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Preface

This volume presents a selection of papers from the 11th MathSport International
Conference, held at the University of Luxembourg and organized by team MIDAS from 4—6
June 2025. The conference brought together researchers and practitioners from around the
world to explore the intersection of mathematics and sport.

In addition to four keynote lectures—delivered by Prof. Zuccolotto, Prof. Spieksma, Prof.
Seil, and Prof. Pawlowski—the conference featured 104 presentations covering a broad
spectrum of topics. Of these, 26 contributions are included in this volume as short papers,
reflecting the diversity of sports and methodological approaches represented at the event.
This variety aligns with the vision of the MathSport committee to foster interdisciplinary
dialogue and innovation in the field.

The papers are arranged in alphabetical order by the first author’s surname. We hope this
collection will serve as a valuable resource for researchers and practitioners, and that it will
inspire further advances at the interface of mathematics and sport.
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Teaching probability theory through tennis

T. Barnett*, A. Bedford** and E. Mealy**
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Abstract

This article obtains distributional characteristics for the length of a tennis game, which aids in
teaching students an application of key statistical and computing concepts. Although the mean and
variance help to describe the distribution, it is demonstrated that these two characteristics are
insufficient for measuring ‘risk’ and therefore other characteristics such as the coefficients of
skewness and excess kurtosis are obtained. By setting up recursion formulas with the appropriate
boundary conditions in spreadsheets, the first four moments of the total number of points played in
a game conditional on the point score are obtained, which in turn are converted to distributional
characteristics. Further, the distribution of the total number of points played is compared to the
distribution of the number of points remaining, to show graphically that the variance and
coefficients of skewness and excess kurtosis remain unchanged by adding a constant to all values
of the variable. The above could form an interesting teaching exercise in using Excel and
probability theory, and provide a live student-built solution of tennis matches whilst in-play.

1 Introduction

Suppose we wish to calculate the mean (average value) number of points remaining in a game. Using a
standard formula for calculating the mean value of a discrete distribution, this can be calculated by p =
E(X). Similarly, the variance (standard deviation squared) of the number of points remaining in a game can
be calculated by 02 = E(X2) — E(X)2; which is recognized as a measure of the dispersion of a set of data
from its mean. Barnett and Clarke (2002) apply backwards recurrence formulas to obtain the mean number
of points remaining in a game from any point score within the game and show that when the server has a
54% chance of winning a point on serve, the mean number of points remaining from the outset is 6.7. Barnett
et al (2006a) applies generating functions to calculate the mean and variance of the number of points
remaining in a game from the outset and show that when the server has a 60% chance of winning a point on
serve, the mean number of points remaining from the outset is 6.5 with a corresponding standard deviation
of 2.6. Barnett (2013) applies backward recurrence formulas to obtain the mean and variance of the number
of points remaining in a game from any point score within the game. For example, when the server has a
60% chance of winning a point on serve; from 30-0 the mean number of points remaining in the game is 5.6
with a corresponding standard deviation of 2.2.

Both the mean and variance contain important information to describe the shape of the distribution and
these characteristics could be used to compare one distribution to another. For example, comparing the mean
and variance of a tiebreak set to an advantage set to help identify why ‘long’ matches can occur (Barnett
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and Clarke, 2005). However, if a distribution is not symmetric (as typically occurs in a game and an
advantage set) the mean and variance do not ‘adequately’ describe the shape of the distribution. Two other
characteristics that are used to describe the distribution and measure risk are skewness and kurtosis.
Skewness is a measure of symmetry, or more precisely, the lack of symmetry. A distribution, or data set, is
symmetric if it looks the same to the left and right of the centre point. Kurtosis is a measure of whether the
data are peaked or flat relative to a normal distribution. Note that excess kurtosis will be used throughout
the article such that excess kurtosis = kurtosis — 3, so the normal distribution has an excess kurtosis
of 0, and therefore a kurtosis of 3.

This article uses techniques of recursion formulas and generating functions to obtain the mean, variance,
and coefficients of skewness and excess kurtosis of the number of points remaining in a game conditional
on the point score; by noting from above that the literature has only obtained the mean and variance. This
article also obtains the distributions of the total number of points and the number of points remaining in a
game, where the two distributions are compared to demonstrate graphically the invariance property of
variance V(X + ¢) = V(X). The methods can be readily set up in spreadsheets to obtain numerical results
and could form an interesting teaching exercise in probability theory by allowing students to obtain
distributional characteristics of a tennis game.

2 Method

2.1 Probability of winning a game

We have two players; player A and player B.

Let pA represent a constant probability of player A winning a point on serve (D
Let pB represent a constant probability of player B winning a point on serve (2)
Thus, pA and pB become the two parameters for the model.
Let qA represent a constant probability of player A losing a point on serve 3)
Let gB represent a constant probability of player B losing a point on serve 4)

It follows thatgA = 1 — pAandqB = 1 — pB

Barnett and Clarke (2002) use backwards recursion in an Excel spreadsheet to calculate the condition
probabilities of winning a game. Barnett et al. (2006b) use forwards recursion in an Excel spreadsheet to
calculate the chances of reaching scorelines. The latter calculations are used to calculate the distributions of
the total number of points played and the number of points remaining in a game, and represented graphically
in Section 2.4.

2.2 Moments of the number of points in a game

Let XA(a, b) and YA(a, b) be random variables of the total number of points played in a game and the
number of points remaining in a game respectively at point score (a,b) for player A serving.

Let E(XA(a,b)) and E(YA(a, b)) represent the first moment (or expectation) of the total number of
points played in a game and the number of points remaining in a game respectively at point score (a,b) for
player A serving. It can be shown that

E(XA(a, b)) = pAE(XA(a + 1,b)) + qAE(XA(a,b + 1)) &)
E(YA(a, b)) =1+ pAE(YA(a + 1,b)) + qAE(YA(a, b + 1)) (6)
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Let XnA(a, b) represent the n™ power of the random variable XA(a, b) for each n > 0.

Then E (XnA(a, b)) represents the nth moment with the following important relation XnA(a, b) = (a +
b + YnA(a, b)) which, when expanded involves various powers of YA(a,b). Thus, calculation must
proceed recursively, i.e. first moment, second moment, and so on. These higher moments can then be used
to calculate other statistics such as variance, skewness and excess kurtosis. This is an excellent student
activity, suited for Excel.

Taking expectations gives the following recurrence formula:

E(XnA(a, b)) = pAE(XnA(a + 1,b)) + qAE(XnA(a,b + 1)) (7)
The boundary values for XnA(a, b) are obtained as:
E(XnA(4,0))and E(XnA(04)) = 4n, (8)
E(XnA(4,1))and E(XnA(1,4)) = 5n, (9
E(XnA(4,2))and E(XnA(2,4)) = 6n (10)

The boundary values at E(XnA(3,3)) are obtained as follows:
The moment generating function for the total number of points played in a game from (3,3) with player
A serving is given by:
(pA2 + qA2)e8t

MXA(3,3)(t) = —— 2pAGAcat (11)
Therefore:
4(3pAqA — 2)

= = = 12

E(XA(3,3)) = M(1)XA(3,3)(0) 2pAgA — 1 (12)
B _ 8(18pA2qA2 — 23pAqA + 8)
E(X2A(3,3)) = M(2)XA(3,3)(0) = CpAdA— D2 (13)
16(108pA3qA3 — 200pA2qA2 + 131pAqA — 32)
= = 14
E(X3A4(3,3)) = M(3)XA(3,3)(0) (2pAqA — 1)3 14
32(648pA4qA4 — 1556pA3qA3 + 1462pA2qA2 — 655pAqA + 128)
E(X4A(3,3)) = M(4)XA(3,3)(0) = 2pAdA =14 (15)

Table 1 represents the first moment (equivalent to the mean) of the total number of points played in a
game at various score lines for player A serving given pa=0.6

Table 1 The first moment of the total number of points played in a game at various score lines for player A
serving given pA=0.6

B score
0 15 30 40 game
0 6.5 7.0 6.8 5.8 4
A 15 6.2 7.0 7.5 7.0 5
score 30 5.6 6.7 7.8 8.3 6
40 4.8 6.0 7.5 9.8

Game 4 5 6
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2.3 Parameters of distribution of the number of points in a game

Let u(XA(a, b)), 02(XA(a, b)), y1(XA(a,b)) and y2(XA(a, b)) represent the mean, variance, coefficient
of skewness and coefficient of excess kurtosis of the total number of points played in a game at point score
(a,b) for player A serving. It provides a challenge now for students to ascertain this.

The following standard results are used to obtain

1(XA(a, b)),02(XA(a,b)),y1(XA(a, b))and y2(XA(a, b)) (16)

E(XA(a, b)) = u(XA(a, b)) (17)

E(X2A(a b)) = 02(XA(a, b)) + E(XA(a,b))2 (18)
y1(XA(a, b))o2(XA(a, b))3

E(X34(a,b)) = > + 3E(X2A(a,b))E(XA(a,b)) — 2E(XA(a,b))3 (19)

E(X4A(a,b)) = y2(XA(a, b))o2(XA(a,b))2 + 4E(X3A(a, b))E(XA(a, b)) + 3E(X24(a, b))2
—12E(X2A(a,b))E(XA(a,b))2 + 6E(XA(a, b))4 (20)
Let u(YA(a, b)),02(YA(a b)), y1(YA(a, b))and y2(YA(a, b))represent the mean, variance,
coef ficient of skewness and coef ficient of excess kurtosis of the number of
points remaining in a game at point score (a, b) for player A serving. (21)
Finally, the following relations are used to obtain u(YA(a, b)), c2(YA(a, b)), y1(YA(a, b)) and
y2(YA(a, b))

u(YA(a, b)) = u(XA(a,b)) —a—b (22)
02(YA(a, b)) = 02(XA(a, b)) (23)
y1(YA(a, b)) = y1(XA(a, b)) (24)
v2(YA(a, b)) = y2(XA(a, b)) (25)

Table 2 represents the mean number of points remaining in a game at various score lines for player A
serving given pa=0.6.

Table 2 The mean number of points remaining at various score lines for player A serving given pA=0.6

Bscore
0 15 30 40
0 6.5 6.0 4.8 2.8
Ascore 15 5.2 5.0 4.5 3.0
30 3.6 3.7 38 33
40 1.8 2.0 2.5 3.8

2.4 Distribution of the number of points in a game

Figure 1 represents the distribution of the total number of points played in a game from 15-15 (a=1, b=1)
for player A serving given po=0.6 (Barnett, 2013). Notice how the blue colour is the chances of player A
winning the game and the maroon colour is the chances of player B winning the game. For example, the
chances of player A winning the game to 15 is given by the frequency distribution of blue for 5 total points
played. This numerical value is 20.74%. Similarly, the chances of player B winning the game to 15 is given
by the frequency distribution of maroon for 5 total points played. This numerical value is 6.14%. Therefore,
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the game finishing with either player winning to 15 (or 5 total points played) is given by
20.74%+6.14%=26.9%. Figure 2 represents the distribution of the number of points remaining in a game
from 15-15 for player A serving given pa=0.6. Note that the shapes of both distributions from figures 1 and
2 are the same. In other words, the variance and coefficients of skewness and excess kurtosis remain
unchanged by adding a constant (c) to all values of the variable. This is widely known as an invariant
property in variance such that V(X+c)=V(X). The differences in both distributions are reflected only by
shifting the horizontal scale by a constant; as reflected by the mean property M(X+c)=M(X)+c. As above,
let Xa(a,b) and Ya(a,b) be random variables of the total number of points played in a game and the number
of points remaining in a game respectively at point score (a,b) for player A serving. By simple logic,
Ya(a,b)+(atb)=Xa(a,b), where a and b are represented by player’s A’s score and player’s B’s score
respectively. It follows that V(Ya(a,b)+(at+b))=V(Xa(a,b)). Using the invariant property of variance above
V(Y a(a,b)+(a+b))=V(Ya(a,b)), since (a+b) is a constant. Therefore V(Xa(a,b))= V(Ya(a,b)). Note that the
coefficient of variation = standard deviation/mean.

3 Conclusions

It has been demonstrated in this article how setting up recursion formulas with the appropriate boundary
conditions in spreadsheets can generate the first four moments of the total number of points played in a
game conditional on the point score. Standard formulas are then used to obtain the distributional
characteristics of the mean, variance, and coefficients of skewness and excess kurtosis of the total number
of points played in a game and the number of points remaining in a game conditional on the point score.
These two distributions are then compared and used to show graphically that the variance and coefficients
of skewness and excess kurtosis remain unchanged by adding a constant to all values of the variable. The
methods outlined could form an interesting teaching exercise in probability theory by allowing students to
obtain distributional characteristics of a tennis game. This in turn allows students to build their own tennis
calculator and become familiar with using spreadsheet software such as Excel. Similar methods can be
obtained for the number of points remaining in a tiebreak game, number of games remaining in a tiebreak
or advantage set, and the number of sets remaining in a best-of-3 or best-of-5 set match.

Mean St. Deviation Variance Variation Skewness Kurtosis

Number of points played in the game v 70 26 6.7 0.37 204 721

40%

35%

30%
25%

20%

15%

10%

0% . |

4 5 6 7 8 9 10 | 11| 12 |13 | 14 | 15| 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28

M PlayerA|0.0%|21.6]25.9|0.0%|12.4|0.0%|6.0%|0.0%|2.9%|0.0%|1.4%|0.0%|0.7%|0.0%|0.3%|0.0%|0.2%|0.0%|0.1%|0.0%| 0.0%|0.0%| 0.0%|0.0%| 0.0%

M PlayerB|0.0%(6.4%|11.5 |0.0%|5.5%|0.0%|2.7%0.0%|1.3%0.0%|0.6%|0.0%|0.3%|0.0%|0.1%|0.0%|0.1%|0.0%] 0.0%|0.0%| 0.0%0.0%| 0.0%|0.0%|0.0%

Figure 1 Distribution of the total number of points played in a game from 15-15 for player A serving given
pA=0.6
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Nurmber of points remaining in the game| W7 Mean St. Deviation Variance Variation Skewness Kurtosis
5.0 2.6 6.7 0.51 2.24 7.21
40%
35%
30%
25%
20%
15%
10%
5%
0% I . || r—
2 3 4 5 6 7 8 9 10 {1112 | 13 |14 | 15|16 |17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26
Il Points |0.0%|28.0|37.410.0%|18.0/0.0%|8.6%|0.0%|4.1%|0.0%2.0%|0.0%|1.0%|0.0%|0.5%|0.0%|0.2%|0.0% |0.1%|0.0%|0.1%0.0%|0.0%|0.0%|0.0%

Figure 2 Distribution of the number of points remaining in a game from 15-15 for player A serving given
pA=0.6
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Abstract

The relatively high draw probability in test cricket has fluctuated over the years from around 25% in
2003 to around 15% in 2022. These statistics indicate that players are playing more aggressively to score
runs to increase their chances of winning the match due to the limited number of overs available to bowl
the opposing side out twice to reduce the draw probability, and this strategy inadvertently increases the
chances of the opposing side winning since by scoring runs faster there may be an increased chance of
losing wickets. The draw probability can be reduced in test cricket by increasing the number of allowable
overs, where the current system has a maximum of about 450 overs (90 overs over 5 days). Given that
One Day International (ODI) cricket plays a maximum of 100 overs in a day, it could then appear
‘practical’ to extend the number of overs in test cricket from 90 to 100 overs per day. Also, an additional
6th day could also appear to be a ‘practical’ strategy to reduce the draw probability. Another method to
reduce the draw probability in test cricket is by playing only one innings for each side (compared to the
standard two innings). Thus, this presentation will discuss alternate scoring systems to a 3-test and 5-
test series based on the discussion above using the following key objectives:

a) reduce the draw probability each match

b) increase the chances of the stronger team winning each match

¢) reduce the draw probability of the series

d) increase the chances of the stronger team winning the series

e) reduce the length of the series

1 Introduction

The percentage of test cricket matches resulting in a draw has notably declined over time, with
approximately 25% matches resulting in a draw in 2003 to only 15% in 2022 (Barnett and Pollard 2024).
This reduction may be attributed to evolving team strategies aimed to force a match result within the
limited number of available overs. Currently, test cricket allows for a maximum of 450 overs (90 overs
across five days), which can limit match outcomes in slow-paced tests.

Another common scenario that contributes to drawn matches occurs when the batting side scores
fewer runs in their first inning and lacks sufficient overs in the remaining match to realistically pursue
a win. In such situations, the team often adopts a defensive strategy to avoid losing, rather than
attempting to win. Again, it would seem of interest to extend the length of allowable overs in test cricket
to increase competitiveness and spectator engagement.

An alternative method to reduce the likelihood of drawn matches in test cricket is to limit each side
to one innings, rather than the traditional two. This method is permitted under Law 13.1.1 of the MCC
Laws of Cricket, which states “A match shall be one or two innings for each side according to agreement
reached before the match” (MCC Laws).

While single matches can benefit from these structural changes, it is important to note that test cricket
is played over a series of matches. A well-known test cricket series is The Ashes, consisting of five test
matches played over five days for each match, thus allocating 25 days of scheduled play. However,
research by Pollard and Barnett (2024) suggests that shorter series formats, such as 3-test or 4-test series
may offer a more efficient and balanced structure when combined with modifications to match durations
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or inning limits. The Guinness World Records (2013) states the multi-format adopted for the Women’s
Ashes international test series was a world first. Utilising data from Cricket.com.au. (2025), a reduction
in the percentage of drawn games and therefore drawn series can be seen, with Women’s ashes from
1931 to 2011 resulting in a drawn series almost 39% of the time, while the multi-format series has
experienced only a 25% draw rate.

Australian Summer weather presents another variable that affects the probability of drawn test
matches, and accordingly drawn international test series. For instance, when analysing data from ESPN
Cricinfo, of the 12 weather affected international test matches played at the Gabba since 1960, 10 of
those games went on to finish in a draw.

This project will analyse alternate series structures with series composed of 3-test and 5-test series
based on the discussion above using the following key objectives:

a) Reduce the draw probability in individual matches

b) Increase the likelihood of the stronger team winning each match

¢) Reduce the probability of a drawn series

d) Increase the likelihood of the stronger team winning the series

e) Reduce the total duration of the series

2 Methods

This paper presents an alternative match and series structures for both 3-test and 5-test cricket series
to reduce the likelihood of drawn results. These alternate systems will incorporate variations in match
duration and format, specifically using one inning matches, six-day matches and a combination of both.

To ensure a systematic comparison of test series structures, the following assumptions are made
based on the current test match format of a maximum of 90 overs per day across 5 days:

e  All matches are played with a maximum of 90 overs/day

e  Two-innings matches played over 6 days

e  One-innings matches played over 3 days

e  One-innings matches played over 4 days

e  The total number of days used in a series must not exceed 25 days for a 5-test series and 15 days
for a 3-test series

The current scoring systems will serve as a reference for evaluating the impact of proposed
alternative scoring systems. Specifically, the standard structures are as follows:

Scoring system (1) 3 test series, two-innings, played over max 5 days, 90 overs per day (max days
in series 15)

Scoring system (2) 5 test series, two-innings, played over max 5 days, 90 overs per day (max days
in series 25)

Based on these assumptions and existing structures, a range of alternate scoring systems were
developed for both 3-test and 5-test series. These combinations vary the number of one innings and two
innings matches, as well as the number of days allocated to each match, while ensuring the total series
length remains within the current limits. The proposed configurations for a 3-test and 5-test series are
summarised below in Table 1 and Table 2 respectively.

To assist in evaluation, we use a Monte Carlo simulation incorporating standard cricket rules
and probabilistic events. The simulation is based on a ball-by-ball approach, where each
batsman’s probability of scoring runs or being dismissed is modelled on their position in the
batting order. The probabilities for scoring 0, 1, 2, 3,4, 5, and 6 runs, chances of no balls, wides,
and wickets are drawn from historical data gathered from 170 world test series names from
2020 to 2025. Furthermore, the probabilities of a wicket falling on a particular ball varies by
batting position based on the historical data. The innings are simulated within a upper over limit
upon the system, with differing cases. For example, for Scoring System (3) Team 1 being
restricted to a maximum of 180 overs (i.e. if still batting they declare), and the total combined
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overs for both teams capped at 270. These constraints ensure the simulation adheres to a more
realistic test match format.

Table 1 Alternate Scoring Systems to a Standard 3-test Cricket Series

Scoring No. of No. of one- No. of two- Max days Max
system  matches innings innings one-innings days in
matches matches matches series
(&) 3 3 - 3 9
“) 3 3 - 4 12
Q) 3 2 1 3 12
(6) 3 2 1 4 14
@) 3 1 2 3 15
() 5 5 3 15

Table 2 Alternate Scoring Systems to a Standard 5-test Cricket Series

Scoring No. of No. of No. of two- Max days Max days
system matches one-innings innings one-innings in series
matches matches matches

() 5 5 - 3 15
® 5 4 1 18
(10) 3 - 3 - 18
(11) 5 5 - 4 20
12) 5 3 2 3 21
13) 7 7 - 3 21
(14) 5 4 1 4 22
(15) 5 3 2 4 24
(16) 5 2 3 3 24

The simulation tracks match progression, recording individual batsman statistics (runs and
balls faced) while continuously checking for stopping conditions. Key stopping criteria include
exceeding the maximum overs, all-out conditions, or a chasing team’s score surpassing that of
the opposing team to win. The simulation stops under end of game conditions. We then evaluate
a series results based upon these probabilities, eg. For (3) match series it is simple to calculate
m draws in three matches as P(D = m) = (;)P(Dl)m(l — P(D;)®> ™) and so on for wins

(W1). So series wins are easily derived P(Team 1 wins series) =P(W;)3 +
3P(W)*P(W,) + 3P(W,)?P(D); P(Team 2 wins series) = P(W,)3 + 3P(W,)?P(W,) +
3P(W,)?P(D) and P(Drawn series) = P(D)3 + 3P(W,)P(W,)P(D). To win a 5-match
series we have P(Team 1 wins series) = Z,ﬁzg(i) P(W)* - P(W,)>* . P(D)>F in a non-
mixed format series. In a mixed format, we need to adjust the winning and associated
probabilities for the differing formats. This of course varies for series with team 1 winning
under 1 innings 3 days and team 1 winning under 2 innings 6 days mixed in the same series.

3 Results

Tables 3 and 4 presents the converged probabilities of a simulation of 20000 games per match design
utilising run, extras and wicket probabilities calculated from the analysis of 120 World Test Series
matches from 2022-2025. Each table presents the probabilities of Team 1 winning (P (W 1)), Draw(D),
and Team 2 winning(P (W?2)). Table 3 presents the case in which no team declares in 1 innings games,
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and any team declares if not all out by 180 overs in a 6 day, 2 innings match. Table 4 presents team 1
declares after 180 overs in 3 day games and 135 overs in either innings of 2 inning 6 day games.

Table 3 Converged probabilities for Team 1 win, Draw and Team 2 win

Match Design Team 1 wins Draw Team 2 wins
P(W1) D P(W2)
1 innings 3 days 0.5050; 0.0076 0.4874
1 innings 4 days 0.5118 0.0032 0.485
2 innings 6 days 0.4886; 0.0092 0.5022

Table 4 Converged probabilities for Team 1 win, draw and Team 2 win with declaration

Match Design Declaration Team 1 wins  Draw Team 2 wins P(tlwins|declared)
criteria P(W1) D P(W2)
1 innings 3 Team 1 decl @ 0.4892 0.0088 0.5020 0.71
days 180 overs
1 innings 4 Team 1 decl @ 0.4960 0.0026 0.5014 1
days 180 overs
2 innings 6 Team 1 decl @ 0.4850 0.0046 0.5104 0.88
days 135 overs
Table 5 3-test series
Scoring Match draw Match draw Series draw Series draw Maximum
system probability probability probability probability with days in
with declaration series
declaration
(€)) 0.0076 0.0088 0.0128 0.0126 9
“) 0.0032 0.0026 0.0050 0.0036 12
(&) 0.0076;0.0092 0.0088;0.0026 0.0132 0.0128 12
(6) 0.0032;0.0092 0.0026;0.0046 0.0070 0.0056 14
() 0.0076;0.0092 0.0088;0.0026 0.0134 0.0096 15
() 0.0092 0.0046 0.0168 0.0082 15
Table 6 5-test series
Scoring Match draw Match draw Series draw Series draw Maximum
system probability probability probability probability with days in
with declaration series
declaration
() 0.0092 0.0046 0.0168 0.0082 15
(&) 0.0776;0.0092 0.0088;0.0046 0.0134 0.0142 18
10) 0.0092 0.0046 0.0122 0.0070 18
a1 0.0032 0.0026 0.0054 0.0064 20
12 0.0076;0.0092 0.0088;0.0046 0.0174 0.0200 21
13) 0.0076 0.0088 0.0132 0.0158 21
(14) 0.0032,0.0092 0.0026,0.0046 0.0072 0.0066 22
a5) 0.0032,0.0092 0.0026;0.0046 0.0130 0.0064 24
(16) 0.0076;0.0092 0.0088;0.0046 0.0172 0.0114 24

Tables 5 and 6 show we have reduced the draw prob for the series in all alternate formats (3-16) in
comparison to the current 3-test and 5-test formats by playing two-innings over 5 days matches.



Alternate Test Cricket Series Barnett, Pollard, Bedford & Mealy

Furthermore, we show that the chance of Team 1 winning when they have declared is highest in 1
innings 4 days match design, but the declaration overall increases the probability that Team 1 wins.

Notably, the restriction of resources for Team 1 allows for a result, circumventing any adjustment of
probabilities and variance in the simulations. Imposing a declaration allows the reduction in likelihood
of a draw and the chances of a result favourable to Team 1. Any reduction in dismissal likelihood for
Team 1 would lead naturally to an improved score (due to not shorting out on the declaration) and
improvements therein are imagined.

4 Discussion

The rationale behind the study was to develop alternate series structures to reduce the draw probability
in test cricket matches based on the following two observations from the current two-innings structure
played over a maximum of 5 days:

1) players are playing more aggressively to score runs to increase their chances of winning the match
due to the limited number of overs available to bowl the opposing side out twice to reduce the draw
probability, and this strategy may inadvertently increase the chances of the opposing side winning since
by scoring runs faster there may be an increased chance of losing wickets

2) a team batting second scored fewer runs compared to the other team in the 1st innings and is
unable to win the test in the 2nd innings due to not having enough overs remaining and is thus playing
defensively to play for a draw

An obvious and simple method to achieve the objective to reduce the draw probability is to allowing
for an additional sixth day of play. By playing six days of cricket, a 3-test series a total of 18 days of
play would need to be scheduled and in a 5-test series a total of 30 days would need to be scheduled.
This increase in duration of playing time to reduce the draw probability in both 3-test and 5-test series
may be unattractive to regulators, player conditioning teams and stadium and event management.
Therefore alternate systems were devised in tables 1 and 2 by utilizing one-innings test matches. It is
worth noting that an alternate system to the current 5-test series by playing all two-innings matches is
given by system (10) where 6-day matches are played in a 3-test series for a maximum of 18 days.
However, the only way to play a 5-test series (with two-innings matches played over a maximum of 6
days) and keep the maximum number of days to 25 as in the current format, is to play all one-innings
matches or a combination of one-innings and two-innings matches. And thus, a total of 7 systems are
given in table 2, where a one-innings match could be played over 3 or 4 days.

Thus, we are confronted with a situation on whether a one-innings match played over 3 or 4 days
would reduce the draw probability in comparison to the current two-innings match played over 5 days.
Using simple logic we can be confident that the draw probability of playing a one-innings match over 4
days will be less than the draw probability of playing a one-innings match over 3 days. Thus, one-innings
matches over 3 or 4 days could be trialled in domestic matches to obtain estimates on draw probabilities
in comparison to the current two-innings match played over a maximum of 5 days. Note also system
(13) is a 7-test series playing all one-innings matches over 3 days for a maximum of 21 days in contrast
to system (10) where a 3-test series playing all two-innings matches over 6 days for a maximum of 18
days. It is also worth noting that the proposed system (8) could be adopted as an alternate scoring system
in both a 3-test and 5-test series by playing 5 one-innings matches over 3 days for a maximum of 15
days of play. It reasonable to assume that a two-innings match played over a maximum of 6 days will
increase the chances of the stronger team winning in comparison to a two-innings match player over a
maximum of 5 days, and a one-innings match played over 3 or 4 days. And thus, as is the case with
many scoring systems, by devising a system to increase the chances of the stronger team winning will
generally increase the length of the match/series

Consider systems (3) and (4) from table 3, where both systems play 3 one-innings matches over a
maximum of 3 days and 4 days respectively. Hence system (3) has a maximum of 9 days in the series
compared to system (4) a maximum of 12 days in the series. Thus, is it beneficial to schedule an
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additional 3 days in the series to increase the probability of a match result, increase the probability of
the stronger team winning the overall series and reduce the draw probability in the overall series.

This could be quite attractive to regulators in making decisions of cricket scoring systems. Note that
systems (5), (6) and (7) also adopt a 3-test series, but they all utilise a combination of one-innings and
two-innings matches within the series. But nevertheless, making a comparison of the key objectives with
the current format of system (1) could be attractive to regulators. Also, system (8) adopts a 5-test series
with all one-innings matches, and has the advantage that it could be adopted to replace both the current
formats of system (1) and system (2). The equivalence of alternate systems to a 5-test series from table
4 is now given. All matches from system (8) and system (11) are one-innings and the number of matches
played is 5. Systems (9), (12), (14), (15) and (16) also adopt a S-test series, but they all utilise a
combination of one-innings and two-innings matches within the series. System (10) adopts a 3-test series
with all two-innings matches and system (13) adopts a 7-test series with all one-innings matches. Thus,
system (10) has the property of keeping with the current two-innings structure for all matches.

6 Conclusions

This study showed our alternate series and match designs for Test cricket reduced draw probabilities.
By simulating various combinations of match formats—particularly one-innings matches over 3 or 4
days and two-innings matches over 6 days—we demonstrated that structural adjustments can
significantly influence match and series outcomes. Notably, one-innings matches over 4 days
consistently reduced draw probabilities while maintaining competitive balance, and six-day two-innings
matches further enhanced the chances of a stronger team securing victory.

The findings suggest that cricket regulators could consider trialling these alternate formats in
domestic competitions to gather empirical data and assess feasibility. Systems such as (4) and (8) offer
promising alternatives that preserve series length while improving result likelihood. Ultimately,
adopting flexible match structures may enhance the strategic depth and spectator appeal of Test cricket,
while aligning with modern scheduling and performance demands.
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Abstract

The triple-nested point structure (sets, matches, points) in tennis introduces some extraordi-
nary effects: Players can win matches without winning more points than their opponent (Quasi-
Simpson paradoxon). In addition, the ten best players in tennis history, on average, win ’only’
53.4% of the total points played, although they win 78.2% of their matches. Together, these
insights have fueled the widely held belief that clutch performance is a major factor for suc-
cess in professional tennis. We challenge this hypothesis, using purely match-statistic data
from 93, 884 matches spanning 23 years of professional tennis (1991-2024). Our findings indi-
cate that overall point winning percentages, rather than over-performance on important points
explain match outcome rates with an R%-value of 93.1%. Additionally, we perform two simu-
lations—each assuming a randomized dispersion of points won regardless of their importance:
First, we simulate 100,000 tennis matches using artificial serve and return winning percentages.
This reveals an s-shaped relationship between career points and career matches won. Second,
simulating the careers of 500 players 1,000 times each using their actual match-level serve and
return winning percentages yields an R> of 94.0% when predicting their real-life career match
winning percentages.

1 Introduction

In a recent speech, Roger Federer mentioned that he won 81.7% of his 1,526 matches by winning only
54.1% of his points Federer phrased it as a message to never dwell with previous failures or successes
to allow yourself to fully focus on the next pointE] Patrick Mouratoglou a famous tennis coach, confirmed
these statistics for Roger Federer (54.1%), Novak Djokovic (54.4%) and Rafael Nadal (54.5%)E] inferring
that these players won their matches at a few, very important points. Table [I] shows an overview of the most
elite tennis players’ career statistics compared to average using the data-set described in Section [2| Meffert
et al. concluded that ”Big points exist in professional tennis” as a result of a survey they conducted among
experts (n = 174) agreeing distinctly on the subsistence of big points (97.3%), although they failed to find a
clear definition for such [13]].

IFull speech at Dartmouth https://www.youtube.com/watch?v=pqWUuYTcG-o, accessed 2024/20/12. The underlying
data-set used is undefined; however, these statistics are roughly aligned with Table

2 In tennis perfection is impossible [ ... ] In other words, even top-ranked tennis players win barely more than half of the points
they played”

3Link: https://www.youtube.com/shorts/UrIihuSVtQs, accessed 2024/20/12
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Several studies investigated the importance of potential key-points like break-points [13]], match-points
[[7, 18,123} (11} |14, (18} |19, 4] or tie-breaks [12}, 2, 20]. More broadly, the influence of psychological factors
like clutch performance, hot-hand [1} 6], choking under pressure [3]] or back-to-the-wall-effect [6] has been
researched under the umbrella of the i.i.d.—assumptiorﬂ [[7,(17,116,(15]]. The question of whether elite players
can perform significantly better at important points has already been raised in 2004 [21]]. Following Morris’
definition of important poinmE] [[14], Pollard et al. concluded (on a basis of seven matches) that there is some
evidence that top players in good form (investigated by the reference of A. Agassi) can perform above their
career average at important points [21]]. However, they motivate further research on a larger sample size. A
more thorough study in 2012 analyzed 1,009 matches from the US Open (1994-2006) and provided evidence
that the top players perform better "when it matters most” [3]: When predicting both point outcomes and
the ATP world ranking using basic player statistics, they showed that a proxy metric for clutch performance
had a significant influence. Similarly, [9] weighted the points of 305 men’s and 296 women’s Grand Slam
matches from 2011 by their influence on the match winning percentage according to [14ﬂ and showed that
the weighted point winning percentage (pw) predicts match outcomes better than naive point aggregations.
From then on, a series of researchers described this ability of the best players as self-evident [[13} 23] [11]],
although none of the described approaches checked whether a raised clutch performance, i.e., a significantly
improved pw at important points, discriminates between elite and average tour players on an appropriate
sample size.

Thus, it is our objective to investigate an alternative hypothesis: a pw of 53.4%—with a random distri-
bution—could naturally relate to a match winning percentage (mwp) of 78.2% due to the rules of the game
itself. In the above example of Agassi [21]], this would mean that an advantageous dispersion of his won
points cause his 'good form’ and not vice versa. Thus, we follow up on the research question raised in
[21]], i.e. whether an outstanding clutch performance discriminates among top players, by using only match-
level (i.e. aggregated return and serve winning percentages) data on a significantly increased sample size
(n = 93,884 matches, on average 330 matches per player).

2 Data

We use publicly available data compiled by Jeff Sackmann This dataset comprises match-level statistics
for men’s tour-level singles matches, focusing on major events, including Grand Slams, Masters, and ATP
250/500 tournaments. Each match entry contains detailed information about tournament attributes as well
as player- and match-specific details (including aces, double-faults, serve-/return-points, and break-point
outcomes). Initially, the raw match data included 193,337 matches spanning from December 1967, to May
2024. To focus on matches with comprehensive data, a first filter was applied to include only those matches
with single-point statistics available, reducing the dataset to 96,442 matches. Further filtering removed

4The assumption that points in tennis are independent and identically distributed.

5 Assuming a fix win point winning percentage (pw) for servers (e.g. p = 0.6), they defined the importance of a point as the
probability of winning the game under the condition of winning the respective point minus the probability of winning the match
when losing it [[14].

6They extended the definition of [14]] from games to the whole match.

Thttps://github.com/JeffSackmann/tennis_atp, available under a Creative Commons BY-NC-SA 4.0 license https:
//creativecommons.org/licenses/by-nc-sa/4.0/
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Player Matches (mwp) Points All (pw) Service (spw) Return (rpw)
Novak Djokovic 84.2 (80.1) 54.5 67.6 42.1
Rafael Nadal 83.0 (79.0) 54.5 67.4 42.3
Roger Federer 81.7 (79.1) 54.1 69.5 39.7
Pete Sampras 80.3 (74.0) 53.5 69.5 38.0
Carlos Alcaraz 79.1 (74.9) 53.2 65.6 41.7
Andre Agassi 76.9 (73.9) 53.3 65.9 41.6
Andy Roddick 75.3(71.7) 53.0 71.1 359
Jannik Sinner 75.2 (70.1) 52.9 66.1 40.2
Stefan Edberg 73.3 (70.8) 52.8 64.9 41.2
Boris Becker 73.2 (68.8) 52.3 67.0 38.1
Average Top 10 78.2 53.4 67.4 40.1

Table 1: Top ten players according their match win percentages along with point-level career aggregates. The number
in parentheses in the second column shows the outcome of Simulation (B) in SectionE} All values in %.

matches where players retired or won by walkover (2.65%), yielding a final set of 93,884 complete matches
from January 1991 to May 2024.

Using the filtered match-level data, we created a player-level dataset to extract relevant statistics for
each individual player. To minimize statistical noise, we included only players with more than 100 recorded
matches, reducing the dataset from 2,500 players to 500. The average number of matches (points) per player
contained in this final dataset is 330 (53, 000).

3 Career Level Regression Analysis

To predict the career mwp of a player, we considered several metrics as explanatory variables: pw, service
point winning percentage (spw), return point winning percentage (rpw), and break-point ratio (bpw). Dif-
ferent combinations of these variables were used in separate regressions to assess their individual and joint
contributions to the match winning percentage. For each combination, coefficients were estimated using
ordinary least squares regression, minimizing the sum of squared residuals [10] on the full dataset. The
statistical significance of each explanatory variable was evaluated to determine its impact on mwp.

The results are summarized in Table 2| All regression coefficients are statistically significant (p < 0.1).
The first regression model (R1; also visualized in Figure [Ta) uses only the overall point winning percentage
as the explanatory variable. The high R? of 94.1% indicates that the point winning ability—without any
information on their dispersion—is a strong predictor for mwp. If important points were to play a significant
role, one would expect a much greater fluctuation in match outcomes for the same pw, which would result
in a lower R?. Interestingly, there is a large translation from an increase in pw to an increase in matches
won: for each 1.0%-point increase in pw, mwp increases by 8.0%-points (B, = 8.0; R1)—at least within
the observed sample range between 47% and 54% points won.

The second regression model (R2) incorporates bpw, defined as the ratio of the percentage of break-
points successfully converted to the percentage of break-points faced and lost as an additional explanatory
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variable. A higher bpw might reflect better performance in high-pressure situations during a match [14,
9]l. Despite the perceived importance of break-points in tennis, including bpw in the model only marginally
enhances the explanatory power (B, = 0.2; R2 & R4)

In the regressions that separately account for spw and rpw (R3, R4), the results remain consistent and do
not alter the overall conclusions. Notably, the coefficients for service points (S, = 0.37) and return points
(Brpw = 0.36) are of similar magnitude, suggesting that improvements in both areas have a comparable
impact on match performance.

Point winning percentages R1 R2 R3 R4
Intercept 3.5 327 3t 2.8
All points (pw) 8.0"" 72"

Service points (spw) 3.7 3.1
Return points (rpw) 3.6 3.0
break-points (bpw) 0.2 0.2
R? 94.1 946 931 943

Table 2: Regression results for explaining a player’s match winning percentage. Significance at the 0.1% level is
denoted by “**. All numbers in %.
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Figure 1: Relationship between point performance metrics and match outcomes.

8Note that we are introducing a bias by including the break-point ratio, since our regression does not separate between training
and test data. Since break-points are rather at the end of games/matches/sets, they might cause an overfitted model. The results are
in line with [5].
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Figure 2: Simulation (A): For three different spw—60% (blue), 65% (orange), 70% (gray)—this Figure shows the
relation between rpw and match-outcome. Each point in the diagram is based on 100,000 simulated matches.

4 Simulation Analysis

We developed a match simulation engine to analyze the relationship between pw and mwp. The model takes
four inputs: spw, rpw, the total number of simulated matches, and the proportion of matches played as
best-of-five-sets.

The model handles point winning probabilities as i.i.d. within a given state (serving or returning) and
follows a Bernoulli distribution. Tie-breaks are assumed at 6:6 in every setﬂ Parametrization was based on
the match-level dataset (Section [2). Using this engine, we run two different simulations: (A) First, a total
of 100,000 matches were simulated using artificial combinations of rpw and spw[gl (B) In a second step,
we use actual match-level serve and return statistics to simulate each of the 500 player’s careers 1,000 times
respectively.

Figure [2| shows the relationship between spw, rpw and pw using purely artificial data. The i.i.d. dis-
tribution in our simulation suggests a situation where players constantly compete at their performance level
without being influenced by psychological factors. Figure|2]also indicates that the alleged linear relationship
between pw and mwp in Figure [Ia] only shows an excerpt of a rather s-shaped relationship: Given a static
spw of 70%, increasing rpw from 25% to 35% increases the mwp by almost 50%, while the same increase
from 0% to 10% won points on return improves the match winning percentage by only a few percent. Con-
sequently, simulating top-players career mwp (as in Figure [2) using their aggregated spw and rpw, fails to
handle the non-linear part of the relation.

To consider this, visualized in Figure [Tb] we simulated all matches of each player’s career with the
respective match-level spw and rpw (1,000 career-simulations per player). Column two in Table[I{shows the
predicted match winning percentage (in brackets) of our simulation. In general our naive simulations match
the actual career statistics, however, the players listed in Table |1| consistently outperform their simulated
results.

9Simplifying actual rules where, for example, Grand Slams may omit tie-breaks in the fifth set
10The share of best-of-five matches was set at 75%, and the ranges for spw and rpw were selected in line with observed data.
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5 Discussion

Previous work on clutch performance [21} (9} |5]] applied Morris’ definition of important points [[14] on point-
by-point data. [9]] showed that in-sample importance-weighted point winning percentages predict match
outcomes better than naive point aggregations. However, similar to [21]], the cause of this correlation could
be overfitting. Compared to this [5]] enriched their spw and rpw with up-to-date information at every pointE-]
Using this dynamic definition of point importance, they detect a significant influence (p < 0.05 in all experi-
ments) of a player’s “critical ability” when predicting both the outcome of future points and when predicting
out-of-sample ATP-rankings. In a second experiment, they showed that a players critical ability explains
13‘7417] of his career average ATP-ranking. Overall, [|5] found evidence for clutch performance being a sepa-
rator between players, however, this finding is not consistent through all their experiments.

We revisit clutch performance from a less granular perspective using just aggregated career and match-
level data on a significantly increased number of 93, 884 matches ([21]: n =7, [9]: n = 1,009, [5]: n = 305).
Our regression analysis in Section [3] (i.e. Figure [Ta) shows that even a very naive model explains ~ 94%
of player’s match winning percentages. The remaining ~ 6%, consequently, aggregates all other potential
influence factors like clutch performance. This conclusion, narrowing the relevance of clutch performance
down, is supported by our simulation study (B): match-level spw and rpw of players alone explain 94% of
their match winning percentages.

Simulations, as applied in simulations (A) and (B), have been researched in the literature [17, (16} [15]].
[[17]] used point conversion rates while serving in order to predict game, set, match, and tournament outcomes.
Following up on this work, in [16]], they investigated the robustness of Monte Carlo simulations for tennis
matches (using spw) against disturbing effects like the hot-hand-effect the back-to-the-wall-effect and against
deviating performances at important points.

Our study poses several limitations that should be overcome in future work: First, our regression in
Section [3] should consider the non-linear relationship shown in Figure 2] Second, prediction accuracies
should be considered on an isolated test data set. Future work on clutch performance should include player’s
career-aggregated performance per point importance (similar to [9]) in an out-of-sample prediction for play-
ers future success. Additionally, other sports showed that machine-learning based in-game-win-probability
models can implicitly capture psychological effects [22]. Consequently, our exhaustive data-set should be
used to compare Morris’ rule-based in-game-win-probability [[14]] models against a purely data-driven model.
Furthermore, we recommend rigor and granular statistical i.i.d. tests on a large point-by-point data set.

Overall, we contribute to existing literature by revisiting clutch performance, one relevant psychological
component in tennis among others, using a large set of real-world data. Minor tendencies for psychological
factors influencing the point distribution cannot be denied, however, our results help to put previous beliefs
on a substantial influence of clutch performance into perspective and motivate future research.

T At the beginning of each match, they are estimated using past match winning percentages of both players. As the match is
ongoing, the average values between these pre-match information and the past point winning percentages within that match are
used.

12A correlation of 0.37 was reported
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Abstract

In our previous work we presented our computer vision (CV) platform that swiftly extracted
horses from vision as analysable objects using segmentation modelling from semi-live footage.
Building upon uses of CV and artificial intelligence (Al) through pre-race training, in-race
tracking, and post-race adjudication and performance analysis, we propose two methods to
obtain horse velocities which provides useful estimates for multiple needs: assessing if there
are issues in a horses gait, cadence and stride in training and racing environments; provide real-
time analysis for in-play betting; and provide pre-race analysis of runners for race prediction.
The first method uses gate-based technology with global positional system (GPS) technology,
the second a video-based transformation method using CV and Al.

We provide the framework for the system and demonstrate its utility in a few environments —
training, race and post-race. We cover challenges and outcomes from the process and compare
the velocities recording using speed gates to the CV models garnered from vision. We also
outline the process of extracting baseline velocities and how this approach can also be utilised
for in-play estimations of performance for setting prices and estimating outcomes.

1 Introduction

In this work, we aim to determine the speed of a horse and thereby impose modelling attributes for
multi-uses, including betting, protests, prediction and horse welfare. Most horse racing is typically
filmed with moving cameras and limited camera angles, which makes conventional speed estimation
difficult, leading to inconsistent decisions, poor data and trying viewing. Existing global positioning
systems (GPS) and gate systems are at times unreliable, and the detail required in a live environment
with gaps in times is considered too slow. In the event of a protest, relying heavily on human decisions
from video can potentially result in errors, discrepancies, variances, and unavoidable inconclusiveness.

Therefore, to improve the decision making, increase the transparency, accuracy, and reliability, we
propose two solutions: a computer-vision (CV) prototype; and a modelling system utilising existing
speed gate data. Data utilised for both methods is via publicly available data sources. Our CV prototype
calculates real-time data of each horse, including speed, acceleration, and position, with a locally
estimated scatterplot smoothing (LOESS) model to estimate prerace speeds from long form speed gate
data.

2 Methodology

As we are undertaking two approaches, we shall outline them sequentially. Firstly, we shall cover the
methods used for speed estimation utilising gate speed (sectional) times. The data we have covers most
racecourses in Queensland and provides key information such as the time taken to run between track
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sections — in Australian racing, this is typically 200 metres (approximately one furlong). While many
models exist for horse racing [1, 2], we primarily focused on speed estimation due to its potential utility
in supporting the CV model’s ability to predict speed. The model overview was to utilise R to scrape
data, optimise times, create a ‘long form’, simulate times based on regression, and estimate pricing,
speeds and winning. A structure of this process is provided in the presentation. The model overview is
as follows.

2.1 Statistical Sectional Estimation

Let £,,;denote the sectional time (per furlong) for horse h in race r at section i € {1,..., S}, where S is the
total number of sections per race. To estimate the expected sectional time, we fit a generalized additive
model (LOESS regression with covariates) as seen in (1).

thi = fn(0) + B, - Distance,. + B, - Weight,, + B3 - Barriery, + -+ + g; (@)

where f}, (i) is the LOESS smoothed by section i, §; is set by overarching adjustments for track by each
variable (by race r), and ¢ the standard residual term. Covariates are drawn from race-day variables
allowing the model to account for varying race conditions. LOESS was used due to the non-parametric
nature of data, and ‘smooths’ over poor race times and outliers, and has a nice recency. For each horse,
we simulate N race outcomes using the model:

f,(l? = tp, + e,(l?,e}(l? ~ N(0,0%) )
The total simulated time for horse h in simulation j is
) =3, ) 3)

where we run a Montecarlo with a stopping rule using variance stability (<0.1 change) for all
competitors. It is then simple to produce outputs of utility such as winning likelihoods, pricing models,
and for our purposes, sectional speed estimates for horse h.

Winning probabilities are obtained simply (I as indicator function) for the quickest time:

1 i . @))
P, = 529;1 I {T}E]) = min Thf } 4)
and sectional leaders, L
Lni = 5 20 1{Zheer £ = min Thee, 1) ®)

The use of these statistical models becomes apparent once we integrate with the CV models. The process
for the CV models is as follows.

2.2 Computer Vision Models to obtain Centroids and Posts

This research extends existing ComfyUl workflows [3] by integrating enhanced model architectures,
notably YOLOv11, to address motion-induced tracking issues in equine performance analysis. It
introduces a multi-model detection and segmentation pipeline—Ileveraging YOLOv8, YOLOv11,
SAM2 and GroundingDino—capable of identifying, tracking, and assigning unique identifiers to
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individual horses across video frames. By applying Kalman filters and Holography the system enables
accurate trajectory mapping and performance metric extraction. The prototype is developed to analyse
live footage and derive actionable insights, with applications in both real-time and post-race contexts.

2.3 Homography-Corrected Centroid Tracking with Sectional Time Smoothing

Using the centroids, post and rail points, we use Homography to estimate the horse’s velocity, then
merge this with (3) to provide reasonable estimates to ‘fill in” any holes due to occlusions, jitter or
camera changes from broadcast. This process was adapted from Zhang et al. [4] and modified in Figure
1, where we provided an overview of the process.

Horse t+dt

Motion

Camera
b Post

Figure 1 Homography modified from [4j

Letc, = u, (asinFig.1) be the image obtained centroid position, ¢, , € P2, for each horse in projective
2D space, and we repeat this at the shift of frame cj, 1.,. T0 correct for movements, we estimate H for
the posts/rail junctions cj, o, = H™' - ¢y r4a¢- This projects the new centroid into the previous frame

x x/w
Ch+at = 21V 1= y/w (6)
w 1

The centroid is smoothed, &y, ¢4 a¢ = & " Cppyae + (1 — @) - Ep, With a set to 0.25 in initial tests, and
the first frame set at &, = c, . We estimate velocity, vy = (€ ¢4 ac — €n)/At and thus speed

el = (VGeerac — X002 + Oerac — ¥0)2)/Bt . Utilising the estimated  times, let T, =

. . . — D . . .
Estimated time to complete section s, we get v, s = T—S Actual centroid movement is given by
hs

Adgps = |Cn,t4 ac — Cne| and expected Adey, = Uy s - At, so if | Adyps — Adeypy 1> 6 then we flag for a
second image sweep/post-race correction. Finally, a fusion between the model and observation is
needed, such that &, = A - pops + (1 = A) - Pinoger, Whereby A is optimised.

3 Results

In reverse order of the methods, we will firstly discuss the CV model: YOLO11 object tracking provides
accurate detections with the added functionality of remembering tracked objects rather than just
detecting if an object exists in the frame. This aligns with our work using Homography, however horses
are often ‘lost’ and reallocated a new id (due to occlusion, camera switching, etc.) An example of
tracking is shown in Figure 2. YOLO11 object tracking models have been optimised for real-time use
and can be employed to quickly and efficiently process data.
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Figure 2: YOLOv11 (a) with centroids (b) Instance Segmentation & (c) speed estimation

The instance segmentation model (Fig 2.b) takes it a step further and applies a mask over individual
instances of horses. This provides specific information about each tracked horse and will attempt to
remember it over frames. Just like object tracking, this method can run into issues related to occlusion
and requires exported data to be further analysed by stewards to make fully educated decisions. It should
be noted that while instance segmentation is very effective at visualising the exact pixels detected as a
horse, it is much more computationally intensive when processing videos. This can be mitigated by
using less accurate versions of the segmentation models, or by using more powerful hardware. The speed
estimation model provides a strict setup and provides a very rough speed reading on horses, as seen in
Figure 2(c). At this point, it is preliminary and considered too unstable for use.

The SAM2 + GroundingDINO segmentation model (Figure 3(a)) is aimed at detecting any specified
object within a frame and applying a mask over the detected objects [5]. The flexibility and ease of use
are the standout features of this method, however due to its generalised training approach, this severely
limits the model in specific use-cases, especially where accuracy is a desired factor. The benefits of a
custom trained dataset would likely be the same as when applied to YOLO models.

Figure 3: (a) SAM2 + Grounding DINO; (b) Marigold depth estimation

The Marigold depth estimator was also trialled (Figure 3(b)) and while this model does have resolution
limitations it did provide an extra layer to counter perspective distortion through the implementation of
a bias system alongside the chosen computer vision model. It was hoped to assist in troubles caused
from occlusion.

The statistical modelling forms part of the a priori estimations of horse velocities. The process runs
semi-autonomously, with sectional times scraped and compiled over two years, meetings scraped, data
joined on pre-raceday, velocities are estimated, probabilities established, and the resulting sectionals are
then utilised in the homography models. Example outputs are shown in Figure 4(a) and (b).
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(a) Simulated Final Times (Horizontal Violin Plot) (b) Probability of Leading at Each Section

Lead %
- 8 O I

Horse
Horse

Final Time (s) Section

Figure 4. (a) Violin plot of simulated final times from LOESS estimations (b) Heatmap showing the
probability of a leading horse at each section of the track

4 Discussion

Our aim was both to adapt CV models for horse detection and develop a scraper of historical speeds to
package a system of accurate live speed estimation without the use of any wearables or and fixed gates
—solely vision. The process of generation is detailed in Figure 5 and outlines several moving parts — the
long-form builder and sectional database process (completed as soon as prior to the Raceday); the
simulated race (pre Raceday); the CV pipeline of work; the centroid estimation via both CV and
Homography, the fusion model, and the final product.

T o )
Simulated CV pipeline

Q :
BANS o

: QUEENSLAND : Kalman +

Homography
@ studio

YOLOV11 + SAM2 + Kalman

« Long-form builder Frame'bY'frame
« Simulation engine " Centroid
l Estimation
: _
» Sectional N @Studio
Database

« Homography
» Fusion Model

Figure 5. Schema of the entire process.

This process has become remarkably fast, with near real time ability of the CV models, and the meshing
of modelling with the centroids the key to cleaning up the messiness of vision-based modelling. Much
work is needed in refining the model, and whilst we have a lovely visual product, including removal of
objects (i.e. other horses) for the purposes of protests, there remains some significant post modelling to
do.
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5 Conclusion

We have demonstrated that building a model for prediction and analysis of horse racing is now feasible
in near-real-time through the synergy of statistical estimation, CV models, and homography. The next
step is to use the centroids generated by the model to identify moments when a horse loses ground due
to injury or interference, enabling improved technological approaches to ancient problems of protests in
horse racing.

Current subjective methods for adjudication are enhanced with the inclusion of calculated velocities,
and visual representations without occlusion. The steward’s processes in determining contact between
horses and impeded runs is clearly improved with value-based evidence. Face validity, particularly
through side-by-side vision, will be enhanced with future developments of more accurate frame-by-
frame velocities and expected velocities.

Additionally, we aim to model the perceived speed without contact versus contact as it happened through
the race. We aim to back-fit the vision for those purposes and further, to utilise live features; watch the
run lines; generate speed worms; and virtual race replication — all intended to be in a live format.
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Abstract

Speed climbing is one of the newest Olympic sports, debuting at the 2020 Tokyo Olympics.
With many races decided by hundredths of a second, speed climbing quickly gained recognition
as the fastest sport at the Paris 2024 Olympics. Speed climbing appeals to data scientists since
it uses a standardized 15-meter wall, making it easy to compare times and strategies across a
vast array of competitions and competitors. Surprisingly, however, there has been little rigorous
analysis of a professional level race to the best of our knowledge. In this paper, we model
data compiled from the 2023 World Cup events in Wujiang, China and Salt Lake City, USA,
analyzing both numerical and categorical variables. Examples of quantitative variables include
the reaction time displayed in the video for each athlete, along with the total time, or split times,
obtained by running the recording for each athlete frame by frame and estimating the exact point
at which each section is reached. An example of a binary variable is the skips strategy, which
draws attention to the holds each athlete omits on their run. Another example of a categorical
variable is the round designation - either round 1 or round 2 - which refers to the order of
athletes’ runs. We explored these variables extensively, built several general linear models for
athlete performance and used model selection to determine the best predictive models. We
found that reaction times are normally distributed and appear to be very weakly correlated from
one race to another. Counter-intuitively, however, they appear to have minimal bearing on the
race result, despite making up a portion of the overall time. Another interesting observation
is that many athletes attempt a more aggressive skip strategy in their second run, omitting a
greater number of holds. This is either because they either already recorded a viable time for
qualification in Round 1 and can afford the risk, or because they felt the need for substantial
improvement. In ongoing work, we have been focusing on expanding the analysis, using data
from additional World Cup events for both men and women.

1 Introduction

Speed climbing uses a standardized wall that is 15 meters high and has a 5° overhang [[1]]. The wall includes
20 big holds, each with the same dimensions, along with a number of smaller foot chips. Figure 1 displays a
schema of the wall. There are two routes (A on the left side, B on the right side), with no difference between
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Figure 1: A diagram of a regulation speed climbing wall.

them. In qualifiers, each competitor has one attempt of each, with the best time of the two being used for
their tournament ranking. The top finishers enter a finals round, which is a playoff bracket format. Over time,
the main way of improving performance has been skipping more and more holds by performing a number of
fast, dynamic movements. For example, most World Cup male competitors will jump directly from hold 3
to 5, bypassing 4 (often called the Tomoa skip, in reference to Japanese climber Tomoa Narasaki). They also
usually connect hold 8 with 10, bypassing 9. Skipping holds carries the risk of falling, so not all competitors
use the same technique; some may find it faster to still use some holds. One difference in the current World
Cup circuit, for example, is skipping hold 14. Most competitors still use it (they often will use holds 11-14-
16 in sequence), but a few, including the world record holder Sam Watson, go directly from 11 to 16. One
very unique technique is done by Noah Bratschi. He does not do the Tomoa Skip (making him the only one
to use Hold 4), but opts to use hold 12 and skips 14. There are three common strategies that we focus on:
skipping both hold 12 and 14 (i.e., world record holder Sam Watson) which is the fastest approach, but also
the highest risk. When runners need to make up time, they often use this strategy; skipping hold 12 but using
hold 14 (i.e., Jinbao Long) which is the most typical approach; skipping hold 14 but using hold 12 (i.e.,
Liang Zhang). As in sprinting, a start faster than 0.1 seconds after the final beep is considered a false start
and leads to elimination from the whole competition. Typical reaction times vary between 0.15 and 0.20, as
the data shows. One topic of interest in this paper is whether reaction time is statistically significant to one’s
time or not.
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Variable Description Type

Xi Time to hold 20 in Route A Numeric
X Time to hold 16 in Route A Numeric
X3 Whether Route A is the first attempted in the competition Binary
X4 Time from hold 0 to hold 10 in Route A Numeric
X5 Whether hold 14 is used in Route A Binary
Xe Time to hold 10 in Route A Numeric
X7 Time from hold 0 to hold 10 in Route B Numeric
Xg Time to hold 16 in Route B Numeric
Xo Whether hold 12 is used in Route B Binary

Table 1: Speed climbing variables

2 Data

A detailed dataset was compiled for the IFSC World Cup Wujiang 2024 qualification round, with two runs
recorded for each athlete. The starting list, athletes’ names, height (where available), bib number, and to-
tal time for both runs were obtained from the IFSC Results website, |ifsc.results.info/event/1354/.
All other variables were collected using a detailed video analysis of the competition’s recording on IFSC’s
YouTube channel. They are displayed in Table 1.
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Figure 2: Pair plots of several split variables for Route A (left) and Route B (right).

Reaction time variables were displayed in the video for each athlete along with the total time. Skips strategy
(known as the ‘hold’ variables) were observed and recorded from the video for each athlete and each run.
Split times, referred to as the ‘“Time to’ variables were obtained by running the recording for each athlete
frame by frame and estimating the exact point when each section is reached. The margin of error is around
0.03-0.04 seconds based on the time gap between each frame. The corresponding distributions of times
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are generally right-skewed with most times falling between 5 and 6 seconds. There is a rare chance that
a runner falls from the course, costing them several seconds. One area of intrigue was whether falling
had any correlation with their present performance in the race, that is if they were often doing poorly and
rushing to get back to qualifying pace. Figure 2 displays a bird’s eye view of the relationships between
variables via pair plots between the various numeric features and the final times for each athlete on Route
A and B. It is immediately evident that the time between holds 0 and 10 (r = .724 for Route A, r = .335
for Route B) is not nearly as relevant as that between holds 10 and 20. One of our first instincts was to
check the relationship between the final time and reaction time was what was missing, depicted in Figure
3. However, the correlations consistently landed near O between reaction time and overall time, making it
largely irrelevant to a good pace. Additionally, reaction time seems to have little consistency from run to run
with a correlation of just 0.153. If we limit the analysis to what we define as ‘good’ runs, which pertain to
attempts that finish in less than six seconds, we actually see slower times on average. We speculate that the
additional mental burden of trying to react to the buzzer especially quickly may make one slower than when
simply reacting naturally.

Time_A Reaction_time_A Time_B Reaction_time_B

075
o501 Corr. Corr. Corr. El
0093 0120 0240 g
025
0.00-
024- P
o B £
020 an3  * g Corr. Corr.
g . 0.098 0.153 =
ot e s
et >
0.12- t.
10-
I . Corr. El
- | o T 0217 D
P T S o -
. . . 5 z
3 te. . . . i
- - L. B
ol 02 2

Figure 3: Pair plot of overall race time and reaction time variables for Route A (left) and Route B (right).

3 Linear models for speed climbing

To analyze the data previously described we use linear models based on the variables in Table 1 together with
meaningful interactions between them. For a general description of the statistical methodology we refer to
[2]. Here is, for example, a simple (overfiting) model for predicting Route A time.

Model 1: TimeA = 0.431 + 1.391X; - 0.388X>
Adjusted-R? = .9507, RSE = .1648

Given there are only 20 holds on the wall, it is clear that a racer’s split to hold 20 will be statistically sig-
nificant in determining the overall time on the route. As a result, it performs very well with an Adjusted-R>
of .9507. Given the obvious target leakage, which occurs when data is used in a model that would not be
available at the time of prediction, the model is not suitable for our purposes. Going forward, we remove
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all split variables past hold 10 from the model fitting process to limit the issue. Model selection yielded the
following model for predicting Route A time with only Route A splits.

Model 2: TimeA =2.692 + .3624X3 + 8.101X4- 2.688X;5 - 6.501Xs + 1.208X5X,
Adjusted-R? = .6443, RSE = .4428

As a result of our adjustment, this model only uses splits up to hold 10. It does include features related
to hold 14, but only in relation to the runner’s general strategy. Runners typically implement the same strat-
egy every race, so the binary value can be known ahead of the buzzer going off. Given the earlier finding that
the split to hold 10 is not significant, we have clearly improved our predictive ability using that variable by
adding a couple extra features. Of particular relevance is variable X3, which is a binary variable that indicates
whether Route A was the first that a runner attempted in the competition. Generally, one has a slower time
on the first route to ensure a valid score for qualification (competitors are ranked based on their fastest of the
two times for the playoffs), while taking a more aggressive approach on the second route. This is supported
by a greater number of falls during runners’ second attempt in the data. An Adjusted-R? of .6443 indicates
a strong fit. Concerning predicting Route A time with only Route B splits, the following model has been
selected. This model is the most practical because it can be employed as a true prediction of Route A time
simply based off Route B performance. Its Adjusted-R? of .5455 is the lowest of the three models but that is
inevitable with the risk of falling always present and the two routes being completely different paths.

Model 3: TimeA = -28.9977 - 12.0108X3 + 15.3040X7 + 8.4712Xg + 1.6232Xy + 5.5963X3X7 - 3.7545X7 X3
Adjusted-R? = .5445, RSE = .5005

Figure 4: Residual plots for Model 1 (left), Model 2 (center), and Model 3 (right). Red lines mark 95%
confidence bands and red points are significant outliers.

Regarding diagnostics, we found that the normality assumption was reasonably met in all models. Residual
plots are shown in Figure 4. One outlier worth mentioning (falling outside the 95% confidence bands in all
plots) is Leander Carmanns of Germany, who did well up to hold 16 before falling and losing several seconds
of time. Unlike many other runners who fall, he opted to complete the race regardless. This allowed his run
to remain in our model fit and create a large positive residual. Without incorporating falls into the dataset,
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this sort of error would be very difficult to avoid.

4 Discussion

To summarize, we created a data frame of numerical and binary variables based on open source information
on performance of several male speed climbing world champions and showed resulting best linear predictive
models. We found that reaction time has minimal impact on total time and is inconsistent between runs. Runs
under 6 seconds tend to have slower average reaction times, suggesting that mental burden of fast reaction
has detrimental effect on total time. Moreover, first-half split time (holds O to 10) seem to yield lower
correlation to total time than second-half split time (holds 10 to 20). Starting strong remains important, but
finishing strong appears to be far more important. We also found that athletes take a more aggressive, but
riskier skip strategy on the second run, yielding faster times but also more falls. In ongoing work we will
gather more data to improve predictive models. We also aim to collect data on women climbers and will
consider including more variables that may have an impact such as athletes’ height and weight. We will also
consider variance stabilizing transformations for some of the variables to improve resulting residual plots.
In ongoing work we will gather more data to improve predictive models. We also aim to collect data on
women climbers and will consider including more variables that may have an impact such as athletes’ height
and weight.
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Abstract

This study explores extreme match demands and external load profiles in male Grand Slam tennis
through cluster and archetypoid analyses. Data from 282 matches across the 2017 Grand Slam
tournaments were examined to uncover distinct patterns in match characteristics and representative
player profiles. Key variables included volume, intensity, and efficiency of play—such as points played,
distance covered, shot count, hitting frequency, running speed, serve velocity, and first-serve success
rates.

Clustering analysis identified four distinct match types, ranging from low-volume, low-intensity
matches (primarily on grass courts) to high-volume, high-intensity matches (mostly on hard courts).
Archetypoid analysis revealed diverse player profiles, representing extremes from high-volume, high-
intensity defensive styles to low-volume, high-intensity offensive play.

These extreme representative player archetypes provide a nuanced understanding of external load
demands and strategic diversity among elite male players. The findings offer practical implications for
tailoring training and recovery strategies to specific match types and player styles. Future research using
longitudinal data throughout the course of the match could further enhance our understanding of player
adaptation and match dynamics.

1 Introduction

The Grand Slam tournaments—Australian Open, Roland Garros, Wimbledon, and US Open—represent
the highest tier of professional male tennis (ATP, 2024). These two-week events feature 128 players
competing in best-of-five-set matches across varied surfaces. To win a Grand Slam, a tennis player must
endure over 20 sets and more than 200 games, highlighting the importance of physical preparation (ATP,
2024).

Recent years have seen a surge in tennis-focused research within sports science and analytics, driven
by technologies like Hawk-eye and Foxtenn (Mecheri et al., 2016; Baiget, Corbi and Lopez, 2023).
These tools have enabled detailed assessments of physical demands, especially in Grand Slams (Reid,
Morgan and Whiteside, 2016; Kovalchik and Reid, 2017; Whiteside and Reid, 2017; Verhagen et al.,
2021). A central concept is "competition load", which combines exercise volume and intensity during a
competition (Impellizzeri, Marcora and Coutts, 2019; Staunton et al., 2022), and is often classified into
external (physical workload) and internal (psychophysiological response) components (Impellizzeri,
Marcora and Coutts, 2019; Impellizzeri et al., 2023).
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Grand Slam play involves high-intensity bursts with short rest intervals, governed by strict ITF
timing rules (Fernandez, Sanz and Mendez, 2009; ITF, 2020; Pluim et al., 2023). The best means for
understanding external load in tennis include hitting and movement loads (Reid, Morgan and Whiteside,
2016; Kovalchik and Reid, 2017; Whiteside and Reid, 2017). For example, during the Australian Open
(2012-2016), players averaged over 2,200 shots and nearly 10,000 meters of distance covered in the
first four rounds, with frequent changes of direction (Fernandez, Sanz and Mendez, 2009; Kovalchik
and Reid, 2017; Pluim et al., 2023; Giles, Peeling and Reid, 2024).

While extensive descriptive data exist, much of the research examines isolated parameters. Emerging
machine learning approaches now allow for integrated analyses, such as rally classification, serve
optimization, and player profiling based on skill and consistency (Murray and Hunfalvay, 2017; Cui et
al., 2019; Fitzpatrick et al., 2019; Giles et al., 2023). However, no prior studies have applied
unsupervised learning to map external load profiles in tennis. This study aims to fill that gap by
analyzing player and match patterns using such methods.

2 Methods

2.1 Data collection

Point-by-point data from men's singles matches in the 2017 Grand Slam tournaments were sourced
from Jeff Sackmann’s GitHub repository (https://github.com/JeffSackmann/tennis_slam_pointbypoint),
which compiles ATP data via web scraping. Aggregated datasets used in this study are available
at https://github.com/jordicortes40/clustering_tennis. Only matches tracked by IBM Slamtracker or
Infosys Oncourt technologies—using high-speed cameras, radar, and motion sensors—were included.
Matches missing required variables, or those ending in walkovers or retirements, were excluded. A total
of 282 matches involving 151 players met the inclusion criteria. Although Hawk-Eye data reliability is
established, its assessment was beyond the scope of this study. At the end, we analyzed 282 men’s
singles matches from the 2017 Grand Slams, with hard courts being the most frequent surface (58%),
reflecting their use in the Australian and US Opens.

2.3 Statistical analysis

Data from a single year were grouped into general match characteristics (e.g., surface, match
outcome) and performance-specific metrics. These variables were further categorized into indicators of
volume, intensity, and efficiency to assess external load and define player profiles. To account for
variations in match length, all data were time-standardized. Additionally, a 20% Effective Playing Time
(EPT) was considered to carry out this homogenization process. Exploratory data analysis was then
conducted to examine the distribution of variables, detect outliers, and identify preliminary patterns in
match and player characteristics. Cluster analysis was conducted to group matches based on external
load characteristics. Clusterability was assessed using the Hopkins statistic (Hopkins and Skellam, 1954).
Standard k-means clustering (Hartigan and Wong, 1979) using 10 random starting set of centroids was
applied to identify match groups, with the optimal number of clusters determined via the elbow method.
Archetypoid analysis (ADA) (Vinué and Epifanio, 2017) was used to extract real player profiles
representing distinct external load patterns. All analyses were performed in R (v4.1.2) (R Core Team,
2020), using kmeans and stepLArchetypoids3 (Epifanio, Ibafez and Simo, 2018) functions, and the
compareGroups package (Subirana, Sanz and Vila, 2014).

3 Results

3.1 Match characteristics according to clustering approach
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K-means clustering was applied to group matches by external load profiles. The Hopkins statistic (H >
0.99) confirmed the dataset’s clusterability. The optimal number of clusters was four, as determined via
the elbow method. Clusters were distributed as follows: Cluster 1 (n =91), Cluster 2 (n = 86), Cluster 3
(n=39), and Cluster 4 (n = 66).

Cluster 1 encompassed the least demanding matches, low in both volume and intensity, with an
overrepresentation of grass courts. Cluster 2 had low volume but higher intensity, notably with a higher
proportion of clay-court matches. Cluster 3 included high-volume, high-intensity matches,
predominantly played on hard courts. Cluster 4 featured high volume but low intensity (except for
M_SV), with a lower presence of clay surfaces. Efficiency variables (M_1stS, M_2ndS, M_DF) showed
no significant variation across clusters.

3.2 Players representatives according to archetypoid analysis (ADA)

ADA revealed four distinct player profiles (H > 0.99), grouped into clusters: Cluster 1 (n = 29), Cluster
2 (n=39), Cluster 3 (n=52), and Cluster 4 (n = 32). Clusters were defined using volume (P_EPT, P_PP,
P_ShC, P_Dist), intensity (P_HF, P_ARS), and efficiency (P_1stS, P_2ndS, P_DF) variables.

Cluster 1 represented the most physically demanding profile (moderate-to-high volume and high
intensity), while Cluster 2 was the least demanding (low volume and intensity). Cluster 3 showed low
volume with moderate-to-high intensity, and Cluster 4 involved the highest volumes but lower intensity.
Serve efficiency metrics did not differ significantly among clusters.

Each player’s profile was expressed as a combination of the four archetypoid profiles, represented
by Darian King (black), Sam Groth (red), Luca Vanni (green), and Janko Tipsarevic (blue). For instance,
Figure 1 displays the results of Cluster 4, where each player is represented by a pie chart showing their
similarity to different archetypal profiles. The blue segment indicates similarity to the archetypoid
represented by Janko Tipsarevic, with players showing larger blue areas being more similar to his
playing style or performance characteristics.
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Figure 1. Players more similar to Janko Tipsarevic (Cluster 4).



4 Discussion

This study applied unsupervised learning techniques to characterize external load profiles in 2017 ATP
Grand Slam matches, offering a more holistic view compared to prior research focused on isolated
metrics. Using k-means and archetypoid analysis, we identified four distinct match and player profiles,
differing in volume and intensity patterns. Matches ranged from low-volume, low-intensity (Cluster 1,
often on grass) to high-volume, high-intensity (Cluster 3, mostly on hard courts), with two intermediate
profiles (Clusters 2 and 4) mixing characteristics. Player clusters followed a similar pattern, with Cluster
1 being the most physically demanding and Cluster 2 the least.

4.1 Cluster comparison by match variables

External load was analyzed through intensity (HF, ARS, SV) (Reid, Morgan and Whiteside, 2016;
Baiget and Iglesias, 2017) and volume (EPT, PP, ShC, Dist) (Reid, Morgan and Whiteside, 2016; Pluim
et al., 2023) metrics, which reflect hitting and movement loads (Reid, Morgan and Whiteside, 2016;
Pluim et al., 2023; Brich et al., 2024). Cluster 1 featured low volumes and high SV values, indicating
dominant players and shorter rallies, common on grass courts. Cluster 3, by contrast, involved longer,
high-intensity rallies with low SV, mostly on hard courts, aligning with literature linking hard surfaces
to higher hitting frequency (Baiget and Iglesias, 2017; Carboch et al., 2019). Clusters 2 (low-volume,
high-intensity) and 4 (high-volume, low-intensity) showed atypical patterns. Cluster 2, despite a higher
proportion of clay matches, showed low match duration (M_PP), challenging assumptions that clay
promotes matches with higher volumes. In contrast, Cluster 4 had longer matches but lower ShC,
possibly due to fewer clay matches. These findings highlight the role of both surface and match
dynamics (e.g., dominance, serve efficiency) in external load.

4.2 Cluster comparison by player’s variables

Player profiles reflected similar external load dynamics. Cluster 1 included highly demanding players
with strong defensive skills and low SV, leading to high movement and hitting metrics. Players such as
David Ferrer and Alex de Minaur exemplify this counterpunching style. In contrast, Cluster 2 players
(e.g., Sam Groth, John Isner, Ivo Karlovic) relied on powerful serves and quick points, resulting in low
loads. Clusters 3 and 4 included more versatile or hybrid players (e.g., Novak Djokovic, Rafael Nadal,
Andy Murray, Kei Nishikori), blending offensive and defensive styles with varied external loads.

4.3 Study limitations

This study is limited by its reliance on 2017 data. However, by sharing the dataset and code, we
encourage reproducibility and future updates with newer data. The use of estimated EPT (20%) may
reduce precision, especially across tournaments with different time-keeping methods. Additionally,
external factors—such as playing style, weather, and injuries—introduce variability not fully captured
in the analysis. Additionally, the profiles created are based on only one year, meaning they do not reflect
the players' overall profiles, but rather their state during that specific year. Finally, while various metrics
were used, a universally accepted indicator of external load in tennis remains elusive, underscoring the
complexity of workload quantification in this sport.

5 Conclusions

This study identified four distinct match profiles and four representative player archetypes based on
external load variables from men's Grand Slam matches, using unsupervised clustering and archetypoid
analysis. The resulting profiles revealed considerable variability in physical demands, shaped by factors
such as surface type, rally structure, and player dominance. These findings emphasize the need for



individualized preparation and recovery strategies that reflect the specific external load patterns
encountered by different players and match contexts. Moreover, this research highlights the utility of
machine learning methods—particularly archetypoid analysis—in capturing the complexity of

performance demands in elite tennis. Future studies should expand on this framework by incorporating

longitudinal data from multiple seasons to better track how player profiles and match characteristics
evolve over time.
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Abstract

Measuring shooting performances on the basketball court is crucial for understanding game
dynamics and enhancing strategic decision-making. Accurate scoring probability evaluation of-
fers insights that directly impact coaching decisions and players development. Spatial statistics
and, in particular, point process analyses provide an ideal framework to accomplish these tasks.
In this paper, we model the spatially-varying intensity of shots using classical point pattern
methods, taking into account the outcome of each shot (i.e., made or missed). This approach
lets us capture the spatial nature of shooting, going beyond traditional binary outcome models.
By estimating the shot intensity at different locations, we derive scoring probabilities that reflect
shooting performances across the court. Then, we create scoring probability maps, offering a
clear visualization of shooting efficiency by location. These maps enable the coaching staff to
better understand shooting dynamics and enhance their strategic planning. Our approach is val-
idated through a case study using data from the Italian Basketball First League (LBA), provided
by a professional club, ensuring high data quality and real-world relevance.

1 Introduction

Accurately assessing a basketball team’s or player’s offensive performance primarily requires to understand
the probability of scoring on each shot attempt, a fundamental aspect often quantified through effective field
goal percentage (EFG %) since the development of a formal setting for the analytical approach to basketball
thanks to [4]. Analyzing scoring probability from a spatial perspective, i.e. considering the specific location
on the court where a shot is taken, provides a much richer and more granular evaluation, as pointed out in
the spatial analysis of professional basketball by [3]].

The spatial approach allows for the creation of scoring probability maps, visually representing areas of
higher and lower efficiency. These maps offer immediate visual insights into a player’s or team’s shooting ef-
ficiency. Recent research has significantly advanced methodologies for estimating these probabilities, with a
wide variety of approached from the point of view of the statistical methods adopted. An interesting research
line addresses the use of Bayesian methods: [3]] propose a Bayesian joint model for the mark and the intensity
of marked point processes, where the intensity is incorporated in the mark model as a covariate. [8] employ
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Bayesian nonparametric learning for point processes, with a flexible modeling of the underlying spatial in-
tensity of shot attempts built upon a combination of Dirichlet process and Markov random field. This allows
a local spatial homogeneity when estimating a globally heterogeneous intensity surface. Furthermore, [7]] re-
sort to Bayesian hierarchical models to examine positional differences in shooting accuracy, acknowledging
that players in different roles might exhibit varying spatial shooting profiles. Machine learning techniques
such as CART, random forests, and extremely randomized trees have been applied for spatial performance
analysis by [10], building upon earlier work on spatial performance indicators and graphs [9]. In these
works, machine learning methods have proved able to effectively capture non-linear relationships between
shot location and scoring probability. More recently, [2] explore the use of Indicator Kriging for generating
scoring probability maps, providing an alternative able to account for spatial correlation and comparing its
performance with machine learning methods. Another model-based approach has been investigated by [6],
who propose a statistical framework for shot charts that explicitly considers the physical boundaries of the
basketball court by means of Gaussian mixtures for bounded data.

This contribution refers to the field of spatial analysis, specifically to the domain of marked spatial point
processes. Our primary aim is to estimate shot intensity and scoring effectiveness as a function of spatial
variables such as distance and angle, generating interpretable shooting maps that reflect a team’s scoring
patterns. To this end, we use data from the 2022/2023 season of the Lega Basket A (LBA), Italy’s top-tier
professional basketball league. The insights provided by the analysis are intended to support coaching de-
cisions and inform performance optimization strategies. The paper is organised as follows: in Section 2] we
briefly define the statistical approach to our problem, in Section [3|we present and comment the results of the
case study, while Section ff] concludes and outlines the next research lines.

2 Methods

We assume that the basketball shots performed by a given team during a complete season, hereby denoted as
x={(xy,my),...,(x,,my,)}, represent a (finite) realisation of a multitype point process X within a bounded
spatial window W C R? [1]. The term x; = (x17,X2i),i = 1,...,n denotes the cartesian coordinates of the
i-th shot within the basketball court whereas m; denotes its mark, taking value in a discrete space M. In this
paper, we consider binary marks, meaning that M = {0, 1}, where 1 indicates a successful shot (i.e., a made
basket) and O is a miss.

Assume that there exists a function, say A (x,m), satisfying the following condition

E[N(A x B)] = / Y A(x,m)dx, ACW,BCM,
AmeB
where N(A x B) denotes the number of locations x; falling in the set A having mark in B. Such function is
usually termed the intensity of the process and, broadly speaking, it describes the rate at which events of
type m € M occur in the given region. Following a classical and pragmatic hypothesis in the spatial point
processes literature, we assume that X is a spatially inhomogeneous marked Poisson point process on W x M.
The log-likelihood function for a multitype Poisson point process is (up to a constant) equal to

logL = Y logA(xi,m;) — ¥ / A(x,m) dx.
Pt w

i meM
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Throughout this paper, we specify a semi-parametric log-linear model for A (x,m) as a function of a series
of covariates related to the characteristics of the basketball court:

log A (xv m) = BOJn + Blm (xl) + BZ,m (XZ) + ﬁ3,m (diStance(x)) + ﬁ47m(angle(x))' (D

The term fy ,, represents a mark-specific intercept, whereas x; and x, correspond to the Cartesian coor-
dinates of the shot location. In addition, distance(x) and angle(x) respectively denote the Euclidean distance
from location x to the basket and the shooting angle, measured in radians from —7x to +7x. The notation
Bjm(-) for j =1,2,3 highlights that the corresponding covariates were smoothed using mark-specific thin-
plate spline transformation to capture potential non-linear relationships between their effects and the shot
intensity [L1]. For the angular component, namely f4,,(-), we adopted a cyclic cubic spline to account
for the periodic nature of the angle and ensure smoothness at the boundaries (i.e., between —m and 7).
These semi-parametric transformations allow for greater flexibility in the log-linear intensity by incorporat-
ing smooth spatial trends and complex relationships with court features, while maintaining regularization
through smoothness constraints and a certain degree of interpretability.

As already mentioned in the Introduction, a fundamental aspect in the statistical analysis of basketball
data is the quantification of the scoring probability In the literature of spatial point processes, this quantity is
usually named (normalised) relative-risk function or probability distribution of one type and it is defined as

A(x,1)
x,0)+A(x,1)

pim=11x) = 5 @

The values of p(m = 1|x) represent the conditional probability that, given that there exists an event
at location x, such point is of type 1 (i.e. a successful shot). More precisely, values of p ~ 0.5 indicate
that made and missed shots at location x are equally likely, and the absence of hot and cold spots. Values
near 1 mean that virtually every shot taken there goes in (a perfect hot spot), whereas values approaching
0 signal that almost every shot is missed (a cold spot). Given a parametric model for A (x,m), such as the
one described in Equation (I]), and a fit for the intensity function, say )Al(x,m), a parametric estimate of
p(m=1|x), say p(m = 1|x), can be obtained by replacing the intensity functions A(-,-) in Equation (2) with
the corresponding fitted values.

3 Case study

Building on this theoretical framework, we now turn to the practical application using real-world basketball
data. Our analysis starts from a detailed dataset of the LBA 2022/2023 season provided by Openjobmetis
Varese, one of the sixteen teams in the Italian league. This dataset includes play-by-play information, where
each row corresponds to a specific game event, capturing various characteristics of the action. For our
purposes, we focus on shot events, with each entry detailing the shot’s coordinates on the half-court, the
player attempting it, the result (made or missed), and other relevant information. As already mentioned, we
treat each shot as a point in the court space, aligning our analysis with the spatial point pattern framework.
A key aspect of this approach is the definition of an observation window W, the region within which points
are analyzed. Instead of using the entire half-court as our observation window, we developed a custom
window tailored to typical shooting behavior in basketball. Specifically, we excluded regions where shots
are generally attempted only in desperate situations, such as at the end of a possession. These excluded
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Figure 1: Left: The outermost rectangle denotes the half-court, whereas the grey polygon denotes the
observation window. Right: Shotchart of made/missed shot - data of Tezenis Verona, season 2022/2023.

shots account for only 0.06% of all attempts, further reinforcing the spatial validity of this refinement. This
spatial crop ensures that our analysis captures meaningful shooting patterns, avoiding distortions caused by
low-probability areas. Figure [T]illustrates this setup. The left panel shows the refined observation window,
while the right panel presents a scatter plot of all shots taken by the team Tezenis Verona, with each point
colored according to its result. As seen in the scatterplot, shot distribution, and thus intensity, is not uniform
across the court, reflecting modern basketball strategies that favor attempts near the basket or beyond the
three-point line.

In the practical application of the theoretical framework, scoring probability maps are generated by
estimating Equation (2)) over a fine grid of points within the observation window. Specifically, for each point
in this grid, the estimated probability of scoring, previously denoted as p(m = 1|x), is calculated using the
fitted intensity functions for made and missed shots. This approach produces a detailed spatial map where
each location displays the probability of a successful shot. An example of these maps is shown in the left
panel of Figl2] The map shows that shots taken near the basket are almost always successful, and that the
probability of scoring decreases with distance in a non-linear way. It can also be seen how scoring probability
depends on the shooting angle. In general, Tezenis Verona seems to have had better efficiency from the right
side of the half-court, which represents useful information for coaching staff.

After generating this map using the parametric approach, we proceed to evaluate its quality by carrying
out a residuals analysis. Similar to classical methods adopted in the spatial statistics literature, our evaluation
procedure involves comparing this parametric map with a non-parametric estimate of the scoring probability
derived using kernel smoothing techniques. More precisely, we construct a raw-residual map, where raw
residuals are computed as point-wise differences between the parametric and the nonparametric estimate. As
illustrated in the right panel of Fig[2] the residuals are generally close to zero, providing strong evidence that
the parametric model effectively approximates the non-parametric approach. This result supports the use of
a parametric approach, providing confidence in its reliability. This groundwork provides a valuable starting
point for future developments, to be briefly discussed in the conclusion.

Figure 3] illustrates an additional application of the aforementioned methodology, displaying two shot
maps for different teams based on the parametric intensity estimation approach. Focusing on the left panel of
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Figure 2: Scoring probability map produced via parametric estimation of the intensity function (left) and
residuals map (right) - data of Tezenis Verona, season 2022/2023.

Fig. [3] which displays the map for Banco di Sardegna Sassari, we observe that the team shows higher shoot-
ing efficiency from the side areas compared to the central regions. In particular, there is a high-performance
area in the mid-lower left corner. Such insights, when cross-referenced with the player profiles of Sassari,
can yield actionable information for training or game preparation. Another notable feature in Sassari’s map
is a low-performance zone approximately 5-6 feet from the basket, which extends across all angles. In con-
trast, the map for Umana Reyer Venezia (right panel of Fig[3) shows stronger performance within the same
5-6 feet range from the basket, highlighting a difference in shot success between the two teams. However,
Venezia struggles with mid-range shots from the wings, with visible low-performance areas on both sides.
Similarly to Sassari, Venezia shows better efficiency on side three-point shots compared to central three-point
attempts. This difference may be attributed to the nature of side threes, which are often catch-and-shoot op-
portunities, typically easier to execute than off-the-dribble shots attempted frequently from the top of the arc.
These maps provide coaching staff with a valuable tool for analyzing shooting performance, either for their
own team or for an opponent. Compared to traditional methods, such as scatterplots or shot charts that divide
the court into predefined zones, these maps offer a more comprehensive and visually intuitive assessment,
capturing subtle variations in performance across the court [2].

4 Conclusions

In this paper, we explored the use of spatial point processes to evaluate a team’s shooting performance. Our
analysis focused on estimating the intensity of made and missed shots, allowing us to generate shooting maps
that display the probability of scoring from any location on the court. These maps offer valuable insights for
coaching staff, supporting better in-game decisions and targeted training strategies. We adopted a parametric
approach to model shot intensity, using shot coordinates, distance, and angle as predictors. The accuracy of
these parametric maps was validated by comparing them to their nonparametric counterparts through residual
analysis, demonstrating a strong alignment between the two. The encouraging results obtained validate the
ongoing use of the parametric approach. Future work will focus on extending the framework through a
unified training procedure encompassing all teams, where team-specific variations are modeled as spatially
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Figure 3: Scoring probability map produced via parametric estimation of the intensity function for Banco di

Sardegna Sassari (left) and Umana Reyer Venezia (right) - data of season 2022/2023.

distributed random effects.
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Abstract

We present the first application of a graph neural network for tennis match outcome predic-
tion. Using MagNet, an existing spectral graph neural network for directed graphs, we con-
struct temporal directed graphs by representing players as nodes and surface-specific historical
match outcomes as edges. The model is trained and evaluated using a dataset of Grand Slam,
ATP Masters 1000, and two ATP 500 events from 2007 to the conclusion of the US Open in
September 2024. Following hyperparameter optimisation, a tuned model on the out-of-sample
data achieves comparable predictive accuracy (66.0%) to the benchmark weighted Elo rating
system (65.6%). Many recent advancements in tennis match prediction have focused on in-
cremental improvements to the Elo rating system, such as incorporating margin of victory and
surface-specific adjustments. Our research shifts this paradigm by demonstrating that graph
neural networks, which inherently capture complex relational and temporal dynamics, offer a
powerful alternative for pairwise comparison tasks such as tennis match prediction.

1 Introduction

The sport of tennis is well suited for predictive modelling due to several distinctive features. Its scoring
structure is inherently hierarchical, advancing from points to games to sets, which lends itself to math-
ematical modelling. Furthermore, singles matches involve only two athletes, which avoids the roster-level
complexities that arise in team sports where transfers and injuries can obscure model signals. The worldwide
tournament calendar also ensures that the same players face one another repeatedly on multiple surfaces and
across various event tiers, thereby generating a dense record of head-to-head outcomes that can be analysed
for statistical inference.

In 2016, Kovalchik (2016) surveyed several tennis prediction methods and found that an Elo rating
system approach developed by Morris & Bialik (2015) was the most effective match outcome predictor of
tennis by both accuracy and log-loss metrics, when not considering a bookmaker consensus model proposed
by Leitner et al. (2009). However, the survey did not consider graph theoretic methods, such as a PageRank
approach by Dingle et al. (2013), and since the publication of the 2016 survey, there have been significant
improvements in the utilisation of graph theory and graph representation techniques. Bayram et al. (2021)
derived surface-specific player scores from three centrality indices (out—in degree difference, Hubs, and
PageRank) and supplied them to several match-level classifiers; the best classifier, SVM+, reached 66%
accuracy on 21,083 matches (2012-2020). Considering richer graph representations of historical tennis
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matches, Arcagni et al. (2023) generated global ratings via the eigenvector centrality and used them in a logit
model, achieving a Brier score of 0.194 on ATP matches (2016-2020), outperforming standard Elo and a
margin-of-victory Elo variant by Kovalchik (2020). The notable performance of these methods highlights the
increasing efficacy of graph-theoretic approaches in tennis prediction and indicates the possibility of further
advancements in this area. Graph neural networks (GNNs) have gained prominence over the last decade in
learning complex graph representations and they have been applied to outcome prediction in various sports.
For instance, GNNs have been used to predict outcomes in American football and Counterstrike: Global
Offensive (Xenopoulos & Silva 2021), association football (Mirzaei 2022), and basketball (He et al. 2022).
However, the use of GNNs in tennis match prediction remains unexplored.'

Here, we present our initial findings of a graph neural network approach to predicting tennis matches,
using surface-specific graphs and a spectral model tailored for directed graphs. Specifically we use the GNN
developed by Zhang et al. (2021), named MagNet, and demonstrate its ability to achieve comparable out-of-
sample prediction accuracy compared to the Elo rating system variant proposed by Angelini et al. (2022).

2 Method
2.1 Graph Representation

We interpret each tournament round (e.g., Wimbledon 2010 Quarter Finals) as a discrete time point, which
we call a snapshot. For each snapshot, we construct a surface-specific graph using all the preceding matches
played on that particular court surface (i.e., grass for Wimbledon). The choice of surface-specific graphs
is motivated by the well-documented variation in player performance across different court surfaces, with
researchers such as Fayomi et al. (2022) finding “surface on which a game is played on contributes signifi-
cantly towards a player’s performance”. By maintaining separate graphs for clay, grass, and hard courts, we
attempt to capture this surface-dependent dynamic of player performance. For each snapshot i and surface
S € {clay, grass, hard}, we construct the graph,

G} = (V,ES XY, W) (1)

We consider the set of all players in the dataset as the fixed node set V. We use both static player attributes and
the dynamic graph-based metrics as node features X! € RIVI*4_ The static player-node feature set comprises
the height, weight, date of birth, and handedness of each player. We assume player weights to be static due
to data limitations. Additionally, where we could not obtain these values for some players, we imputed the
medians. For dynamic features, we use the node in-degrees and out-degrees, summarising the number of
incoming and outgoing edges for each player-node, respectively. Each feature vector is ¢-normalised.

The edge set E¥ C V x V dynamically evolves for each new snapshot. Provided there is at least one match
played between player u and player v on surface S prior to the snapshot i, we add a weighted directed edge
between the two player-nodes. We use edge weights WiS to describe the historical dominance between players
in their previous encounters. Each weight w,, € Wl-S corresponds to an edge in the set EIS . To determine a
weight wy,,, we first calculate a dominance score,

I'A systematic Google Scholar search (30/03/2025) using combinations of GNN and tennis prediction terms (e.g., “graph neural
network”, “tennis prediction”) yielded no relevant publications applying GNNs to tennis outcome forecasting.
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lec.:() g, (u’ v)e_l(tk(”vv) —t_,'(u,v))

Dy(u,v) = Y e MO ()

; 2

where g;(u,v) is the fraction of games won by player u against player v in match j, ;(u,v) is the timestamp
of the k-th match between player u and player v, and A > 0 is an adjustable parameter that controls the rate
at which the influence of older matches diminishes. In this base implementation, we set A such that the
contribution of a match from one year prior to #;, is scaled by a factor of 99% compared to the contribution of
a match at #;. This time-decayed weighted historical record of the proportion of games won provides a more
accurate estimation of player skill, while also accounting for potential changes in player skill over time.

If Dy (u,v) > 0.5, we assign the direction of the edge as v, u, pointing from the historically weaker player
to the stronger. If Dy (u,v) < 0.5, the edge is directed as u,v with weight 1 — Dy (u,v). Mathematically:

() Dy(u,v) if Dy(u,v) > 0.5,
wi(u,v) =
, 0 otherwise.

3

2.2 MagNet

To generate match outcome probability estimates from the constructed graph, we employ the spectral graph
convolutional network (GCN) MagNet (Zhang et al. 2021).> We use MagNet to estimate the probability
a directed edge u,v exists, which can be used to form match probability estimations for player u# against
player v. We employ a straightforward hyperparameter selection strategy for MagNet, setting the learnable
parameter ¢ = 0.25 to maximise the influence of edge direction and weights. The model uses a Chebyshev
polynomial order of 1, a single MagNet convolutional layer, and 32 hidden channels, with a dropout rate of
0.3. Each snapshot training run consists of a maximum 75 epochs, with early stopping applied after 7 epochs
of no improvement.

We compute the probability of player # winning a set against player v, denoted p,, so that we can use
the hierarchical structure of tennis scoring and account for both best-of-3-sets matches P; and best-of-5-sets
matches P5 under the assumption of independent and identically distributed sets. To mitigate the impact of
player ordering (u,v) on probability estimates and to ensure a balanced prediction, we average the model
outputs from both directed perspectives:

N _ zuv“‘(l _zvu)
Puv = f»

where Z,,, represents the estimated probability associated with the directed edge from v to u (indicating player
u’s dominance over v), and Z,,, represents the estimated probability associated with the directed edge from v
to u (indicating player #’s dominance over v). Thus, final match outcome probabilities are calculated from:

4

Py =pl,+2p5,(1—pu), Ps=py,+3p,(1— puv) + 6P (1 — pu)? (5)

Before predicting outcomes for each snapshot, the model undergoes retraining, using an Adam optimizer
with a learning rate of 0.01 and a cross-entropy loss function to optimise the model’s filter coefficients and
parameters.

2MagNet is accessible via the PyTorch Geometric Signed Directed library (He et al. 2024).
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Figure 1: Overview of temporal-graph prediction methodology
Left-to-right: Surface-specific graphs Gf (see Equation 1) incorporate all observed match data on surface S up to
timestamp #;. When a match is queried, the 1-hop neighbourhoods of the two competing players within the relevant
surface-graph are considered. The features of the neighbouring player-nodes are provided as input to the MagNet
model, along with edge weights wy (see Equation 3). Represented in an asymmetric adjacency matrix, they are uni-
directional and point towards the player that, time-adjusted, has won more games. For example, the edge between
players Sinner and Fritz has weight wy (3, 1) = 0.6, indicating that Sinner has a time-adjusted win rate of 60% of games
played against Fritz. A forward pass through the MagNet architecture, followed by averaging (see Equation 4) and

set-to-match transformation (see Equation 5) yields an estimated match win probability. Following the actual match

S
k+1

in the next timestamp. Edge weights wy, | are recalculated using Equation 3. The static player features, consisting of
height, weight, date-of-birth, and righthandedness, are held constant. If there has been a new edge added, or a change
in direction of an edge, the two remaining dynamic player features (node in/out degrees) are updated. Finally, the

outcome at time #;, the graph structure and its associated attributes are updated to form G , for matches taking place

MagNet model is retrained on the updated graph.

For training and evaluation, the dataset is processed chronologically. Initially, a graph is constructed from
the first 65% of matches for model training, with the subsequent 15% of matches used to optimize the model
via cross-entropy loss. A further 10% of matches are allocated as a validation set, where we implement early
stopping to prevent overfitting. For the remaining 10% of snapshots, a walk-forward validation approach is
adopted. Graphs are constructed using all preceding matches for each snapshot. After predictions are made,
the matches from that snapshot are incorporated, updating the data distribution such that the initial graph
eventually encompasses 75% of the data, while training and validation maintain proportions of 15% and
10%, respectively. A schematic overview of the model architecture is provided in Figure 1.

3 Results

We use match data from the two highest tiers of men’s professional tennis (Grand Slams and ATP Masters
1000) from 15 January 2016 to 8 September 2024, sourced from tennis-data.co.uk. Since there is only one
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Table 1: Model Performance and Betting Profitability: Overall
and by Surface.

Accuracy Favourite-Kelly Staking

Surface Matches Model Acc Brier Staked Return Profit ROI (%) Sharpe

Clay 314 MagNet 0.675 0.216 59.07 59.21 0.14 0.24 0.08
WElo 0.631 0.213 49.20 39.26 -9.94 -20.21 -7.29
PS 0.736 0.179

Grass 169 MagNet 0.710 0.209 44.15 49.27 5.12 11.60 3.54
WElo 0.692 0.199 20.59 19.42 -1.17 —-5.68 —2.44
PS 0.746 0.173

Hard 591 MagNet 0.638 0.221 8229 91.23 8.94 10.87 1.94
WElo 0.658 0.210 65.68 64.27 -1.41 -2.14 -0.62
PS 0.699 0.193

All 1074 MagNet 0.660 0.218 185.50 199.71 14.20 7.66 1.81
WElo 0.656 0.209 135.47 122.94 -12.52 -9.24 -2.99
PS 0.717 0.186

" Note: Bold values indicate the best performance (highest Accuracy, lowest Brier Score, highest ROI, highest Sharpe
Ratio) among the evaluated models for that surface/metric, excluding the PS (Pinnacle Sports) benchmark. ‘All” sum-
marises overall performance across surfaces. Matches is the number of matches in the out-of-sample test set for each
surface. Kelly Staking metrics are rounded to two decimal places; Accuracy and Brier Score to three decimal places.

grass tournament in these two tiers (Wimbledon), we include two ATP 500 tournaments: Queen’s Club
Championships and the Halle Open, to ensure there are sufficient grass court matches for robust model
training. The dataset contains information such as match date, competitors, games won by each competitor
for each set played, tournament, surface, round of the tournament, and betting odds from several bookmakers;
from which we select Pinnacle Sports to represent betting market accuracy and the available odds in our
betting analysis. In total, our dataset contains 7110 matches played by 426 players with an out-of-sample test
set comprising 1075 professional men’s tennis matches beginning on 31 October 2023 and concluding with
the 2024 US Open final, on 08 September 2024. We gather player-node features from tennisexplorer.com.

We assess our model’s predictive strength using the classification accuracy of wins and the Brier Score,
which reports the mean squared error between the predicted probabilities and the actual outcomes. The
results are summarised in Table 1, where we provide performance values per surface. Our proposed graph
model attains an overall classification accuracy of 66.0%, outperforming the Weighted Elo (WElo) approach
proposed by Angelini et al. (2022), which attained 65.6%. When filtering by surface, the graph model shows
superior performance on clay and grass courts, although its accuracy remains lower than WElo on hard
courts. All results remain lower than the bookmaker odds’ implied probability, denoted as “PS”.

All models showed the highest performance on grass courts, likely because 67% of the matches were
from Wimbledon, a Grand Slam tournament. We observed that Grand Slam matches were generally predicted
with higher accuracy in the dataset (e.g., PS had an accuracy of 77% for Grand Slams compared to 66% for
Masters 1000). This is partly due to the main draw matches in Grand Slams being played in a best-of-5 sets
format, allowing stronger players more opportunities to demonstrate their superiority. The graph model also
exhibits a highest overall Brier score compared to WElo, indicating weaker probability calibration despite
its strong classification performance.

Table 1 also presents the outcomes of applying a betting strategy. Due to the model’s weak probability
calibration, we limit our bets to favorites, as determined by the model. We employ a modified Kelly stake
size f*, calculated as f* = w when the estimated win probability p > 0.5, and f* = 0 otherwise,
where o denotes the decimal odds. This strategy reduces the impact of the model’s calibration issues while
still taking advantage of discrepancies between the model’s predictions and market odds. Additionally, we
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follow an approach by Boshnakov et al. (2017), by resetting the bankroll to 1 before each bet, ensuring that
the final return on investment is unaffected by the sequence of bets. We assess risk-adjusted returns using
the return on investment (ROI) along with the annualised Sharpe ratio, calculated as S = (P/op) x v/365.25,
where P and op are the sample mean and standard deviation of the total daily profits {P;}, respectively.

The graph model’s betting strategies consistently yield positive returns across all surfaces, unlike WEIo.
WElo’s underperformance is expected, as it is a well-known incremental improvement on the highly popular
Elo rating system by Elo & Sloan (1978). Our model produces the greatest returns on grass at 11.60% ROI,
compared to 10.87% on hard courts and just 0.24% on clay. We applied a significance test, proposed by
Wunderlich & Memmert (2020), to confirm our strategy’s systematic profitability. By simulating 100,000
trials of 1074 random bets, we determined the probability (p,) that random wagering could match or exceed
our observed ROI. Our Kelly strategy achieved a significant result (pp; = 0.012 for 7.66% ROI).

In summary, despite a comparatively weaker Brier score, our model achieves consistent profitability by
targeting mispriced bets in Pinnacle Sports odds, rather than maximizing predictive accuracy alone. Using
the Kelly criterion to optimise bet sizes based on perceived “edge”, our approach confirms the known diver-
gence between statistical forecasting skill and effective betting profitability, as discussed by Wunderlich &
Memmert (2020) and Hubé4gek & Sir (2023).

3.1 Live Testing During 2025 Clay Court Season

We published ex-ante predictions from our model for matches at the Monte Carlo Masters, Madrid Open,
and Rome Masters, held in 2025.3 In this live test, our model achieved an accuracy of 63.3% and a Brier
score of 0.233. While bookmaker-implied probabilities demonstrated higher accuracy (67.2%) and a better
Brier score (0.211), our model yielded a positive Kelly criterion ROI of 3.6%. For comparison, a Weighted
Elo model attained an accuracy of 63.7%, a Brier score of 0.222, and an ROI of 2.2%.

4 Conclusion

In this paper, we have introduced the first application of graph neural networks to tennis match outcome pre-
diction, using a novel temporal directed graph representation with informative edge weights. Our MagNet-
based model achieved competitive classification accuracy, outperforming the WEIo benchmark, though its
probability calibration (Brier score) requires further improvement. Despite weaker calibration, the model
demonstrated a notable ability to identify market inefficiencies. A modified Kelly staking strategy, fo-
cusing on favourites identified by our model, yielded statistically significant positive returns (7.66% ROI,
pps = 0.012).

Our work contributes a new graph-based methodology to sports forecasting, showcasing the potential
of GNNs to capture the relational and dynamic aspects of tennis. Key limitations remain, including the
dependency on reliable historical odds data, as explored by Clegg & Cartlidge (2025), and performance
variations across surfaces, particularly on hard courts. Future research could explore incorporating data from
a wider range of tournaments to enrich the graph, balancing detail with computational tractability, and focus
on enhancing model calibration. Overall, this study provides a foundational step, highlighting the promise
of GCNs for advancing predictive analytics in tennis and other sports.

3For full live test predictions and results, see: https://github.com/Faxulous/tennisgnn_predictions
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Abstract

Defensive strategies in soccer are crucial to preventing goal scoring opportunities and main-
taining team structure. The defensive line (e.g., back four or back three) plays a vital role in
these strategies. Despite its importance, evaluating the contribution of defensive line configura-
tions remains an area of active research. This study hypothesizes that collective actions of the
defensive line significantly contribute to a team’s defensive success by maintaining defensive
compactness. To test this hypothesis, we propose novel defensive indicators based on the pre-
dictive evaluation approach, including rule-based spatial control, defensive compactness, and
pressure indices, handcrafted using event and tracking data. Rule-based spatial control penal-
izes defenders when attackers are near the penalty box and rewards the defenders positioned
closest to the on-ball player. Statistical analysis reveals that rule-based spatial control served
as a significant indicator for distinguishing defensive success and failure (p < 0.05), while
defensive compactness did not have a significant impact in determining defensive success or
failure (p > 0.05). These findings challenge conventional assumptions about compactness and
emphasize the importance of spatial control.

1 Introduction

Soccer is a dynamic sport in which defensive transitions play a crucial role in shaping match outcomes. Dur-
ing a negative transition—when a team loses possession—the defensive objective shifts to either regaining
control quickly or minimizing the opponent’s advancement into dangerous zones. The last line of defense,
typically consisting of the four outfield players closest to the goalkeeper, is responsible for reorganizing the
team structure, limiting space for attackers, and preventing goal-scoring opportunities. Although commonly
deployed in formations such as 4-4-2 and 4-3-3, the direct influence of this defensive line on transition
success has received limited quantitative attention.

Recent work in sports analytics has highlighted the importance of spatial organization and collective
defensive behavior in transition phases. Prior studies have explored defensive recovery patterns [3, 4], spa-
tial influence surfaces [2l], and structural breakdowns preceding goals [7]. Meanwhile, a growing body of
research applies machine learning and spatial modeling to assess defensive effectiveness and zone control
[8, 10, [9]. These approaches emphasize the significance of not only positional arrangement but also the
dynamic interaction between defenders and attackers within contextually critical regions.



To address remaining gaps, this study introduces a set of handcrafted spatial metrics to quantify the
collective behavior of the last defensive line during negative transitions. The proposed metrics include (i)
defensive compactness, measuring cohesion among defenders, (ii) pressure indices, quantifying localized
marking pressure, and (iii) rule-based spatial control, which penalizes defender inactivity near critical zones
and rewards proximity to the on-ball attacker. These features are computed using synchronized tracking and
event data from professional matches and evaluated for their ability to discriminate between successful and
failed defensive sequences. We hypothesize that our three novel spatial metrics—Defensive compactness,
Pressure Index, and rule-based space score—will effectively discriminate between successful and failed
defensive sequences during negative transitions. By proposing a spatially grounded evaluation framework,
this work contributes to a deeper understanding of back-line coordination and its role in shaping transition
outcomes.

2 Methodology
2.1 Dataset

This study investigates the role of defensive line configurations during negative transitions in elite football
using multimodal data from the 2023-24 Lal.iga season. We analyze around 10 matches featuring RC Celta
de Vigo, a team selected for its consistent use of a flat 4-4-2 formation, providing a stable tactical structure
for analysis. The dataset combines high-resolution StatsBomb event data—widely used in academic and
professional contexts for actions such as passes, tackles, and pressures [11, |5]—with SkillCorner tracking
data, which captures continuous player and ball positions from broadcast video. Despite being vision-based,
SkillCorner has proven effective in elite-level studies for modeling defensive shapes [[1]. This integration
enables frame-level alignment of spatio-temporal positioning and tactical events.

2.2 Preprocessing and Synchronization
2.2.1 Event-to-Tracking Synchronization

Synchronizing event and tracking data is challenging due to mismatches in timestamp resolution and record-
ing offsets. Events often fall between discrete 25 Hz tracking frames, causing temporal misalignment and
missing player positions at critical moments.

To address this, we used synchronization tools from the OpenSTARLab framework [12,6]], aligning each
event to the nearest tracking frame without interpolation. A +1 second buffer around each transition ensured
contextual completeness. We excluded frames missing full positional data for all 23 agents (22 players +
ball), enabling reliable frame-level analysis.

2.2.2 Negative Transition Sequence Extraction

Negative transitions—defensive reorganizations following possession loss—were extracted in four steps.
First, we filtered core events (passes, interceptions, tackles, clearances, and entries into danger zones). Sec-
ond, we defined 5-10 event windows centered around each turnover, ending when the attacking team entered
the penalty area or final third. Third, tactical filters were applied, requiring at least four defenders in the
defensive third, attacker progression toward goal (via velocity), and confirmed entry into high-risk zones.



Finally, we excluded sequences with unclear possession, half-switch transitions, or missing agent data at the
turnover frame.

This process yielded approximately 120 high-quality negative transitions from 10 matches. Each se-
quence is stored as a frame-indexed tensor:

(xP*, v;, possession_label,, team_role,, zone_tag,) V1,

pos
t

where xP* and v, represent the 2D positions and velocities at time ¢.

2.3 Feature Engineering

After synchronization and filtering, we labeled each five-event sequence as either a defensive success (no
entry into danger zones, shot attempt, or goal) or a defensive failure (any of those actions occurred). To
explain these outcomes, we designed three rule-based spatial indicators that capture core back-four defensive
principles:

1. Defensive Compactness. Quantifies the cohesion of the back-four relative to the nearest attackers:
Compactness = A Sp+ (1 —A) Ppa,

where Sp is the convex-hull area of the four defenders and Pp, is the average distance from each of the
three closest attackers to any defender. Lower values indicate a tighter, more coordinated line. A € [0, 1] is
the weighing parameter. We set the weighing parameter A = 0.5 to give equal importance to both defender
compactness (SD) and attacker proximity (PDA), ensuring a balanced contribution from spatial tightness and
attacker suppression. This choice reflects our hypothesis that both internal cohesion and external containment
are equally vital during defensive transitions. Future work may explore optimizing A via data-driven methods
such as cross-validation or grid search.

2. Pressure Index. Counts how many attackers are under immediate pressure. Let &/ = {aj,az,a3} be
the set of the three attackers closest to the last defensive line, and 7 = {d,d,,ds,ds} be the set of the four
last-line defenders (excluding the goalkeeper). For each attacker a; € o/, we compute the distance to the
nearest defender d; € 2. If this distance is less than a fixed threshold 6 = 3 meters, we consider the attacker
to be under immediate pressure. The Pressure Index is then defined as:

Pressure Index = 1 in ||d; —a; )
L (%'M aill < )
(/I,E-;?Y J

where 1 is an indicator function. This metric counts the number of attackers currently marked within a
3-meter radius by the last-line defenders. Based on empirical testing, we fixed the number of attackers to
3 and defenders to 4. This choice reflects the typical structure of back-four defensive lines and prioritizes
evaluating pressure on the most immediate attacking threats during negative transitions.

3. Space Score. Space Score is our main contribution: this metric evaluates how the back-four defenders
control four tactically critical zones. For each frame ¢, we identify the four last-line defenders (excluding
the goalkeeper) and the three nearest attackers to the defensive line, including the on-ball player. Based on
the zones that is occupied—central final third, penalty box proximity, wing pockets, and the 3 m ball-carrier
radius—we calculate a weighted zone control score using:
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where D_(r) and A,(¢) are the number of defenders and attackers in zone z, and w, is the tactical weight of
zone z. A defender receives a high score when effectively marking an attacker or denying access to high-risk
areas. Conversely, if an attacker is present in a critical zone without defensive coverage, the score decreases.
At each frame, we compute the average of S; across the four defenders, and then take the mean across the
entire sequence to obtain the final Space Score:

— 1
S—

T
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To quantify the spatial importance of defensive presence, we define four spatial zones with fixed weights,
prioritizing them according to their tactical risk.

The most critical area is the Central Final Third, which spans the last 35 meters of pitch length and
the central 30 meters of width which includes key central attacking corridors and is weighted highest at
0.35. Next is the Penalty Box Proximity, defined as a 5-meter buffer surrounding the penalty area (16.5
x 40.32 m), capturing near-box congestion and is weighted at 0.30. The Wing Pockets occupy the outer
10-meter-wide lanes in the final 25 meters of the pitch which is known for wide attacks and low crosses, and
are assigned a weight of 0.20. To avoid overlap with the penalty area, the Wing Pocket zones are shaped
as six-sided polygons that taper inward near the box. Finally, a Ball Carrier Radius of 3 meters is defined
around the ball location and is weighted at 0.15. It only contributes when it lies outside more critical zones.
In cases where zones overlap, we retain only the maximum weight at each location. This ensures that a
defender standing in overlapping zones is credited for occupying the most tactically dangerous space, rather
than accumulating multiple scores.

N

Frame 0 - Time: 0.005185185 - Possession: H

Figure 1: Illustration of Space Score computation.



2.4 Statistical Analysis

To assess whether our handcrafted features could discriminate between defensive success and failure, we
conducted independent two-sample Welch’s 7-tests (unequal variances) for Defensive Compactness, Pres-
sure Index, and Space Score. The null hypothesis (Hp) for each test was that there is no significant difference
in the metric between successful and failed sequences, while the alternative (H;) posited a significant dif-
ference. Prior to testing, we verified normality assumptions and, where violated, employed nonparametric
Mann—Whitney U tests. We set the significance threshold at o = 0.05, considering features with p < « as ef-
fective discriminators of defensive performance. Statistically significant results imply that the corresponding
metric distinguishes between effective and ineffective defensive responses during negative transitions.

3 Results

We compared Defensive Compactness, Pressure Index, and Space Score between successful and failed de-
fensive sequences using independent two-sample Welch’s 7-tests. Table|l|summarizes the test statistics.

Table 1: Welch’s ¢-test results for each defensive metric

Metric t-statistic  p-value
Defensive Compactness 0.085 0.934
Pressure Index (3 m radius) 0.503 0.621
Rule-based Space Score 4.599 0.00035

Among the three features evaluated, the Space Score showed a highly significant difference between
successful and failed defensive sequences (p < 0.05), supporting its effectiveness in capturing context-aware
defensive behavior. In contrast, Defensive Compactness did not yield a significant difference (p = 0.93),
suggesting that line tightness alone does not reliably predict defensive outcomes during transitions. Similarly,
the Pressure Index showed no significant effect (p = 0.62), indicating that simple proximity-based measures
are insufficient without accounting for spatial and tactical context.

These results support our hypothesis that context-weighted spatial control is a key determinant of defen-
sive success. The Space Score’s design—penalizing unguarded incursions into high-risk zones and reward-
ing effective coverage—captures positional discipline more effectively than compactness or proximity-based
metrics. Qualitative feedback from coaches confirmed that high Space Scores aligned with organized zone
denial, while low scores reflected breakdowns in defensive structure. This emphasizes that the quality of
spatial coverage, not just the number or tightness of defenders, plays a decisive role during negative transi-
tions.

4 Conclusion

In conclusion, this study presents a spatial metric framework for evaluating the last defensive line in soccer.
Among the three proposed novel indicators—Defensive compactness, Pressure Index, and the rule-based
Space Score—only the Space Score showed a statistically significant difference between successful and
failed defensive sequences. This highlights that while all three metrics introduce new spatial formulations,



only the zone-based control mechanism effectively captures context-aware defensive organization. These
findings emphasize the tactical value of space-oriented defense and suggest directions for future metric
refinement and predictive modeling. Future research should apply these metrics across broader contexts and
integrate outcome prediction frameworks.
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Abstract

This study examines team dynamics in the Ryder Cup by addressing three questions: (1)
whether teams exhibit a fixed-effect advantage where the whole outperforms the sum of
individual parts, (2) whether players consistently over- or underperform relative to OWGR
rankings, and (3) whether home-field advantage plays a significant role. The Ryder Cup, as a
biennial U.S. vs. Europe event, offers a unique chance to evaluate the interplay of team ability,
individual skill, and environmental context.

A new measure, “world golf ability,” defined as the reciprocal of OWGR, was used to
weight top players more heavily. Team ability was based on the median of this measure to limit
outlier influence. Linear and GAM models were used to test relationships between team
strength, location, and performance.

Results show a sizable team-level advantage for Europe—estimated at 2.94 points, even
after accounting for individual ability and home advantage—suggesting stronger cohesion or
preparation. No consistent pattern of players over- or underperforming relative to OWGR was
found. A home-field edge of 2.04 points was also identified, likely driven by course familiarity,
crowd support, and reduced travel strain. Overall, the findings highlight that team structure and
leadership can meaningfully influence competitive outcomes.

1 Introduction

This study focuses on three key questions about performance in the Ryder Cup. First, it looks at whether
either the Americans or Europeans have a cohesive, team-level advantage where their overall
performance exceeds what would be expected based on their individual players. Second, it examines
whether either team plays above or below their expected ability based on the Official World Golf
Rankings (OWGR), helping to identify whether there are any meaningful differences between individual
and team performance. Finally, it considers whether there is a home advantage in the Ryder Cup and
whether playing on home soil gives either Team Europe or Team USA a significant edge. By addressing
these questions, the study aims to better understand the factors that drive success in this unique team
competition.

2 Background Literature

Sprengel (2022) suggests that as golfers learn in their early years, the types of courses they learn on
affect how they perform on different types of courses. As Europeans grow and learn on their home
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courses, they would tend to play better on these same courses compared to American courses due to
their familiarity. The same can be thought for American golfers playing on American courses.. This
forms the basis of Sprengel’s explanation for the Ryder Cup’s home-course advantage, where the home
team had won 68% of the time at the time of his study. Using several models, including a logistic
regression predicting match outcomes, Sprengel estimated that Team USA’s probability of winning
increased from 57.5% to 75.8% when playing on a U.S. course.

Nevill et al (1999) examineshow Europeans perform in home majors (the Open) compared to
the other majors within the US. The authors found that throughout these tournaments, there was no real
difference in performance when accounting for world ranking when the golfers performed in the US or
in Europe. The authors’ only true findingwas that those granted special permission (sponsor entrance,
etc.) were shown to perform significantly better than their ranking at a home course, primarily in the US
Open.

Using round-level data across a spectrum of handicaps, O’Brien (2024) finds that at all levels,
golfers perform more consistently at their home courses than at courses they are unfamiliar with. Scratch
golfers' differential in score increases by 2 (3.9 to 5.9) when playing an unfamiliar course whereas a 15-
handicap golfer had their differential increase by even more (18.4 to 20.8).

Using Arccos data, Heath (2023) finds that golfer’s playing outside of their home course for the
first time had::

° 39% chance at shooting 2 strokes gained lesser or worse
° 55% chance at shooting 1 strokes gained lesser

) 11% chance at shooting 2 strokes gained or better

° 19% chance at shooting 1 strokes gained better

The OWGR system, conceived by Mark McCormack in collaboration with The Royal and
Ancient Golf Club of St Andrews, was introduced during the 1986 Masters. This system was designed
to enhance the selection of players globally, as international players began to challenge the notion that
PGA Tour players were the pinnacle of talent. Prior to the OWGR’s launch, the PGA Tour Money list
was the primary method for ranking the top players. Since its inception, the OWGR ranking has become
crucial in evaluating players for consideration in the Ryder Cup, an international tournament. This global
ranking system assigns points to players based on their finishes in eligible tournaments over a rolling
two-year period, with more recent results weighted more heavily. Each tournament has a “strength of
field” rating that determines the number of points available, and a player’s average points per event is
calculated using a divisor (minimum 40 events, maximum 52). These rankings are updated weekly and
offer a standardized way to compare players from different tours and regions (OWGR, 2025). While
OWGR is not the only factor used for Ryder Cup selection, it is often a helpful benchmark for
determining which players are in strong form heading into the event.

The players selected for both teams are a combination of automatic qualifiers and captain picks.
The automatic qualifiers for the U.S. team are the top American players in a Ryder Cup-specific points
system, which is based on earnings in PGA Tour events during a set qualification window, including
bonus weight for major performances. The number of automatic qualifiers changes each year (Ritter,
2018);during the 2023 Ryder CupTeam USA had six automatically qualified members. The remaining
six players are selected by the U.S. team captain, who often considers recent performance, course fit,
and team chemistry when making final picks (PGA Tour, 2023).

On the European side, qualification up through 2023 involved a dual points list — the European
Points List and the World Points List — with three players qualifying from each list in 2023. The
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remaining six were captain’s picks (PGA Tour, 2023), though, similar to Team USA, this number can
vary from year to year. (Note: For 2025, Europe has moved to a single points list, but this change falls
outside the scope of our data.)

Captains for both teams are chosen well in advance of the competition and often reflect not just
career success but also leadership and Ryder Cup experience. For Team USA, the PGA of America
appoints the captain, usually a respected veteran with Ryder Cup history either as a player or vice-
captain. Similarly, the DP World Tour (formerly European Tour) selects the European captain, typically
someone who has represented Europe multiple times and is well-regarded in the locker room. These
captains are announced roughly two years before the event and are responsible for course scouting,
roster decisions, pairing strategies, and overall team culture (Colgan, 2021).

3 Methodology

Data on Ryder Cup results, including participant names and their Official World Golf Rankings
(OWGR), were obtained from each tournament’s Wikipedia entry (“2023 Ryder Cup,” 2024). We
included only those tournaments for which complete OWGR data were available for all participants,
resulting in a final sample covering the 1987 through 2023 Ryder Cups. A summary table for our data
is presented in table 1.

Characteristic United States Europe
N =18/ N =18/

year

Median (Min, Max) 2,005 (1,987, 2,023) | 2,005 (1,987, 2,023)
host

Europe 9 (50%) 9 (50%)

United States 9 (50%) 9 (50%)
points

Median (Min, Max) 13.50 (9.50, 19.00) 14.50 (9.00, 18.50)
wg_ability mean

Median (Min, Max) 0.12 (0.06, 0.20) 0.10 (0.04, 0.19)
point_difference

Median (Min, Max) -1.0 (9.0, 10.0) 1.0 (-10.0, 9.0)
wg_ability median_difference

Median (Min, Max) 0.04 (-0.01, 0.09) -0.04 (-0.09, 0.01)
home 9 (50%) 9 (50%)
"'n (%)

Table 1: Summary Statistics

To assess each team's ability, we developed a metric called 'world golf ability,' calculated as the
median reciprocal rank. The reciprocal rank (1/rank) assigns greater weight to top performers. Using the
median helps mitigate the influence of outliers, reflecting that the Ryder Cup is primarily a team event
where players at the extremes of the rankings have a limited impact on overall performance.

The wg_ability_median_difference is compared with point_difference in figure 1. Each team
outcome is color-coded based on whether it was a home or away tournament, and the teams are
differentiated using shapes. A linear best-fit line was also rendered showing each team at home or away.
The vertical difference between the home and away for each team represents home-field advantage. The
vertical disjoint difference between the same home and away lines between Team Europe and Team
United States demonstrates any advantage or disadvantage that a team has overall, controlling for
performance differences. Were there no difference, both team points should fit on the same home or
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away line; however, there is an obvious drop in performance for team US, even though the
wg_ability median_difference is typically higher.

home_away
- away

== home

Points

team
United States

4 Europe

WG Ability M:(;:an Difference
Figure 1: Home Field and Team Advantage

To understand how strong these relationships are, and to understand the marginal effect of home
field advantage and any specific team advantage, a series of linear models were estimated. The general
formula is shown in formula 1:
points=B0+B1-wg_ability median_difference+p2-(team:wg_ability median_difference)+p3-team  +
B4-home away +e. (D)
Where: B0 is the intercept, B1, B2, B3, and p4 are the coefficients for the respective terms, and € is the
error term. Since there are two observations per tournament, we used robust standard errors clustered at
the year level to account for within-year correlation.

4 Results

In table 2, the coefficients of the estimated linear models from formula 1 are shown. Model 1 is the base
model, without differentiating the teams in any way, but does include home_away fixed effects. In this
model, we can see a statistically significant home field advantage of 2.31 points. Model 2 adds an
interaction between WG Ability Median Difference and Team, which results a coefficient that is not
statistically significant. Model 3 adds team fixed effects, and finds that Team Europe has a significant
advantage of 2.94 points. There is no reason to interact team with HFA, as HFA is by definition a team’s
home score minus their away score, and in a two-team league, this would be symmetrical for the other
team and so there will be no difference between the two teams.
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Model 1 Model 2 Model 3
Predictors Estimates (@} P Estimates (@} P Estimates CI P
(Intercept) 12.76 11.90 - 13.62 <0.01 12.80 11.90-13.70 <0.01 11.47 9.82-13.11 <0.01
wg ability median 2.16 -27.73 - 32.06 0.88 0.92 -31.55-33.39 0.95 31.16 -16.37 - 78.68 0.19
difference
home away [home] 2.31 0.47-4.16 0.02 2.31 0.46-4.16 0.02 2.04 0.19-3.89 0.03
wg ability median 2.48 -4.08 —9.04 0.45 2.48 -4.09 —9.05 0.45
difference x teamEurope
team [Europe] 2.94 -0.61 —6.48 0.10
Observations 36 36 36
R?/R? adjusted 0.241/0.195 0.241/0.170 0.374/0.293

Table 2: Points Linear Models with Clustered Standard Errors

5 Discussion

The first question investigated whether Team Europe or Team USA possesses a cohesive team-level
advantage—one in which the collective performance of the team significantly exceeds the sum of its
individual contributions. Model 3 in Table 2 provides compelling evidence that Team Europe holds a
distinct advantage, with an estimated 2.94-point edge over Team USA, ceteris paribus. This result
highlights Europe’s ability to consistently leverage team dynamics or strategies that lead to superior
collective performance compared to their competitors.

The second question explored whether either team plays above (or below) their expected level
based on the Official World Golf Rankings (OWGR). Using ranking differences to predict points, Model
2 in Table 2 reveals no significant difference in the slope between Team Europe and Team USA. This
finding suggests that neither team consistently outperforms nor underperforms relative to individual
player abilities as measured by OWGR, reinforcing the notion that overall outcomes are not dictated by
deviations in individual performance.

The final question examined whether there is a home advantage in the Ryder Cup. Model 3
estimates that the home team scores 2.04 more points than when playing away. This implies that
switching from an away to a home venue results in a shift from -2.04 to +2.04 in point differential,
holding all else constant—a total swing of 4.08 points.
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5 Conclusion

In conclusion, these findings suggest that Team Europe benefits from a cohesive, team-level advantage
of 2.94 points over Team USA. While a team-level effect is clearly present, we do not find any evidence
that either team consistently outperforms the other based on player ability, as measured by our novel
world golf ability metric derived from OWGR. Additionally, home advantage was shown to offer a
2.04-point benefit to the host team, implying a 4.08-point swing in point differential when shifting from
away to home.

These results highlight the importance of team cohesion, preparation, and strategy—factors that
appear to give Europe a sustained edge even after accounting for player ability and location. No
consistent pattern of individual over- or underperformance relative to OWGR rankings was found,
reinforcing that outcomes are shaped more by collective factors than by isolated player differences.

Overall, the findings underscore the meaningful influence of team structure, leadership, and
contextual elements on Ryder Cup outcomes. Future research could explore the mechanisms behind
Europe’s team-level advantage and further examine the sources of home-field benefit in international
golf competition.
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Abstract

Statistical analysis may help answer some intriguing questions in athletics, such as when
the current world records will be improved. Sport records are extreme observations, which
can be analyzed through extreme value theory. However, modeling is only one part of the
problem, since estimation is also troubled by small sample issues. Here, we present some
improved estimates of the expected time to break the record. The property needed for this
task is probabilistic calibration. Bootstrap-based approaches can help assess and recover this
property to improve predictions. We show that, thanks to improved estimates, the near future is
richer in new records than suggested by the classical estimates.

1 Introduction

Although athletics is an ancient heritage, the practice of keeping records is relatively recent. In modern times,
hype surrounds not only the athletes themselves, but also the ultimate limits of humankind. In contrast to
this, it may seem that athletes have reached records that are hard to break, to the point that we may not
witness any better performances in our lifetime. In this study, we aim to show that such predictions may
be overly pessimistic, mainly due to the limitations of the modeling approaches commonly employed for
this task. Several approaches exist to address these issues, as recently reviewed by [4]]. By examining these
methods, we argue that more valid predictive distributions, with heavier tails than those typically used in
these cases, allow for greater predictive potential for future records.

Here, we analyze men’s and women’s annual records of several disciplines in athletics, such as sprint
running and high jump. These data can be viewed as block maxima and analyzed by assuming a suitable
extreme value distribution (EVD), as done in [1]]. The model includes some unknown constants, called
parameters, which make the model flexible enough to capture the truth. Nonetheless, a value for those
parameters must be chosen (suitably) to make the model usable for prediction. The classical estimative
approach requires replacing the parameters with a single estimate. The Bayesian approach implies using all
possible values, weighted by a posterior distribution, so that the estimation uncertainty can be weighed in.
However, the latter approach requires a prior distribution, which can significantly affect the analysis in small
samples. Here we resort to the method outlined by [2], that allows to incorporate the uncertainty within the
classical estimative framework via bootstrap.

Thus, we present improved estimates of the expected time it takes to break the world records and compare
them with the Bayesian and classical estimates. Although current world records look hard to break, they
should take less time than previously estimated by classical approaches.
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2 Methodology

Let Y denote a random variable of interest, such as the annual world record in a given discipline. In year
t, this variable is denoted by Y;. In general, Y has an unknown distribution, which can be characterized by
its cumulative distribution function (CDF) Fy(-) or its inverse, the quantile function (QF) Qo (). Typically,
a parametric model would be assumed, indexed by a d-dimensional parameter vector 6 = (6,...,0,), with
generic CDF and QF denoted by F(-;0) and Q(-;0), respectively. Under appropriate conditions, extreme
value theory suggests that annual best performances follow a Generalized Extreme Value (GEV) distribution.
Based on insights from preliminary data analysis, in this work, we focus on a special case of the GEV family,
known as EVD or Gumbel distribution, and defined as

F(q;0) =exp(—exp(—(¢—n)/0)), Q(p:6)=pu—oclog(—logp), 6=(u,0), 0>0.

The density function f(-;0) is a regular model. The model should be flexible enough to contain the ground
truth 6y, such that F(-;6y) = Fy(-); however, to make prediction, one must resolve the parameter, obtaining
a CDF F(-) and a QF Q(-) that are free from 6.

Provided some suitable smoothness assumptions, it looks reasonable to predict ¥ via

F()=F(:0), 0()=0(:0), (1)
for some consistent estimator 6 = 6(y), based on past data y = (yy,...,,). This approach is known as the
estimative method. The most efficient version of this approach uses the maximum likelihood estimator 6=
argmaxg logL(6;y), where L(0;y) is the likelihood function. With large samples, (F', Q) should converge
to (Fo,Qp), on a point-by-point basis; however, in finite samples, the estimative approach can misbehave
significantly: its bias and variance can be considerable.

Besides unbiasedness and efficiency, calibration is also a desideratum when dealing with probabilistic
prediction. In particular, £ produces calibrated probabilities if

E[Q0(F()] =4q,

while 0 yields calibrated quantiles if

for all g € R and p €]0, 1[. So, a calibrated CDF works as the inverse of the true QF, on average, whereas a
calibrated QF works as the inverse of the true CDF, on average.

Both Fy and Qg are calibrated but unavailable; the estimative approach can achieve the same behaviour
asymptotically, but it may fail severely if n is small. Due to misbehaviour in finite samples, so-called miscal-
ibration issues may occur. In contrast, the Bayesian approach naturally accounts for uncertainty by specify-
ing a prior distribution 7(6), which is then combined with the likelihood to yield the posterior distribution,
(0 |y) e m(0)L(6;y). This posterior directly leads to the predictive distribution, which serves as the natural
basis for making probabilistic forecasts:

Fa() = [ F(;0)7(6 |y)de. @)
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Unfortunately, this approach relies on choosing a prior distribution, which can significantly affect the results
in small samples. For objectivity, we use an uninformative prior of the fiducial kind, which is naturally
defined as 7(0) = 1 /0 for location-and-scale models [3].

One may need to resort to the frequentist framework, then the sampling distributions of F' and Q must
be analyzed to correct miscalibration issues. Parametric bootstrap can be helpful in this assessment. Specif-
ically, one can simulate a large number N of scenarios under the assumption that @ = 6. In the generic s-th
scenario, the dataset y* = (v}, ...,y) is generated from f(-;@). From these synthetic datasets, one obtains
N parametric bootstrap estimates, the generic estimate 6% = é(ys) being the result of the same estimation
procedure as 6 but applied to the dataset y*. After [2], the estimative approach can be improved by using
calibrated probabilities (CP), obtained via the calibrated CDF Fep = QE }., with

1

~ LY o(r(0(m#):6):6). ®

s=1

QCP(P)

and calibrated quantiles (CQ), obtained via the calibrated QF QCQ = ﬁng, with

1

N
Feola) =5 L F(Q(F (4:6):6%):0) . 4)

s=1

As a remark, the two enhanced CDFs Fcp and Fg are distinct in general, see for instance Figure |1} which
illustrates the case when n = 10 and N = 10*.

CDF, n=10 density, n=10
1.00A
0.3+
0.754
0.2+
0.50 1
0.251 0.1
0.004 0.0+
-25 0.0 2.5 5.0 -2.5 0.0 25 5.0
quantiles
method — estimative — calibrated probabilites — calibrated quantiles

Figure 1: Predictive distributions: estimative and calibrated ones for the case n = 10, il =0, 6 = 1, and
N = 10*. The difference between estimative and calibrated CDFs decays approximately as 1/n, see [2].



Predicting future world records Fonseca, Giummole, Lambardi & Mameli

As a consequence, one cannot simultaneously calibrate both probabilities and quantiles. This result holds
more generally, even with other approximately calibrated predictions, essentially because probabilities and
quantiles are non-linearly related, making it difficult to simultaneously preserve calibration properties for
both. However, in some cases, the aim of the analysis is delimited enough that only one of the two predictive
distributions, probability- or quantile-based, is relevant for the purpose at hand. Our focus is on the expected
time to break some world record w, so the parameter of interest is defined as

1

:l—F(w;G)' ©)

v =y(0)

The estimative approach would produce the estimate { = y (é), which obeys the invariance principle, so it
is the same as plugging the estimate (I); the Bayesian approach naturally yields the posterior mean estimate
U = [w(0)m(6 | y)d6, analogously to (2); the calibrated probabilities approach, instead, would replace
the unknown CDF with its enhanced estimate based on (3)), and one can also consider () for a comparison,
yielding estimates denoted by Jicp and Y, respectively.

3 Analysis

Our motivating example is the analysis of sports records in athletics. Although several disciplines exist in
modern times, we focus on the long-standing ones, such as sprint running, hurdles, high jump, long jump,
and javelin throw, which are reported below. We limit the analysis to men’s and women’s world records for
analogous reasons. However, some changes in rules, technologies, and techniques have occurred over time,
making only recent data relevant to current predictions: in particular, we consider only data from 2001 to
2024, as shown in Figure [2] These data form the training data vector y to estimate the parameter of interest
in (5). The world record to be broken, denoted by w in the equation, is also available and has occurred before
2001 for many of the disciplines considered. The estimates are always stratified according to both disciplines
and gender. Annual records can be retrieved from several online sources; however, the most reliable data
can be freely accessed from the World Athletics website. This platform allows individual performances to
be tracked at all internationally recognized competitions. Care must be taken with recent performances, as it
can take time to validate them, and some violations are confirmed only the following year.

The original outcomes are either times, like in sprints and hurdles, or distances, like in jumps and javelin
throws. We convert times into speeds, so all the outcomes are "the higher the better”, to align with EV
analysis. Thus, the annual records can be assumed to be well described by the EVD model.

For each discipline and gender, the EVD model was used in the classical, Bayesian, probability and
quantile-calibrated fashions to estimate the time to break the record, as defined in Equation (3). In terms of
sprint runs, the estimates are also stratified according to distances since the progressions of their records are
essentially unrelated across them, although the groups of athletes can overlap. Estimates of the time it takes
to break the record are reported in Figure [3] Many records look hard to break, as in the case of hurdles and
long jumps, whereas we may expect some new records (relatively) soon in the case of sprints and on several
distances.
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Figure 2: Annual and world records for both genders in the considered athletic disciplines.

4 Future work

Calibrated quantiles and probabilities can improve sports record analysis, when interest often lies in ex-
ceedance probabilities and return values. These approaches require only a slight modification of the classical
estimative approach via simulation. Depending on the specific predictive task under investigation, this ap-
proach can yield more reliable assessments in the context of record performances. Although not shown here,
the same rationale could be extended to records from aquatic disciplines, such as freestyle and butterfly.

Moreover, we analyze data as block maxima, but a more informative approach could be the peaks-over-
threshold, which would use not just annual records but also individual performance data [[1]. However, this
approach would require additionally tuning a hyperparameter to improve the underlying generalized Pareto
approximation, which is problematic to incorporate into a bootstrap simulation approach.

Although enhanced in different respects, the two improved estimates seem to provide similar predictions,
at least for the target chosen in (). This result must be related to the fact that both predictive distributions are
evaluated only in their tails, which are both heavier compared to that of the estimative distribution. The result
is encouraging, since it implies that new records will soon be available. However, the recent emergence of
new disciplines makes this assessment only partially meaningful.

The proposed approach relies on explicit CDF F(-;0) and QF Q(-; 0), but these may be mathematically
intractable. If replicates are available, as they should be for the bootstrap approach to be viable, one may
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Figure 3: Estimative and calibrated predictions for the time to break the world record, for a few selected
athletic disciplines. The 50% and 95% credible intervals are also reported for the Bayesian prediction as
thick and thin segments, respectively.

approximate CFD and QF via kernel density applied to such replicates. This simplification may help spread
the proposed technique as more complicated models are naturally supported. For instance, it would be
natural to complement the EVD distribution with a copula model to include any potential serial correlation.
Non-parametric extensions of the bootstrap component of the proposal would also be interesting.
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Abstract

Tournament competitiveness plays a critical role in shaping the associated economy, influ-
encing match attendance, viewership, merchandise sales, and related factors. Among various
measures that can help increase tournament competitiveness, scheduling offers a cost-effective
way for this purpose. Designing a tournament schedule with competitiveness in mind can sig-
nificantly enhance a tournament’s appeal. In this study, we present a new metric, the competitive
difference, to measure this appeal and propose a mathematical model tailored for round-robin
tournaments. While our numerical experiments involve single round-robin tournaments, the
approach can be extended to multiple round-robin tournaments as well.

1 Introduction

The attractiveness of a sports league is a key consideration in tournament design, heavily influenced by the
competitive balance of the league. Competitive balance refers to how evenly teams are matched. A league
where teams show significant variation in playing strength is considered to have low competitive balance
(or a higher degree of imbalance), whereas leagues with more evenly matched teams are seen as having
higher competitive balance. Competitive balance is important because it directly impacts the uncertainty of
match outcomes and the overall championship. Unpredictability in sporting events is generally thought of as
enhancing spectator enjoyment.

We consider two types of uncertainty: match-level uncertainty, which refers to the unpredictability of
individual match results, and seasonal uncertainty, which relates to the unpredictability of final standings
and outcomes throughout the season. Leagues with a higher competitive balance typically maintain greater
levels of both, thus keeping fan interest and engagement high. This is demonstrated, for example, by [18]] for
match-level uncertainty and by [22] and [1] for the seasonal uncertainty. Scheduling offers a straightforward
solution for increasing tournament attractiveness without any modification of the tournament rules. With this
in mind, we investigate a new approach to scheduling round-robin tournaments to increase the uncertainty
of the outcome for each match thereby also enhancing seasonal uncertainty. To achieve this, we develop a
mathematical model that schedules a single round-robin tournament (SRR), where every team plays against
every other team exactly once, ensuring that teams of similar strengths face each other as often as possible.

In the remainder, we provide a brief literature review, present a mathematical model and give preliminary
results.
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2 Literature Review

Various criteria enhance the attractiveness of sports schedules, with key metrics including quality, competi-
tive intensity, suspense, and tension. [7] reviewed research on tournament design, including attractiveness-
related work.

Quality emphasizes strong team matchups. [17]] analyzed balance in Dutch football, considering home
advantage. [9] improved Chilean league schedules by prioritizing high-quality matches early. [13] adjusted
Belgian league schedules to boost broadcast revenue, while [20] scheduled prime-time matches under fair-
ness constraints.

Competitive intensity measures match balance. [15, [16] developed axioms for knockout tournaments,
and [S)] integrated quality and intensity to optimize seeding. [8]] used a Swiss system model, introducing
unattractiveness as the inverse of intensity, with the Colley rating method for dynamic updates.

Suspense, the incentive for teams to compete until the end, is widely used. [19] modeled Brazilian league
playoffs to determine qualification certainty. [14] classified Belgian clubs by objectives (e.g., championship,
relegation) and used simulations to analyze competitiveness. [11] linked decisive matches to attractiveness,
while [[10] highlighted irrelevant matches in large round-robin tournaments. [2} (3] 4] examined UEFA tour-
nament incentives based on seedings.

Tension, distinct from suspense, refers to uncertainty in the final outcome. [12]] defined lower bounds for
decisive rounds and found that strong teams facing off in critical rounds heightens tension, which decreases
with more draws.

3 Mathematical Model

Team strength can fluctuate significantly during the season. In this work, we introduce a new metric called
the competitive difference, which incorporates the team strength variations based on the round in which
teams compete. To calculate team strengths, we use the conventional point rating system, as it is common in
traditional football leagues. The following definitions explain the notation and terminology that will be used
later.

Definition 1 (Point Distribution). A point distribution is a tuple (p, p:, p;) where p,, represents points
awarded for a win, p, represents points awarded for a tie, p; represents points received for a loss.

Definition 2 (Result Matrix). A result matrix P is an n X n matrix where n is the number of teams with each
entry p; j representing the points scored by team i in the match between teams i and j in an SRR tournament.
Since a team cannot play against itself, the diagonal entries will be 0.

An example of a result matrix for a league with four teams and point distribution (p,,, p;, p;) = (3,1,0)
is given below:

W o = O
—_— W O =
_0 O W
S = = O
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Definition 3 (Competitive Difference). The competitive difference d ;, is defined as the absolute difference
in the ratings of two teams 7 and j just before their match in round r. That is,

dijr=Sir—1—58jr1] (1)

where s; 1 and s; . are the points accumulated by team i and j, respectively, at the end of round r — 1.

The competitive difference decreases when two teams with similar ratings compete. In other words,
the closer the value d, ; - (representing competitive difference) is to zero, the more evenly matched —and
therefore competitive— the game is. Such matches are typically intense, as both teams are highly motivated
to win, knowing that the outcome could have an immediate impact on their standings. While traditional
rivalries can add to the intensity, the primary driver is the potential for a change in rankings. Ultimately, the
overarching goal for any team in a tournament is to climb as high as possible in the rankings, with the ideal
aim of securing the top spot.

In this study, we introduce a model designed to minimize the total competitive difference in an SRR
tournament, with potential extensions to multiple round-robin formats. Although tournaments can involve
additional considerations —such as home and away games— our focus is strictly on evaluating the proposed
competitive difference metric and exploring its implications. Specifically, for a match between teams i and
J, the competitive difference is calculated based on the points each team has accumulated up to round r. The
remainder of this section presents the mathematical model, beginning with the relevant notation.

Sets

Leti,j € T ={1,...,n} be the set of teams and r € R = {1,...,n — 1} be the set of rounds.

Parameters

P is the n x n result matrix of an SRR tournament. It is denoted as:

0 pi2 .- Pia
_ P21 0 -ee P2n
Pn1l Pn2 --- 0

Decision Variables

The binary variables x; ; , are defined as:

1,if team i and team j have a match at round r

Xijr = .
0, otherwise.

To get rid of the absolute value in (I), we introduce two nonnegative variables dl-*j »and d; ;. such that

di’j7r - d+ +d7

L LJr
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and

+ T — . .
di,j,r - di,j,r = Sir—1—8jr-1.

Here, d, 5. and d; ;. split the original absolute value into two parts: one for the positive deviation and

one for the negative deviation. Next, we give a mixed-integer nonlinear mathematical model (MINLP) that
minimizes the total competitive difference value.

MINLP: min)" Y Y (4, +d;;,) xij (2)
i€T jeT reR
i<j
S.1.
Y xijr=1 Vi,jeT:i<j (3)
reRrR
Y xijrt Y X =1 VieT,reR (4
JeTr JET
J>1 J<i
d?,—d}r:
Z Zplk xlkW+Z Zsz Xke,i,w
IiETW IiETW_
e iy Vi,jeT:i<jreR (5
r—1
- Z Zp]k Xjkw — Z ij,k'xk,j,w
keT w= keT w=1
k>j k<j
ki i#j
dfipdi; >0, xij,€{0,1} Vi,jeT:i<jreR (6)

The objective function minimizes the total competitive difference in the tournament. Constraints (3))
ensure that each pair of teams meets once and Constraints enforce that each team plays one match in
each round. These are the hard constraints of the SRR tournament. In constraint set (3)), the expression
d:’“ —d, ; , stores the difference between the sums of points that the teams i and j have collected from
previous matches that have occurred before round r, i.e. the competitive difference between teams i and j in
round r should they play. Constraints (6)) determine the domain of the variables.

The non-linear objective function can be linearized; we utilized the resulting linear model, MILP, in our

numerical experiments.

4 Numerical Experiments

All computations were performed on an 11 Gen Intel Core i7, 3.00 GHz processor with 16GB RAM and 8
cores. The MILP model was implemented in Python using Pyomo and solved with Gurobi 11.0.0.

We compared the best objective function values obtained by solving the MILP under a time limit with
two heuristic approaches, using randomly generated result matrices. Win, loss, and draw probabilities were
set at 38%, 38%, and 24%, respectively, reflecting the related average rates of the Big Five European leagues’
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Table 1: Comparison of MILP model’s results with results of other scheduling algorithms.

n  Canonical Vizing MILP | MILP-Canonical (%) MILP-Vizing (%)
4 6.0 4.8% 4.8% 25.0 0.0
6 24.8 15.6 15.5% 60.0 0.6
8 58.8 364  26.8* 1194 35.8
10 130 66 51 155.0 294
12 200 106 77 160.0 37.7
14 304 151 104 192.3 45.2
16 353 249 159 122.0 56.6
18 746 506 313 138.3 61.7
20 644 640 562 14.6 13.9

in 2022-2023. The MILP performance was evaluated with schedules generated via the canonical algorithm
[6] and Vizing’s algorithm [21]], both implemented in Python.

Benchmark schedules were created by generating 10,000 schedules using Vizing’s algorithm, shuffling
each 10 times (yielding 100,000 total), and similarly shuffling the canonical schedule 100,000 times. Objec-
tive function values were computed for each schedule using the same result matrix, retaining the minimum
value per algorithm.

Table [T] presents average objective function values from 100 result matrices for problems with n < 20
under a time limit of 10 hours. Gurobi found an optimal solution pretty quickly when n < 8. Results marked
with an asterisk are optimal solutions. The MILP solution under a time limit significantly outperforms other
heuristic results. For n < 6, Vizing’s algorithm performs better than the canonical algorithm due to its ability
to explore a larger solution space within 100,000 schedules. Due to the increased problem size, results
reported by Gurobi after 10 hours suffer in quality when n = 20.
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Abstract

This paper examines whether the policy to split the Scottish Premier League (SPL) into
two after 33 games for post-season play generated negative externalities. Using a regression
discontinuity (RD) design, it tests whether the policy reduced attendance for teams finishing in
the lower half of the standings. The analysis uses data from 23 seasons (2000/01 to 2023/24,
excluding pandemic-impacted seasons) in which the league has operated under this structure.
The results show that teams just below The Split experience lower attendances compared to
those just above, driven by the lost opportunity to play against the “top" teams such as Celtic
and Rangers. This implies the new structure harmed a subset of clubs. Furthermore, this work
highlights how large market teams subsidise smaller teams in sports leagues.

1 Introduction

The Scottish Football League (SFL) is a professional football competition similar to other open European
football leagues, featuring multiple divisions with promotion and relegation. The Scottish Premier League
(SPL) is the top division and, in the 2000/01 season, the SPL expanded from 10 to 12 teams [[6]. The addition
of these teams had the potential to create fixture congestion as, traditionally, SPL teams played each other
four times in a round-robin format, twice at home and twice away, with 36 fixtures played in total. With the
new format, teams would have to complete 44 games.

To avoid fixture congestion and to make the total number of fixtures comparable to other top leagues
in Europe, the SPL altered its tournament design. It “split" the season into two: the “Regular Season" and
the “Play-offs". During the Regular Season, teams play one another three times for a total of 33 matches.
Then the league is “split” in two, creating two mini-leagues. Teams who finish in the top six places after 33
games play one another (one more time) in the “Championship Play-off” and the bottom six teams play
one another in the “Relegation Play-off”. This leads to a total of 38 games being played by each team, the
same number of matches as other European leagues [8]].

Figure [I| shows home attendances as a proportion of stadium capacity for all 12 teams in the 2023/24
SPL season. Celtic, Rangers and, to a lesser extent, Hearts, display stable attendance, nearly selling out
all matches. In contrast, the other teams show fluctuating attendances. To investigate this further, Figure [2]
shows home attendances for two SPL teams in 2023/24 (Dundee and Aberdeen). Attendance fluctuations
are driven by the opposition, with higher attendances when Celtic/ Rangers (or a historic rival) visit. In
particular, matched attendances (Pre- and Post-Split) are very similar.
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Attendance as a Proportion of Stadium Capacity

Proportion
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Figure 1: Attendances as a proportion of stadium capacity for all teams in the 2023/24 SPL Season. Solid
lines indicate teams in the Championship Play-off. Dashed lines indicate teams in the Relegation Play-off.
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Figure 2: Home attendances for two example SPL Teams in the 2023/24 Season. The reported stadium
capacity is shown as a horizontal dashed blue line. Blue background denotes play-off matches.

In this paper, we investigate whether The Split generated any negative externalities. Using a regression
discontinuity (RD) design approach, we empirically test whether the “split” impacted teams above the cut-
off more than those below in terms of (home) attendance and whether any home attendance differences may
be explained via “superstar” effects.

2 Background and Motivation

In sporting contest design, to maintain sporting integrity, we require that participants utilise costly effort
to achieve success [14]. Similarly, tournament designers often face multiple objectives when designing
an optimal sporting contest and face difficult trade-offs that can create wrong incentives [4]. By using
appropriate mechanisms — often financial — contest designers try to ensure that the competition is incentive
compatible and teams take the correct actions [9]].

The theory of superstars is well established [10, [11]]. The superstar effect in sport has been extensively
studied, with individual players or teams driving fan attendance [3. [13]]. Since 1984-85, only Rangers and
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Celtic have won the SPL title, making them dominant forces in the league. These “Old Firm" clubs drive
fan interest, suggesting the league functions as a duopoly with a competitive fringe. As the Old Firm always
play in the Championship segment of the SPL split, teams finishing in the top half will play an additional
game against them. This could boost attendance and profits for those teams.

To investigate the impact of The Split, we adopt a Regression Discontinuity (RD) Design. The use of
RD design in sports is increasing due to its ability to provide causal interpretations by estimating the local
average treatment effect. It has been applied across a wide range of sports, including professional football,
covering topics from contest design to on-field performance [9]. [7] and [8] use an RD design approach to
investigate the impact of league design in the SPL on spectator attendance and club revenues.

3 Data and Methods

3.1 Data Description

We obtain data from the SPL and [World Football websiteﬂ The data spans from 2000/01 to 2023/24.
Following [8], we exclude the 2019/20-2021/22 seasons, which were affected by restrictions due to the
Covid-19 pandemic. Following other RD design studies in sport (e.g. [1]], [9], [12]), we use annual home
attendance data (i.e. one observation per club per season).

3.2 Methods

To comprehensively investigate the impact of The Split, we use Regression Discontinuity (RD) Design. For
a detailed survey of the RD approach, we direct the reader to [3]].

Following [7], the dependent variable is the natural logarithm of home match day attendance. We also
construct three variations of this variable (see Section[d)) to further develop the work by [7]]. These include
various changes in attendance Pre- and Post-Split, to capture like-for-like factors that vary solely due to
the SPL split. These variables are normally distributed and may provide a better measure to examine the
attendance effect of finishing in the Championship Play-off versus the Relegation Play-off.

The remaining data is manually constructed. The treatment variable is a dummy equal to one for teams
finishing seventh to twelfth in a season, with teams finishing first to sixth coded as zero. In addition, the
running variable is the position a team finishes Pre-Split, centred around zero, similar to other regression
discontinuity studies [11 9} [12].

An RD design should not require additional control variables but, in practice, the most relevant con-
founders are included [5]]. This study includes team and season dummies. Club fixed effects are included as
some teams have larger supporter bases than others and time fixed effects are used to capture season-wide
shocks affecting all teams, such as Gretna’s liquidation and Rangers’ reformation as a new club.

Equation (1)) outlines the RD design in its linear form. Subscript (i) represents individual teams and
(¢) indexes time. Club fixed effects are represented as (@;) and period fixed effects (7;). The conditioning
variables are shown in X.

Y = o+ Bi(Rank —7) + Ba(Rank —T) x Treat; ; + B3X; ; + T + & (1)

The RD design has three requirements [3]). In this context, they are as follows:

Lurls: https://spfl.co.uk/league/premiership and https://www.worldfootball.net/
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Figure 3: Points accumulated Pre-Split (Left) and Post-Split attendance (Right).

1. There is a threshold, with teams randomly assigned above and below this cut-off.

2. Teams on either side of the threshold are similar in characteristics, forming a good treatment and
comparator group.

3. There is a significant jump in the dependent variable at the threshold.

After 33 games in the SPL, teams finishing seventh (sixth) or below (above) are placed in the lower (upper)
half of The Split with 100% probability. Therefore, as teams finishing seventh and below are always treated,
we observe a sharp RD design. Teams also have incomplete control over their allocation above or below the
threshold, as they cannot influence other match results, referee errors or other random factors that may affect
their position. Therefore, final allocations around the cut-off are random, satisfying condition 1.

As a team’s final position is based on points from three rounds of round-robin matches, it is anticipated
that teams are similar in terms of on-field performance around the cut-off. Indeed, the average points differ-
ence between teams finishing sixth and seventh is three- the number of points awarded for a win. Figure
shows the points accumulated Pre-Split for all teams in the league. Figure[3|shows a smooth curve for points
accumulated Pre-Split, with no jump near the threshold, supporting the second assumption. However, Figure
Blalso reveals a large jump between the top two and third place, indicating that Celtic and Rangers should be
omitted from the analysis.

To examine Condition 3, a scatter plot of the data is presented in Figure 3] providing graphical evidence
of a discontinuity between sixth and seventh place and thus supporting the econometric design. Furthermore,
Figure 4] shows an RD plot, with a linear polynomial (Equation (I))), using three teams on either side of the
threshold. The plot shows a clear “jump” in (log) attendance at the threshold.

4 Results

Firstly, we investigate the impact of The Split on home attendance using a local linear estimator and subse-
quently calculate the change in attendance following [2]]. The results show that teams finishing below the
cut-off face a statistically significant (p < 0.01) drop in attendance of approximately 30%, relative to those
who finish above the threshold. This supports the findings of [7] who report a 24% drop in attendance for
SPL teams in the Relegation Play-off compared to those in the Championship Play-off.
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Figure 4: Regression discontinuity plot (linear regression) where the cut-off (zero) represents seventh place.

Y-Transform Pre-Split - Post-Split | Last 5 Pre-Split - Post-Split | Matched By Pre/Post Split Fixture
Treatment -1074.50%** (349.37) -1154.90%** (439.05) 381.03 (257.09)
Club Fixed Effects Yes Yes Yes
Time Dummies Yes Yes Yes
Observations 126 126 126

Table 1: Sensitivity Analysis. Each column represents a separate regression. The dependent variable is the
change in attendance Pre- and Post-Split (calculated in three ways). Standard errors are reported in
parentheses and *** denotes statistical significance at the 1% level.

Furthermore, we conduct robustness tests using the change in attendance before and after The Split as
the dependent variable. For all three tests, we focus on teams three places either side of the cut-off (posi-
tions 4-9), but alter how we calculate Pre-Split attendance. In the first test, we use all the data. However, in
the second test we only use the last five home fixtures before The Split (subtracting the average Post-Split
attendance from the average of the last five Pre-Split home games). This accounts for potential fan disen-
gagement before The Split (if a team is destined to finish mid-table). Finally, we match any home fixtures
against the teams played after The Split with the same respective fixtures before The Split (subtracting the
average attendance). This overcomes issues of teams playing smaller sides before The Split and larger ones
afterwards, as well as game-specific characteristics like derby matches that might influence the findings.

The results in Table[T|show that only in the final column, where fixtures Pre- and Post-Split are matched,
is the treatment variable not statistically significant. Figure[J]illustrates this, highlighting that matches against
the same opponent have similar attendance throughout the season. For all clubs, fixtures against Celtic/
Rangers (at any point in the season) attract the highest attendance. This suggests that a reason why attendance
is lower for teams in the Relegation Play-off is that they miss out on these lucrative Old Firm fixtures.

5 Conclusion

In 2000, the SPL expanded from 10 to 12 teams. To avoid fixture congestion, it introduced a policy splitting
the league into two halves after 33 matches, with teams in each half playing each other once more for a final
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five matches. This study uses a regression discontinuity (RD) design and finds that “The Split" generated
several externalities. In Section 4] we found that teams just finishing in the Relegation Play-off faced a
30% attendance drop compared to teams just qualifying for the Championship Play-off. However, when
fixtures were matched Pre- and Post-Split, this negative effect disappeared. This suggests that the opposition,
particularly the two superstar clubs Rangers and Celtic, drive these attendance differences.
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Abstract

This study proposes an optimized format for the nationwide high school Kyudo tournament
in Japan, addressing challenges in balancing fairness, educational value, and practical con-
straints. Kyudo’s binary scoring system makes skill assessment difficult with limited attempts.
Using historical data, we estimated participants’ skill distributions and conducted simulations to
evaluate tournament formats. The proposed format increases the preliminary attempts from 4 to
6 and removes semifinals, reducing standard deviation in total attempts while maintaining com-
parable ranking accuracy. This ensures fairness, sufficient opportunities for skill demonstration,
and alignment with Kyudo’s traditional and educational values, offering a robust framework for
student-focused competitions.

1 Introduction

This study focuses on Kyudo, a target sport that has uniquely developed and been systematized as a compe-
tition in Japan, among target-type competitions that involve competing for shooting accuracy.

This study examines the National High School Kyudo Selection Tournament, a competition where high
school students from all over Japan participate. Since it is a tournament for high school students (under 18),
there is a wide variation in skill levels among participants, even though regional qualifiers are held.

Given the large number of participants and the limited number of attempts per person due to time con-
straints, the influence of luck on the competition results is relatively large. However, as it is a student-
centered tournament, ensuring a minimum number of attempts for educational purposes is also essential.
The objective of this study is to examine a tournament format that allows for enough experiences while also
maintaining accuracy in skill assessment, even under the constraint of a limited total number of attempts.

Most previous studies in this sports research have focused on improving competitive skills or injury
prevention, while there are few studies examining the appropriateness of tournament formats or scoring
systems from a mathematical perspective. In archery, for example, the target diagram (Figure [I| right) with
concentric circles scoring from 10 to 1 has remained largely unchanged since the 1930s [1]. In Kyudo, the
score is a binary value indicating whether or not the target was hit, and the resolution for skil measurement
of one shot is not sufficiently high. The target called kasumi-mato is shown in Figure (1| left. The target is
colored by black and white bands, but the position where the arrow hits does not affect the score. However,
there has been little academic discussion on whether this design is appropriate for skill quantification.
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36[cm] ——122[cm]

Figure 1: Targets. Left: Kasumi mato. Mato (target) used in Kinteki (short-range shooting) competition.
Right:Target of outdoor target archery:

Since Kyudo has developed uniquely within Japan, international (English-written) studies on its tour-
nament formats are extremely scarce. To the best of our knowledge, no prior research has addressed the
tournament format of Kyudo from the perspectives of implementation cost and skill measurement perfor-
mance, making this study novel.

The structure of this paper is organized as follows. Section 2] describes the composition of the data used
and provides a basic analysis. Section [3| outlines the purpose of the analysis and the methods employed in
this study. Specifically, it includes the estimation of participants’ skill distribution based on past competition
results (3.I), as well as the definition of evaluation functions related to skill estimation performance and
implementation cost of the competition (3.2)). Section [ presents the analysis results and discussion. In
conclusion, we discovered a new competition format that increases the minimum number of trials for each
participant while maintaining comparable skill estimation performance and average total cost as the current
format.

2 Data

The target competition for data collection is the All Japan High School Kyudo Selection Tournament. The
data obtained from the web covers five editions and 3928 shots in total. For instance, the official website for
the 41st tournament can be found at https://kyudo-zenkoku.com/10-taikai/2021/senbatsu.html
In the tournament, all participants first shoot four arrows as a preliminary round, and the number of hits
is recorded. Participants who hit the target more than three times advance to the semifinals. The semifinals
follow the same rule.At any stage, even if a participant hits the target three consecutive times, they still per-
form the fourth shot. Additionally, the number of hits from one stage does not carry over to the next. In
the finals, unlike the preliminary and semifinal rounds, all remaining participants shoot one arrow at a time.
If both hits and misses are present, the missed participants are eliminated, while those who hit the target
advance to the next round. If all remaining participants miss, they are not eliminated and proceed to the
next shot. This process continues until only one participant remains, who is declared the winner. This final
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method is called "[zume" (shootout). In this paper, this tournament format is referred to as ''3/4-3/4-Izume"’
and is labeled as the "current format." The purpose of this study is to investigate how the performance as
a skill evaluation event changes when adopting a tournament format different from the current one. Ad-
ditionally, the study aims to propose a better tournament format from multiple perspectives, including the
guaranteed number of attempts per participant and the total number of attempts throughout the tournament.
ITIits in prelirpinary roung

. T 200 f
Figure [2] shows the frequency distribution B Ven
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Figure 2: Hits in preliminaries and semifinals.
The procedure of analysis in this paper is as follows:

* Assume that each tournament participant i = 1,2, ..., N has their hit rate r(,r, ..., ry.
— The distribution suitable for generating ry, 7>, ..., ry is identified based on the actual tournament
results (Section [3.1)).
 Specify the tournament format.
* Perform a tournament simulation using the specified format with the hit rates ry,ry,...,ry (SectionE[).
* Define evaluation indices reflecting the difference between ry, 72, . .., ry and the results (final ranking),

as well as evaluation indices reflecting tournament costs (Section[3.2). Based on these indices, evaluate
the tournament results (Section [)).

3.1 Estimation of player skill distribution

This paper makes the following assumptions:

* Assume that each tournament participant i = 1,2, ..., N has their hit rate r{,r,...,ry.

* Hit rates ri,r,...,ry are samples generated from an appropriate distribution for each tournament.
They are sorted in descending order without losing generality.

* Each participant’s r; remains constant during the tournament, and each shot is independent.

The hit rate is a continuous real number between 0 and 1. Based on Figure 2] it is assumed that the
distribution has an unimodal peak. To satisfy these properties, the beta distribution Beta(ot, ) is assumed.
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The probability density function of the beta distribution is given by the following equation:

1

x =Cx* M 1=x)P1 (x = .
f( ‘aaﬁ) C (1 ) ;o 6[0’1])’ ¢ folxafl(l_x)ﬁfldx

()

The parameters o and f are selected based on numerical experiments to generate results that most closely
match the actual tournament results. The distance between two empirical cumulative distribution functions,
i.e., the actual result and the simulated one, is measured using the KS-test statistic Dgg [2l].

3.2 Performance indices of tournament formats

In sports tournaments, especially those for students, it is important that participants gain experience through
their involvement. In the current format, the minimum guaranteed number of attempts for all participants
is four. Increasing the number of attempts is desirable from the both viewpoints; participants gaining more
experience and an skill assessment accuracy. With more shots, it is expected that the hit rate will more
accurately reflect the participants’ true skill. However, due to constraints such as time, the number of attempts
has an upper limit. Additionally, in Kyudo, arrows are considered as pairs (referred to as Haya and Otoya),
and this tradition is reflected in competition regulations [3| Article 15]. Therefore, preliminary or semifinal
rounds cannot adopt formats with an odd number of arrows, such as five or seven (although Izume shootouts
are conducted one arrow at a time, following different rules).

In this study, we propose two indices to evaluate the tournament format in terms of operational cost and
accuracy of skill measurement: the "total number of shots in the tournament" and the "weighted distance
between the tournament’s actual ranking and the ranking based on hitting probability parameters r;."

The "total number of shots in the tournament" is obtained by simply summing the number of shots,
denoted as Jgpots.

For the latter index, to assign more weight to rank discrepancies at the top level, we propose Jyunk by the
following equation:

N
Jank = Y (logy i —log, Rank(i))?, (2)
=1

where Rank(i) is the tournament ranking of the player with the i-th hitting probability parameter. This
measure treats a discrepancy where the top-ranked player finishes second as equivalent to a case where the
20th-ranked player finishes 40th. A similar concept is used in professional tennis ATP ranking points [4].

Both Jgots and Jpan are better when smaller, and smaller standard deviation among tournament execu-
tions is also preferable. We will set up several tournament formats with a minimum number of attempts
greater than four and calculate these indices through numerical simulations to examine whether formats
comparable to or better than the current one can be developed.

4 Results and discussions

Based on a sufficient number of numerical simulations, the parameter values (o, ) = (5.1650, 3.7125) and
(6.3975, 5.6826) were obtained for men’s and women’s competitions, respectively.

Figure 3| shows the following for the male players; Blue dotted line: The frequency distribution obtained
by simulating the number of hits out of four shots after generating the hit rate of 100 participants from the
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estimated beta distribution. The simulation was performed 100 times. Red solid line: The actual relative
frequency in the preliminary round of the five tournaments.

From the figure, we can see that the results |, Results and simulated samples:Men's
are generally within the 100 simulations, and Simulated samples
we can confirm that the estimated beta distribu- 0.4 | (O Resuls
tion can be considered an approximation of the

actual distribution of the athletes.

0.35 |-

- 03
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In addition to the current format ("3/4-3/4— §

0.15

Izume"), we evaluated the following tourna-
ment formats: "6/8-Izume", "5/6-1zume", and
"Izume".

The number of participants was set to 100
for both men and women, and each format was 0
simulated 1,000 times.

Figure [] shows scatter plots of the evalua-
tion indices (Jrankanum) for men’s tournament Figure 3: Results and simulations. Men.
formats. The results for women’s simulation
are not present due to space limitation.

In this figure, the dots represent the results of individual simulations, while the solid line indicates a
contour within which 95% of the simulations (950 runs) are estimated to fall. The white circles indicate the
average value for each tournament format.

The following trends were observed from the results: Generally, the performance as a skill assessment
improves as the minimum guaranteed number of attempts increases. However, the difference between simu-
lations is considerably large.

Comparing the current format with the "5/6—-Izume", the latter slightly outperforms the former in terms of
skill assessment. This indicates that allowing all participants to take 6 shots with a slightly stricter criterion
(3/4 < 5/6) yields a more accurate skill estimation compared to conducting two rounds of 4-shot selection.

The "5/6-Izume" format has a similar average of total shots to the current format, while also exhibiting
less variance. Small standard deviation in the number of attempts contributes to the simplification of tourna-
ment management. In a similar context, volleyball changed its rule from the "side-out system" to the "rally
point system" to stabilize match duration[5]], suggesting a certain benefit of the alternatives.

Other simulated formats, such as "Izume-only" and "6/8-Izume", either significantly differ from the
current format in terms of minimum guaranteed shots, skill assessment performance, or total number of
shots. Therefore, they cannot be proposed as possible alternatives.

Based on the above results, unless the use of a 4-shot unit is strictly required, we propose the "5/6-1zume"
format as a possible alternative to the current format. This new format improves the minimum number of
guaranteed shots from 4 to 6, slightly enhances skill assessment performance, and reduces the variance in
the total number of shots, making tournament duration easier to predict.

o
N
T

0.05 |-

Hits
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Figure 4: Performance indices (Jiank,Joum) for Men’s tournament formats
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Abstract

This study investigates the extent to which domestic T20 performance metrics can predict
international success for pace bowlers in cricket. Using ball-by-ball data from over a decade
of domestic and international T20 matches provided by the England and Wales Cricket Board
(ECB), we engineer a comprehensive set of player-level features, including ball-tracking vari-
ables and outcome-based statistics. Success at the international level is evaluated using a Net
Contribution metric adapted from the Duckworth-Lewis methodology. To identify key pre-
dictors, we apply feature selection techniques such as minimum redundancy maximum rele-
vance (MRMR) and correlation clustering. Several regression models, including Random Forest
and XGBoost, are trained and evaluated, with Random Forest achieving the best performance
(R* = 0.53). Model interpretation using SHAP values reveals that a bowler’s boundary per-
centage, dot ball percentage and percentage of their wickets taken that were caught are among
the most influential features. These findings offer data-driven insights for selectors and talent
scouts seeking to identify and fast-track promising pace bowlers from domestic leagues.

1 Introduction

T20 cricket is a short format of cricket designed to produce fast-paced games with an emphasis on scoring
runs quickly. The England and Wales Cricket Board (ECB) manages the international cricket team as well
as the domestic leagues, and it will always remain in the interest of the ECB to be able to identify new
talent for the international team. The dynamics of the game at the T20 level do not translate perfectly to the
international level, and it has been the case that players that have performed well in domestic leagues cannot
uphold the same level of performance at the international stage.

This paper aims to aid this decision making process by asking: Can domestic T20 performance metrics
predict a pace bowler’s success in T20 Internationals? Performance is evaluated using a wide array of metrics
which use ball-tracking statistics and match events to provide measures of bowlers’ bowling ability and the
outcomes of their bowling. Success is measured by the Average Net Contribution, which is the average
difference in runs conceded and the expected number of runs scored over all deliveries bowled by a specific
bowler in a match.
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2 Background

There are several studies that attempt to predict player performance based on previous performance. Most
of these studies use traditional metrics including strike rate and runs scored for batsmen and economy and
wickets taken for bowlers. In order to differentiate players, it may also be required to go further into the
details of player performance.

Asad et al. (2022) use commentary data to determine how many balls a batsman left, missed and hit
to calculate the control of a batsman. This control measure was then used to calculate the ‘Effective Runs’,
which is a metric proposed in the paper. Rupai et al. (2020) use pitch and weather data alongside ball tracking
data to predict the outcome of each ball in a match. Mody et al. (2021) propose a formula for batting form,
a pressure index and account for which team is the opposition. The study was in the context of the Indian
Premier League (IPL) so the opposition team feature was a categorical variable which indicated one of the
8 IPL teams, but the opposition team cannot always be used as a factor if the teams are unknown. Mody et
al. (2021) also uses classification to group players into scoring bands. The players in the highest rank are
predicted to score the most runs. The problem with grouping players like this is that players of a different
caliber can be grouped together in the same band, and it is made more difficult to make a comparative
judgement of similarly ranked players.

A major factor in sports performance prediction is deciding what to use as a performance evaluation
metric. Studies commonly used runs scored for a batsman or economy or wickets taken for a bowler as
the target variable. The issue that arises with only using those metrics to profile performance is that it does
not take into account the wholistic performance of the player. Lewis (2005) proposes two context-aware
metrics called the Net Contribution and Resource Average. These metrics take into account the amount of
wickets and overs remaining at each stage of the game and base the player’s score on the aggregation of these
resource contributions over every delivery. Lemmer (2002) proposes the Combined Bowling Rate (CBR),
which is the harmonic mean of bowling strike rate (balls per wicket), economy rate (runs per over) and the
runs per wicket, but this metric can only be applied to bowlers and is derived directly from other metrics
which would be used as features. Thomson et al. (2021) propose a contextual batting score to measure
batting and bowling performance when a team is batting second, but this metric can only be used to measure
performance in the second innings.

Another aspect that is not seen in the literature is an interpretation of the models. In order to draw
conclusions from the models to help inform decision-making, it is important that the driving factors for
prediction for each model are considered. By making sure that the models are interpretable, it can also be
checked that the models are making sense, and the relationship between the predictors and outcome have the
desired relationship. For example, it would not make sense for a bowler’s performance rating to be positively
correlated with the bowler’s economy (runs conceded per over).

3 Data

The data used for this study was provided by the ECB. This data includes ball-by-ball data on all professional
T20 matches, including both international and domestic matches, from the start of 2010 up until 23rd October
2024. The data includes key details from the match the delivery was played in and more detailed data on
each delivery, such as the information that can be found about the scorecard, shot and delivery types, foot
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movement for the batsman, as well as some ball-tracking data.

Before analysis, the raw ball-by-ball match data was transformed to a player-level format, with rows
representing individual players and columns capturing various performance metrics. The dataset was first
divided into international and domestic subsets, with the former used for training and testing, and the latter
reserved for prediction. To account for changes in performance across a player’s career, statistics were
further aggregated into age groups: 18-24, 25-28, 29-32, 33-36, and 37-42. The first and last groups span
wider age ranges to ensure a sufficient number of matches for reliable statistics, minimizing distortion from
outlier performances. After this aggregation, player records with missing values were removed, resulting in
a final dataset of 630 players across 141 features.

4 Methods

4.1 Player Performance Evaluation

The Net Contribution metric in cricket evaluates a player’s impact by measuring the difference between ac-
tual runs scored or conceded and the expected runs based on the Duckworth/Lewis (D/L) model, calculated
on a ball-by-ball basis (Lewis, 2005). It incorporates match context—specifically, overs remaining and wick-
ets lost—offering a more situational and comprehensive assessment of performance than traditional metrics.
By integrating both run rate and wicket impact into a single value, it avoids inflation from performances
against weaker opponents and remains calculable in all scenarios, unlike metrics such as bowling strike
rate or CBR. Due to the proprietary nature of the original D/L formula (Duckworth and Lewis, 1998), this
research uses a modified version proposed by McHale and Asif (2013). Overall, the Net Contribution met-
ric offers a more nuanced understanding of player performance compared to traditional aggregate statistics
(Lewis, 2008).

4.2 Feature Selection

With the feature set and target variable prepared, machine learning models can now be trained on the data.
Given the presence of 141 features and high multicollinearity, feature selection is essential to retain predic-
tive power while improving interpretability. Instead of using dimensionality reduction methods like PCA
or t-SNE—which transform features into uninterpretable combinations—this study employs Minimum Re-
dundancy Maximum Relevance (mMRMR) and correlation clustering. These methods maintain the original
features’ meaning, which is crucial for understanding the relationship between features and performance.
mRMR selects features that are highly relevant to the target while minimizing redundancy (Peng et al.,
2005), improving efficiency without iterative model retraining. Correlation clustering uses hierarchical clus-
tering with Spearman correlations and Ward’s linkage to group redundant features, from which a single
representative feature is selected per cluster for model training.

4.3 Model Training

Using the selected features, regression models were trained to predict Average Net Contribution, with five
models evaluated: Linear Regression, Support Vector Regression, Decision Trees, Random Forests, and
XGBoost. These models represent a range of techniques from simple linear to complex ensemble and
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kernel-based approaches, allowing for a balanced comparison across different data characteristics. Data
was normalized before training, and model performance was assessed using Mean Squared Error (MSE) and
R?. The best-performing model was then applied to domestic player data to predict performance and rank
pace bowlers accordingly.

5 Results

Figure [T shows that among the evaluated models, Random Forest achieved the best predictive performance,
followed by XGBoost and then Linear Regression. Random Forest’s robustness and ability to generalize well
without intensive hyperparameter tuning made it particularly effective, especially given the noisy nature of
the data. Although XGBoost is a powerful model, its performance may have been hindered by its sensitivity
to hyperparameter settings, making it more prone to overfitting without careful tuning. Linear Regression
performed reasonably well, likely due to the presence of some linear relationships in the data, while Decision
Trees and SVR underperformed due to overfitting and sensitivity to noise or suboptimal parameters. Among
the feature selection methods, correlation clustering performed poorly as it often grouped and excluded
key predictors, resulting in uninformative feature sets. The mRMR methods (MID and MIQ) performed
similarly across models, with MID working better for XGBoost and Decision Trees, and MIQ better for
Linear Regression and SVR. For Random Forest, both mRMR methods produced nearly identical results,
with MIQ slightly ahead. While omitting feature selection produced the best raw performance in most cases,
the resulting models lacked interpretability, with many features showing zero or negative importance. This
justified the use of interpretable feature selection techniques like mRMR.
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Figure 1: Mean Squared Error (left) and R* score (right) of each model type with each subset of features.

We select the Random Forest model using mRMR MIQ feature selection and inspect it more closely.
Figure ?? shows a plot of the permutation importances of the features used in the model and Figure ??
shows a SHAP beeswarm plot, which ranks the features by their SHAP score and shows the relationship
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between the feature and output for each sample. Both methods show that the three most important features
are the Boundary %, the Dot Ball % and the % of wickets taken by the bowler that were caught. In both
plots, the importance of these three features is significantly higher than the rest.
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Figure 2: Permutation Importance plot (left) and SHAP beeswarm plot (right) of features used in the
Random Forest model using mRMR MIQ feature selection.

Finally, using the MIQ Random Forest model, we predict the ouptut on the domestic data from the T20
Blast since 2016. Older tournaments are not included since we are interested in scouting recent performances.
After removing retired players, we sort the players according to their predicted contribution, keeping only the
most recent age group entry. The predicted top 10 bowlers for the England Cricket Team based on domestic
performance are, in order of rank, Craig Overton, David Payne, David Willey, Benny Howell, Pat Brown,
Tom Taylor, Jofra Archer, Matthew Waite, Paul Walter and Luke Fletcher.

6 Discussion

Out of the top 10 predicted pace bowlers, the fact that bowlers who have already made the international
team, like Jofra Archer, Craig Overton and David Willey, shows that this method can predict which players
are high performers. Other players who have played internationally have not played many games in the
English domestic league, so they are not present.

The models show that there is a heavy emphasis on keeping the number of runs low, which is intuitive
since T20 is a format that prioritises getting a large amount of runs quickly, rather than emphasising protect-
ing the batter’s wicket. Common knowledge suggests that the ability to bowl at high speeds and seam/swing
bowling are crucial to breaking through to the international level. The models here show that these factors
are not as important. This may be due to the fact that some metrics measure the bowlers actions, such as the
line, length, and speed, whilst others measure the outcome of the delivery, such as the economy, strike rate,
and boundary percentage. Further research should be undertaken on the causal relationship between these

different types of metrics.
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Abstract

Momentum is one of the most widely referenced yet poorly defined concepts in sports. In the
NBA, commentators and fans routinely describe players as “heating up” or “catching fire,” often
attributing shifts in performance to an intangible momentum factor. Despite its prominence in
narrative and analysis, momentum is a measure that has been hard to verify empirically. This
paper introduces a statistical approach to capture player momentum throughout an NBA career
using smoothed performance trajectories. By constructing game-by-game momentum data and
powerful visualizations, we aim to identify sustained periods of elevated or diminished performance
and quantify the uncertainty around them. We also take a deep dive into methods of calculation
and modeling using momentum.

1 Introduction

While there have been numerous attempts to capture momentum at a specific point in time, par-
ticularly within individual games, few have sought to define and quantify it across a player’s entire
career. In the realm of basketball analytics, much of the momentum literature has focused on
short-term phenomena such as hot streaks and game-to-game variability. A study by Gilovich et
al. (1985) challenged the widely held belief in the “hot hand,” arguing that perceived shooting
streaks were simply cognitive illusions rather than statistical realities. More recent work, however,
has re-evaluated this conclusion; Miller and Sanjurjo (2018) showed that earlier studies underesti-
mated the likelihood of streaks due to statistical bias, providing evidence that hot-hand effects are
both real and measurable.

Beyond in-game performance, researchers have also explored whether momentum carries over be-
tween games. Arkes and Martinez (2011) used an econometric framework to assess team-level mo-
mentum in the NBA, finding that recent success modestly improves the probability of future wins,
even after controlling for team strength. These studies demonstrate a growing interest in quantify-
ing momentum, but they remain largely confined to short-term patterns and team dynamics. This
paper aims to extend that line of inquiry by shifting the focus to long-term, player-level momen-
tum. Rather than capturing momentary flashes of brilliance, we propose a model that smooths
game-by-game performance data to trace career-long trends. This enables us to identify sustained
periods of elevated or diminished output and to quantify uncertainty around those trends. In doing
so, we contribute a new tool for understanding player consistency and for empirically validating or
challenging popular narratives about career arcs.



2 Data Description

The dataset consists of player-level game logs from NBA regular season games compiled from
the official NBA API and also available on Kaggle. Each observation represents a single player’s
performance in a single game and includes a wide range of traditional and advanced statistics:
points, assists, rebounds, steals, blocks, turnovers, shooting percentages, and more. Data was
collected starting in 1980, when the 3-point line was introduced, all the way until the end of the
2022-2023 season, resulting in approximately 1.4 million entries. We filtered the dataset to include
only regular-season games to avoid postseason variability and ensure comparability across players.

3 Calculation of Momentum

To construct a player’s momentum curve, we indexed their games chronologically and computed a
game number variable to serve as a time axis. We removed duplicate records and ensured consistent
game tracking by identifying each player-game instance via a unique combination of player ID and
game ID. A validation test was also run against publicly available data to ensure aggregates agreed
with each other. This cleaned dataset serves as the foundation for our momentum calculations.

Figure [1] contains a scatter plot and correlation coefficient for each variable interaction. The vari-
ables that were initially under consideration for the momentum calculation were used: points,
rebounds, assists, steals, blocks, turnovers, and various efficiency measures.

Triangular Correlation Plot of Momentum Variables
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Figure 1: Triangular correlation plot of momentum variables.

Given the lack of extreme multicollinearity, we continued with our analysis as planned. However,
the moderate correlation between output and efficiency led us to focus solely on player output as
a measure of momentum. This specific weighting below was used given its extreme simplicity and
the distribution of the data, but was overall an arbitrary choice based on input from basketball fans
and analysts. The score aims to capture a player’s all-around influence in a given game while only
incorporating the 6 major simple performance metrics. We then smoothed these scores over time



using an exponentially weighted moving average (EWMA) to reflect recent performance trends
while preserving long-term stability. This smoothed score serves as the core of our momentum
metric. Initially, we also incorporated a team indicator representing recent team success, defined
as a scaled 10-game rolling win count, to capture potential psychological or contextual effects on a
player’s performance. This led to the general momentum equation, which is the sum of the EWMA-
based performance score and a weighted team indicator. The equation for the performance score,
S; is shown below.

S; = Points; + 2 - (Rebounds; + Assists;) + 5 - (Steals; + Blocks; — Turnovers;)

The win indicator [; is calculated as one fifth of the sum of the binary win/loss indicator Wy over
the previous 10 games, with a subtraction of 5 to normalize it:

I, = % Z Wi —5
k=1—9

where Wy, is a binary indicator for win (1) or loss (0) at game k.

Finally, the momentum M is calculated by applying an exponential smoothing factor a and a decay
parameter -y as follows:

i—1
M=(1-a)) a(l—a) 7718+~ 1,
1

J
4 Momentum Optimization

While the primary goal of this metric is not predictive accuracy, we initially explored whether
momentum could be tuned to enhance its alignment with future or current performance outcomes.
The underlying hypothesis was that a player’s momentum score could offer predictive value beyond
its descriptive nature, potentially serving as a useful indicator of future game performance or for
assessing a player’s impact in the current game. To test this hypothesis, we focus on optimizing
two key parameters in the momentum formula: the smoothing parameter, alpha, and the weighting
factor of the team, gamma. The idea was to minimize the mean squared error (MSE) between the
momentum score and either a player’s next-game performance score or their current game plus-
minus, which quantifies a player’s overall contribution relative to the game outcome. By doing so,
we aimed to validate the strength of the momentum signal in predicting a player’s performance and
to investigate whether the momentum metric could be improved by incorporating team performance
factors alongside individual statistics.

The process involved systematically adjusting the parameters alpha and gamma and observing
their impact on the predictive accuracy of the momentum score. After a series of trials, the
optimal parameter values suggested an intriguing result: the best-performing momentum score
excluded team context entirely, with a gamma value of 0, indicating that recent team success did
not add any predictive power. This finding was particularly interesting, as it suggested that a
player’s momentum might be more directly tied to their own individual performance trajectory
rather than the broader team performance. Additionally, the value of alpha that minimized the
MSE was relatively low, at 0.1, signifying that a shorter smoothing window, one that emphasizes
more recent games, was most effective in predicting future performance. Figure [2| shows a heatmap



of the optimization process, with darker colors indicating higher performance under the simple
linear model with one predictor variable.

Momentum Optimization: Performance Prediction vs. Impact Alignment

MSE: Predict Next Performance MSE: Align with Plus-Minus
-198

- 196
AN N Y N N I

14
s
3

o
w
&

0.30

e o
N N
S &

Alpha (EWMA Smoothing)
°
&

- 630

°
=
o

|- 625

=4
°
&

- 620

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Gamma (Team Weight) Gamma (Team Weight)

Figure 2: Heatmap of output from grid search momentum optimization using MSE.

5 Momentum Visualization

Now that we can calculate player momentum at a given point in time, we can track and visualize
an athlete’s performance throughout their career. In particular, momentum curves capture the
fluctuations in a player’s contributions during a season or throughout their career, providing a
dynamic view of their consistency and impact. Rather than simply looking at traditional statistics,
we can gain a better understanding of how a player evolves and maintains consistency throughout
their career. The previously used methods are meant to filter out the noise of random fluctuations
in performance and highlight underlying trends in the data. These smoothed trajectories reveal
not only the magnitude of a player’s performance but also the stability or volatility of their impact
over time.
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Figure 3: Momentum curves for Lebron James and Michael Jordan with 95% confidence bands.



6 Career Trajectory Clustering

The next objective was to classify players’ careers by clustering them on the basis of the shape of
their momentum trajectories, independent of the era in which they played. To do this, we created a
fixed-length vector for each player by interpolating their momentum scores over the first 100 games
of their career. Players with more than 300 games played were included. This interpolation allowed
for a consistent representation of momentum between players, enabling an analysis of how their
career trajectories evolved. Only players with at least 300 games were included in the analysis to
ensure that each player had a sufficient sample size for comparison and to maintain consistency
across the dataset.

However, during the interpolation process, some players had missing values in their momentum
curves, often due to irregular game participation, injuries, or gaps in the available data. To ensure
that the clustering analysis was based on clean and interpretable data, we excluded any momentum
vectors that contained missing values. This filtering step was critical, as it prevented incomplete
data from distorting the clustering results and ensured that the dimensionality reduction and clus-
tering algorithms, such as principal component analysis (PCA) and k-means, operated on reliable
and consistent input. By removing incomplete data points, we were able to minimize bias and
instability in the clustering process, resulting in more accurate groupings of players based on the
overall shape of their momentum trajectories. Figure [4] shows both the mean career trajectories in
each cluster and the class distinction using PCA components.
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Figure 4: Plot of average career momentum within clusters and decision boundaries based on PCA
components.

The benefit of momentum clustering is that it allows for comparison across different eras, something
that has been difficult to do from an objective, data-driven standpoint. We can see that any player
that is part of Cluster 3 is essentially an outlier in the projected 2D principal component space.
Although claims of inflated statistics in the modern era may have some merit, members of Cluster 3
range from modern, durable stars like Shaquille O’Neal, Tracy McGrady, LeBron James, and Chris
Paul, to pioneers of the game from the mid to late twentieth century such as Bill Walton, George
McGinnis, Dave Cowens, and Wilt Chamberlain. Despite inconsistencies in output throughout
different stages of the NBA, this gives us a way to compare performance trends throughout history.
Because we ran k-means clustering on large vectors containing the first 300 games, we can visualize



the 'average trajectory’ of players in a cluster. We can also make inferences about career trajectory.
For example, we see that on average in cluster 3, star players will have a small but pronounced dip
at the beginning of their career before figuring things out. Cluster one players, on the other hand,
see a fast ascension to contributions but are never able to take the next step to stardom.

7 Conclusion

In conclusion, this study introduces a novel momentum metric to analyze NBA players’ careers,
focusing on sustained performance over time. Through careful data cleaning and interpolation of
momentum scores, we ensured that the analysis was based on reliable and comparable data. The
optimization of key parameters, such as the smoothing factor and team context weight, revealed
that individual performance trends were the most significant predictors of future performance, while
team success did not enhance short-term performance prediction.

The clustering of players based on their momentum trajectories provided valuable insights into
career progression, grouping players across eras by the shape of their performance curves. This
approach allows for meaningful comparisons of player careers, independent of historical context. In
the future, it would be interesting to analyze the curvature of the momentum curves, as well as any
insights that can be drawn from the gradient itself. Overall, this work offers a quantitative frame-
work for evaluating momentum in player performance, laying the groundwork for future studies on
career trajectories and player evaluation.
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Abstract

This study explores the link between external training load metrics and match outcomes in Serie A,
using tracking data from the 2022/2023 and 2023/2024 seasons. Physical performance was analyzed by
play phase, focusing on variables like sprinting, accelerations, and metabolic power. A Poisson
regression with LASSO regularization addressed data complexity. Results show that high-intensity
efforts in possession are associated with goals scored, while lower defensive output by opponents relates
to goals conceded. These findings emphasize the role of explosive actions and match context, offering
practical insights for training and future research.

1 Introduction

In recent years, the application of performance analytics in professional football has transformed how
teams prepare, compete, and evaluate success. Among the most widely adopted tools in this evolving
landscape are external training load metrics, which offer objective, quantifiable insights into the physical
demands placed on players during both training and competition (McGregor et al. (2024)). These metrics
are typically collected using GPS and other tracking technologies, enabling practitioners to monitor and
manage player’s training load with increasing precision (Dawson et al. (2024)). External load metrics
encompass a range of variables that reflect different aspects of physical performance. Total distance
covered is a foundational measure, representing the cumulative ground a player travels during a session
or match. While it is useful for assessing overall training load, it does not offer the granularity needed
to assess training intensity. To address this, analysts often examine high-speed running (HSR) and
sprinting distances, which quantify more demanding efforts, typically defined as running above 19.8
km/h and 25.2 km/h, respectively (Gualtieri et al. (2023)). These metrics are particularly valuable (when
analyzed in conjunction with tactical parameters) for understanding a player’s involvement in sport
specific actions such as pressing, counterattacks, and defensive transitions (Beato and Drust (2021)).
Beyond speed-based measures, metabolic power has emerged as another indicator of physical
exertion (Polglaze and Hoppe (2019), Venzke et al. (2023)). It estimates the energy cost of movement,
especially during accelerations, decelerations, and changes of direction—actions that are common in
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football but not fully captured by traditional speed parameters. High-intensity metabolic power, often
defined as exceeding 25.5 W/kg of body mass, provides a specific view of the high intensity demands
placed on players. Similarly, distance covered during high-intensity accelerations (typically above 3.0
m/s?) reflects the neuromuscular load associated with rapid bursts of movement (Silva et al. (2023)),
which are critical in both offensive and defensive scenarios. This study focuses on Serie A, Italy’s top-
tier professional football league, known for its tactical characteristics, competitive intensity, and high
physical demands. It is interesting to understand how external load metrics relate to match outcomes in
Serie A. While previous research has often analyzed team performance in isolation (Savoia et al. (2024)),
this study adopts a contextual and comparative approach, evaluating both the reference team and their
opponents. This dual perspective is grounded in the understanding that football is a dynamic, interactive
sport—performance is not only a function of a team’s actions but also of the opposition’s behavior and
strategy. The primary aim of this study is to investigate whether selected external load variables are
associated with match outcomes—specifically, scored and conceded goals—in Serie A. By
incorporating data from both competing teams, the analysis seeks to identify patterns and relationships
that may be obscured when examining teams in isolation. This approach acknowledges the context-
dependent nature of physical performance in football, where the same level of exertion may yield
different outcomes depending on the quality and style of the opposition. Ultimately, this research aims
to contribute to a more nuanced understanding of match dynamics in elite football. The findings are
intended to inform evidence-based decision-making for coaches, performance analysts, and sports
scientists, offering practical insights into how physical performance metrics can be interpreted and
applied within the broader tactical and competitive context of the game.

2 Data and methods

The data utilized in this study refers to the Italian Serie A football seasons 2022/2023 and 2023/2024.
For each match, several outcome-related variables were recorded, including match outcomes (e.g.,
goals, cards, coach, date) and a wide range of physical metrics such as distances at different speeds,
acceleration, deceleration, and metabolic power. Data were collected for both teams and categorized by
phase of play (possession, non-possession, out-of-play), using the K-Sport Dynamix system (K-Sport
World S.R.L., Pesaro, Italy) to process positional data.

In the first phase of the study, the analysis focused on a selection of variables, including, among
others, total distance covered, distances covered during high-speed running and very high-speed
running, metabolic power at high intensity, and distance covered during high-intensity acceleration.
As stated before, the aim of this study is to determine whether these selected variables influence the
match outcome. Both the values of the reference team and those of the opponents are considered, as it
is believed that the importance of the variables lies not only in their values for the specific team but also
in the context of the opposing team faced. The variables used are summarized in Table 1.

Table 1: Variable description

Variable Name Description ‘
D S6 WB team/D S6 WB opp Mean distance covered with ball at speeds above 25 km/h (by the team
/ by the opponent team)

D S6 NB team/D S6 NB opp Mean distance covered without ball at speeds above 25 km/h (by the
team / by the opponent team)

D S6 OP team/D _S6 OP opp Mean distance covered during out-of-play phases at speeds above 25
km/h (by the team / by the opponent team)

D Al WB team/D Al WB opp | Mean distance covered with ball during high-intensity decelerations (<
—3 m/s?) (by the team / by the opponent team)
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D Al NB team/D Al NB opp

Mean distance covered without ball during high-intensity decelerations
(<=3 m/s?) (by the team / by the opponent team)

D_Al_OP_team/D_Al_OP_opp

Mean distance covered out-of-play during high-intensity decelerations
(<=3 m/s?) (by the team / by the opponent team)

D A8 WB team/D A8 WB opp

Mean distance covered with ball during high-intensity accelerations (>
3 m/s?) (by the team / by the opponent team)

D A8 NB team/D A8 NB opp

Mean distance covered without ball during high-intensity accelerations
(> 3 m/s?) (by the team / by the opponent team)

D_A8 OP_team/D_A8_OP_opp

Mean distance covered out-of-play during high-intensity accelerations
(> 3 m/s?) (by the team / by the opponent team)

D_MPHI WB_team/D

Mean distance covered with ball at > 25.5 W/kg power (by the team /
by the opponent team)

MPHI WB_ opp

D MPHI NB team/D Mean distance covered without ball at > 25.5 W/kg power (by the team
MPHI NB opp / by the opponent team)

D MPHI OP team/D Mean distance covered out of play at > 25.5 W/kg power (by the team
MPHI OP opp / by the opponent team)

Perc ED WB team/
Perc ED WB_ opp

Equivalent distance with ball (by the team / by the opponent team)

Perc ED NB_team/
Perc ED NB opp

Equivalent distance without ball (by the team / by the opponent team)

Perc AI WB_team/
Perc Al WB opp

Anaerobic index with ball (by the team / by the opponent team)

Perc AI NB team/
Perc Al NB opp

Anaerobic index without ball (by the team / by the opponent team)

AMP_WB_team/AMP_WB_opp

Average Metabolic Power with ball (for the team / for the opponent
team)

AMP NB team/AMP NB opp

Average Metabolic Power without ball (for the team / for the opponent
team)

D 20/25 Km/h team/
D 20/25 Km/h opp

Mean distance covered out of play at > 25.5 W/kg power (by the team
/ by the opponent team)

Since, as also indicated by the condition index, there is evidence of multicollinearity among the
explanatory variables, and given that the response variables are count data, we employed a Poisson
regression model with LASSO regularization. The correlation between the response variables was not
explicitly modeled, as it is implicitly addressed by including covariates from both teams. In addition, a
chi-squared test was conducted, which revealed no statistically significant dependence between the
response variables. Parameter estimation is achieved by minimizing the penalized log-likelihood
function — %Z?:l(yi (Bo + B"x) — eﬁ"*ﬁT"i) + Aa X 1BiD.

3 Results

The results presented in Tables 2 through 4 indicate that the analyses conducted for the two seasons
under consideration lead to similar conclusions. Specifically, certain variables show a significant effect
in both the 2022/23 and 2023/24 seasons, with respect to both goals scored and goals conceded.
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Table 2: Estimates from the Poisson regression with LASSO selection for scored goals (2022/23)

Table 3:

Variable Estimate Std.error Statistic p.value signif
D S6 WB_team 0.29648 0.08255 3.59150 0.00033 wkx
D MPHI OP_team 1.43807 0.35315 4.07211 0.00005 oAk
D Al WB_team -0.37231 0.17074 -2.18048 0.02922 *

D Al NB team 0.32150 0.15825 2.03162 0.04219 *

D Al OP _team -0.88744 0.23698 -3.74486 0.00018 wkx
D A8 WB_team 0.45380 0.15092 3.00692 0.00264 ok
D A8 NB team -0.40333 0.17108 -2.35754 0.01840 *
D A8 OP team 0.65638 0.21254 3.08818 0.00201 ok
D _MPHI_OP_opp -1.15358 0.35719 -3.22962 0.00124 ok
D Al WB _opp -0.28839 0.14333 -2.01206 0.04421 *

D Al OP opp 0.84016 0.24697 3.40192 0.00067 oAk
D A8 WB _opp 0.40889 0.16601 2.46298 0.01378 *

D A8 NB opp -0.26946 0.15170 -1.77627 0.07569

% p <0.001; ** p<0.01; *p<0.05;.p<0.1

Estimates from the Poisson regression with LASSO selection for conceded goals (2022/23)
Variable Estimate Std.error  Statistic p.value signif
D S6 WB_team -0.19663  0.08666 -2.26914 0.02326 *

D S6 OP_team -0.47370  0.12168 -3.89318 0.00010 oAk
D Al WB_team 031278  0.13053  -2.39628  0.01656  *

D A8 WB team 0.24483 0.14119 1.73406 0.08291

D_A8 OP_team 027916  0.10666  -2.61737  0.00886  **
AMP_WB_team 0.26761 0.07381 3.62566 0.00029 oAk

D _S6_WB_opp 022562  0.08133 277427  0.00553  **
D_MPHI_WB_opp 021933 0.09745  -225069  0.02440  *
D_MPHI_OP_opp 070142 0.16936  4.14151 0.00003  **x

% p <0.001; ** p<0.01; *p<0.05;.p<0.1

Table 4: Estimates from the Poisson regression with LASSO selection for scored goals (2023/24)

Variable Estimate Std.error Statistic p.value signif
D S6 WB_team 0.30701 0.05556 5.52532  0.00000 ***
D MPHI OP_team 1.25845 0.21337 5.89793  0.00000 ***
D Al WB_team -0.23608 0.11638 -2.02853  0.04251 *
D Al OP _team -0.52945 0.15228 -3.47684  0.00051 ***
D A8 OP team 0.41214 0.14773 2.78973  0.00528 **
D 20/25 Km/h_team -0.17818 0.07591 -2.34725  0.01891 *

D 20/25 Km/h_opp 0.20354 0.07929 2.56713  0.01025 *
AMP _NB_team 0.32468 0.16749 1.93846  0.05257 .
AMP_WB_team -0.16443 0.07712 -2.13200  0.03301 *
Perc ED_WB_opp -0.19196 0.09406 -2.04080 0.04127 *

D S6 WB_opp -0.11952 0.05037 -2.37293  0.01765 *

D S6 NB_opp -0.15179 0.05900 -2.57277  0.01009 *
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Variable Estimate Std.error Statistic ~ p.value  signif
D MPHI OP opp -1.03957 0.21776 -4.77387  0.00000 ***

D Al NB opp 0.21720 0.12682 1.71264  0.08678 .

D Al OP opp 0.50929 0.15401 3.30680  0.00094 **x*
D A8 WB opp 0.30468 0.12379 246125 0.01385 *

D A8 OP opp -0.57811 0.15094 -3.82996  0.00013  ***

% p <0.001; ** p<0.01; *p<0.05;.p<0.1

Table 5: Estimates from the Poisson regression with LASSO selection for conceded goals (2023/24)

Variable Estimate Std.error statistic p.value signif
D S6 WB_team -0.14133 0.06413 -2.20362  0.02755 *

D MPHI OP team -0.97747 0.23124 -4.22707  0.00002 ok

D 20/25 Km/h team 0.10718 0.06318 1.69652 0.08979

AMP WB team 0.13790 0.08372 1.64713 0.09953 .

D _S6_WB_opp 0.23793 0.05897 4.03435 0.00005 ok
D MPHI OP opp 1.39691 0.21335 6.54740 0.00000 ok

D A8 WB opp 0.19320 0.10234 1.88775 0.05906

% p <0.001; ** p<0.01; *p<0.05;.p<0.1

4 Discussion

The findings of this study provide valuable insights into the relationship between external training load
metrics and match outcomes in Serie A, highlighting the importance of context-specific physical
performance. The analysis revealed that certain high-intensity physical actions, particularly those
performed in possession of the ball, are significantly associated with goal scoring. Specifically, greater
distances covered while sprinting with the ball (above 25 km/h), higher volumes of high-intensity
metabolic power output (above 25.5 W/kg), and distance covered during high-intensity accelerations
(above 3.0 m/s?) in possession were all positively related to the number of goals scored.

These results reinforce the notion that explosive, high-intensity efforts in possession are critical to
offensive success in elite football (Gualtieri et al. (2025)). Sprinting with the ball and accelerating at
high intensities are often linked to decisive moments such as breaking defensive lines, creating space,
or capitalizing on transitions (Beato et al. (2024), Chaize et al. (2024)). The association with high
metabolic power further supports the idea that the energetic cost of these movements, particularly those
involving frequent changes of direction and pace, is a key component of effective attacking play.
Conversely, the analysis also found that goals were more likely when the opposing team exhibited lower
physical output without the ball, particularly in terms of distance covered. This suggests that a lack of
defensive intensity or pressing effort may create opportunities for the attacking team to exploit space
and time on the ball. In this context, running less without the ball may reflect tactical passivity, fatigue,
or poor defensive organization—all of which can contribute to conceding goals. Taken together, these
findings emphasize the interactive and context-dependent nature of physical performance in football. It
is not merely the absolute values of physical output that matter, but how they are expressed relative to
the opponent’s behavior. This supports the study’s dual-team analytical approach, which considers both
the reference team and their opponents to better understand match dynamics.

However, some limitations must be acknowledged. Many of the external load variables are
interrelated. This collinearity may affect the precision of the statistical models and hinder interpretation
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of individual variable effects. Therefore, this study should be viewed as a preliminary analysis. Future
research should aim to refine the selection of variables, focusing on those most relevant to performance
outcomes while minimizing redundancy. Additionally, the model used in this study does not account for
the full complexity of match events, including tactical formations, player roles, or situational factors
(e.g., scoreline, match phase). Integrating physical data with tactical and contextual variables could
provide a more holistic understanding of performance.

In conclusion, this study highlights the importance of high-intensity physical actions in possession
and the defensive implications of reduced off-ball effort. These insights can inform training design,
match preparation, and in-game decision-making for coaches and performance staff. Future work should
aim to build on these findings by refining the analytical framework and exploring how physical
performance interacts with tactical and technical dimensions of the game.
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Abstract

Front-door and back-door pitches (hereinafter referred to as “door-type pitches”) in base-
ball refer to laterally breaking balls that move from outside to inside the strike zone. Door-type
pitches often induce called strikes or weak contact, but they carry the risk of hard hits. How-
ever, there are no clear criteria for detecting door-type pitches and their effectiveness has not
been verified. This study aims to clarify what requirements make door-type pitches effective in
Nippon Professional Baseball (NPB). First, we used data from MLB to construct a machine-
learning model that estimates the amount of pitch movement, allowing us to detect door-type
pitches in NPB since NPB data did not include it. Next, we tested the effectiveness of door-type
pitches and analyzed the relationship between the characteristics of pitchers and pitches and
the test results. The results suggest that some pitches that induce field outs may be effective
when used as door-type pitches and some slow front-door pitches may be ineffective. These
findings can help players and coaches refine and evaluate the decision-making of their pitching
strategies.

1 Introduction

In baseball, pitching strategy - the pitcher’s choice of pitch type and pitch location to get the batter out - is an
important element. Front-door and back-door pitches (hereinafter referred to as “door-type pitches”) are two
pitching strategies. Door-type pitches are laterally breaking balls that move from outside to inside the strike
zone [6]. Pitches thrown close to the batter (inside corner) are called front door pitches, and those thrown
far away (outside corner) are called back door pitches. The batter mistakes door-type pitches for pitches in
the ball zone, and they can induce called strikes and weak contact caused by late swings. However, door-
type pitches are more likely to be careless pitches because they are breaking balls thrown in the strike zone.
Therefore, door-type pitches carry the risk of being thrown near the center of the strike zone, resulting in
hard hits, and far from the strike zone, resulting in obvious balls or hit by pitches. It is difficult to judge
whether the choice of door-type pitches is effective in getting batters out because door-type pitches have
both advantages and disadvantages.



There have been many studies of baseball pitching strategies [[1]] [3]]. However, there are no clear criteria
for detecting door-type pitches, and their effectiveness has not been verified. The reasons for this are con-
sidered to be: (1) data indicating where the pitcher tried to throw the pitch is necessary to determine whether
door-type pitches were thrown intentionally, (2) data on the amount of pitch movement is necessary to detect
door-type pitches, and (3) statistical discussion is difficult because door-type pitches are not frequently used.

This study aims to detect door-type pitches using data from NPB and to clarify what requirements make
door-type pitches effective. The contributions of this study are as follows: (1) it conducted a pioneering
study of door-type pitches, for which there are few related studies, (2) it solved problems in research on door-
type pitches by using data on catcher’s stance positions in NPB, estimating the amount of pitch movement
using machine learning models that use Major League Baseball (MLB) data, and testing the effect using
permutation tests, which have fewer assumptions than traditional parametric tests, and (3) it clarified what
requirements make door-type pitches effective in NPB.

2 Methods
2.1 Dataset

The NPB data used in this study come from 3 years (2021-2023) of official NPB games, which are the Central
League, the Pacific League, and the Central/Pacific League exchange games, provided by Data Stadium
Inc. This data includes catcher’s stance positions for each pitch, but does not include the amount of pitch
movement. This data was used to detect door-type pitches and test their effectiveness.

The MLB data used in this study come from 10 years (2015-2024) of MLB regular season data available
at Baseball Savant (https://baseballsavant.mlb.com). This data includes the amount of pitch move-
ment for each pitch, but does not include the catcher’s stance positions. To obtain this data, the Python
library “pybaseball” was used. This data was used to estimate the amount of pitch movement.

2.2 Estimation of the amount of pitch movement

This study requires data on the amount of pitch movement to detect door-type pitches; however, the NPB data
lacked this information. Therefore, MLB data from 2015-2024 were used to estimate the pitch movement.

First, for pitchers with at least 100 pitches per season, we calculated feature scores and average amounts
of lateral pitch movement by pitch type, excluding incomplete data. Due to the difference in classification
between the NPB and MLB data, pitch types were grouped based on Table [I] Pitch types not listed were
excluded due to the definition of pitch movement or small sample size. The feature scores (57 dimensions)
consisted of the pitcher’s handedness, speed, speed gap from the fastball, swinging strike rate, rate of pitches
thrown in the strike zone, pitch type usage rate among all pitches (by batter handedness), and rate of pitches
thrown in each of the 25 pitch location zones (by batter handedness). For left-handed pitchers, the amount
of lateral pitch movement and the left-right relationship of each feature scores were reversed to simplify the
distribution of feature scores and the estimated models. The amount of lateral pitch movement was defined
as the difference from the 4-seam fastball. Therefore, pitchers without a 4-seam fastball are excluded. The
amount of vertical pitch movement was not estimated as it was not used to detect door-type pitches. The
sample sizes obtained by the above pretreatment are shown in Table [T}

Machine learning models (XGBoost, LightGBM, CatBoost) were constructed for each pitch type group,
with the feature scores as input and the amount of lateral pitch movement as output. The best-performing
model on the 2024 data was used for the analysis. The models were trained on 80 % of the MLB data from


https://baseballsavant.mlb.com

2015-2023, with 20 % used for early stopping and hyperparameter tuning via Optuna, using RMSE as the
loss function. The Python libraries XGBoost, LightGBM, and CatBoost were used.

