter library

Conventional KF RK4 vs. Analytical

Square-Root KF UD KF

Kalman Filter Methods 
Kalman Filter Tools: 
• KF Track Fitter 
• KF Track Smoother 
• Deterministic Annealing Filter 
Kalman Filter Approaches: 
• Conventional DP KF 
• Conventional SP KF 
• Square-Root SP KF 
• UD-Filter SP 
• Gaussian Sum Filter 
• 3D (x,y,z) and 4D (x,y,z,t) KF 
Track Propagation: 
• Runge-Kutta 
• Analytic Formula 

Detector Types: 
• Pixel 
• Strip 
• Tube 
• TPC

Implementations 
Vectorization (SIMD): 
• Header Files 
• Vc Vector Classes 
• ArBB Array Building Blocks 
• OpenCL 
Parallelization (many-cores): 
• Open MP 
• ITBB 
• ArBB 
• OpenCL 
Precision: 
• single precision SP 
• double precision DP

2
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Kalman Filter (KF) Track Fit

34
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The fastest implementation of the Kalman filter in the world

85 tracks/µs

Intel Xeon E7-4860, 2.26 GHz

115 tracks/µs

Nvidia GTX 480, 700 MHz

372 tracks/µs

AMD Radeon HD 7970, 925 MHz

192 tracks/µs

Intel Xeon Phi 7120, 1.2 GHz

• Precise estimation of the parameters of particle trajectories is the core of the reconstruction procedure. 

• Scalability with respect to the number of logical cores in a CPU is one of the most important parameters of the algorithm. 
• The scalability on the Intel Xeon Phi coprocessor is similar to the CPU, but running four threads per core instead of two. 
• In case of the graphics cards the set of tasks is divided into working groups of size local item size and distributed among 

compute units (or streaming multiprocessors) and the load of each compute unit is of the particular importance. 
• The track fit performance on a single node: 2*CPU+2*GPU = 109 tracks/s = (100 tracks/event)* 107 events/s = 107 events/s. 

• A single compute node is enough to estimate parameters of all particles produced at the maximum 107 interaction rate!

2
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KF Particle: Reconstruction of short-lived Particles

KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KF Particle provides a simple and very efficient approach to physics analysis

Features: 
• KF Particle class describes particles by the state vector 

and the covariance matrix. 
• Covariance matrix contains essential information about 

tracking and detector performance. 
• The method for mathematically correct usage of 

covariance matrices is provided by the KF Particle 
package based on the Kalman filter (KF). 

• Heavy mathematics of KF requires fast and vectorised 
algorithms. 

• Mother and daughter particles are treated in the same 
way. 

• The natural and simple interface allows two reconstruct 
easily complicated decay chains. 

• The package is geometrically independent and can be 
adapted to different experiments (CBM, ALICE, STAR).

Ω̅+        Λ̅ K+

p̅ π+

Simulated AuAu collision at 25 AGeV

π+

Κ+

p

Ω+ Λ

/1820 July 2018 STAR Collaboration Meeting

1. KFParticle class describes particles by: 

2. Covariance matrix contains essential information 
about tracking and detector performance. 

3. The method for mathematically correct usage of 
covariance matrices is provided by the KF Particle 
package based on the Kalman filter (KF) developed by 
FIAS group1,2  primarily for CBM and ALICE. 

4. Heavy mathematics requires fast and vectorized 
algorithms. 

5. Mother and daughter particles are KFParticle and 
are treated in the same way. 

6. The natural and simple interface allows to 
reconstruct easily rather complicated decay chains. 

7. The package is geometry independent  and can be 
easily adapted to different experiments.

Concept of KF Particle in CBM

2

Ω̅+        Λ̅ K+

p̅ π+

π+

Κ+

p

Ω+ Λ

V. Akishina, I. Kisel, Uni-Frankfurt, FIAS MMCP 2017, Dubna, 07.07.2017      /16 
 

KFParticle: Reconstruction of Vertices and Decayed Particles

Concept: 
• Mother and daughter particles have the same state 

vector and are treated in the same way 
• Reconstruction of decay chains 
• Kalman filter based 
• Geometry independent 
• Vectorized 
• Uncomplicated usage

