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LHC purpose in a nutshell
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Tracking Challenge primary
motivation
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Connecting the dots but

- 3 dimensions
- 1007000 points into 10’000 tracks
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Why |s |t dlfflcult"

100’000 to group mto 10’000 tracks of 10 pomts
=> ~10°00000 combinations

—brute force has (really) no chance

Precision of the points : ~50um on a volume
~40 m3
=3 10* voxels!
2D projection =2 10 pixels !
= image recognition algorithm have (really) no
chance

Not a classical problem
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,},

Accurate 5|mulat|on englne (ACT S https //gltlab cern. ch/acts/acts core) to
produce realistic events
One file with list of 3D points
Ground truth : one file with point to particle association
Ground truth auxiliary : true particle parameter (origin, direction, curvature)
Typical events with ~200 parasitic collisions (~10k tracks, 100kpoints)
Large training sample 10k events, 0.1 billion tracks, 1 billion points, ~100GByte

Accuracy phase (May to August 2018) on Kaggle

Participants are given the test sample (without the ground truth) and run their
evaluation to find the tracks
A track is a list of 3D points

They should upload the tracks they have found
Score : fraction of points correctly grouped together
Evaluation on test sample with per-mille precision on 100 event

Throughput phase Sep 2018 to March 2019 on Codalab

Participants submit their code (evaluation code, they do training on their own)
Strong CPU incentive in the score

TrackML ma nut§hell
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Pattern connect 3D pomts |nto tracks

Essentially combinatorial approach

Tracks are (not perfect) helices pointing (approximately) to the origin
Challenge : explore completely new approaches

(not part of the challenge : given the points, estimate the track
parameters)
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Detector ‘ Iayout

| Long strips |

Short strips

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day
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Visuali atlon

Visit at CERN Tobias Isenberg visualisation scientist at LRI-Orsay
with PhD student Xiyao Wang (btw contact established through

CDS Pitching Day 2015!)
Will use TrackML dataset to experiment with
visualisation/interaction with Microsoft’ Hololens

==
=
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— 4
==
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Hit file

(measured position mm)

Data

o

sets

hit_id X y z volume_id layer_id module_id

0 1 -62.663200 -3.05090 -1502.5 7 2 1

1 2 -66.124702 -1.36730 -1502.5 7 2 1

2 3 -63.697701  1.73267 -1502.5 7 2 1

3 4 -82.501801 -14.09150 -1502.5 7 2 1

4 5 -74.343399  0.84469 -1502.5 7 2 1

Truth file ( true position mm particle momentum GeV )

hit_id particle_id tx ty tz tpx tpy tpz weight
0 1 328762978956476416 -62.661499 -3.048720 -1502.5 -1.025760  -0.032316 -24.53690 0.000014
'k to scroll output; double click to hide g 153901 1376350 -1502.5 -0.634752  0.007755 -14.21880 0.000008
2 3 72004565116411904 -63.690601  1.726280 -1502.5 -0.826153  0.040302 -19.25260 0.000013
3 4 238697583478833152 -82.507202 -14.093000 -1502.5 -0.244242  -0.062864 -4.57011 0.000006
4 5 0 -74.342796  0.844152 -1502.5 -166440.000000 2483.800049 -986048.00000 0.000000

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day
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Particle file origin vertex (mm) momentum (GeV) charge
particle_id VX vy vz px py pz q nhits
0 4503668346847232 -0.024934 -0.014566 -11.263 -0.055269  0.323272 -0.203492 -1 3
1 4503737066323968 -0.024934 -0.014566 -11.263 -0.948125 0.470892 2.010060 1 10
2 4503805785800704 -0.024934 -0.014566 -11.263 -0.886484  0.105749  0.683881 -1 10
3 4503874505277440 -0.024934 -0.014566 -11.263 0.257539 -0.676718  0.991616 1 11
4 4503943224754176 -0.024934 -0.014566 -11.263 16.439400 -15.548900 -39.824902 1 11

