N

)=




HEP Research Centers

SLAC, USA PEP-II, ex e* (9 x 3.1) B-Physics

Fermilab DO Universal
elrJnS]f ’ Tevatron, p x p (1000 x 1000)
CDF Universal
PHENIX Quark-Gluon-Plasma
BNL, USA RHIC, Heavy lons
STAR Quark-Gluon-Plasma
KEK, Japan KEK-B, e x e* (8 x 3.5) BELLE B-Physics
ATLAS Universal
CMS Universal
S\Afi:tEeRr’I\zla’n d LHC, p x p (7000 x 7000)
ALICE Quark-Gluon-Plasma
LHCb B-Physics
ZEUS Proton-Physics
H1 Proton-Physics
G[e)ll'En?;(r,]y HERA, e*" x p (27.5 x 920)
HERMES Spin-Physics
HERA-B B-Physics
_ * 5000 charged particles/collision
FAIRIGS.,  o1c 100/300. 0. Hoav | HALBL LR s + 2000 proton-proton collisions/second
Germany » P, Tieavy fons B S —— * 300 heavy ion collisions/second
k « 15 GB/second data flow (TPC only) /




HEP Experiments: Collider and Fixed-Target

T, t
’I arge

Beam Beam Beam

Y

Inelastic collisions
107 - 10°

Reconstructed tracks
with pt > 25 GeV

Signal events

102 - 107
[»- ~ High energy = high density + high rate
~ ALICE (CERN) CBM (FAIR/GSI)

________

“% \ ‘,z,

e 4

_

HEP Experiments: select interesting physics on-line
Ivan Kisel, Uni-Frankfurt, FIAS, GSI ACAT-2013, Beijing, 19.05.2013  3/40



From Raw Data to Physics

1. Particle Accelerator
2. Particle Detectors
3. Data Acquisition (DAQ)
4.D Recon ion . . . .
5 Pr?ytliicse;%afyt/rslijsc tio 1. Find particle trajectories (tracks)
' 2. Estimate track parameters
3. Associate particle ID
4. Find interaction point (primary vertex)
5. Find secondary tracks (daughter particles)
6. Find secondary vertices (decay points)
7. Reconstruct short lived decay particles
8. Select physics
Sector view: 0!11 nln 2rln 3.!1 4rln 5!11 6|!n 7!n CMS
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
'''' Photon \
Silicon o
Detector B
Electromagnetic
Calorimeter

Hadron
Calorimeter

Muon Chambers

D Bamey, CERN, Febriswry 2004




Stages of Event Reconstruction

1 2
|Track Finder - y ) » |Track Fitter

(r, C)

¢ Conformal Mapping o Kalman Filter
¢ Hough Transformation
e Track Following + Kalman Filter

¢ Cellular Automaton + Kalman Filter
3 4
Ring Finder (Particle ID) | Short-Lived Particles Finder

e Hough Transformation e Kalman Filter
e Elastic Neural Net




Global Methods: Conformal Mapping + Histogramming

Global methods are especially suitable for fast tracking in projections
Example: Collider experiment with a solenoid, where tracks are circular trajectories

Conformal Mapping: Histogram:
Transform circles into straight lines Collect a histogram of azimuth angles ¢
u= x/(x2+y?) Find peaks in the histogram
v = -y/(x2+y?) Collect hits into tracks

20.0 1

18.0 L

EG.O— o
3 4 5 7 8 12

14.0 o

12.04

10.0
8.0
6.0 -

4.0 -
2.0 I ~
0.0

" T [ 1 1 El
-3.50 -2.50 -1.50 -0.50 0.50 1.50 250 3.50




Global Methods: Conformal Mapping + Histogramming

Conformal Mapping: Histogram:
Transform circles into straight lines Collect a histogram of azimuth angles ¢
u= x/(x®+y?) Find peaks in the histogram
v = -y/(x*+y?) Collect hits into tracks

‘:‘:: 3 4@ 78 12 :

2 12,0

v 2.0 r

L "\ °f3% 230 -1%0 -5 0J 13 3 3

x 6

Features: Weak points:
e Impressive visual simplification of the problem * Needs to know an exact position of the interaction point
e Each step is easy to implement in hardware ¢ Do not finds tracks, but only approximate track parameters
... * No grouping of hits into track candidates

¢ Finds only primary tracks
¢ Problems with non-uniform magnetic field

Useful implemented in hardware and for very simple event topologies only




Global Methods: Hough Transformation

Measurement Space Parameter Space

y=a*x+b - b =-x*a+y
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Global Methods: Hough Transformation

Measurement Space Parameter Space

y=a*x+b - b= -x*a+y

Features: Weak points:

¢ Generalization of the histogramming method ¢ Needs a global track model

e Easy to implement in hardware ¢ Appropriate only for uniform magnetic fields
LI ¢ Does not include multiple scattering

¢ Provides only track parameters etc.
¢ No competition between track candidates
¢ Needs a lot of memory (x, v, tx, ty, g/p -> 5D histogramming)

Useful implemented in hardware and for simple event and trigger topologies



Local Methods: Kalman Filter for Track Following

\k KF Track Fitter )

[KF Track Finder
Seeding Planes

/—j%

i




Features:

¢ Psychologically easy to accept hit by hit track finding
e Combined track finder and fitter based on KF

¢ Development of a new experiment starts with an ideal
MC track finder and a realistic KF track fitter, then it is
easy to implement the track finder as track following

Local Methods:

Kalman Filter for Track Following

Kalman Filter

1 "
Initialization

Hits Correction

Detector layers

KF Track Fitter

KF Track Finder

Weak points:

Seeding Planes

f_—}ﬁ

* Based on a single track approach

* Needs seeding (starting short track segments)

e Efficiency is limited by the seeding efficiency (and detectors!)
e Works at the hit level, searching for hits within a region
* Repeats the same calculations, after discarding track candidates

* No global competition between track candidates

Useful for relatively simple event topologies and as a second after the ideal track finder

Ivan Kisel, Uni-Frankfurt, FIAS, GSI

ACAT-2013, Beijing, 19.05.2013 11/40



Local Methods: Cellular Automaton as Track Finder

0. Hits f Detector layers j

* ék

» » T =
ﬂr Hits J

& 3

x5 = » &
1. Segments
2. Counters

3 4

3. Track Candidates

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.
. Select the best track candidates.

4. Tracks 4

{3

W




Local Methods: Cellular Automaton as Track Finder

0. Hits J Detector layers
. T S
j Hits
] ¢ 1

L 3 * * b
S
1. Segments |

1

1
|:2. Counters |

| 3. Track Candidates

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.

— 1 :
|:4. Tracks | 4. Select the best track candidates.
e

W

Features: Weak points:

e Local relations -> parallel algorithm ¢ Not easy to understand a parallel algorithm (Game of Life)
¢ Staged implementation: hits -> segments -> tracks ¢ Parallel hardware is coming now

¢ Polynomial (2nd order) combinatorics ...

e Track competition at the global level
¢ Includes the KF fitter, if necessary, for high track densities

Useful for complicated event topologies with large combinatorics and for parallel hardware



Many-core HPC: Cores, Threads and Vectors

HEP experiments work with high data rates, therefore need High Performance Computing (HPC) !
2015

Cores and Threads realize the task level of parallelism

Py)ce\s:s
Thread1|Thread2 2010 =
. [~ CPU
exe r/W
r/W exe E
exe r/w o o st e
[ cpu [ epepu
o o | | o
2000 === esa=
Threads CPU ot e
Cores
Vectors - -
D\\ //ﬁ Remarks:
Core + hardware parallelism for free;
Scalar Vector - many-core machine is not batch farm;
D | + use core/thread parallelism at the event level;
| N - scalar code is useless;
\/ <l/ W\) + use vector programming;
Vectors (SIMD) = data level of parallelism Speed-ug =,N SOCK({EZ*J\#S ?Ief : (()13+ J:' I )_*Z%ICI)VI D width
SIMD = Single Instruction, Multiple Data XIr075@gsi = ( 3)"4 =