11

3

KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KFParticle provides uncomplicated approach to physics analysis (used in CBM, ALICE and STAR)

r = { x, y, z, px, py, pz, E } 

Position, direction, momentum 
and energyState vector

Functionality: 
• Construction of short-lived particles 
• Addition and subtraction of particles 
• Transport 
• Calculation of an angle between particles 
• Calculation of distances and deviations 
• Constraints on mass, production point and decay length 
• KF Particle Finder

Ω̅+        Λ̅ K+

p̅ π+

Simulated AuAu collision at 25 AGeV

π+

Κ+

p

Ω+ Λ

1. KF Particle — S. Gorbunov, “On-line reconstruction algorithms for the CBM and ALICE experiments,” Dissertation thesis, Goethe University of Frankfurt, 2012, 
http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/29538 
2. KF Particle Finder — M. Zyzak, “Online selection of short-lived particles on many-core computer architectures in the CBM experiment at FAIR,” Dissertation 
thesis, Goethe University of Frankfurt, 2016, http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428

State vector

Covariance matrix

r = { x, y, z, px, py, pz, E }

C = <rrT > =

2

6666666666664

s2
x Cxy Cxz Cxpx Cxpy Cxpz CxE

Cxy s2
y Cyz Cypx Cypy Cypz CyE

Cxz Cyz s2
z Czpx Czpy Czpz CzE

Cxpx Cypx Czpx s2
px Cpx py Cpx pz CpxE

Cxpy Cypy Czpy Cpx py s2
py Cpy pz CpyE

Cxpz Cypz Czpz Cpx pz Cpy pz s2
pz CpyE

CxE CyE CzE CpxE CpyE CpzE s2
E

3

7777777777775
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Heavy Flavour

Open-charm 
resonances 

D*0  → D+ π- 

D̅*0  → D- π+ 

D*+  → D0 π+  

D*-  → D̅0 π-

Open-charm 
particles 

D0 → K- π+ 

D0 → K- π+ π+ π- 

D0 → K+K- 

D0 → π+ π- 

D0 → K0s π+ π- 

D0 → K+K-K0s 

D+ → K- π+ π+ 

D+ → π+ π+ π- 

D+ → K0s π+ π+ π- 

D+ → K0s π+ 

Ds
+ → K+ K- π+ 

Ds
+ → K+ π+ π- 

Ds
+ → K0s K+ π+ π- 

Ds
+ → K0s K0s π+ 

Ds
+ → K0s K+ 

Λc
+ → p K- π+ 

Λc
+ → p π+ π- 

Λc
+ → p K0s 

Λc
+ → p K0s π+ π- 

Λc
+ → Λ π+ 

Λc
+ → Λ π+ π+ π- 

Ξc
0 → Ξ- π+ π+ π- 

+ antiparticles

Charmonium 
J/ψ  → pp̅ 

J/ψ  → ΛΛ̅ 

J/ψ  → Ξ-Ξ̅+  

ψ′ → Ω-Ω̅+

