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Tracking Data in Bundesliga
๏ x/y coordinates of players and ball recorded at 25fps

๏ some flags, e.g., ball possession indicator 

๏ accompanied by manually annotated 
event data 

๏ tracking and event data sometimes come 
from different providers and need to be 
sync’ed before they can be processed 
together
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Data at a glimpse…
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After some preprocessing…
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(Very) General Challenges
๏ Often, answering complex questions requires: 

๏ A computational model of what is possible 

๏ A computational representation of what happened 

๏ A computational understanding of alternative options of every 
player in any situation 

๏ A computational way to compute optimal actions 

๏ A computational value of how good observed actions are wrt 
to the optimal action
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Movement Models
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Motion/Movement Models
๏ A model that describes possible future movements in a time 

interval T of a player who is currently moving with velocity V

direction of movement
initial position
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Traditional Movement Models 
player running  

at 7km/h

player running  
at 24km/h

constant acceleration 
(velocities grow unbounded)

constant acceleration+resistive 
force to bound velocities

no acceleration 
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A Frequentist Approach
Brefeld, Lasek & Mair, MLJ (2019)

raw trajectories rotate and map  
endpoints into  
new coordinate  

system

collect points wrt 
time window and speed

density estimation

๏ Frequency statistics of observations from historic games 

๏ Straight forward and easy to implement
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Data-driven Movement Models
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Brefeld, Lasek & Mair, MLJ (2019)



Ulf Brefeld Machine Learning     Leuphana

Comparison
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Abbildung 2: Kontrollierte Regionen berechnet mit der herkömmlichen Methode (links) und unserem Verfahren (rechts). Die Schweife der 
Spieler zeigen ihre letzten Positionen und damit die Richtung aus der sie kommen; je länger ein Schweif, desto schneller der Spieler. Die 
herkömmliche Methode ignoriert die Geschwindigkeit und Laufrichtung der Spieler und berechnet falsche Ergebnisse. Z.B. wird der linke 
rote Flügel deutlich unterschätzt, während der rechte überschätzt wird. (Bayern München - Bayer Leverkusen, 10m:37s, 6.12.2014).1 

 
KONTROLLIERTE REGIONEN 

Anhand der Bewegungsmodelle können die kontrollierten Regionen auf dem Spielfeld exakt bestimmt werden. Eine Position 
wird dabei von der Spielerin/dem Spieler kontrolliert, die/der die höchste Wahrscheinlichkeit hat diese Position als erste/erster 
zu erreichen. Die Menge der kontrollierten Positionen einer Spielerin/eines Spielers ist der von ihr/ihm kontrollierte Raum. 
Abbildung 2 zeigt ein Beispiel und kontrastiert unser Ergebnis (rechts) mit der gängigen Herangehensweise2 (links), die jedoch 
aufgrund unplausibler Annahmen zu verfälschten Ergebnissen kommt.3 Die Abbildung zeigt deutliche Unterschiede in den 
Einfärbungen: die kontrollierten Regionen der beiden roten Flügelspieler werden von der herkömmlichen Methode falsch 
wiedergegeben und auch in der Mitte zeigen sich große Unterschiede. Analysen, die auf der herkömmlichen Methode beruhen, 
werden zwangsläufig ein verzerrtes Abbild der Realität zeichnen und verfälschte Ergebnissen liefern.  

AUSBLICK 

Die exakte Berechnung der kontrollierten Regionen bietet jetzt neue Möglichkeiten für weitere Analysen. Ein Beispiel könnte die 
Berechnung von Passwahrscheinlichkeiten, -genauigkeiten oder -ankommenswahrscheinlichkeiten in Abhängigkeit von der 
Größe der kontrollierten Region sein: je größer der kontrollierte Raum, desto desto mehr Zeit bleibt den Spielerinnen und 
Spielern für einen sauberen und eventuell schwierigen Pass. Abbildung 3 zeigt ein Mockup für Passwahrscheinlichkeiten.  

                                                        
1 Für Visualisierungszwecke kann das rechte Bild in höherer Auflösung gerechnet werden.  
2 T. Taki, J. Hasegawa & T. Fukumura. Development of motion analysis system for quantitative evaluation of teamwork in soccer games. In 
Proceedings of 3rd IEEE International Conference on Image Processing, Volume 3, 815–818, 1996. 
3 Die Annahmen der herkömmlichen Methode sind z.B., dass Spielerinnen und Spieler zu jedem Zeitpunkt in alle Richtungen gleich schnell 
laufen können und sich mit einer konstanten Geschwindigkeit bewegen. 