(note : we do not ask participant to reconstruct these track parameters but

these could be useful latent variables)
(static)Detector file

center position (mm)

3x3 rotation matrix

volume_id layer_id module_id cX cy cz rot_xu rot_xv rot_xw ro
0 6 2 1 -65.7965 -5.17830 -1502.5 0.078459 -0.996917 0.0 -0.99(
1 6 2 2 -139.8510 -6.46568 -1502.0 0.046183 -0.998933 0.0 -0.99
2 6 2 3 -138.6570 -19.34190 -1498.0 0.138156 -0.990410 0.0 -0.99
3 6 2 4 -64.1764 -15.40740 -1498.0 0.233445 -0.972370 0.0 -0.97
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Efficiency
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We usually talk about tracks |

good track

many compatible
hits

completeness
uniqueness
low y?/ndf

small impact
parameter
(for primaries)

Li" \ared nits

pad fit quality,

not so good track

short tracks

clusters are compatible

Big decision : score is ~ « the weighted fraction of
points correctly associated »

ITdCRIVIL, dVIU MNUUDDEdU, £0/ 1 114V 10, UIJO riwliily wvay
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Submission & scoring

fruth.csv

III + scoring ™|
|

3)

overall score =
/'E E track_welght mmmmmeee

events tracks

*track score

T kaégle

platform

submission

solution.csv

hit_id track_id

5
272
982
1231
8771

43

66

176
667

1

1
1
1
1
2
2
2

2
parti

track 2
"

667

cipant

176

66

43

\

8771

1231

9s2

272 /

tables & illustration

(top) csv file format for validation hit dataset
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Results




Evolution of leaderboard
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model

Top Quarks #1
outrunner #2
Sergey Gorbunov #3
demelian #4

Edwin Steiner #5
Komaki #6

Yuval & Trian #7
bestfitting #8
DBSCAN forever #9
Zidmie & KhaVo #10
Andrea Lonza #11
Finnies #12

Rei Matsuzaki #13
HiddenTrack #20
Diogo #100

Score

—_
—

—T

0.5 0.6 0.7 0.8
event score
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Top Quarks #1

outrunner #2
Sergey Gorbunov #3
demelian #4

Edwin Steiner #5
Komaki #6

Yuval & Trian #7
bestfitting #8
DBSCAN forever #9

Zidmie & KhaVo %6&

;q&‘
Andr: za #11
o

Finnies #12

Rei Matsuzaki #13

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day
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I_Zrl?rlmary track efflclenc Nedelko #20

NEL Wi FE Ly
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“ Efficiency (nrec/Nirue) of ~VictorNedelko 667238 3#20° for primary particles with np_nhits = 4 (rec tracks : 59352/75099)
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Primary track efflmy startlg

Teask et

Efficiency (Nrec/Nirye) Of "NRECAN Raca® far nrimary narticlac with n ... = A [rar tracks : 52027/226597)
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_{imary track efficiency : best after 3 weeks

Efficiency (nrec/Ntrye) of "DBSCA tracks : 125658/226597)
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Iirlmary track efflmency TopQuarks #1

Efficiency (nrec/Nerue) Of "icec racks : 73939/75099)
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Secondary efficiency Nedelko #20

1\ciency (Nrec/Nirue) Of “VictorNedelko 667238 3#20° for secondary particles for which nparticie nits =4 (rec tracks : 10/106:
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1\Fficiency (Nrec/Nirue) Of “icecuber 921825 3#01° for secondary particles for which nparticie nits = 4 (rec tracks :

Secondary efficiency TopQuarks #1

6711/1063¢
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Scrutinizing submission

099 Top Quarks >0
/\ Top Quarks <0
T
\\/¥1A \'/\\//\s \/ \\/\//\\ outrunner >0
outrunner <0
0.98 /\ Sergey Gorbunov >0
pe—
Sergey Gorbunov <0
W > - ~—— demelian >0
demelian <0
0.97\ Edwin Steiner >0
) Edwin Steiner <0
c
QL
L
=
«F]
0.96
0.95
0.94
1 2 3 4 5 6
Phi
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While optimising a single score,
participants have indeed optimised on our
domain knowledge criterions !

