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Motivation for Track Reconstruction Speed-up

- Exponential growth of CPU time/event at the LHC =

50 Years of Microprocessor Trend Data

Track reconstruction ~1/2 of event reconstruction. o | A
+ Plateau of single thread performance. . ; A}:ﬁ%"‘m:,,,*
= Solution: o Asi}gﬁ:"w«-

Parallelized & vectorized tracking algorithms. o g,aéf%;;{;ﬁvwvy::fz :iré.f
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mkFit Matriplex Kalman Fitter tracking algorithm!1l:
Application of this paradigm shift = Goals:
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Algorithm Logic and Challenges

CMS trackingl?l = Combinatorial Kalman Filter:
Start from track seeds.
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Track building

- Iteratively accumulate compatible hits to build tracks.

= The most time consuming part of track reconstruction.

Improve by:
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- Vectorization: Same Instruction, Multiple Data (SIMD).

- Mutlithreading: Different Instructions, Different Data.

Requirements:
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- Minimization of algorithm branching for vector operations.

- Load balancing among threads.

- Minimization of memory usage and optimisation of memory acc

Parallelisation Strategy

Multiple levels of multithread parallelization:
b Loop over different events.
b Loop over different n-regions.
b Loop over z-/r- and d-sorted groups of seeds.

Exploit Intel TBB for task scheduling =
Dynamic task stealing to balance workloads.

Vectorisation of track candidate processing —
Custom matrix library, IMATRIPLEX =
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Optimized for vector loading in SIMD operations:

n — Vector unit size

M(i,j) = Element of NxN matrix

B “Matrix-ma.jor” R1 _ MI(1.1) M'(1.2) MI(IN) M@ MINN) | ML) M)
re p rese n t at I O n R2 - M(1,1) M%(1,2) M2(1,N) M2(2,1) M2(N,N) M2(1,1) M2 (],2)
designed to fill
a vector unit with &=
n matrices in sync. &=

Rn - MEn(1, 1) M (1,2)

Use highly configurable tracker layer data structures =

- Reduction of memory usage.

Instruction overhead minimization.

2-step propagation:

- Track = Averagerorz =

Create compatibility window.
- Track — Each hit in window =

¢ fem)

Selection based on x-.

Multiple scattering & energy loss
effects included.
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_CMS Phase-1 Simplified Geometry
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Simplified Detector Description

Detector details in 2D (r/z, phi) bins instead of individual modules:
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- Same physics perfOrmance_ CMS tracking iterations with mkFit enabled | - .
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Physics Performancels!

Speeding up the CMS track reconstruction with a parallelized and
vectorized Kalman-filter-based algorithm during the LHC Run 3

Emmanouil (Manos) Vourliotis! et al.” on behalf of the CMS Collaboration

- e an &
- . - -

)
(

i
1\

!
\

I
lll,

It

|
|

)

14 TeV

" 1.2 .
» mkFit used for almost 90% of all reconstructed S Sl ety T%E?STT il
signal tracks with pt> 0.5 GeV. o SRR
» When using mkFit: 2 . *
I S AL A 1
=
- Tracking efficiency comparable: 0.4f )
Small gains in endcap (2.4 < |n| < 2.8). 02 s i)
o i R
- Tracking fake rate better overall: 10 Simulated track . (GeV)
> Fake rate reduction with increasing |n|. ) 14 Tev
> 1
. . 8 :%i'\ncuslaétion preliminary ﬁ e\gegté((\l/’ UL—652) 5cm
> Better scaling with PU. IR R P20 GeV. I 25 om.
- Tracking duplicate rate slightly increased overall: 2 08— T
X 4 A,
. O 0Bl s
> Due to parallel nature of the algorithm. s .
L . . . 04_ .....................
> Mitigated with dedicated duplicate removal. L, TRun3 (no mkFiy .
0.2 R *Run3(mkF|t) ..... SOOI WO N
> Performance tuned in prt and n. TR TR R L
93 -2 -1 0 1 2 3
Simulated track n
0.2, 14 TeV 0.5 14TeV 0.1 - | | 14TeV
2 ““Lcms | tf events ((PU)=65) & TTECMS  {fevents (PU)=65) 2 TECMS  fevents (PU=65)
9 0_18—-Slmulat/onprellm/nary ...... ﬁ"'SO"'Q""GéV ................. _________________________ E 0_45—-S/mulat/onpre/lm/nary p S0 9"G'e"V ........................ __________________ 9 0.09 :__..s/mu/ay@n pre[,vfn/nary__.__.é......:,_.._;,.._E,._‘..;..._\E _______________ ..........................
O] : Q C : : : o S P SRR L
é 01 6 OO SO OO SOOI ’Runs(nomkFlt) ............. qc_xﬁ 04 g_ *Runs(nomkFlt) ............. 4§ 008 g_ .......................................... *Runs(no mkFlt) .........
=% 0.141¢ *Runs(rﬁ'kﬁt) > 0.38 o PR AR e _é. 0'075 *Run3(mkFlt)
% 0.12 - AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA % 0'35 g : AR e i
E 01__ ...... " A .......... 9 025; ;
= 0.08 .:f ....... :’ = 0_2; z
0.06 E*: .......... a :‘:’:“*‘ ....... . ,.,..4 ..... 015§ ;
0.04 P : :mxht _____________________________________________ “ _____________ ‘:::r:‘# 012 f
0.02f e 0.05F _ 01f 1
O_IIIIIIIII[II]IIiIIIIIII %'f“**' ' ' : : O: Lidil i
-3 -2 -1 0 1 2 3 0 40 50 60 70 80 90 100 110 107" 1 10 102
Track 1 Event pileup Track p_ (GeV)

Timing Performancels!

- mkFit vectorization & multithreading performance —
According to Amdahl’s Law:

- ~70% of operations effectively vectorized.
- >95% of code effectively parallelized.

* When using mkFit:

- Individual mkFit iterations:
Up to 6.7x building time reduction.

- Sum of mkFit iterations:
~3.5x building time reduction.

- Sum of all iterations:
~1.7x building time reduction =

25% reduction of total tracking time.

- Event throughput increase by 10-15% in Run3.
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- Plans for mkFit paradigm extension to more applications:

Extend to more track building iterations = Further speed-up.

- Apply to track fitting —
Its timing now comparable to track building.
- Build tracks for High Level Trigger, already during Run3 —
Global SiStrip RAW data unpacking needed, can now be on GPU.
- Modify for Phase-2 geometry and configuration
Optimization | | - | HLLHC ,
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