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CBM Experiment (FAIR/GSI): Tracking ChallengeCBM Experiment (FAIR/GSI): Tracking Challenge

• future heavy ion experiment

• ~ 1000 charged particles/collision

• 107 Au+Au collisions/sec

• inhomogeneous magnetic field

• double-sided strip detectors

truetrue
fakefake
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Processing time per event increased from 1 sec to 5 min Processing time per event increased from 1 sec to 5 min 
for doublefor double--sided strip detectors with 85% of fake space points !sided strip detectors with 85% of fake space points !

Modern (Pentium, AMD, PowerPC, …) CPUs have vector units operating 2 d.p. or 4 s.p. scalars in one go !Modern (Pentium, AMD, PowerPC, …) CPUs have vector units operating 2 d.p. or 4 s.p. scalars in one go !
SIMDSIMD = = SSingle ingle IInstruction nstruction MMultiple ultiple DDataata



Cell Processor: SupercomputerCell Processor: Supercomputer--onon--aa--Chip Chip 

06 November 2008, ACAT08, Erice06 November 2008, ACAT08, Erice Ivan Kisel, GSI/KIPIvan Kisel, GSI/KIP 33/18/18

•• Sony PlayStationSony PlayStation--3 3 --> cheap> cheap
•• 32 (8x4) times faster !32 (8x4) times faster !



Enhanced Cell with Double Precision Enhanced Cell with Double Precision 
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•• 128 (32x4) times faster !128 (32x4) times faster !
•• future: 512 (32x16) ?future: 512 (32x16) ?



Core of Reconstruction: Core of Reconstruction: Kalman Filter based Track FitKalman Filter based Track Fit

detectorsmeasurements

ππ
(r, C)(r, C)

track parameters
and errors

06 November 2008, ACAT08, Erice06 November 2008, ACAT08, Erice Ivan Kisel, GSI/KIPIvan Kisel, GSI/KIP 55/18/18

Initial estimates
for     and    

Prediction step

State estimate
Error covariance   

Filtering stepσσ22
xx
σσ22

yy ……
σσ22

zz
σσ22

pxpx
…          …          σσ22

pypy
σσ22

pzpz

CC ==

error of x

rr = { x, y, z, p= { x, y, z, pxx, p, pyy, p, pzz } } 

position momentum

State vectorState vector

Covariance Covariance 
matrixmatrix



Kalman Filter for Track Fit                                                                     1/2Kalman Filter for Track Fit                                                                     1/2

arbitrary large errors

non-homogeneous 
magnetic field
as large map 

multiple scattering in 
material>>> 256 KB >>> 256 KB 

of Local Storeof Local Store
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small errors

weight for update



“Local” Approximation of the Magnetic Field“Local” Approximation of the Magnetic Field

• Full reconstruction must work 
within 256 kB of the Local Store.

• The magnetic field map is too large 
for that (70 MB).

• A position (x,y), to which the track 
is propagated, is unknown in 
advance.

• Therefore, access to the magnetic 
field map is a blocking process.

1. Use a polynomial approximation 
(4-th order) of the field in XY 
planes of the stations.

2. Assuming a parabolic behavior 
of the field between stations 
calculate the magnetic field 
along the track based on 3 
consecutive measurements.

PP44

PP44

PP44

Problem:Problem: Solution:Solution:

Station 1Station 1

Station 2Station 2

Station 3Station 3
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XX YY

Z = 50Z = 50

PP44 ApproximationApproximation DifferenceDifference
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arbitrary large errors

non-homogeneous 
magnetic field
as large map 

multiple scattering in 
material
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small errors

weight for update

not enough accuracy not enough accuracy 
in single precisionin single precision



Kalman Filter: Conventional and SquareKalman Filter: Conventional and Square--RootRoot

06 November 2008, ACAT08, Erice06 November 2008, ACAT08, Erice Ivan Kisel, GSI/KIPIvan Kisel, GSI/KIP 99/18/18

The squareThe square--root KF provides the same precision as the conventional KF, but roughly 30% slower.root KF provides the same precision as the conventional KF, but roughly 30% slower.