Voronoi data-driven

๏ Many differences, some critical for game analyses! 

๏ Data-driven movement models offer realistic interpretations 

Brefeld, Lasek & Mair, MLJ (2019)
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๏ Movement model ignores context of players:

Limitations
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๏ Movement model ignores context of players: 

๏ Including context (almost) always allows to eliminate unlikely 
actions and to increase predictive performance

Limitations
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Contextual Movement Models
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What do we want?

true future positionpredictions  
& confidences  
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Sequential Decision Making
๏ Goal: select next action to maximise the total future reward 

๏ Problem: Actions may have long term consequences 

๏ Reward may be delayed 

๏ Examples: 

๏ Financial investment (may take time to mature) 

๏ Re-fueling a plane (might prevent running out of gas in 
some hours)

e.g., the mistake can already be in the very beginning and the subsequent moves are not so bad 
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Reinforcement Learning
Agent

Reward

A
ction

A
t
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indicates how  
well the agent  
is doing at time t

agent selects an  
action according  
to a policy

by taking an action, 
the agent transits  

to a new state

e.g., Sutton & Barto, MIT Press, 2018
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Conceptual Idea
Player 

able to see positions & direction of movement  
of peers & opponents but not their next actions

Reward

M
oves to A

t
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1. Reward? 

2. Movement model? 

3. Why does it make sense? 

4. Optimisation?

(so far) unknown:
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(1) Reward
๏ Measure of success: team enters a dangerous area  

๏ Example: entering box vs loosing ball before
any other measure of success possible (e.g., final 25m of pitch, goal, shot on target, etc.)
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Possible Movements as 
Gaussian Mixture
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๏ Gaussians locate themselves to cover movement options of 
player depending on state (e.g., positioning of other players)
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(2) Movement Model
๏ A Gaussian mixture allows for efficient sampling of possible 

movements for an agent independently of other agents 

๏ Gaussian mixture parameterised by state    and shared 
parameters          ,     ,       across agents  

๏ Mixture density networks (Bishop, 1994)

<latexit sha1_base64="jhuxO7eHsp6l9nfstyJlIH8nGuQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPAi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVZ66KW8X625dXcOskq8gtSgQKNf/eoNEpbFKA0TVOuu56YmyKkynAmcVnqZxpSyMR1i11JJY9RBPj91Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zupmJboKcyzQzKNliUZQJYhIy+5sMuEJmxMQSyhS3txI2oooyY9Op2BC85ZdXSeui7l3VvfvLmu8XcZThBE7hHDy4Bh/uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5A1EbjdE=</latexit>⇡

<latexit sha1_base64="Ibzw7Y39rbUzHoDNSAXZ2AB++HI="></latexit>

⇡(a|s) =
LX

`=1

p(`|s, `
prior)N

�
a|µ(s, `

µ),�(s, 
`
�)
�

<latexit sha1_base64="44pKOwy5wPMq8y0PWSl5nxrOQE8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDababt0swm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/N7Oy8MBVcG9f9dipr6xubW9Xt2s7u3v5B/fCoq5NMMeywRCSqF1KNgkvsGG4E9lKFNA4FPoaT27n/+IRK80Q+mGmKQUxHkg85o8ZKvl+8kCuMZnpQb7hNtwBZJV5JGlCiPah/+VHCshilYYJq3ffc1AQ5VYYzgbOan2lMKZvQEfYtlTRGHeTFxhk5s0pEhomyJQ0p1N8TOY21nsah7YypGetlby7+5/UzM7wJci7TzKBki0XDTBCTkHkAJOIKmRFTSyhT3P6VsDFVlBkbU82G4C2fvEq6F03vqundXzZarTKOKpzAKZyDB9fQgjtoQwcYpPAMr/DmZM6L8+58LForTjlzDH/gfP4Aqe2SFw==</latexit>s
<latexit sha1_base64="QeO/kDB1qqAiX6gkC2iRyfUK6/U=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAiuSiKiLgtuXFawD2himEwn7dDJzDAzEULIyo2/4saFIm79Bnf+jdM0C209cOFwzr0z955IUKK0635bS8srq2vrtY365tb2zq69t99VPJUIdxCnXPYjqDAlDHc00RT3hcQwiSjuRZPrqd97wFIRzu50JnCQwBEjMUFQGym0j/zyjRxlkBW+UOTex5SGuZCEyyK0G27TLeEsEq8iDVChHdpf/pCjNMFMIwqVGniu0EEOpSaI4qLupwoLiCZwhAeGMphgFeTlCoVzYpShE3NpimmnVH9P5DBRKksi05lAPVbz3lT8zxukOr4KcsJEqjFDs4/ilDqaO9NMnCGRGGmaGQKRJGZXB42hhEib5OomBG/+5EXSPWt6F03v9rzRalVx1MAhOAanwAOXoAVuQBt0AAKP4Bm8gjfryXqx3q2PWeuSVc0cgD+wPn8A8xyaEQ==</latexit>

 `
prior

<latexit sha1_base64="o/BOooTYG7hEBTKgxgPDQh1UwT4=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqgQhYKzEwlgk+pCaEDmu01q1nch2kKIoAwu/wsIAQqx8BBt/g5tmgJYjXenonHvte0+YMKq043xbK6tr6xubta369s7u3r59cNhTcSox6eKYxXIQIkUYFaSrqWZkkEiCeMhIP5xez/z+A5GKxuJOZwnxORoLGlGMtJECu+GVb+Q4Q6LwEkXvPcJYkHs8LQK76bScEnCZuBVpggqdwP7yRjFOOREaM6TU0HUS7edIaooZKepeqkiC8BSNydBQgThRfl4uUMATo4xgFEtTQsNS/T2RI65UxkPTyZGeqEVvJv7nDVMdXfk5FUmqicDzj6KUQR3DWSJwRCXBmmWGICyp2RXiCZIIa5Nb3YTgLp68THpnLfei5d6eN9vtKo4aaIBjcApccAna4AZ0QBdg8AiewSt4s56sF+vd+pi3rljVzBH4A+vzByiXmQ8=</latexit>

 `
µ

<latexit sha1_base64="zr5gLNZG0fGXokTHyd5D53/oI6Y=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUREXRbcuKxgH9DEMJlO2qEzkzAzEULIzo2/4saFIm79BXf+jdM0C209cOFwzr0z954wYVRpx/m2lpZXVtfWaxv1za3tnV17b7+r4lRi0sExi2U/RIowKkhHU81IP5EE8ZCRXji5nvq9ByIVjcWdzhLiczQSNKIYaSMF9pFXvpHjDInCSxS99whjQe4pOuKoCOyG03RKwEXiVqQBKrQD+8sbxjjlRGjMkFID10m0nyOpKWakqHupIgnCEzQiA0MF4kT5eblDAU+MMoRRLE0JDUv190SOuFIZD00nR3qs5r2p+J83SHV05edUJKkmAs8+ilIGdQynocAhlQRrlhmCsKRmV4jHSCKsTXR1E4I7f/Ii6Z413Yume3veaLWqOGrgEByDU+CCS9ACN6ANOgCDR/AMXsGb9WS9WO/Wx6x1yapmDsAfWJ8/hnmaXA==</latexit>

 `
�

Prior Gaussian w/ mean and variance
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Value Function
๏ The value function          assigns values to states   

<latexit sha1_base64="ubV6gLeEiE7S3yFhzezHq/zAQMk="></latexit>

V⇡(s) =
X

a

⇡(a|s)
X

s0,R

p(s0, R|s, a) [R+ �V⇡(s
0)]

<latexit sha1_base64="4t4Wi6TkTBP2HxQikZt4jXvLybo=">AAAB/nicbVDLSsNAFL3xWesrKq7cBItQNyURUZcFNy4r2Ac0IUwmk3boZBJmJkIJAX/FjQtF3Pod7vwbp2kW2nrgwuGce+fOPUHKqFS2/W2srK6tb2zWturbO7t7++bBYU8mmcCkixOWiEGAJGGUk66iipFBKgiKA0b6weR25vcfiZA04Q9qmhIvRiNOI4qR0pJvHvd8N6XN3C2fygUJC1mc+2bDbtklrGXiVKQBFTq++eWGCc5iwhVmSMqhY6fKy5FQFDNS1N1MkhThCRqRoaYcxUR6ebmzsM60ElpRInRxZZXq74kcxVJO40B3xkiN5aI3E//zhpmKbryc8jRThOP5oihjlkqsWRZWSAXBik01QVhQ/VcLj5FAWOnE6joEZ/HkZdK7aDlXLef+stFuV3HU4AROoQkOXEMb7qADXcCQwzO8wpvxZLwY78bHvHXFqGaO4A+Mzx9/MZXV</latexit>

V⇡(s)
<latexit sha1_base64="44pKOwy5wPMq8y0PWSl5nxrOQE8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDababt0swm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/N7Oy8MBVcG9f9dipr6xubW9Xt2s7u3v5B/fCoq5NMMeywRCSqF1KNgkvsGG4E9lKFNA4FPoaT27n/+IRK80Q+mGmKQUxHkg85o8ZKvl+8kCuMZnpQb7hNtwBZJV5JGlCiPah/+VHCshilYYJq3ffc1AQ5VYYzgbOan2lMKZvQEfYtlTRGHeTFxhk5s0pEhomyJQ0p1N8TOY21nsah7YypGetlby7+5/UzM7wJci7TzKBki0XDTBCTkHkAJOIKmRFTSyhT3P6VsDFVlBkbU82G4C2fvEq6F03vqundXzZarTKOKpzAKZyDB9fQgjtoQwcYpPAMr/DmZM6L8+58LForTjlzDH/gfP4Aqe2SFw==</latexit>s
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Value Function
๏ The value function          assigns values to states   

<latexit sha1_base64="ubV6gLeEiE7S3yFhzezHq/zAQMk="></latexit>

V⇡(s) =
X

a

⇡(a|s)
X

s0,R

p(s0, R|s, a) [R+ �V⇡(s
0)]

<latexit sha1_base64="4t4Wi6TkTBP2HxQikZt4jXvLybo=">AAAB/nicbVDLSsNAFL3xWesrKq7cBItQNyURUZcFNy4r2Ac0IUwmk3boZBJmJkIJAX/FjQtF3Pod7vwbp2kW2nrgwuGce+fOPUHKqFS2/W2srK6tb2zWturbO7t7++bBYU8mmcCkixOWiEGAJGGUk66iipFBKgiKA0b6weR25vcfiZA04Q9qmhIvRiNOI4qR0pJvHvd8N6XN3C2fygUJC1mc+2bDbtklrGXiVKQBFTq++eWGCc5iwhVmSMqhY6fKy5FQFDNS1N1MkhThCRqRoaYcxUR6ebmzsM60ElpRInRxZZXq74kcxVJO40B3xkiN5aI3E//zhpmKbryc8jRThOP5oihjlkqsWRZWSAXBik01QVhQ/VcLj5FAWOnE6joEZ/HkZdK7aDlXLef+stFuV3HU4AROoQkOXEMb7qADXcCQwzO8wpvxZLwY78bHvHXFqGaO4A+Mzx9/MZXV</latexit>

V⇡(s)

Agent takes  
action a in state s

<latexit sha1_base64="44pKOwy5wPMq8y0PWSl5nxrOQE8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDababt0swm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/N7Oy8MBVcG9f9dipr6xubW9Xt2s7u3v5B/fCoq5NMMeywRCSqF1KNgkvsGG4E9lKFNA4FPoaT27n/+IRK80Q+mGmKQUxHkg85o8ZKvl+8kCuMZnpQb7hNtwBZJV5JGlCiPah/+VHCshilYYJq3ffc1AQ5VYYzgbOan2lMKZvQEfYtlTRGHeTFxhk5s0pEhomyJQ0p1N8TOY21nsah7YypGetlby7+5/UzM7wJci7TzKBki0XDTBCTkHkAJOIKmRFTSyhT3P6VsDFVlBkbU82G4C2fvEq6F03vqundXzZarTKOKpzAKZyDB9fQgjtoQwcYpPAMr/DmZM6L8+58LForTjlzDH/gfP4Aqe2SFw==</latexit>s
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Value Function
๏ The value function          assigns values to states   

<latexit sha1_base64="ubV6gLeEiE7S3yFhzezHq/zAQMk="></latexit>

V⇡(s) =
X

a

⇡(a|s)
X

s0,R

p(s0, R|s, a) [R+ �V⇡(s
0)]