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day 35



A few competltorsj ,

f.r e
TeaskTHo00_fl IR MRS
W jcecube #1 92.2 % (master student) : combinatorial
%QQQ% ach, with a bit of ML

W outrunner #2 90.3% Deep Learning approach
Very innovative!
~ut also combinatorial : takes one full day per event !

WIS 59 ‘dey Gorbunov #3 89.4% demelian #4 87.1% : HEP
tracking 108 ger experts

A . . :
V\T\“Sﬂ al & ke 'an #7 80.4% : innovative clustering

¢y Y\ﬂ‘ +9 80.1% : DBSCAN unsupervised clustering
W Gigorithm

we gaw‘ 3SCAN in starting kit, with a 20% score, because in
NY¥ed a few lines
(WS ®

aies #12 74.8% : uses LSTM

QN

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day 36



Phase 1 —l_Op Quarks Y CPP BRRLEE 11m20s 4.07GB

Wall clock time Peak memory usage
Average TmlTs 2.78GB

Main steps : i

Select promising pairs
* 7 million / 0.99
Extend pairs to triples

* No magic formula
* 12 million / 0.97 \_/ * We won because we were fast to try

Extend triples to tracks out and implement many ideas and got

* 12 million/ 0.95 the details right
Add duplicate hits to tracks * | once earned 0.03 (0.85-0.88) from

e Findings

« 12 million / 0.96 fixing a tuning pararnetgr
_ * In other words: combination of many
* | Merge 0 tracks
) factors
* 90% of hits / 0.92

- —

Logistic regression for track candidate
pruning

* Pure C++, some scikit-learn for training

S

12




() “Wall clock time”
Phase 1 outrunner ~1 day/event

Pure ML approach using python & Keras
- Bvent with N hits
- predict N x N relationships between hits, connect pairs when
their probability is 1 (rather than O)

Training:
- 5 hidden layers with 4k - 2k - 2k - 2k - 1k
- 27 input variables per pair:
X, Y, z, counts, sum(cels.value) per hit

two unit vectors per hit for direction from cell information
4 parameters for linear (zo) and helical compatibility

Prediction:
- predict relationship probability

Reconstruct
- Starting from one hit, find highest probability parr, then add pairwise hits
- test new hit for compatibility



Execution time

C++
Phase 1 S@rg@y GO[’bUﬂO\/ 9 Q 1.2 min on single core 2.6 GHz CPU

Regular grid with overlaps

Summa
ry array of cell hits  h, h,h; hyhshgh; hghg hyhy h,hahy,

woyteae N |

. . . it nhi I, cell, cell, cell,
« A combinatorial algorithm, based on the track ~ {fsthitnhits} €% €5 €5

following method , m .

« No search branches e =S o O 0 _____ o 0 _0_' ]

« Simple track model: local 3-hit helix ".QfT“ ..','qk‘

- Fast data access - e o a e
Primary tracklets

Third hit: any withing the Prolongation of tracklets
searchlangle

[1) Pick up the closest hit on

[2) Refit with the new hit
the next layer

XY

; | Second hit:
any from the 1st layer O

XY o

First hit:
artificial at (0,0,0)




H7 Yuval & Trlan

ﬂrack%(!%

1.0

0.8
06 ‘ring

0.4+

0.2

. . 1.0 0.0 Oé Oh Ok Ob lb lé 1.4
X phi
Now one could do : This is ~ what Yuval & Trian are doing