Kalman Filter Instability in Single PrecisionKalman Filter Instability in Single Precision

Illustrative example:Illustrative example:
2D fit of straight line, no MS, 15 detectors2D fit of straight line, no MS, 15 detectors

d.p. conventional KF
s.p. conventional KF
s.p. square-root KF
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Conclusion for single precision:Conclusion for single precision:
Use the squareUse the square--root version of KF orroot version of KF or
Use double precision for the critical part of KF orUse double precision for the critical part of KF or
Use a proper initialization in the conventional KFUse a proper initialization in the conventional KF



Porting Algorithms to Cell                                                          Porting Algorithms to Cell                                                          

Data Types:Data Types:

Use headers to overload +, Use headers to overload +, --, *, / operators , *, / operators ----> the source code is unchanged !> the source code is unchanged !

c = a + bc = a + b

•• Scalar doubleScalar double
•• Scalar floatScalar float
•• PseudoPseudo--vector (array)vector (array)

Approach:Approach:
•• Universality (any multiUniversality (any multi--core architecture) core architecture) 
•• Vectorization (SIMDization) Vectorization (SIMDization) 
•• Run SPEs independently (one collision per SPE) Run SPEs independently (one collision per SPE) 
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1.1. LinuxLinux
2.2. Virtual machine:Virtual machine:

Red Hat (Fedora Core 4)Red Hat (Fedora Core 4)
Cell Simulator:Cell Simulator:

PPEPPE
SPESPE

3.3. Cell Blade Cell Blade 

SSE2SSE2

SSE2SSE2

AltiVecAltiVec

Specialized Specialized 
SIMDSIMD

Platform:Platform:

( y)( y)
•• Vector (4 float)Vector (4 float)

TrackTrack
||TrTr||TrTr||TrTr||TrTr||



Code (Part of the Kalman Filter)                                                        Code (Part of the Kalman Filter)                                                        

inline voidinline void AddMaterial( AddMaterial( TrackV TrackV &track, &track, StationStation &st, &st, Fvec_tFvec_t &qp0 )&qp0 )
{{
cnstcnst mass2 = 0.1396*0.1396;mass2 = 0.1396*0.1396;

Fvec_tFvec_t tx = track.T[2];tx = track.T[2];
Fvec_tFvec_t ty = track.T[3];ty = track.T[3];
Fvec_tFvec_t txtx = tx*tx;txtx = tx*tx;
Fvec_tFvec_t tyty = ty*ty;tyty = ty*ty;
Fvec_tFvec_t txtx1 = txtx + ONE;txtx1 = txtx + ONE;
Fvec_tFvec_t h = txtx + tyty;h = txtx + tyty;
Fvec_tFvec_t t = sqrt(txtx1 + tyty);t = sqrt(txtx1 + tyty);
Fvec_tFvec_t h2 = h*h;h2 = h*h;
F tF t 0t 0*t0t 0*t
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Fvec_tFvec_t qp0t = qp0*t;qp0t = qp0*t;

cnstcnst c1=0.0136, c2=c1*0.038, c3=c2*0.5, c4=c1=0.0136, c2=c1*0.038, c3=c2*0.5, c4=--c3/2.0, c5=c3/3.0, c6=c3/2.0, c5=c3/3.0, c6=--c3/4.0;c3/4.0;

Fvec_tFvec_t s0 = (c1+c2*st.logRadThick + c3*h + h2*(c4 + c5*h +c6*h2) )*qp0t;s0 = (c1+c2*st.logRadThick + c3*h + h2*(c4 + c5*h +c6*h2) )*qp0t;

Fvec_tFvec_t a = (ONE+mass2*qp0*qp0t)*st.RadThick*s0*s0;a = (ONE+mass2*qp0*qp0t)*st.RadThick*s0*s0;

CovVCovV &C = track.C;&C = track.C;

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

}}



Header (Intel’s SSE)                                                    Header (Intel’s SSE)                                                    
typedeftypedef F32vec4 Fvec_t;F32vec4 Fvec_t;
/* Arithmetic Operators *//* Arithmetic Operators */
friendfriend F32vec4 F32vec4 operatoroperator +(+(constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b) { F32vec4 &b) { returnreturn _mm_add_ps(a,b); }_mm_add_ps(a,b); }
friendfriend F32vec4 F32vec4 operatoroperator --((constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b) { F32vec4 &b) { returnreturn _mm_sub_ps(a,b); } _mm_sub_ps(a,b); } 
friendfriend F32vec4 F32vec4 operatoroperator *(*(constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b) { F32vec4 &b) { returnreturn _mm_mul_ps(a,b); } _mm_mul_ps(a,b); } 
friendfriend F32vec4 F32vec4 operatoroperator /(/(constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b) { F32vec4 &b) { returnreturn _mm_div_ps(a,b); }_mm_div_ps(a,b); }
/* Functions *//* Functions */
friendfriend F32vec4 min( F32vec4 min( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ F32vec4 &b ){ returnreturn _mm_min_ps(a, b); }_mm_min_ps(a, b); }
friendfriend F32vec4 max( F32vec4 max( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ F32vec4 &b ){ returnreturn _mm_max_ps(a, b); }_mm_max_ps(a, b); }
/* Square Root *//* Square Root */
friendfriend F32vec4 sqrt ( F32vec4 sqrt ( constconst F32vec4 &a ){ F32vec4 &a ){ returnreturn _mm_sqrt_ps (a); }_mm_sqrt_ps (a); }
/* Absolute value *//* Absolute value */
friendfriend F32vec4 fabs(F32vec4 fabs( constconst F32vec4 &a){ F32vec4 &a){ returnreturn _mm_and_ps(a, _f32vec4_abs_mask); }_mm_and_ps(a, _f32vec4_abs_mask); }
/* Logical *//* Logical */
friendfriend F32vec4 F32vec4 operatoroperator&( &( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ // mask returnedF32vec4 &b ){ // mask returned