<latexit sha1_base64="4t4Wi6TkTBP2HxQikZt4jXvLybo=">AAAB/nicbVDLSsNAFL3xWesrKq7cBItQNyURUZcFNy4r2Ac0IUwmk3boZBJmJkIJAX/FjQtF3Pod7vwbp2kW2nrgwuGce+fOPUHKqFS2/W2srK6tb2zWturbO7t7++bBYU8mmcCkixOWiEGAJGGUk66iipFBKgiKA0b6weR25vcfiZA04Q9qmhIvRiNOI4qR0pJvHvd8N6XN3C2fygUJC1mc+2bDbtklrGXiVKQBFTq++eWGCc5iwhVmSMqhY6fKy5FQFDNS1N1MkhThCRqRoaYcxUR6ebmzsM60ElpRInRxZZXq74kcxVJO40B3xkiN5aI3E//zhpmKbryc8jRThOP5oihjlkqsWRZWSAXBik01QVhQ/VcLj5FAWOnE6joEZ/HkZdK7aDlXLef+stFuV3HU4AROoQkOXEMb7qADXcCQwzO8wpvxZLwY78bHvHXFqGaO4A+Mzx9/MZXV</latexit>

V⇡(s)

Agent takes  
action a in state s

Agent receives reward R  
and transits to state s’

<latexit sha1_base64="44pKOwy5wPMq8y0PWSl5nxrOQE8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDababt0swm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/N7Oy8MBVcG9f9dipr6xubW9Xt2s7u3v5B/fCoq5NMMeywRCSqF1KNgkvsGG4E9lKFNA4FPoaT27n/+IRK80Q+mGmKQUxHkg85o8ZKvl+8kCuMZnpQb7hNtwBZJV5JGlCiPah/+VHCshilYYJq3ffc1AQ5VYYzgbOan2lMKZvQEfYtlTRGHeTFxhk5s0pEhomyJQ0p1N8TOY21nsah7YypGetlby7+5/UzM7wJci7TzKBki0XDTBCTkHkAJOIKmRFTSyhT3P6VsDFVlBkbU82G4C2fvEq6F03vqundXzZarTKOKpzAKZyDB9fQgjtoQwcYpPAMr/DmZM6L8+58LForTjlzDH/gfP4Aqe2SFw==</latexit>s
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Value Function
๏ The value function          assigns values to states   

<latexit sha1_base64="ubV6gLeEiE7S3yFhzezHq/zAQMk="></latexit>

V⇡(s) =
X

a

⇡(a|s)
X

s0,R

p(s0, R|s, a) [R+ �V⇡(s
0)]

<latexit sha1_base64="4t4Wi6TkTBP2HxQikZt4jXvLybo=">AAAB/nicbVDLSsNAFL3xWesrKq7cBItQNyURUZcFNy4r2Ac0IUwmk3boZBJmJkIJAX/FjQtF3Pod7vwbp2kW2nrgwuGce+fOPUHKqFS2/W2srK6tb2zWturbO7t7++bBYU8mmcCkixOWiEGAJGGUk66iipFBKgiKA0b6weR25vcfiZA04Q9qmhIvRiNOI4qR0pJvHvd8N6XN3C2fygUJC1mc+2bDbtklrGXiVKQBFTq++eWGCc5iwhVmSMqhY6fKy5FQFDNS1N1MkhThCRqRoaYcxUR6ebmzsM60ElpRInRxZZXq74kcxVJO40B3xkiN5aI3E//zhpmKbryc8jRThOP5oihjlkqsWRZWSAXBik01QVhQ/VcLj5FAWOnE6joEZ/HkZdK7aDlXLef+stFuV3HU4AROoQkOXEMb7qADXcCQwzO8wpvxZLwY78bHvHXFqGaO4A+Mzx9/MZXV</latexit>

V⇡(s)

Agent takes  
action a in state s

Agent receives reward R  
and transits to state s’

sum over all  
possible outcomes s’

<latexit sha1_base64="44pKOwy5wPMq8y0PWSl5nxrOQE8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDababt0swm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/N7Oy8MBVcG9f9dipr6xubW9Xt2s7u3v5B/fCoq5NMMeywRCSqF1KNgkvsGG4E9lKFNA4FPoaT27n/+IRK80Q+mGmKQUxHkg85o8ZKvl+8kCuMZnpQb7hNtwBZJV5JGlCiPah/+VHCshilYYJq3ffc1AQ5VYYzgbOan2lMKZvQEfYtlTRGHeTFxhk5s0pEhomyJQ0p1N8TOY21nsah7YypGetlby7+5/UzM7wJci7TzKBki0XDTBCTkHkAJOIKmRFTSyhT3P6VsDFVlBkbU82G4C2fvEq6F03vqundXzZarTKOKpzAKZyDB9fQgjtoQwcYpPAMr/DmZM6L8+58LForTjlzDH/gfP4Aqe2SFw==</latexit>s
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(3) Value Function
๏ The value function          assigns values to states    

๏ Value function summarises all possible futures! 

๏ Identify policy    with movement model!

<latexit sha1_base64="ubV6gLeEiE7S3yFhzezHq/zAQMk="></latexit>

V⇡(s) =
X

a

⇡(a|s)
X

s0,R

p(s0, R|s, a) [R+ �V⇡(s
0)]

<latexit sha1_base64="4t4Wi6TkTBP2HxQikZt4jXvLybo=">AAAB/nicbVDLSsNAFL3xWesrKq7cBItQNyURUZcFNy4r2Ac0IUwmk3boZBJmJkIJAX/FjQtF3Pod7vwbp2kW2nrgwuGce+fOPUHKqFS2/W2srK6tb2zWturbO7t7++bBYU8mmcCkixOWiEGAJGGUk66iipFBKgiKA0b6weR25vcfiZA04Q9qmhIvRiNOI4qR0pJvHvd8N6XN3C2fygUJC1mc+2bDbtklrGXiVKQBFTq++eWGCc5iwhVmSMqhY6fKy5FQFDNS1N1MkhThCRqRoaYcxUR6ebmzsM60ElpRInRxZZXq74kcxVJO40B3xkiN5aI3E//zhpmKbryc8jRThOP5oihjlkqsWRZWSAXBik01QVhQ/VcLj5FAWOnE6joEZ/HkZdK7aDlXLef+stFuV3HU4AROoQkOXEMb7qADXcCQwzO8wpvxZLwY78bHvHXFqGaO4A+Mzx9/MZXV</latexit>

V⇡(s)
<latexit sha1_base64="44pKOwy5wPMq8y0PWSl5nxrOQE8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthaaUDababt0swm7G6GE/g0vHhTx6p/x5r9xm+agrQ8GHu/N7Oy8MBVcG9f9dipr6xubW9Xt2s7u3v5B/fCoq5NMMeywRCSqF1KNgkvsGG4E9lKFNA4FPoaT27n/+IRK80Q+mGmKQUxHkg85o8ZKvl+8kCuMZnpQb7hNtwBZJV5JGlCiPah/+VHCshilYYJq3ffc1AQ5VYYzgbOan2lMKZvQEfYtlTRGHeTFxhk5s0pEhomyJQ0p1N8TOY21nsah7YypGetlby7+5/UzM7wJci7TzKBki0XDTBCTkHkAJOIKmRFTSyhT3P6VsDFVlBkbU82G4C2fvEq6F03vqundXzZarTKOKpzAKZyDB9fQgjtoQwcYpPAMr/DmZM6L8+58LForTjlzDH/gfP4Aqe2SFw==</latexit>s

Agent takes  
action a in state s

Agent receives reward R  
and transits to state s’

sum over all  
possible outcomes s’sum over  

all possible  
actions a 

<latexit sha1_base64="jhuxO7eHsp6l9nfstyJlIH8nGuQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPAi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVZ66KW8X625dXcOskq8gtSgQKNf/eoNEpbFKA0TVOuu56YmyKkynAmcVnqZxpSyMR1i11JJY9RBPj91Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zupmJboKcyzQzKNliUZQJYhIy+5sMuEJmxMQSyhS3txI2oooyY9Op2BC85ZdXSeui7l3VvfvLmu8XcZThBE7hHDy4Bh/uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5A1EbjdE=</latexit>⇡
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(4) Optimisation
๏ Movement model and value function could be learned in a 

pipelined fashion but errors accumulate and difficult to 
control 

๏ Solution is to learn both quantities simultaneously in a single 
optimisation problem  

๏ Input:
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Architecture of Deep Model
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Convolution & Representation
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Exemplary Predicted Movements
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Predicting Controlled Zones
Dick, Tavakol & Brefeld. Frontiers in Sports and Active Living, 3, 2021)
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Application: Availability
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๏ Is player Y available for a pass?  

๏ How much time does the ball need to reach player Y? 

๏ Can X pass the ball to Y in a given situation?  

๏ Can any opponent player Z intercept the ball? 

๏ Does Y have enough time to control the ball?

Availability

e.g., Y shadowed by another player, blocked path, difficult angle, technical skills, etc.

e.g., distance to X, distance to path of ball, reaction time, etc.

e.g., distance to closest opponent player(s), technical skills, difficulty of pass, etc. 
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Ball dynamics

data                                    model

U. Dick, D. Link, and U. Brefeld. DAMI, 2022
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Example

reachability likelihoods         interception likelihoods

U. Dick, D. Link, and U. Brefeld. DAMI, 2022
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Example (cont’d)

interception likelihoods           success likelihoods

U. Dick, D. Link, and U. Brefeld. DAMI, 2022
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Availability

U. Dick, D. Link, and U. Brefeld. DAMI, 2022
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Expert Ratings

๏ Expert ratings strongly correlated with model predictions 

๏ On average model outperforms human experts

scores in {-2:-1,0,1,2}
player should be able to receive the ball safely  
if the passing player does not make a terrible mistake.

player has a good chance to receive the ball,  
but there is maybe a small interception chance  
for an opponent.

50:50 chance to get the ball,

U. Dick, D. Link, and U. Brefeld. DAMI, 2022
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Ranking of players

350 passes, 65 players from FC Bayern Munich, Hamburger SV, TSG 1899 Hoffenheim, FC Schalke 
04, and SG Eintracht Frankfurt
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Pattern Detection



Ulf Brefeld Machine Learning     Leuphana

Daily work at a club
๏ Video is still the main source of information 

๏ Video analysts watch hours of video footage to prepare for the 
next match (e.g., scout opponents, find good/bad situations 
in own team, …) 

๏ Can we identify situations of interest (i.e., patterns of interest) 
automatically in a large number of matches?
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Theory & Practice
๏ Theory: Supervised classification problem where labelled 

instances                                   are given 

๏ Practice: Labels      do not exist! We only have      but very 
many thereof 

๏ Solution: Semi-supervised with labelled                                    
and unlabelled situations                             where  
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(Variational) Autoencoders

Encoder Decoder

Low dimensional   
embedding space

minimize differences  
between input  

and output

e.g., Hinton & Salakhutdinov (2006); Kingma & Welling (2013)
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AEs as Movement Model

Encoder Decoder

Low dimensional  
embedding space

minimise differences  
between output 

and ground truth

(conceptual approach)

t-1 t
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Semi-supervised Variational AE
G. Anzer, P. Bauer, U. Brefeld, D. Fassmeyer, SSAC, 2021
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GNN Design
G. Anzer, P. Bauer, U. Brefeld, D. Fassmeyer, SSAC, 2021
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Empirical Results

๏ Universally applicable for spatiotemporal pattern detection 

๏ Makes use of only a few labelled and many unlabelled 
situations (cmp. w/ fully supervised methods)

G. Anzer, P. Bauer, U. Brefeld, D. Fassmeyer, SSAC, 2021

Task Model AUC F1
Overlapping runs DetNet 0.62 —

Rule-based — 0.31
Ours 0.93 0.4

Chance w/out shot DetNet 0.69 —
Ours 0.98 0.37
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In Short:
๏ Often, answering complex questions requires: 

๏ A computational model of what is possible 

๏ A computational representation of what happened 

๏ A computational understanding of alternative options of every 
player in any situation 

๏ A computational way to compute optimal actions 

๏ A computational value of how good observed actions are wrt 
to the optimal action

1s
t p

ar
t

2n
d 

pa
rt

e,g., movement model, rays representing all possible passes, …

e.g., an embedding for similar situations

e.g., an embedding for similar situations

e.g., difference between value of optimal and observed action

e.g., via reinforcement learning / imitation learning / behavioural cloning
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Summary
๏ Contextual movement models are key to analysing tracking 

data and integral parts when dealing with more sophisticated 
problems, e.g., actions, availability, pattern detection,… 

๏ Depending on desired application, there are different ways to 
incorporate a movement model in the training process 

๏ Web: ml3.leuphana.de/ulf.html 

Many thanks to:

http://ml3.leuphana.de/ulf.html
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