Randomly select a curvature rho Randomise 2 parameters

1D Histogram phi for this rho Histogram in 3 dimensions

=>pick the tracks for this rho

Merge with tracks already found

Tterate to 1 TrackML, David Rousseau, 28/11/2018, CDS Pitching Day 40




Throughput Phase

Launched 6th Sep 2018 until 12th March 2019 on
Codalab



A Dataset

Not-ldentlcal -
Detector is the same
Simplification:

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

Features fix
Beam spot sigma_z 5.5mm=>5.5 cm
Module thickness halved
Looping particles removed

Electrons multiple scatterign fixed (was causing 0.5%
« crazy » tracks

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day 42



X y volume_id layer.id module_id
-64.409897 -7.163700 - 7 2 1
-55.336102 0.635342

7 2 1
-83.830498 -1.143010 - 7 2 1
-96.109100 -8.241030 7 2 1

stop (\:/) _
solution

VM 2 cores, 4 Gb memory

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day 43



roughput on-gomg results

1\.'-:-:I-:

Rank/ng score :
0 if time >600 s or accuracy <50%
Viog(1 + 600/time) * (accuracy — 0.5)?
Documented software of first phase #1 #2 #3 #7 #9 #11 #12 released

Can be used as starting point but need retuning
=»so far a couple of very fast participants

S — N — 1.44

o)
@)
o
|
|
-

1.26

1.08

(©)
>
W
o

0.90
@

score

r0.72
7.5

fastrack

exec time (sec/event)

-0.54

u
o

2.5

-0.36

0.80
-0.18

i track

: , ' ; ' ]

%.0 0.2 0.4 0.6 0.8 1.0
accuracy N
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RESULTS

Date of Last accuracy_mean accuracy_std computation time computation speed
Entry (sec) A (sec/event) A

fastrack
2 cubus
3 Taka
4  khavo

5 traffic_congestion

6 nmb

7 kara.dhara

8 sanjaykr10

9 EdmonWales

10 dcoldeira

10/19/18

09/13/18

10/20/18

10/29/18

10/21/18

10/20/18

10/17/18

10/17/18

10/14/18

10/13/18

1.0009
(M
0.7719
)
0.3934
©)
0.0000
)
0.0000
4)
0.0000
4)
0.0000
4)
0.0000
4)
0.0000
“@
0.0000
)

n NnNNN

0.938 (1)

0.895 (3)

0.906 (2)

0.304 (4)

0.082 (7)

0.123 (6)

0.082 (7)

0.082 (7)

0.082 (7)

0.082 (7)

0.00 (7)

0.01 (5)

0.00 (6)

0.03 (1)

0.01 (4)

0.02 (3)

0.01 (4)

0.01 (4)

0.01 (4)

0.01 (4)

161.88 (10)

675.35 (11)

19321.21 (15)

18015.06 (14)

49.67 (9)

1864.97 (12)

49.19 3)

49.35 (5)

49.23 (4)

49.66 (8)

3.24 (10)

13.51 (11)

386.42 (15)

360.30 (14)

0.99 (9)

37.30 (12)

0.98 (3)

0.99 (5)

0.98 (4)

0.99 (8)

TrackML, David Rousseau, 28/11/2018, CDS Pitching Day

201.00 (6)

724.00 (7)

19744.00
(12)

18419.00
(1

88.00 (5)
1940.00 (8)
87.00 (4)
86.00 (3)
86.00 (3)

86.00 (3)
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Conclusmn

Contact : trackml. contact@qmall com |

https://sites.google.com/site/trackmlparticle
Twitter : @trackmllhc
Accuracy phase @ Kaggle : https://www.kaggle.com/c/trackml-

particle-identification
Different approaches identified, sometimes new in the field
Now working on decyphering/combining them

Throughput phase @ Codalab :
https://competitions.codalab.org/competitions/20112
Still running till 12t March, you can still participate !!!
Leaderboard prices #1 7k$ #2 5k$ #3 3k$
Special Jury prizes : another Nvidia V100, two CERN invites
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