B mesons 
B+  → D̅0 π+ 

B-  → D0 π- 

B+  → D̅0 K+ 

B-  → D0 K- 

B0  → D- π+ 

B̅0  → D+ π- 

B0  → D- K+ 

B̅0  → D+ K-

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±

Strange particles

K*+ → K+ π0 
K*- → K- π0 
K*0 → K0 π0 
Σ*0 → Λ π0 
Σ̅*0 → Λ̅ π0 

Ξ*- → Ξ- π0 

Ξ̅*+ → Ξ̅+ π0

Ξ*0 → Ξ- π+ 

Ξ̅*0 → Ξ̅+ π- 

Ω*- → Ξ- K- π+ 

Ω̅*+ → Ξ̅+ K+ π-

K*+ → K0
s π+ 

K*-  → K0
s π- 

Σ*+  → Λ π+ 

Σ̅*-  → Λ̅ π- 

Σ*-  → Λ π- 

Σ̅*+  → Λ̅ π+ 

Ξ*-  → Λ K- 

Ξ̅*+  → Λ̅ K+

K*0  → K+ π- 

K̅*0  → K- π+ 

ϕ  → K+ K- 

Λ*  → p K- 

Λ̅*  → p̅ K+

K0
s → π+ π- 

K+
 → µ+ νµ 

K-
 → µ- ν̅µ 

K+
 → π+ π0 

K-
 → π- π0 

Λ  → p π- 

Λ̅ → p̅ π+ 

Σ+
 → p π0 

Σ̅-
 → p̅ π0 

Σ+
 → n π+ 

Σ̅-
 → n̅ π- 

Σ-
 → n π- 

Σ̅+
 → n̅ π+

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+ 

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+ 

Ω-  → Λ K- 

Ω̅+ → Λ̅ K+ 

Ω-  → Λ K- 

Ω̅+ → Λ̅ K+ 

Ω-  → Ξ0 π- 

Ω̅+ → Ξ̅0 π+

Σ+ → p π0 
Σ̅- → p̅ π0 
Σ0 → Λ γ 
Σ̅0 → Λ̅ γ 
Ξ0 → Λ π0 

Ξ̅0 → Λ̅ π0

Strange resonances

Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Dileptons

Charmonium 
J/ψ → e+ e- 

J/ψ  → µ+ µ- 
Low mass 

vector mesons 
ρ  → e+ e- 

ρ  → µ+ µ- 

ω  → e+ e- 

ω  → µ+ µ- 

ϕ → e+ e- 

ϕ → µ+ µ-

Gamma 
γ  → e+ e- 

Gamma-decays 
π0  → γ γ 
η → γ γ

π+ → µ+ νµ 

π- → µ- ν̅µ 

ρ → π+ π- 

Δ0  → p π- 

Δ̅0  → p̅ π+ 

Δ++  → p π+ 

Δ̅--  → p̅ π-

Light mesons 
and baryons

Hypermatter

Heavy multi-
strange objects 

{ΛΛ} → Λ p π- 

{Ξ0Λ} → Λ Λ

Hypernuclei 
{Λn} → d+ π- 

{Λ̅n̅} → d- π+ 

{Λnn} → t+ π- 

{Λ̅n̅n̅} → t- π+ 

3ΛH → 3He π- 

3ΛH̅ → 3He π+ 

4ΛH → 4He π- 

4ΛH̅ → 4He π+ 

4ΛHe → 3He p π- 

4ΛHe → 3He p̅ π+ 

5ΛHe → 4He p π- 

5ΛHe → 4He p̅ π+

Double-Λ 
hypernuclei 

4ΛΛH → 4ΛHe π- 

4ΛΛH → 3ΛH p π- 

5ΛΛH → 5ΛHe π- 

6ΛΛHe → 5ΛHe p π+

4
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23 March 2017 Maksym Zyzak, 29th CBM Collaboration Meeting, Darmstadt /15 

Physics coverage

4

Dileptons

Charmonium 
J/ψ → e+ e-   
J/ψ  → µ+ µ-  

Low mass 
vector mesons 
ρ  → e+ e-   
ρ  → µ+ µ-   
ω  → e+ e-   
ω  → µ+ µ-   
ϕ → e+ e-    
ϕ → µ+ µ-   