returnreturn mm and ps(a, b);mm and ps(a, b);

SIMD instructionsSIMD instructions
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_ _ _p ( , );_ _ _p ( , );
}}
friendfriend F32vec4 F32vec4 operatoroperator|( |( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ // mask returnedF32vec4 &b ){ // mask returned

returnreturn _mm_or_ps(a, b);_mm_or_ps(a, b);
}}
friendfriend F32vec4 F32vec4 operatoroperator^( ^( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ // mask returnedF32vec4 &b ){ // mask returned

returnreturn _mm_xor_ps(a, b);_mm_xor_ps(a, b);
}}
friendfriend F32vec4 F32vec4 operatoroperator!( !( constconst F32vec4 &a ){ // mask returnedF32vec4 &a ){ // mask returned

returnreturn _mm_xor_ps(a, _f32vec4_true);_mm_xor_ps(a, _f32vec4_true);
}}
friendfriend F32vec4 F32vec4 operatoroperator||( ||( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ // mask returnedF32vec4 &b ){ // mask returned

returnreturn _mm_or_ps(a, b);_mm_or_ps(a, b);
}}
/* Comparison *//* Comparison */
friendfriend F32vec4 F32vec4 operatoroperator<( <( constconst F32vec4 &a, F32vec4 &a, constconst F32vec4 &b ){ // mask returnedF32vec4 &b ){ // mask returned

returnreturn _mm_cmplt_ps(a, b);_mm_cmplt_ps(a, b);
}}



SPE StatisticsSPE Statistics

Timing profile ! Timing profile ! 

No need to checkNo need to check
the assembler code ! the assembler code ! 
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Kalman Filter Track Fit on Kalman Filter Track Fit on Intel XeonIntel Xeon, , AMD OpteronAMD Opteron and and CellCell

Motivated, but not restricted by Cell !Motivated, but not restricted by Cell !
• 2 Intel Xeon Processors with Hyper-Threading enabled and 512 kB cache at 2.66 GHz;
• 2 Dual Core AMD Opteron Processors 265 with 1024 kB cache at 1.8 GHz;
• 2 Cell Broadband Engines with 256 kB local store at 2.4G Hz.
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10000 faster!10000 faster!
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lxg1411@GSI
eh102@KIP

blade11bc4 @IBM



SIMDized Cellular Automaton Track Finder: SIMDized Cellular Automaton Track Finder: Pentium 4Pentium 4
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Efficiency, %Efficiency, % Track categoryTrack category Efficiency, %Efficiency, %

97.04 Reference set (>1 GeV/c) 98.21

93.26 All set 94.65

79.95 Extra set        (<1 GeV/c) 82.02

1.15 Clone 1.07

2.28 Ghost 0.46

523 MC tracks/event found 93

78 ms CA time/event 5 ms

1000 faster!1000 faster!



SIMD KF: Code and ArticleSIMD KF: Code and Article

http://openlabhttp://openlab--mumu--internal.web.cern.ch/openlabinternal.web.cern.ch/openlab--mumu--internal/06_openlabinternal/06_openlab--II/Platform_Competence_Centre/Optimization/Benchmarking/BeII/Platform_Competence_Centre/Optimization/Benchmarking/Benchmarks_print.htmnchmarks_print.htm
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SummarySummary
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•• Think about using SIMD units in the nearest future (manyThink about using SIMD units in the nearest future (many--cores, TF/s, …)cores, TF/s, …)
•• Use singleUse single--precision floating point if possibleprecision floating point if possible
•• In critical parts use double precision if necessaryIn critical parts use double precision if necessary
•• Avoid accessing main memory, no maps, no lookAvoid accessing main memory, no maps, no look--upup--tablestables
•• New parallel languages appear: Ct, CUDA, …New parallel languages appear: Ct, CUDA, …
•• Keep portability of the code (Intel, AMD, Cell, GPGPU, …)Keep portability of the code (Intel, AMD, Cell, GPGPU, …)
•• Try the autoTry the auto--vectorization option of the compilers vectorization option of the compilers 