Fundamental redesign of traditional approaches to data processing is necessary




Many-Core CPU/GPU Architectures

7 ’— _________________________________________________ - -7 "="="="=-"=-"=-"=-"=-"=-"=-"="="= = AN
¢ - ~ N \
/'l Intel/AMD CPU N ATI/NVIDIA GPU \l
/ \
Py ye———————————————————————— |
! 5 v . XXXX cores
| ; : z
I, Integrated:Memory Controller: -: 4XAR cOres | : - :
| |
| |
([ 1 1
([ 1 1
|
. : Core0 Core1 Core2 - Core3 : I
|
([ 1 1
by : Sf o8 80 @ # # @ G: .
Iy I g H I
I I # # = I
1 5 - s
) ! Shared L3 Cache : - 1
I . I
I |« Optimized for low-latency access to cached data sets l . Optlmlzed for data-parallel, throughput computatlon f
| \_= Control logic for out-of-order and speculative execution | * More transistors dedicated to computation 7
1 ~ N e e e e e e e e e e e e e e e e e e e e e e e e e e o o S —_ e ’
| |
| . 1
I Intel Xeon Phi | IBM Cell
| |
| |
1 VECTOR VECTOR VECTOR >50 cores | oterrupt L— | SFE 2 S & 1+8 cores
IA CORE A CORE A CORE A CUR = Local Store Local Store Local Store Local Store m
I (;) . - . g I [ 25|6KB ] [ ZSIGKB ] [ ZSISKB ] [EKB J fdyesrtneory
| o w 1 Memory Rambus
S INTERPROCESSOR NETWORK & pover e || |fMemnion) | regenye) | repenye) | (Mepenre] |t ascors_xor
1 > w 1 Processing MFC MFC MFC: MFC
| = COHERENT  COHERENT COHERENT = | e . — — — :
| Q CACHE CACHE . CACHE = " *PR) 25c8/s 2sce/s ascers e 25000
1 g COH C COH % 1 [ . Element Interconne::t Bus (EIB) ZOOGB/s . :
" E CACHE CACHE CACHE [= I ?Wg;f;;ﬁ_ 2sc/s 25<33/ 25(35/ zsgs/ 25GB/s 35G8/s
! 8 z I e ek ) ) )
I < INTERPROCESSOR NETWORK S | e e (el Gl (el | ol | IO = ey
\
» Many Integrated Cores architecture announced at ISC10 (June 2&510) * General purpose RISC processor (PowerPC)
. Based on the x86 architecture * 8 co-processors (SPE, Synergistic Processor Elements)
- Many-cores + 4-way multithreaded + 512-bit wide vector unit « 128-bit wide SIMD units
P
N e e e o o e e o e e o e e e o e o o - o —— o — — -

Future systems are heterogeneous



CPU/GPU Programming Frameworks

e Intel CPU/GPU specific

e SIMD exploitation for automatic parallelism
Intel: XX-cores

e Generic programming

e Extension to the C language

e OpenCL (Open Computing Language)
¢ Open standard for generic programming
Xilinx: ML « Extension to the C language

e Intel ArBB (Array Building Blocks)
1 e NVIDIA CUDA (Compute Unified Device Architecture)
. .
¢ Explicit memory management
e Supposed to work on any hardware

e Extension to the C language
¢ Defines hardware platform
m‘ ﬁ e Programming on thread level
t Nvidia: Tesla
e Usage of specific hardware capabilities by extensions

¢ Vector classes (Vc)
e Overload of C operators with SIMD/SIMT instructions
¢ Uniform approach to all CPU/GPU families
e Uni-Frankfurt/FIAS/GSI

Choice of CPU/GPU/Programming is a practical question




Vectorization: SIMD (Single Instruction Multiple Data)
SIMD exploits data stream parallelism
o — 4 Data vc = vec_add(va, vb)
N [/ bR

va I va.0 I va.l | va.2 | va.3 |
Core
. vb I vb.0 I vb.1 l vb.2 | vb.3 |
1 Instruction I I I 1
Scalar Vector + [ 0+ 1 o+ | + |
D | S|S|S|S l 1 l l
] T ve | ve.0 | ve.l | ve.2 | ve.3 |

Vo WY

Scalar or Vector = Slower or Faster

Complication:
a+b ---> _mm_add_ps(a, b)

50% or 2x Vector (SIMD) double precision (128 bits)
D | D1 D2

25% or 4x Vector (SIMD) single precision (128 bits)

D | |S1 S2 | S3|S4

Intel AVX vector single precision (256 bits)

10% or 8x
D | |S1 S2|S3[S4|S5|S6|S7 (S8

5% or 16x Intel Xeon Phi (2013) vector single precision (512 bits)
D | |S1 S2|S3[S4|S5(S6|S7|S8|S9(S10|1S11|S12(S13|S14[(S15(S16

Scalar double precision (64 bits)

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

Ivan Kisel, Uni-Frankfurt, FIAS, GSI ACAT-2013, Beijing, 19.05.2013 17/40



Header (Intel’s SSE), later Vector Classes (Vc)

typedef F32vec4 Fvec_t; SIMD instructions
/* 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);

by
friend F32vec4 operator|( const F32vec4 &a, const F32vec4 &b ){ // mask returned
return _mm_or_ps(a, b);

by
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);

by
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);

}
van Kisel, Uni-Frankfurt, FIAS,GSI . ACAT-2013, Beijing, 19.05.2013 18/40



Code (Part of the Kalman Filter)

inline void AddMaterial( TrackV &track, Station &st, Fvec_t &qp0 ) ve = vec_add(va, vb)
cnst maSSZ = 01396*01396’ va | va.0 | va.l I va.2 I va.3 |
Fvec_t tx = track.T[2]; vwl [wo | [wi [ [w2 [ [vw3 |
Fvec_t ty = track.T[3]; | | | |
Fvec_t txtx = tx*tx; L+ [ - 1 + [ + |
Frec t tyty = ty*ty; | | | |
Fvec_t txtx1l = txtx + ONE; ve | ve.0 | ve.l [ ve.2 [ ve.3 |

Fvec_t h = txtx + tyty;

Fvec tt = sqrt(txtxl + tyty);

Fvec_t h2 = h*h;

Fvec_t gpOt = gp0*t;

cnst ¢1=0.0136, c2=c1*0.038, c3=c2*0.5, c4=-c3/2.0, c5=c3/3.0, c6=-c3/4.0;
Fvec_t sO = (cl+c2*st.logRadThick + c3*h + h2*(c4 + c5*h +c6*h2) )*qpOt;
Fvec_t a = (ONE+mass2*qp0*qgp0t)*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



How to Parallelize Reconstruction in Running (!) Experiments

as shown in Chamonix 2012
2009 < LHC startup, \'s = 900 GeV

2010
2011 v §=7~8 TeV, L=6x10% cm™s™!, bunch spacing 50 ns

. ~20-251b

Multi-core Era
104 Scalar and 2018
parallel applications

Injector and LHC Phase-1 upgrade to full design luminosity

v s=14 TeV, L~2x10* ¢cms™', bunch spacing 25 ns
~350 fo!

HL-LHC Phase-2 upgrade, IR, crab cavities?

2012
Many-core Era 2013 o4 Go to design energy, nominal luminosity (Phase-0)
Massively parallel —_
applications 2014
1004 2015
Increasing HW 2016 Vs=13~14 TeV, L~1x10* cm?s™!, bunch spacing 25 ns
Threads
Per Socket 2017 ~75-100 fb!
Ls2
Ls3

Vs=14 TeV, L=5x10* cm?s™!, luminosity leveling
2002 Y ¢ ~3000 fb*

S. Borkar et al.

—_—

Modify the existing code ATLAS
2  Implement a new algorithm in the combinatorial part CMS
3  Merge on-line and off-line codes ALICE
4  Use an advanced existing algorithm as seed finder STAR
5

Design and develop a new code from scratch CBM

Provide stable and reproducible/better results



ATLAS

Off-line HLT

Auto-vectorization
Multithreading

Optimization Integration with off-line

Neww ATLAS Track Reconstruction Chain

pre-precessing combinatorial
. = Pixel+SCT clustering track finder
vertexmg = TRT drift circle formation - iterative :

= primary vertexing = space points formation el seed
= conversion and VO search 1. Pixel seeds
2. Pixel+SCT seeds

3. SCT seeds

= restricted to roads

= bookkeeping to avoid
duplicate candidates

\ 4

ambiguity solution

= precise least square fit
with full geometry

= selection of best silicon
tracks using:
1. hit content, holes

TRT seeded finder 2. number of shared hits
= from TRT into SCT+Pixels 3. fitquality..

= combinatorial finder ;

TRT segment finder extension into TRT

= on remaining drift circles = progressive finder
= uses Hough transform = refit of track and selection

ambiguity solution

= precise fit and selection
= TRT seeded tracks

Marcus Elsing, 4th International Workshop for Future Challenges in Tracking and Trigger Concepts, CERN, 28-30.11.2012

LS1: Modify the existing code

Ivan Kisel, Uni-Frankfurt, FIAS, GSI ACAT-2013, Beijing, 19.05.2013 21/40



CMS

Off-line Off-line

Combinatorial Track Following
Gaussian Sum Filter Hough Transform ?

Current tracking limitations

Iterative tracking is performing well in early steps; early steps are able to
provide fast the bulk of tracking efficiency and, timing wise, they are pretty
stable with respect to PU.

Problems are in later steps designed (loosen cuts) to recover efficiency for
more difficult (e.g. displaced) tracks.

Late steps result in too many fake seeds with respect to early steps; each seed
needs to be propagated in the attempt of building a track. This is time
consuming and time per final good track is not favorable for these later steps.

The long story short: combinatorics...

Track building (e.g. full track reconstruction) is eventually able to get rid of
these fake proto-tracks; similarly, more information should be used to clean
up not useful seeds in advance. But this requires time.

New developments should address this paradox.
24.10.2012 Cerati / Sguazzoni / Stenson 41

Giacomo Sguazzoni, 4th International Workshop for Future Challenges in Tracking and Trigger Concepts, CERN, 28-30.11.2012

LS1: Implement a new algorithm in the combinatorial part



ALICE

Off-line HLT
Track Following Conformal Mapping + Hough Transform
Cellular Automaton (seeds) + Track Following Cellular Automaton (CPU, GPU, CPU+GPU)

e

CA+ TF (CPU, GPU, CPU+GPU) ?

ALICE HLT: Event of the first HI run with the GPU CA tracker

ALICE HLT Group

Merge off-line and on-line codes




STAR

Off-line HLT
Track Following Conformal Mapping + Hough Transform
Cellular Automaton (seeds) + Track Following Cellular Automaton (CPU, Phi, CPU+Phi)

CA + TF (CPU, Phi, CPU+Phi) ?

Au-Au event with 1446 tracks

Front view

Use an advanced existing algorithm as seed finder



STAR TPC CA Track Finder

Efficiencies for Global |

)
S 1.05: T T T I T T T T | T T T T | T T T T T T T I T T T :
£ 1S ey Efficiency and ratio, %
R = 4+ F
® 0.95F i Ref Set 96.6
1 - =
1l &
A oo 5 All Set 88.6
c = o
3 0.85— 43 i
S ET | L ¥ Clone 10.6
08 —® CA+Stitracker |~ e
o75ta—s- - Stitracker .- == eeaoun Ghost 12.6
r- : —B——  Ouefficiency for 200 < Mult < 400
0.7 ——&——  New efficiency for 200 < Mult < 400 TraCkS/eV 659
— ———— 0Old efficiency for 0 < Mult < 200
F ——&——  New efficiency for 0 < Mult <200 3 i
0.651— — 8 Oldefficiency for ALL = T|me/eV, ms 47
— | | —I'— New efficiency for ALL | : —
0.6 — 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — AII set: p Z 0.05 GeV/c
o za?s-o?-uzuo 05 ! 15 2 25 Reference set: p = 1 GeV/c
o pt (GeVic) Ghost: purity < 90%
Au+Au, 200 AGeV, central Au+Au, 200 AGeV, minimum bias proton-proton, 200 GeV
g § Seonol_
=} 600 i IESM(V
140}~ A 10? events/thread 500 _ A 10? events/thread 4000L- A 10° events/thread
120 | /
400~
100 f f 30001 v
80 f 300}~ f f
L 2000
60p- f 200 - f
&
40— ook f 10001 f““
20 1 f
00 100 20 30 40 50 60 70 80 00 10 20 30 40 50 60 70 80 00 100 20 30 40 50 60 70 80
Number of cores Number of cores Number of cores

Ixir075.gsi.de: 4 Intel Xeon Westmere CPU E7-4860, 10 cores per CPU, HT, 2.27 GHz, 24 MB L3 cache, 64 GB RAM

CA is stable w.r.t. track multiplicity,10 (40 HLT) times faster than the TF track finder and has strong scalability up to 80 cores.




CBM

Off-line

Data Oriented Programming

FLES

Cellular Automaton
Track Following (PID)

@

Cellular Automaton

)

Cellular Automaton
(CPU, Phi, GPU, CPU+Phi+GPU) ?

X

Track finding
LI N
e T 4
H‘ (r, )
?Short-lived particlesl K-
2 Jt+

/l FLES |\
| |

CA Track Finder

KF Track Fitter
~_

| KF Particle Finder |
<X =

| Particle Selection |

\l Qual?yiheck b—@

Design and develop a new code from scratch




CBM: Kalman Filter Track Fit on Cell

Stage Description Time/track | Speedup
Initial scalar version 12 ms —
Approximation of the magnetic field 240 ps
Optimization of the algorithm 7.2 s
Vectorization 1.6 s 4.
Porting to SPE 1.1 ps 1.
Parallelization on 16 SPEs 0.1 ps 10
Final simdized version 0.1 ps 120000
Comp. Phys. Comm. 178 (2008) 374-383

[
<

10000x faster
on any PC

o
(&g}

Intel

v Ot

= W DN =

Cell
—
(3]

Interrupt SPE SPE SPE SPE
Controller
Local Store. Local Store Local Store Local Store System
256KB 256KB 256KB 256KB Memory
Memory | «—»| Rambus
Power PC Memory Flow) || (Memory Flow] [ (Memory Flow] | (Memory Flow) | [Controllerf5sgg/c|  xpR
. Processing Controller Controller Controller Controller
The KF speed was increased U (SR i) (SO |
+ 0
. 3) 25GB/s 25GB/s 25G8/s 25GB/s 25GB/s
v v v v v
by 5 O rd e rs Of I I I a g n Itu d e [ Element Interconnect Bus (EIB) 200GB/s ]
. T ¥ T T T T
64-bit PPC 25GB/s 25GB/s 25GB/s 25GB/s  25GB/s 35GB/s
2-way SMT v v v v ' v
R Vemory Flow) || (Memory Flow) || (Memory Flow) || (Memory Flow!
Controller Controller Controller Controller 2568/
L1 Cache [25GB/s (MFC) (MFC) (MFC) (MFC) o |2 1o
Cc Device
I 51GB/s I Local Store Local Store Local Store Local Store 35GB/s
256 KB 256 kB 256 KB. 256 KB

512KB L2
Cache SPE SPE SPE SPE

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

Motivated by, but not restricted to Cell !



CBM: Kalman Filter Track Fit Library

Kalman Filter Methods [ Conventional KF DP vs. SP ) [ Conventional KF RK4 vs. Analytical |
Kalman Filter Tool 2™ ? : 4 80F ; ; ;
alman Filter Tools: G = : : : : :
- KF Track Fitter AL oo | Em Y A e
* KF Track Smoother - A SP_X5680 w"’” - A AN_X5680
* Deterministic Annealing Filter 60 o DP_X5680 . s e 60 o RK_X5680
: W SP_X5550 - [
Ka|man F||ter Approaches 50 .:_ ......... + DP_xssso .............................................................................. 50 - -
* Conventional DP KF P ’ S S oA SR S S 3 . R
+ Conventional SP KF - 0
- Square-Root SP KF ol VTl T T ot B
« UD-Filter SP - ; Wy :
* Gaussian Sum Filter 20 - 20l
Track Propagation: 10F PP onn S SN SN R ok
* Runge-Kutta - : -
* Analytic Formula 09 905 e e e e e % O
Number of logical cores Number of logical cores
Implementations ( Square-Root KF ) ( UD KF )
Vectorization (SIMD): §80 2%
* Header Files R v g;m-:_:g Lrof v E;:g—g:‘;
» Vector Classes Vc - * - a * -~
. P N A X5680_ITBB & F A X5680_ITBB
.érrzzl]CBIt_Jlldmg Blocks ArBB 60 o Xiwo AR T O o Xegmpacgp T —————
p So :_ ......... . xssso—rTBB ............................. 50 A . xssso-MB ........
- X5550_ArBB
Parallelization (many-cores): - + X3550_ArBB x * -
. Open MP 40} ........................................................... 1 k. kot 7] AN W I— S ———— N —— Aaallt **
« ITBB - % %
* OpenCL - :
20 - ________ 20 SR ORI Y
Precision: - -
. single 10 : . ‘ 10 - - 2 S S S S
* double N ol I I PP P PP I B olE
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Number of logical cores Number of logical cores

Strong many-core scalability of the Kalman filter library



CBM Track Finding Methods: from Pixels to Strip Detectors

Developer Tracking Method <2005 >2005
1 LHEP JINR, Dubna Conformal Mapping v X
2 ZITl, Mannheim Hough Transformation v X
3 LIT JINR, Dubna Track Following v X
4 Uni-Heidelberg, GSI, FIAS  Cellular Automaton 4 v

Cellular Automaton is appropriate for complicated event topologies with large combinatorics



CBM CA Track Finder: Efficiency

7

%"’0 R S s Sy RSN SIS SIS RN SR Efficiency, %
§ B P 5 5 ; 5 ; ; g mbias central
s S g At SR Primary high-p tracks 97.1  96.2
[ Primary low-p tracks 90.4 90.7
) EEERR SO S S SO SRS SR SN U S Secondary high-p tracks 81.2 81.4
i Secondary low-p tracks 51.1 50.6
o] All tracks 885 883
i : : : : : : ‘ : : Clone level 0.2 0.2
2 ;; ________________________________________________________________________ Ghost level 0.7 1.5
B Reconstructed tracks/event 120 591
: . . . . . , . : . Time/event/core 82 ms 57 ms
O T T ¥ R N T S v
Momentum [GeV/c]

Efficient and stable event reconstruction

Ivan Kisel, Uni-Frankfurt, FIAS, GSI ACAT-2013, Beijing, 19.05.2013 30/40



CBM CA Track Finder: Reliability and Scalability

Central Au-Au collisions

< 100 : : : E £200;
Z 90F ¢ ¢ A 180 s
s _E M A 2 F e
S 80[@ R ; S 160} e
£ _E & M : A
S 70F g 140 A
S r : ® i Ak,
2 60 120f ik
= - - i aha
j:: S50+ -| A Reference primary set 100} ‘A
g - V  Reference set i A
§ 40 — | @ Alset 80 i AA
= %  Ghosts H A
a2 il i AA
30p 601 s
20F+ 40f
= ; * i At
10[ S0l aA
= x  x H RS
0_ L L L L 05 L L L L 90 L L L L 85 L L L L 30 0"A| L1 L1 L1 L1 [
100 2 S 0 10 20 30 40 50
Detector efficiency, % Number of cores
* AMD 6164EH
* 12 cores per CPU, 1.7 GHz
* Openlab CERN

Stable algorithm down to 80% detector efficiency and strong many-core scalability



CBM CA Track Finder at High Track Multiplicity

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

1 minimum bias event 5 minimum bias events 100 minimum bias events
<Nreco> = 109 <Nreco> = 572 <Nreco> = 10340

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

Towards 4D (space+time) event reconstruction

Ivan Kisel, Uni-Frankfurt, FIAS, GSI ACAT-2013, Beijing, 19.05.2013 32/40



CBM CA Track Finder: Efficiency and Time vs. Track Multiplicity

Number of Events Number of Events
_ 0 20 40 60 80 100 0 20 40 60 80
§ 1 T T T -*"- I"." T ] T E.*". T T T I "-l B T T | T T _""I_E ..-l .""1."""]"""] z : | T T T | T T T ‘ T T T |
I E R USRI T R TRV A
g | ' A LongRefPrim S
< p : . 1.8 .
LR R O ORI O PP TS :
A A A A \A A / VvVvy Y 3 A RefSec 1.6 —
vvY v A A, A A A Al A4 i ' v RefSet F
vvyvYY V VVYyvy i v : ¢ AlSet 14—
; \ 4 -
0.6 - T V’ ""‘ V¥ ExtraPrim F
; ; 1.2—
~ V¥V ExtraSec C
B V ExtraSet 1—
: H H @ Ghost -
A A A e oa
- ' 0.6
0.2 e B e R 04—
- e 00 OO 02—
L e e o000 0 s C
00-0-0' 0 b e 0 ° |. |. .l .I | 1 | | 1 | 1 1 0.~ L | | 1 | | | | | | | | | | L ]
0 2500 5000 7500 10000 12500 15000 0 2500 5000 7500 10000 12500 15000
MC Tracks MC Tracks

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



CBM KF Particle: Vertices and Decayed Particles

K Position, direction,
) State vector L@um and energy ’

¥ r={xlylzlpxlpyrpzlE}

* Mother and daughter particles have the same

Y Lt state vector and are treated in the same way
* Geometry independent
+ Kalman filter based
+
¥ X, ¥, Z, Py Pys P2 E; M, L, €T
Constant 233.7
AliKFVertex PrimVix( ESDPrimVtx ); // Set primary vertex Mean 0.1943
/| Set daughters _Sigma 9.807

150
AliKFParticle K( ESDp1, -321 ), pi( ESDp2, 211 );

00
AliKFParticle DO( K, pi ); /I Construct mother

PrimVtx += DO; /I Improve the primary vertex

* 50

‘00
DO0.SetProductionVertex( PrimVix ); / DO is fully fitted

K.SetProductionVertex( DO ); /I K'is fully fitted
pi.SetProductionVertex( DO ); /I pi is fully fitted 0

50

_IIIIIIlllllllllllllllllllllll

6°|-
=
:

P B

! A I R SN T N TR T A B
-60 -40 -20 0 20 40 60 80
Residual of D° Life Time ( cTRm- c'l'”c. ) [pm]

Lot L1

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



CBM KF Particle Finder for Physics Analysis and Selection

Tracks: e, p*, nt, K%, p*
secondary and primary

( mbias: 1.4 ms; central: 10.5 ms )/event/core

Open-charm:
DY —at K-
DY —n'ntm K-
D — T K*
D —» g natK*
D" - n" K-
D —»m K"
Dt - K K-
D, —»m KK
A, > Kp

A —pm

Strange particles:
KO —»ntn

AN —rup

/\

|

Multi-strange hyperons:

v

p—

= >AwT
Bt > Axnt
Q - AK-
Q" > AK*

Open-charm
resonances:

D —D'n
D* —Dxt
D** — DOxt
D* — DO

v

Multi-strange resonances:

EV 5 Enf
BV S5 E'
Q" > =71 K
Q" > =" K*

Strange and multi-strange

resonances:
>t s Ant
> SAT
I AT
> S Ant
K* — K
K*+ N KOS TE+
= > AK

Gamma:

Y —e et
Strange resonances:
K0 - K'm
K*0 — K-

A" —-pK

A" —>p K*
Light vector mesons:
p —eer

p —wp
o —ee

® o pp
o —eer

¢ —pp
¢ — KK
Charmonium:

JW —e e’

JW — ppt

4

4
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CBM Standalone First Level Event Selection (FLES) Package

S & 2000
/ FLES \ 1800
CA Track Finder 1600

N 1400

KF Track Fitter 1200

~~

KF Particle Finder

~_~

Particle Selection 600

= R R S S
Quality Check 200/ v.'lv‘ﬁft.’f..........f .................. A S S A
\ %ﬁ“ : : : : : : ;

0 10 20 30 40 50 60 70 80

!
Number of logical cores

\ Given n threads each filled with 1000 events,

- run them on specified n cores, thread/core.

S A

A Intel E7-4860 2.27 GHz : 5 5 5
* AMD 6164EH 1.70 GHZ , .................. ‘ .................. AAA;
»  Intel L5640 227GHz ;... ... N e S YO

v Intel X5550 2.67 GHz : : :
............... SO OO U OO0 SUUUUSOOOPTOUON SOSPPPIUUROOOOE HOROY Y S TSSUROOOTOIOS SOOI
I | B e

Events/s

1000

800

TR TR T [FTT PR TR T

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




CBM: Parallelization in the Event Reconstruction

Algorithm Vector SIMD MultiThreading CUDA OpenCL CPU/GPU

Hit Producers

STS KF Track Fit
STS CA Track Finder
MuCh Track Finder
TRD Track Finder
RICH Ring Finder
Vertexing (KFParticle)

4 viv

(v1v)

RN TR
S

Off-line Physics Analysis

S SN SRS

FLES Analysis and Selection v

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

MAX 4 4 1.35 8 4 691.2 100.0%
Typical 25 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%
x Algorithm
x Memory

Parallelization becomes a standard in the CBM experiment



Software Evolution: Many-Core Barrier

Scalar single-core OOP Many-core HPC era

HERA-B (DESY) LHCb (CERN) CBM (FAIR/GSI).

VELO: primary vertex,
impact parameter,

1990 2000 2010 t
STAR (BNL)

| Consolidate efforts of:

| * Physicists

| « Mathematicians

' « Computer scientists |
| » Developers of parallel languages *
|+ Many-core CPU/GPU producers

2000 2010 t

IS PP PPN SVPPPPPPPP T

Software redesign can be synchronized between the experiments



Consolidate Efforts: Common Reconstruction Package

y GSI:
Uni-Frankfurt/FIAS: Algorithms development OpenLab (CERN):
Vector classes ) Cigati Many-core optimization
Many-core optimization
CPU/GPU implementation yReOre Opimizat Benchmarking
HEPHY (Vienna)/Uni-Gjovik: c | Intel:
] ! ommon ]
ﬁa:man I;!:it:er trarctk ﬁ1E't Reconettlction ArBB/OpenCL implementation
alman Filter vertex fi Benchmarking
Package

CBM (FAIR/GSI) ALICE (CERN)

PANDA (FAIR/GSI)
van Kisel, Uni-Frankfurt, FIAS,GSI . ACAT-2013, Beijing, 19.05.2013 39/40



Consolidate Efforts: International Workshops

International Workshop for Future Challenges in Tracking and Trigger Concepts

1st  GSI, Darmstadt, Germany, 07-11.06.2010;
2 CERN, Geneva, Switzerland, 07-08.07.2011;
3rd  FIAS, Frankfurt, Germany, 27-29.02.2012;
4th  CERN, Geneva, Switzerland, 28-30.11.2012;
5t BNL, Brookhaven or LBNL, Berkeley, USA, this year.

Workshop

for Future Challenges in T; et _
ZND INTERNATIONAL WORKSHOP FOR

and Trigger Concepts FUTURE CHALLENGES IN TRACKING
AND TRIGGER CONCEPTS g

Y JuLY 7-8. CERN (GENEVA, SWITZER'

GOETHE 53

UNIVERSITAT

June 7-11, 2010, GS/, Daliiistaaine LIz
Topics

Fixed-Target Experiments p & i

(CBM, HADES,PANDA) > Current and Future HEP Experiments

Collider Experiments

(ALICE, STAR)

Reconstruction Methods

(Finding/Fitting)

Fourth International Workshop for
Future Challenges in Tracking and
Trigger Concepts

Computer Architectures 3
(CPU/GPU) > Computer Architectures

Software Architectures
(Framework/Standalone)

Training

Vector Classes/SIMD

Multi-Threading I

Intel's Ct Zoes o At 2
CUDA/OpenCL N . & Ir -

November 28-30, 2012, CERN, Geneva

Topics:

\ \ -

y Fixed-Target N } leed\l'arget Experiments
{1z (CBM, HAD (CBM, HADES;

1 INGE ig

| 9 Collider Experiments
I | & (ALICE, ATLAS, CMS, STAR)

Reconstruction Methods
(Finding/Fitting)

‘mputer Architectures

For 3l event information and free registraton see:
http://indico.cern.ch/event/tracking2011

Contact: Sverre Jarp, Jerome Lauret, Ivan Kisel

(CPUIGPU)
Software SoftwaréArchitectures
(Frameworl (Framework/Standalone)

prrovw=True&confld=210641

2 smomnnien. HICpup i st S5
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