Gamma 
γ  → e+ e-  

Gamma-decays 
π0  → γ γ 
η → γ γ  

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±

Open-charm

Open-charm 
resonances 

D*0  → D+ π- 

D̅*0  → D- π+ 

D*+  → D0 π+  

D*-  → D̅0 π- 

Open-charm 
particles 

D0 → K- π+   

D0 → K- π+ π+ π-   

D̅0  → K+ π- 

D̅0 → K+ π+ π- π-   

D+ → K- π+ π+  

D- → K+ π- π-   

Ds
+ → K+ K- π+ 

Ds
- → K+ K- π- 

Λc
+ → p K- π+ 

Λ̅c
- → p̅ K- π+

Hypermatter

Heavy multi-
strange objects 

{ΛΛ} → Λ p π- 
  

{Ξ0Λ} → Λ Λ

Hypernuclei 
{Λn} → d+ π-  
{Λ̅n̅} → d- π+  
{Λnn} → t+ π- 

{Λ̅n̅n̅} → t- π+ 

3ΛH → 3He π-    
3ΛH̅ → 3He π+    
4ΛH → 4He π-    
4ΛH̅ → 4He π+    

4ΛHe → 3He p π-   
4ΛHe → 3He p̅ π+   
5ΛHe → 4He p π-   
5ΛHe → 4He p̅ π+  

Strange particles

K*+ → K+ π0  

K*- → K- π0   

K*0 → K0 π0   

Σ*0 → Λ π0    

Σ̅*0 → Λ̅ π0    

Ξ*- → Ξ- π0     

Ξ̅*+ → Ξ̅+ π0   

Ξ*0  → Ξ- π+  

Ξ̅*0  → Ξ̅+ π-  

Ω*-  → Ξ- K- π+  
Ω̅*+  → Ξ̅+ K+ π- 

K*+ → K0
s π+   

K*-  → K0
s π-   

Σ*+  → Λ π+   

Σ̅*-  → Λ̅ π-    

Σ*-  → Λ π-    

Σ̅*+  → Λ̅ π+   

Ξ*-  → Λ K-   

Ξ̅*+  → Λ̅ K+  

K*0  → K+ π- 

K̅*0  → K- π+ 

ϕ  → K+ K-    
Λ*  → p K-  
Λ̅*  → p̅ K+ 

K0
s → π+ π- 
 

K+
 → µ+ νµ 
  

K-
 → µ- ν̅µ 
   

K+
 → π+ π0 
  

K-
 → π- π0 
   

Λ  → p π-   
Λ̅ → p̅ π+    
Σ+

 → p π0 
   

Σ̅-
 → p̅ π0 
    

Σ+
 → n π+ 
   

Σ̅-
 → n̅ π- 
    

Σ-
 → n π- 
    

Σ̅+
 → n̅ π+
   

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+   

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+   

Ω-  → Λ K-  

Ω̅+ → Λ̅ K+  

Ω-  → Λ K-  

Ω̅+ → Λ̅ K+  

Ω-  → Ξ0 π-  

Ω̅+ → Ξ̅0 π+ 

Σ+ → p π0    

Σ̅- → p̅ π0     

Σ0 → Λ γ    

Σ̅0 → Λ̅ γ    

Ξ0 → Λ π0    

Ξ̅0 → Λ̅ π0   

Strange resonances
Double-Λ 

hypernuclei 
4ΛΛH → 4ΛHe π-   
4ΛΛH → 3ΛH p π-   
5ΛΛH → 5ΛHe π-   
4ΛΛHe → 5ΛHe p π+

π+ → µ+ νµ    
π- → µ- ν̅µ     
ρ → π+ π-      
Δ0  → p π-   
Δ̅0  → p̅ π+   
Δ++  → p π+ 

Δ̅--  → p̅ π- 

Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Light mesons 
and baryons
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Artificial Neural Network

Dileptons

Charmonium 
J/ψ → e+ e-   
J/ψ  → µ+ µ-  

Low mass 
vector mesons 
ρ  → e+ e-   
ρ  → µ+ µ-   
ω  → e+ e-   
ω  → µ+ µ-   
ϕ → e+ e-    
ϕ → µ+ µ-   