The final model estimated the amount of lateral pitch movement for NPB pitchers by inputting their
feature scores calculated from the entire NPB dataset to compensate for the smaller sample size due to the
smaller number of games and fewer breaking balls.

2.3 Detection of door-type pitches

This study aims to evaluate the effectiveness of door-type pitches in getting batters out. Therefore, detection
was based on the intentions of the pitcher and catcher, not the trajectory of the pitch. To the best of our knowl-
edge, there are no previous studies that have detected door-type pitches. In this study, front-door/back-door
pitches were defined using the following criteria, incorporating the estimated amount of pitch movement:
(1) The catcher’s stance position is at the inside/outside corner relative to the center of the strike zone; (2)
The pitch breaks from inside/outside to outside/inside; (3) The catcher’s stance position minus the amount
of lateral pitch movement is at least 1.5 ball lengths (11.20 cm) away from the strike zone boundary. These
criteria quantify the concept described in Chapter|[I]

2.4 Evaluation of pitches

Pitch outcome evaluation was conducted in this study to analyze the effects of door-type pitches. NPB data
were divided into 288 game situations based on count, outs, and runners, and the average runs scored from
each situation until the end of the inning were calculated. This is referred to as the run expectancy 288
(RE288). The outcome of each pitch and change in RE288 were calculated. The average change in RE288
for each outcome is referred to as the linear weights (LWTS) [5], which serves as the evaluation index for
pitches in this study. A lower LWTS indicates a more effective pitch.

2.5 Test of effectiveness of door-type pitches

The combinations of pitchers, pitch types, and batter handedness in NPB with at least 10 door-type pitches,
at least 10 non-door-type pitches and at least 100 total pitches were selected for the test. The sample size
for each pitch type is shown in Table [2] A one-tailed permutation test (1 % significance level) was used to
compare the mean LWTS between door-type pitches and non-door-type pitches, approximated using 10,000
Monte Carlo permutations due to computational limitations. For each combination with a significant differ-
ence, pitch characteristics were investigated to clarify the criteria for the effective use of door-type pitches.

2.6 Evaluation of commanding ability

This study requires an index to evaluate pitch command in order to analyze how pitch command affects the
effectiveness of door-type pitches. In this study, the area of the 95% confidence ellipse was used, assuming
that the pitch error distribution between the catcher’s stance positions and the actual pitch positions follows
a two-dimensional normal distribution. The mean of the pitch error was not considered because the catcher
could have adjusted the position of his stance by calculating the pitch error backward from the actual position
where the catcher intended. In addition, in the study by Shinya et al.[4], the error between the target and
actual pitching positions was assumed to follow a two-dimensional normal distribution, and the confidence
ellipse was a tilted ellipse rather than a perfect circle. Based on the above, it was considered more appropriate
to evaluate the variance of pitch errors under the assumption of a normal distribution, rather than the distance
or mean value of the errors. Therefore, in this study, the area of the 95% confidence ellipse obtained from the



Table 1: The group of pitch types and the sample sizes.

Table 2: The sample size for each pitch type on

NPB MLB NPB
; : sample size [pitchers] . sample size [pitchers]
tch type tch type
prieh yp prieh yp 2015-2023 2024 pitch type front-door  back-door
Shoot Sinker Shoot 13 16
Sinker Screwball 2215 257 Sinker 0 3
Changeup Changeup 1877 206 Changeup 0 8
Split-finger Forkball 0 0
Forkball Forkball 287 56 Cutter 10 53
Cutter Cutter 1003 145 Curveball 22 87
Curveball Slider 42 136
Curveball | Knuckle Curve | ooy 177
Slow Curve
Slurve
Slider Slider 2919 441
Sweeper

variance-covariance matrix of the pitch error distribution was used as an index to evaluate pitch command
ability.

3 Results and Discussion
3.1 Estimation results

First, the RMSEs of the amount of lateral pitch movement estimated by the XGBoost, LightGBM, and
CatBoost models using data for all MLB pitchers in 2024 were 8.46, 8.52, and 8.45 [cm], respectively, while
the RMSEs for only pitchers not included in the training data were 8.63, 8.66, and 8.60 [cm], respectively.
Scatter plots of the estimated and actual amounts of pitch movement by XGBoost and CatBoost for all
data are shown in Figures m and Q For the three models, CatBoost has the smallest RMSE, but it is not

method:XGBoost, rmse=8.46703 method:CatBoost, rmse=8.44858
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Figure 1: Scatter plot of the amount of lateral pitch Figure 2: Scatter plot of the amount of lateral pitch
movement and the estimated value by XGBoost. movement and the estimated value by CatBoost.

much different from that of XGBoost, and in the scatter plots, XGBoost has a larger within-class variance
of the estimated values than CatBoost. This was thought to better reflect differences in the amount of pitch
movement by each pitcher. Therefore, the XGBoost estimation model was adopted.



Table 3: The combinations of pitchers and pitch type, and Cohen’s d for which there was a significant
difference in the mean LWTS between door-type and non-door-type pitches.

effects pitcher pitch type NP door-type NP  Cohen’s d

. Juri Hara Slider 290 20 0.510

positive Hiroya Miyagi Slider 1087 90 0.270

front-door Yoshinobu Yamamoto Curveball 582 44 0.401
negative | Takahiro Nishimura Slider 145 18 0.890

Katsunori Hirai Slider 745 46 0.457

.. Frank Herrmann Curveball 177 154 0.683

positive Kenya Suzuki Slider 360 227 0.310

back-door Naoyuki Uwasawa Curveball 493 416 0.309
negative Yuki Nishi Curveball 120 101 0.811

Kodai Senga Cutter 372 94 0.145

3.2 Pitchers and pitch types whose effectiveness of door-type pitches has a sig-
nificant difference

The combinations of pitchers and pitch types for which there was a significant difference in the mean LWTS
between door-type and non-door-type pitches, along with Cohen’s d, are shown in Table [3] The following
are two suggestions obtained as a result of this study. For pitchers who threw at least 100 pitches over three
years, the mean, standard deviation, minimum, median, and maximum values of the confidence ellipse area
for the pitch command index were 8441.8, 1211.0, 5505.1, 8430.0, and 13678.6 [cm?], respectively.

3.2.1 Suggestions 1: Hara’s slider

Hara is a right-handed overthrowing pitcher with a 4.07 the earned run average (ERA), which is calculated as
(earned_runs x 9) /innings_pitched, over 31 games. A slider is a pitch that breaks in the opposite direction
of the pitcher’s handedness. Therefore, if the batter is a right-handed hitter, it is likely to be a front-door
pitch. His non-front-door slider had fewer swinging strikes (13.7%) and more field outs (15.9%) than the
average (swinging strike: 14.7%, field outs: 11.2%), likely due to slower pitching speed(126.8 km/h, average:
129.8 km/h), larger speed gap from the fastball (17.1 km/h, average: 15.9 km/h) and greater amount of pitch
movement (42.6 cm, average: 36.9 cm), making it less likely to be mistaken by the batter for another pitch
type and thus increasing the probability of making contact, but more difficult to hit the sweet spot. Front-door
sliders resulted in more fouls (35.0%), field outs (40.0%) and fewer balls (5.0%) compared to non-front-door
(fouls: 11.5%, field outs: 15.9%, balls: 34.1%), likely due to the pitch error distribution. Shinya et al. [4]
showed a correlation between the direction of the major axis of the confidence ellipse of the pitch error
distribution and the angle of the pitcher’s arm when pitching. This suggests that right-handed overthrowing
pitchers are more likely to throw pitches in the upper right and lower left directions from their perspective.
Therefore, if Hara tries to throw low outside, some pitches will be thrown into the obvious ball zone. On the
other hand, if he tries to throw low inside, most of pitches will be inside the strike zone or near the border
and are less likely to be taken. His lower pitch command (confidence ellipse area: 8835.7 cm? vs 7729.4 cm?
average) reinforced this trend. Unlike typical door-type pitches, his front-door sliders didn’t lead to more
hits, likely because his high field-out rate reduced the risk of hard hits. This tendency was also observed for
Miyagi’s slider. These results suggest that some pitches that induce field outs may be effective when used as
door-type pitches because the risk of hard hits, which is a disadvantage of the door-type pitch, is low.



3.2.2 Suggestions 2: Yamamoto’s curveball

Yamamoto was a right-handed overthrowing pitcher with a 1.44 ERA over 75 games. A curveball is a slow
pitch that breaks and falls in the opposite direction of the pitcher’s handedness. Therefore, if the batter was
right-handed, it was likely to be a front-door curveball. His non-front-door curveball was effective with a
higher whiff rate (12.3%) than the average (9.2%), likely due to a higher pitching speed (124.1 km/h vs 117.9
km/h), a larger speed gap from the fastball (28.2 km/h vs 27.6 km/h), larger amount of pitch movement (44.5
cm vs 37.5 cm), and better pitch command (7924.7 cm? vs 9351.2 cm?), and the probability that the batter
could respond to the break was lower. In contrast, front-door pitches had more called strikes (45.5%) but
also more hits (11.4%) compared to non-front-door ones (25.1% called strikes, 3.3% hits). This may be due
to the intercept point and timing. The intercept point is the position where the bat and the ball meet. In
general, it is said that strong batted balls can be hit by placing the intercept point a little closer to the pitcher
on inside corner pitches [2]]. Also, pitches that are slower than the fastball often cause the batter to swing at
them earlier because batters usually adjust their timing with the fastball. This resulted in a tendency to hit
the ball harder, which may have increased the number of hits. This tendency was also seen with Nishimura’s
and Hirai’s sliders. These results suggest that some slow front-door pitches may be ineffective because they
are more likely to be hit hard when the batter swings at them.

4 Conclusion

This study attempted to clarify the requirements for door-type pitch effectiveness in NPB by investigating the
characteristics of door-type pitches that are effective or ineffective. The results suggest two insights described
in Sections[3.2.TJand[3.2.2] The findings are intended to help players and coaches make decisions about using
door-type pitches based on the suggestions. However, limitations include: (1) a lack of comparison with
other pitch types that pitchers have, (2) a lack of consideration for the previous pitch and the characteristics
of batters, (3) a lack of clarity regarding the quantitative requirements for effectiveness, and (4) a lack of
verification of the results of estimating the amount of pitch movement.
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Abstract

Advanced software for analysing player performance and team tactics is now widely used in TV sports
coverage, enabling pundits and coaches to provide detailed insights during or after matches. While
systems like Hawk-Eye rely on high-frame-rate cameras and multi-view triangulation, our work
presents a cost-effective alternative for tracking players, officials, and the ball in standard frame-rate
soccer footage. Making use of YOLOvVI11, an object detection model derived from the GoogleNet
Convolutional Neural Network Architecture, and enhanced through open-source transfer learning, our
system reliably distinguishes between teams, referees, and the ball. By incorporating transformational
geometry, optical flow, perspective transformation, we compensate for camera motion and generate
player statistics such as speed and distance covered. Though less sophisticated than broadcast-grade
systems, our method performs well on professional match footage, making it viable for lower-tier clubs,
semi-professional teams, or fan channels with limited technological resources.

1 Introduction

Football analysis has undergone a paradigm shift in recent decades, evolving from rudimentary
observational techniques to a sophisticated, data-driven discipline that integrates computer vision,
machine learning, and artificial intelligence. At its core, football analysis involves the systematic
evaluation of matches, players, and teams through qualitative and quantitative methods to uncover
performance insights, optimize tactics, and enhance decision-making. Historically, analysts relied on
manual notational methods—charting player movements and key events by hand—a process that was
both time-consuming and prone to subjectivity. However, the advent of advanced tracking technologies,
such as optical camera systems (e.g., Hawk-Eye [1], TRACAB [2]) and wearable GPS devices, has
revolutionized the field, enabling real-time data collection on player positioning, sprint metrics, and
ball trajectories precision.

Despite these advancements, a significant disparity persists in access to such technologies. Elite clubs
and top-tier leagues invest heavily in proprietary systems, while smaller clubs, semi-professional teams,
and grassroots organizations are often excluded due to prohibitive costs. For instance, installing a multi-
camera tracking system like STATSports’ Venue solution [3] can exceed (GBP) £ 100,000 annually,
with additional expenses for maintenance and specialized personnel. This economic barrier exacerbates
competitive imbalances, as resource-constrained teams lack the tools to analyse opponents, scout talent,
or refine tactics with the same granularity as wealthier counterparts. While recent modern advancements
in computer vision and neural networks have already begun to overcome some of these limitations. For
example, Convolutional Neural Networks (CNNs) have achieved over 90% accuracy for automated
player detection [4]. However, most state-of-the-art tools remain inaccessible to smaller clubs.

To bridge this inequity, we propose an affordable, Al-powered football analysis system that extracts
high-fidelity insights from standard broadcast footage—a ubiquitous and low-cost data source. Unlike
existing solutions that depend on expensive hardware, our approach centres on the optimisation
of YOLOvIiil—a lightweight yet powerful object detection model tailored for football-specific
applications, combined with perspective transformation, and optical flow algorithms [5]to track
players, officials, and the ball while compensating for camera motion. The system democratises access
to advanced analytics by offering: (1) Real-time player and ball tracking without reliance on sensor



arrays. (2) Tactical metrics (e.g., sprint speeds, positional heatmaps) derived from 2D video. (3) Cost
efficiency, reducing dependency on capital-intensive infrastructure. Our system achieves a balance
between speed (45 frames per second) and precision (88.3% tracking accuracy in preliminary tests),
enabling real-time analysis without costly specialised hardware, and providing a lightweight alternative
to resource-heavy deep learning systems.

Technical Challenges and Innovations
A core challenge in video-based analysis is distinguishing players from dynamic backgrounds,
especially when jersey colours blend with the pitch (e.g., green kits on grass) or background. Early
methods relied on colour thresholding, which failed under varying lighting conditions. Our system
overcomes these issues by integrating advanced segmentation, tracking, and geometric mapping
techniques, enabling robust and precise player tracking and performance analysis from broadcast
footage. Specifically, we utilise:

e Advanced segmentation: K-means clustering + YOLOv11 to segment players from the pitch.

e Tracking: Optical flow to stabilize tracking during camera panning or zooming.

o Geometric mapping: Perspective homography to map 2D broadcast coordinates to a

standardised pitch model, enabling metric-based analysis (e.g., distances covered).

2 Previous Related Work

The use of computer vision, machine learning (ML), and artificial intelligence (Al) in football analytics
has seen significant progress over recent years, enabling advanced capabilities in player tracking, event
detection, and tactical analysis. Early methods for object detection in sports relied on background
subtraction and color-based segmentation, which often struggled under real-world conditions such as
occlusion and variable lighting [6, 7]. With the rise of deep learning, convolutional neural networks
(CNNs) like YOLO and Faster R-CNN have become the standard for accurate, real-time detection of
players and the ball [8, 9].

For multi-object tracking, traditional techniques such as Kalman filters have been replaced by deep
learning-based approaches such as DeepSORT [10] and ByteTrack [11]. These allow robust tracking of
players over time, even with frequent occlusions and fast motion. This tracking data is essential for
constructing heatmaps, movement patterns, and formation analysis.

Event detection in football—such as detecting goals, fouls, or passes—has benefited from temporal
models like Long Short-Term Memory (LSTM) models and Transformers, trained on annotated video
datasets to identify key match events and generate summaries [12]. Datasets such as SoccerNet [13]
have played a critical role in supporting this research.

Several commercial systems have advanced the field. TRACAB, for example, uses a multi-camera setup
to provide real-time 3D positioning of players [2], while Second Spectrum exploits ML to deliver
tactical insights for teams and broadcasters [ 14].

Despite these advancements, challenges remain, including handling occlusions, generalizing across
different camera angles, and processing unstructured video. This paper builds on prior work by
proposing an integrated system that combines deep learning-based object detection, spatio-temporal
tracking, and intelligent event classification to provide a comprehensive football analysis platform using
standard resolution and frame rate TV footage.

3 Analysis of the Game

Our system detects, tracks, and identifies the players by their respective teams. It also maps the positions
from the input captured by a camera during a broadcast game to the absolute positions on the football
field which is viewed from a bird's eye view. Further details of the implementation can be found in
Muneshwar [15].



The input videos are taken from a German Bundesliga game, which comes from a Kaggle competition
sponsored by the Bundesliga [16].
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Figure 1: Processing “Pipeline” of our system

3.1 Ball and Player Detection

The object detection component of the system is based on the YOLO (You Only Look Once)
architecture, particularly version 11 [S]. YOLOvI11 builds upon previous versions with significant
improvements in both performance and efficiency. It replaces the inception modules of GoogLeNet [17,
18] with a combination of 1x1 and 3x3 convolutional filters. The network consists of 24 convolutional
layers followed by two fully connected layers, using Leaky Rectified Linear Units (ReLU) for activation
functions but a linear activation function at the output neurons.

The model was initially trained on the ImageNet dataset [19] and then fine-tuned for object detection
using the VOC Pascal datasets [20]. YOLOv11 outperforms its predecessors (YOLOvS, v9, v10) and
other models such as Faster R-CNN [21] in metrics such as mean Average Precision at 50% Intersection
over Union (mAP@0.5), mean Average Precision for Intersection Over Union between 50% and 90%
(mAP@0.5-0.95), precision, recall, and inference speed [22].

3.2 Custom Training and Detection Optimization
To ensure precise object detection in football videos, the model was retrained using a custom dataset
from Roboflow [23]. This fine-tuning focused exclusively on players, referees, and the football,
removing distractions such as stewards and managers that had previously introduced noise. The training
involved:

e Input image resizing to 640x640 pixels.

e 100 training epochs.

o Use of the best-performing weights for inference.
Post-training, the model effectively detects only relevant classes.
Performance:

e Achieves 92.1% mAP@0.5 on the test set.

e Faster than Faster R-CNN (13.5 ms/frame versus 63.8 ms/frame).

Training:
¢ Fine-tuned on the Roboflow Football-Players-Detection dataset (100 epochs, 640x640 pixel
resolution).

e Limitation: Lower recall for the ball (22.9%) due to its smaller size and occlusion.
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Figure 4: Training Results Summary (R is the Recall)

3.3 Object Tracking with ByteTrack

Once objects are detected, YOLOv11 outputs are passed into a tracking system using ByteTrack [24],
a powerful multi-object tracker that assigns unique IDs to objects across frames. This ensures continuity
in tracking players, referees, and the ball.
Key techniques include:

e Bounding box centre and foot position calculations for spatial analysis.

e Batch detection for computational efficiency.

e Linear interpolation for handling missing ball detections, ensuring trajectory continuity.

e Visual annotations using OpenCV [25] for real-time feedback.

3.4 Team Assignment Using K-Means Clustering

To differentiate between teams, the project applied K-Means clustering to analyse jersey colours. The
system crops player images and applies clustering to identify dominant colours in the top half of the
jersey. These colours were used to train a K-Means model, which then assigns each player to a team.
Advantages of this approach are:

e Robust even in crowded or dynamic scenes.

e  Works without explicit colour labelling.

e Computationally efficient and hardware friendly.

(a) (b)

Figure 5: Feature Reduction and player silhouetting using K-means clustering;
(a) original image of player, (b) reduced features (torso only), (c) silhouette of torso



3.5 Ball Possession Assignment

The system determines ball possession by identifying the closest player to the ball using Euclidean
distance calculations between the ball’s centre and both feet of each player. A threshold maximum
distance (70 pixels) filters which player is in possession. If no player meets the threshold, possession is
temporarily unassigned. Possession statistics are stored frame-by-frame, enabling long-term analysis.

3.6 Camera Motion Estimation

To account for camera panning and movement, which can distort player speed and distance
calculations, the system estimates camera motion using:

e Shi-Tomasi Corner Detection: Finds stable feature points [26].

e Lucas-Kanade Optical Flow: Tracks movement between frames [27].
Motion vectors were calculated and used to adjust player and ball positions, ensuring measurements
were relative to the field, not to the camera’s motion.

3.7 Perspective Transformation

Perspective distortion in wide-angle or high-angle footage can lead to inaccurate spatial measurements.
A homography matrix was computed to transform the pixel coordinates of players and the ball into real-
world field coordinates using four manually selected pitch points. This transformation ensures:

o Consistent player positions.

e Accurate distance and speed analysis.

3.8 Speed and Distance Estimation

Using the real-world coordinates from the perspective transformer, the system uses classical Newtonian
dynamics to calculate:

e Distance: Between positions in consecutive frames using Euclidean distance.

e Speed: As distance divided by time (based on the frame rate of the video).
These metrics are overlayed on the video footage, positioned just above each player's feet for easy
viewing:

e Speed in km/h.

e Distance travelled in metres.

4 Results, Discussion and Conclusions

The results demonstrate the effectiveness of the YOLOv11-based pipeline in achieving accurate and
real-time football match analysis. After retraining the model with a custom Roboflow dataset, object
detection performance significantly improved by focusing exclusively on players, referees, and the ball
while eliminating irrelevant detections. The model achieved high precision (0.845) and recall (0.766),
with excellent class-specific metrics, particularly for players (mAP@0.5: 0.984). Object tracking using
ByteTrack maintained consistent identities across frames, and ball possession was accurately assigned
using spatial proximity logic. Speed and distance metrics were successfully calculated using a
perspective transformation and camera motion compensation, ensuring that all measurements reflected
true on-field movements. Visual overlays, including possession statistics and player performance data,
were effectively rendered on the video frames, resulting in a robust and interpretable analytical output
suitable for performance evaluation and tactical analysis.



Figure 6:Still image from the final output Video
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Abstract

The present study investigates the attacker-defender (AD) model proposed by Brink et al.
(2023), a motion model that describes the interactions between a ball carrier (attacker) and the
nearest defender during ball possession. The model is based on the equations of motion for both
players, incorporating resistance, goal-oriented force, and opponent-oriented force. It generates
trajectories based on physically interpretable parameters. Although the AD model reproduces
real dribbling trajectories well, previous studies have explored only a limited range of parameter
values using small datasets. This study aims to (1) enhance parameter optimization by solving
the AD model for one player with the opponent’s actual trajectory fixed, (2) validate the model’s
applicability to a large dataset from 306 J1-League matches, and (3) demonstrate distinct play-
ing styles of attackers and defenders based on the full range of optimized parameters.

1 Introduction

With the widespread availability of tracking and event data [1], the generation of short-term player trajecto-
ries has received increasing attention in football (soccer) analytics. Machine learning-based approaches [2]
focus on predictive accuracy, while physics-based models [4] prioritize interpretability. The present study
adopts a physics-based motion model, incorporating fundamental principles of player behavior.

Among one-dimensional motion models, the Keller model [3] has been widely used to analyze sprint-
ing, where velocity evolves as dv/dt = —v(t)/T+ f. However, the analysis of soccer player movements
necessitates the use of two-dimensional models. A notable example is the Fujimura-Sugihara model [4], an
extension of the Keller model, which has been validated through tracking data [5].

In a recent study, Brink et al. [6] proposed the Attacker-Defender (AD) model, which incorporates
the interaction between a ball carrier (attacker) and the nearest defender into the Fujimura-Sugihara model.
The model generates trajectories based on physically interpretable parameters and reproduces a wide range
of dribbling movements. However, previous studies have primarily explored a limited range of parameter
values using small datasets, and the model’s applicability to large datasets remains underexplored.

The present study has three primary objectives. First, we enhance the parameter optimization process of
the AD model. Specifically, we propose a method that solves the model for one player with the opponent’s
actual trajectory fixed. Second, we validate the model’s applicability using a significantly larger dataset than
those employed in previous studies. We analyze tracking and event data from 306 J1-League matches pro-
vided by DataStadium Inc., Japan. Finally, we quantitatively identify characteristic ball carriers (attackers)
and their nearest defenders based on the optimized parameters of the AD model. By expanding the range of
analyzed parameters, we provide new insights into the playing styles of attackers and defenders.
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2 Methods
2.1 Dataset

We used data from 306 matches in the Japan Professional Football League (J1 League) during the 2023 sea-
son, which was provided by Data Stadium Inc., Japan. The dataset contains the absolute position coordinates
(x,y) of all players, recorded every 0.04 seconds. The dataset also includes event data, such as timestamps
for ball possession, passes, and shots.

For the analysis of dribbling situations, all instances of dribbling were extracted and the corresponding
tracking data for the ball carrier and the nearest defender were identified. We further selected only the
dribbling events that satisfied the following criteria: (i) the nearest defender did not change during the dribble,
(ii) the duration of ball possession exceeded 0.5 seconds, and (iii) the linear distance traveled by both players
exceeded 5 meters. Consequently, 30,788 instances of dribbling were obtained for parameter optimization,
which is significantly larger than the 1,573 dribbling events analyzed in the previous study [6].

(a) Ba 4 (b) Ba 4
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Figure 1: Expected attacker and defender motions based on the signs of (a) f, and B,, and (b) f4 and Bq.

2.2 Attacker-Defender Model

The Attacker-Defender (AD) model describes the movement of an attacker and a defender during a single
dribbling event. Let ¥, and V4 denote the velocity vectors of the attacker and defender, respectively. The
equations of motion are as follows [6]:

dv, 1 Baeag(t) Ead(t)
— = — + a ) 1
dt V() +f Hﬁaeag 1) — €ad (t)H v
dvg 1 Baug () + @aat)
dt ’L'd ( >+fd||ﬁd€dg t —|—Eda(l‘)H ( )

Here, the first term on the right-hand side represents the resistance force proportional to velocity. The
second term represents the driving force, directed toward both the goal and the opponent. Thus, the total
force exerted by the attacker and defender is determined by the balance of these three components.

In the model parameters, f, and f4 represent the maximum driving forces of the attacker and defender, re-
spectively, while 7, and 74 denote the time constants required to reach their maximum speed. The parameters
Ba and B4 control the relative weights of the goal-oriented and opponent-oriented driving forces.
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The trajectories of the attacker and defender were obtained by numerically solving the coupled equations
of motion with appropriate initial conditions. Note that these trajectories depend on the six parameters in
the model. Figures 1(a) and (b) illustrate the classification of expected attacker and defender motions based
on the signs of f, and B, and fg and By, respectively. While the previous study [6] limited its analysis to
regions Al and D1, the present study expands it to all four quadrants.

2.3 Parameter Optimization

Let 7,(¢) and 7(¢) denote the actual and simulated trajectories of player p € {a,d}, respectively. Following
[6], the trajectory error is defined as

1 IR0 -0
P — & — N N )
T Z;:T:II [17p(1) =7 (t — 1)

where T is the number of frames in a single dribbling event. The error values €, and &g are functions
of the model parameters. To obtain the optimal parameters for each dribbling instance, we minimize the
total error defined as € = g, 4 &;. Parameter optimization was performed for each dribbling event using
the COBYLA algorithm from the SciPy library in Python. The parameters were constrained as follows:
Sasfa € [—11.3,11.3], 75,74 € [0.9,9], By, Ba € [—10,10]. For each event, N random initial parameter sets
were generated, and the one yielding the lowest error € was selected.

3)

3 Results

3.1 Improving Parameter Optimization

We propose a new method that solves the equations of motion for the attacker and defender independently,
using the actual trajectory of the other player. This enables the independent parameter optimization for
attacker and defender. Consequently, the dimensions of parameter space are reduced, thereby significantly
decreasing the computational cost.

To estimate optimized parameters of 30,788 dribbling events, Latin hypercube sampling was employed
to generate N = 100 initial parameter sets. The set with the lowest error was selected for each event. We
then retained events where both &, and &4 were below 0.1. Consequently, 75% of events met this criterion
using the original method, and 80% using the improved one. The proposed approach thus not only reduced
the computational cost, but also increased the number of successful parameter estimates.

3.2 Attacker Characterization

A total of 30,788 attacker trajectories were categorized into four quadrants based on the signs of the opti-
mized parameters, f, and ,. Table 1 lists the most frequently appearing attackers in each quadrant.

In region A1 (f, > 0, B, > 0), the AD model suggests that the attacker tends to move toward the oppo-
nent’s goal and away from the defender. Two typical patterns were observed: maintaining a safe distance
while advancing the ball, and drawing the defender in before releasing the ball (Fig. 2, A1). Center backs
engaged in building-up play were frequently observed in this region.
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In region A2 (f, <0, B, > 0), the attacker is modeled to move away from the opponent’s goal and
toward the defender. The observed situations included maintaining possession under pressure from behind,
and dribbling directly toward a nearby defender (Fig. 2, A2).

In region A3 (f, < 0, Ba < 0), the parameter values imply movement toward both the opponent’s goal
and the defender. Typical cases involved direct one-on-one confrontations or forward progression toward the
defender (Fig. 2, A3). The dribbling in this region corresponds to actions near scoring chances, which are
crucial for evaluating attackers.

Finally, in region A4 (f, > 0, B, < 0), the model generates movement away from both the opponent’s
goal and the defender. The observed patterns included forward acceleration under rear pressure and backward
dribbles that drew in the defender (Fig. 2, A4).

A2 Away from opponent’s gpal, A1 Toward opponent’s goal
toward defender away from defender

h @ qbdp G b

Attacker (model)
--------- Attacker (data)
Defender (model)
A3 Toward opponent’s goal Ad Away from opponent'sgoal, | | e Defender (data)
toward defender away from defender

jp @ qbdp— (b

Figure 2: Typical attacker trajectories in regions A1-A4. The red circle and the blue square indicate the
starting positions of the attacker and defender, respectively. Dashed and solid lines represent the actual and
simulated trajectories, respectively. In all cases, the direction of attack is from left to right.

Table 1: Examples of the most frequently appearing attackers in regions A1-A4. The values in parentheses
indicate the player’s position and the number of occurrences.

Al A2 A3 A4

A. Scholz (DF, 280) A. Ienaga (FW, 48) T. Okubo (MF, 26) J. Schmidt (MF, 26)
M. Hgibraten (DF, 247) M. Hgibraten (DF, 35) J. Alano (MF, 25) K. Watanabe (MF, 16)
T. