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Run 1 situation: 20 parasitic collisions 
High Lumi-LHC : 200 parasitic collisions

LHC proton Bunch collision

many p many p

~15 cm

TrackML, David Rousseau, 19/11/2018, Dortmund
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Tracking crisis
q Tracking (in particular pattern recognition) 

dominates reconstruction CPU time at LHC 
q HL-LHC (phase 2) perspective : increased pileup 

:Run 1 (2012): <>~20, Run 2  (2015): <>~30,Phase 2 
(2025): <>~150

q CPU time quadratic/exponential extrapolation 
(difficult to quote any number) 

q Large effort within HEP to optimise software and 
tackle micro and macro parallelism. Sufficient 
gains for Run 2 but still a long way for HL-LHC.

q >20 years of LHC tracking development. 
Everything has been tried?

o Maybe yes, but maybe algorithm slower at 
low lumi but with a better scaling have 
been dismissed ?

o Maybe no, brand new ideas from ML (i.e. 
Convolutional NN)

q èTracking challenge May-November 2018
q Follow us on twitter @trackmllhc !

TrackML, David Rousseau, 19/11/2018, Dortmund
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Current situation

Tracking 

• High luminosity means high pileup 
• Combinatorics of charged particle tracking become 

extremely challenging for GPDs 
• Generally sub-linear scaling for track reconstruction 

time with m 

• Impressive improvements for Run 2, but we need to go 
much further 

23

2
m

Point precision ~5 µm to 3mm

100k points   10k tracks / event

10-100 billion events/year
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Why is it difficult?
q100’000 to group into 10’000 tracks of 10 points

o è~10500’000 combinations
o ⇒brute force has (really) no chance

qPrecision of the points : ~50µm on a volume 
~40 m3

o è3 1014 voxels!
o 2D projection è2 109 pixels !
o ⇒ image recognition algorithm have (really) no 

chance
qNot a classical problem

6
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Classic HEP Algorithms

TrackML, David Rousseau, 19/11/2018, Dortmund

z

r

q Pattern : connect 3D points into tracks
q Essentially combinatorial approach
q Tracks are (not perfect) helices pointing (approximately) to the origin
q Challenge : explore completely new approaches
q (not part of the challenge : given the points, estimate the track 

parameters) 
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An early attempt

TrackML, David Rousseau, 19/11/2018, Dortmund

q 1987 very first Particle Physics Machine Learning  paper 
known

q Losely inspired from Traveling Salesman Problem with NN by 
Hopfield & Tank Biological Cybernetics 52 (1985) 141. or with Minimal 
Tree Span Cassel & Kowalski Nucl Inst; and Meth 185 (1981) 235

q (large litterature since, e.g. Neural Combinatorial 
Optimization with reinforcement learning, Bello et al Google 
Brain 1611.0994)

q Full implementation in ALEPH Stimpfl & Garrido (1990) 
Computer Physics Comm. 64 (1991) 46.

q However never deployed

ALEPH
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Aparté on ML in HEP history

TrackML, David Rousseau, 19/11/2018, Dortmund

q 1987 Very first Neural Net in HEP paper known
q NN for tracking and calo clustering
q B. Denby then moved from Delphi at LEP to CDF at 

Tevatron. He still active outside HEP: 2017 analysis of 
ultrasonic image of the tongue

q 1992 JetNet Carsten Peterson, Thorsteinn
Rognvaldsson (Lund U.) , Leif Lonnblad (CERN) (~500 
citations) really started NN use in HEP

Bruce Denby
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Deep Learning success : NOVA nu

10
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arXiv 1604.01444 Aurisano et al
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A recent success with ν : NOVA

40% ε improvement
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From domain to challenge and back

TrackML, David Rousseau, 19/11/2018, Dortmund

Problem

Solution

Domain e.g. HEP

Domain
experts
solve
the domain
problem

Challenge

Solution

The 
crowd
solves
the 
challenge
problem

Problemsimplify

Challenge
organisation

reimport

18 months

>n months/years ?

4 months

dataset, metric,
submission spec.

Kaggle: Except for the forum, 
no interaction between participants, 
nor between participants and organisers
èRAMP
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TrackML in a nutshell
q Accurate simulation engine (ACTS https://gitlab.cern.ch/acts/acts-core) to 

produce realistic events
o One file with list of 3D points 
o Ground truth : one file with point to particle association
o Ground truth auxiliary : true particle parameter (origin, direction, curvature)
o Typical events with ~200 parasitic collisions (~10.000 tracks/event)

q Large training sample 10k events, 0.1 billion tracks, 1 billion points, 
~100GByte

q Accuracy phase (May to August 2018) on Kaggle
o Participants are given the test sample (with usual split for public and 

private leaderboard) and run the evaluation to find the tracks
o They should upload the tracks they have found
o A track is a list of 3D points
o Score : fraction of points correctly grouped together
o Evaluation on test sample with per-mille precision on 100 event

q Throughput phase  Sep to Nov 2018 on Codalab
o Strong CPU incentive

TrackML, David Rousseau, 19/11/2018, Dortmund
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Detector layout

TrackML, David Rousseau, 19/11/2018, Dortmund
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Long strips

Short strips

Pixels

Pixels

q Typical setup of a LHC tracking detector (only cylinders and disks however)
q embedded in a magnetic field for particle bending (momentum

measurement), hermetic coverage, highly efficient, radiation tolerant.
q Details : 

o 4 cylinders, 7x2 disks : pixels 50 µm x 50µm, analog clustering : σ ~ 6 µm x 30 µm 
o 4 cylinders, 6x2 disks : short strips 80 µm x 1.2 mm, digital clusters : σ ~ 16 µm x 250 µm 
o 2 cylinder, 6x2 disks : long strips 120 µm x 10.8 mm, digital clusters: σ ~ 25 µm x 3.1mm

q (note the measurement anisotropy)

CMS
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Datasets

qHit file   (measured position mm)                

TrackML, David Rousseau, 19/11/2018, Dortmund

qTruth file    ( true position mm                    particle momentum GeV )
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Datasets
q Particle file  origin vertex (mm) momentum (GeV)               charge

TrackML, David Rousseau, 19/11/2018, Dortmund

q (static)Detector file  center position (mm)               3x3 rotation matrix

(note : we do not ask participant to reconstruct these track parameters but 
these could be useful latent variables)



18TrackML, David Rousseau, 19/11/2018, Dortmund
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Score
q 2017 CMS tracker Technical Design Report : Chapter 6 expected

performance 31 pages 58 figures
q ATLAS Si strip Technical Design Report Chapter 4 ITk Performance 

and Physics Benchmark Studies 54 pages 80 figures

TrackML, David Rousseau, 19/11/2018, Dortmund
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Track evaluation

TrackML, David Rousseau, 19/11/2018, Dortmund

Big decision : score is ~ « the weighted fraction of hits 
correctly associated »
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Hit weighting

David Rousseau,   LRI-Orsay Seminar, 13th March 2018

qDefine : weight=weightorder x weightpt

q Weightorder: more emphasis on first and last hits
q Weightpt: more emphasis on high pT tracks
q Weight=0 for noise hits or hits from particle with <=3 hits
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Track scoring
q Overall scoring defined at hit level
q Loop on reco tracks

o Require >50% of hits from same true particle
o Require >50% of hits from this true particle in this reco track
o At this point 1ó1 relationship between true and reco tracks
o Sum the weights of the intersection (hits belonging both to true

and reco track)
q Event score normalised to the sum of weights of all the 

hits
o è ideal algorithm has score==1.

q Final score averaged of 100 eventsèstatistical precision
~0.1%

David Rousseau,   LRI-Orsay Seminar, 13th March 2018
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Real life  vs  challenge
1. Wide type of physics events
2. Full detailed Geant 4 / data

3. Detailed dead matter description
4. Complex geometry (tilted 

modules, double layers, 
misalignments…)

5. Hit merging
6. Allow shared hits
7. Output is hit clustering, track 

parameter and covariance matrix
8. Multiple metrics (see TDR’s)

TrackML, David Rousseau, 19/11/2018, Dortmund

1. One event type (ttbar)
2. ACTS (MS, energy loss, 

hadronic interaction, solenoidal
magnetic field, inefficiency)

3. Cylinders and slabs
4. Simple, ideal, geometry 

(cylinders and disks)

5. No hit merging
6. Disallow shared hits
7. Output is hit clustering
8. Single number metrics

Simpler, but not too simple!



24TrackML, David Rousseau, 19/11/2018, Dortmund

Evolution of leaderboard
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Leaderboard

TrackML, David Rousseau, 19/11/2018, Dortmund
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Primary track efficiency Nedelko #20
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TrackML, David Rousseau, 19/11/2018, Dortmund
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Primary track efficiency : starting

TrackML, David Rousseau, 19/11/2018, Dortmund
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Primary track efficiency : best after 3 weeks

TrackML, David Rousseau, 19/11/2018, Dortmund
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Primary track efficiency TopQuarks #1

TrackML, David Rousseau, 19/11/2018, Dortmund
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Secondary efficiency Nedelko #20

TrackML, David Rousseau, 19/11/2018, Dortmund
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Secondary efficiency TopQuarks #1

TrackML, David Rousseau, 19/11/2018, Dortmund
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A few competitors
q icecube #1 92.2 % (master student) : combinatorial

approach, with a bit of ML
q outrunner #2 90.3%  Deep Learning approach

o Very innovative!
o But brute force : takes one full day per event ! 
o However code is using naïve python nested loops

q Sergey Gorbunov #3 89.4% demelian #4 87.1% : HEP 
tracking trigger experts

q Yuval & Trian #7 80.4% : innovative clustering
q CPMP #9 80.1% : DBSCAN unsupervised clustering

algorithm
o we gave DBSCAN in starting kit, with a 20% score, because in 

only required a few lines
q Finnies #12 74.8% : use LSTM

TrackML, David Rousseau, 19/11/2018, Dortmund
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Merge
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#7 Yuval & Trian
Hough transform with 2 parameters:

TrackML, David Rousseau, 19/11/2018, Dortmund

q Now one could do :
1. Randomly select a curvature rho
2. Histogram phi for this rho
3. =>pick the tracks for this rho
4. Merge with tracks already found
5. Iterate to 1  

q This is ~ what Yuval & Trian are doing
o Randomise 2 parameters
o Histogram in 3 dimensions



Throughput Phase

Launched 6th Sep 2018 until 12th March 2019 on 
Codalab
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Dataset
qNot identical
qDetector is the same
qSimplification:

o Only primary particles enter the scoring (much less
particles not pointing approximately to 0 0 0 )

qFeatures fix
o Beam spot sigma_z 5.5mmè5.5 cm
o Module thickness halved
o Looping particles removed
o Electrons multiple scatterign fixed (was causing 0.5% 

« crazy » tracks

TrackML, David Rousseau, 19/11/2018, Dortmund
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Schematic

TrackML, David Rousseau, 19/11/2018, Dortmund
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Throughput scoring
q Ranking score : 

o 0 if time >600 s or accuracy <50%
o √log(1 + 600/time) ∗ (accuracy − 0.5)2

q Documented software of first phase #1 #2 #3 #7 #9 #11 #12 released
o Can be used as starting point but need retuning

TrackML, David Rousseau, 19/11/2018, Dortmund

fastrack
cubus

Taka
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Throughput phase LB

TrackML, David Rousseau, 19/11/2018, Dortmund
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Throughput phase LB

TrackML, David Rousseau, 19/11/2018, Dortmund

fastrack

cubus

q 113 registered, but only 3 with non zero scores, 13 with zero score
q =>disappointing participation, many hypotheses why
q èoriginally scheduled to end early November, postpone to the end to 12 March 

2019
q Working on a « reboot » profitting from NeurIPS visibility
q On the other hand fastrack results are astonishing

o ATLAS code recently sped up from 250s to 10s … however this is for track pT>900 MeV ~15% of TrackML
tracks
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More information
q Contact : trackml.contact@gmail.com (or myself 

rousseau@lal.in2p3.fr)
q https://sites.google.com/site/trackmlparticle
q Twitter : @trackmllhc
q Accuracy phase @ Kaggle : https://www.kaggle.com/c/trackml-

particle-identification
q Throughput phase @ Codalab : 

https://competitions.codalab.org/competitions/20112
o Still running till 12th March, you can still participate !!!
o Leaderboard prices #1 7k$ #2 5k$ #3 3k$ 
o Special Jury prize : another Nvidia V100, CERN invite

TrackML, David Rousseau, 19/11/2018, Dortmund