Gamma 
γ  → e+ e-  

Gamma-decays 
π0  → γ γ 
η → γ γ  

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±

Open-charm

Open-charm 
resonances 

D*0  → D+ π- 

D̅*0  → D- π+ 

D*+  → D0 π+  

D*-  → D̅0 π- 

Open-charm 
particles 

D0 → K- π+   

D0 → K- π+ π+ π-   

D̅0  → K+ π- 

D̅0 → K+ π+ π- π-   

D+ → K- π+ π+  

D- → K+ π- π-   

Ds
+ → K+ K- π+ 

Ds
- → K+ K- π- 

Λc
+ → p K- π+ 

Λ̅c
- → p̅ K- π+

Hypermatter

Heavy multi-
strange objects 

{ΛΛ} → Λ p π- 
  

{Ξ0Λ} → Λ Λ

Hypernuclei 
{Λn} → d+ π-  
{Λ̅n̅} → d- π+  
{Λnn} → t+ π- 

{Λ̅n̅n̅} → t- π+ 

3ΛH → 3He π-    
3ΛH̅ → 3He π+    
4ΛH → 4He π-    
4ΛH̅ → 4He π+    

4ΛHe → 3He p π-   
4ΛHe → 3He p̅ π+   
5ΛHe → 4He p π-   
5ΛHe → 4He p̅ π+  

Strange particles

K*+ → K+ π0  

K*- → K- π0   

K*0 → K0 π0   

Σ*0 → Λ π0    

Σ̅*0 → Λ̅ π0    

Ξ*- → Ξ- π0     

Ξ̅*+ → Ξ̅+ π0   

Ξ*0  → Ξ- π+  

Ξ̅*0  → Ξ̅+ π-  

Ω*-  → Ξ- K- π+  
Ω̅*+  → Ξ̅+ K+ π- 

K*+ → K0
s π+   

K*-  → K0
s π-   

Σ*+  → Λ π+   

Σ̅*-  → Λ̅ π-    

Σ*-  → Λ π-    

Σ̅*+  → Λ̅ π+   

Ξ*-  → Λ K-   

Ξ̅*+  → Λ̅ K+  

K*0  → K+ π- 

K̅*0  → K- π+ 

ϕ  → K+ K-    
Λ*  → p K-  
Λ̅*  → p̅ K+ 

K0
s → π+ π- 
 

K+
 → µ+ νµ 
  

K-
 → µ- ν̅µ 
   

K+
 → π+ π0 
  

K-
 → π- π0 
   

Λ  → p π-   
Λ̅ → p̅ π+    
Σ+

 → p π0 
   

Σ̅-
 → p̅ π0 
    

Σ+
 → n π+ 
   

Σ̅-
 → n̅ π- 
    

Σ-
 → n π- 
    

Σ̅+
 → n̅ π+
   

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+   

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+   

Ω-  → Λ K-  

Ω̅+ → Λ̅ K+  

Ω-  → Λ K-  

Ω̅+ → Λ̅ K+  

Ω-  → Ξ0 π-  

Ω̅+ → Ξ̅0 π+ 

Σ+ → p π0    

Σ̅- → p̅ π0     

Σ0 → Λ γ    

Σ̅0 → Λ̅ γ    

Ξ0 → Λ π0    

Ξ̅0 → Λ̅ π0   

Strange resonances
Double-Λ 

hypernuclei 
4ΛΛH → 4ΛHe π-   
4ΛΛH → 3ΛH p π-   
5ΛΛH → 5ΛHe π-   
4ΛΛHe → 5ΛHe p π+

π+ → µ+ νµ    
π- → µ- ν̅µ     
ρ → π+ π-      
Δ0  → p π-   
Δ̅0  → p̅ π+   
Δ++  → p π+ 

Δ̅--  → p̅ π- 

Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Light mesons 
and baryons
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J/ψ  → µ+ µ-  

Low mass 
vector mesons 
ρ  → e+ e-   
ρ  → µ+ µ-   
ω  → e+ e-   
ω  → µ+ µ-   
ϕ → e+ e-    
ϕ → µ+ µ-   

Gamma 
γ  → e+ e-  

Gamma-decays 
π0  → γ γ 
η → γ γ  

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±
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Strange resonances
Double-Λ 

hypernuclei 
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Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Light mesons 
and baryons
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Dileptons

Charmonium 
J/ψ → e+ e-   
J/ψ  → µ+ µ-  

Low mass 
vector mesons 
ρ  → e+ e-   
ρ  → µ+ µ-   
ω  → e+ e-   
ω  → µ+ µ-   
ϕ → e+ e-    
ϕ → µ+ µ-   

Gamma 
γ  → e+ e-  

Gamma-decays 
π0  → γ γ 
η → γ γ  

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±

Open-charm

Open-charm 
resonances 

D*0  → D+ π- 

D̅*0  → D- π+ 

D*+  → D0 π+  

D*-  → D̅0 π- 

Open-charm 
particles 

D0 → K- π+   

D0 → K- π+ π+ π-   

D̅0  → K+ π- 

D̅0 → K+ π+ π- π-   

D+ → K- π+ π+  

D- → K+ π- π-   

Ds
+ → K+ K- π+ 

Ds
- → K+ K- π- 

Λc
+ → p K- π+ 

Λ̅c
- → p̅ K- π+

Hypermatter

Heavy multi-
strange objects 

{ΛΛ} → Λ p π- 
  

{Ξ0Λ} → Λ Λ

Hypernuclei 
{Λn} → d+ π-  
{Λ̅n̅} → d- π+  
{Λnn} → t+ π- 

{Λ̅n̅n̅} → t- π+ 

3ΛH → 3He π-    
3ΛH̅ → 3He π+    
4ΛH → 4He π-    
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Σ̅- → p̅ π0     
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Ξ0 → Λ π0    

Ξ̅0 → Λ̅ π0   

Strange resonances
Double-Λ 

hypernuclei 
4ΛΛH → 4ΛHe π-   
4ΛΛH → 3ΛH p π-   
5ΛΛH → 5ΛHe π-   
4ΛΛHe → 5ΛHe p π+

π+ → µ+ νµ    
π- → µ- ν̅µ     
ρ → π+ π-      
Δ0  → p π-   
Δ̅0  → p̅ π+   
Δ++  → p π+ 

Δ̅--  → p̅ π- 

Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Light mesons 
and baryons
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AuAu, 10 AGeV, 3.5M central UrQMD events, MC PID

Messengers from the dense fireball: 
CBM at SIS100  

 

UrQMD transport calculation  Au+Au 10.7 A GeV 

Ȅ-, ȍ-, ĳ�

e+e-, ȝ+ȝ- 

p, ȁ, Ȅ+, ȍ+, J/ȥ ʌ, K, ȁ, ... 

resonance decays 
e+e-, ȝ+ȝ- e+e-, ȝ+ȝ- 

The measurement of very low production rates  
requires extremely high reaction rates ! 

ε = 66.1%

ε = 63.5%

ε = 44.4%ε = 57.0%

ε = 47.6% ε = 44.2%
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Very Clean Probes of Collision Stages
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Parallelization Challenge in the CBM Event Reconstruction

Parallelization becomes a standard in the CBM experiment

SIMD Instr. Level 
Parallelism

HW 
Threads

Cores Sockets Factor Efficiency

MAX 4 4 1.35 8 4 691.2 100.0%

Typical 2.5 1.43 1.25 8 2 71.5 10.3%

HEP 1 0.80 1 6 2 9.6 1.4%

CBM@FAIR 4 3 1.3 8 4 499.2 72.2%

Andrzej Nowak (OpenLab, CERN) by Hans von der Schmitt (ATLAS) at GPU Workshop, DESY, 15-16 April 2013

List of some heterogeneous HPC nodes, used in our investigations

Mathematical Modeling and Computational Physics 2015

Many-core computer architectures: cores, threads and vectors 

Modern high-performance computing (HPC) nodes are equipped with central processing units (CPU) with 
dozens of cores and graphics processing units (GPU) with thousands of arithmetic units (Fig. 21). 

To illustrate the complexity of the HPC hardware, let us consider a single work-node of an HLT computer 
farm, a server equipped with CPUs only. Typically it has 2 to 4 sockets with 8 cores each. In case of Intel 
CPUs, each core can run in parallel 2 hardware threads (processes), that increases the calculation speed by 
about 30%. The arithmetic units of CPUs operate with vector registers, which contain 4 (SSE), 8 (AVX) or 
16 (MIC) data elements. Vectors realize the SIMD (Single Instruction, Multiple Data) paradigm, that means 
they apply an operation to a vector as a whole, giving a speed-up factor of 4/8/16 with respect to the same 
operation, but with a scalar. In total, a pure hardware potential speed-up factor of a host is: 

f = 4 sockets × 8 cores × 1.3 threads × 8 SIMD ≈ 300, 

which is already equivalent to a moderate computer farm with scalar single-core CPUs.  

In order to investigate the HPC hardware and to develop efficient algorithms we use different nodes and 
clusters in several high-energy physics centers over the worlds (see Tab. 5) ranging from dozens to thousand 
of cores.  

!11

Fig. 21: Future HPC systems are heterogeneous.Ivan Kisel, FIAS FIAS scientific review, 25.11.2013      /15 

http://i.i.cbsi.com/cnwk.1d/i/tim/2011/09/13/
inside_intel_sandy_bridge_quad_core_processor.jpg

4xXX cores XXXX cores

1+8 cores>50 cores

Intel/AMD CPU ATI/NVIDIA GPU

Intel Xeon Phi IBM Cell

Future systems are heterogeneous

• Optimized for low-latency access to cached data sets 
• Control logic for out-of-order and speculative execution

• Optimized for data-parallel, throughput computation 
• More transistors dedicated to computation

• General purpose RISC processor (PowerPC) 
• 8 co-processors (SPE, Synergistic Processor Elements) 
• 128-bit wide SIMD units

• Many Integrated Cores architecture announced at ISC10 (June 2010) 
• Based on the x86 architecture 
• Many-cores + 4-way multithreaded + 512-bit wide vector unit

4

Many-Core CPU/GPU Architectures

Tab. 5: List of some heterogeneous HPC nodes, used in our investigations.

Figure 3. Future high-performance computing systems are heterogeneous many-core CPU/GPU compute nodes.

registers, which contain 4 (SSE), 8 (AVX) or 16 (MIC) data elements. Vectors realize the SIMD
paradigm, that means they apply an operation to a vector as a whole, giving a speed-up factor of
4/8/16 with respect to the same operation, but with a scalar. In total, a pure hardware potential speed-
up factor of a host is:

f = 4 sockets ⇥ 8 cores ⇥ 1.3 threads ⇥ 8 SIMD ⇡ 300,

which is already equivalent to a moderate computer farm with scalar single-core CPUs.

Table 1. List of some heterogeneous HPC nodes, used in our investigations.

Location Architecture (Nodes·)sockets·cores·threads·SIMD Data streams
CERN Switzerland AMD 6164HE 4·12·1·4 192
GSI Germany Intel E7-4860 4·10·2·4 320
ITEP Russia AMD 6272 100·(2·16·1·4) 12 800
FIAS Germany Intel E5-2600+Intel Phi 7120 2·8·2·8+2·61·4·16 256+7 808
BNL USA Intel E5-2680+Intel Phi 5110P 22·(2·12·2·8+2·60·4·16) 8 448+168 960

In order to investigate the HPC hardware and to develop e�cient algorithms we use di↵erent nodes
and clusters in several high-energy physics centers over the world (see Tab. 1) ranging from dozens to
thousands of cores with up to 12 800 parallel data streams.

3 Parallel programming

The hardware provides us two levels of parallelization: a task level parallelism working with cores
and threads, and a data level parallelism working with SIMD vectors. Both levels are implemented
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Running FLES on HPC Node/Farm

The FLES package is vectorized, parallelized, portable and scalable up to 3 200 CPU cores
Number of Cores
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FRRC, ITEP, Moscow
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First Level Event Selection (FLES) Package
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Conclusion

The future is parallel.The future is parallel.The future is parallel.The future is parallel.The future is parallel.The future is parallel.


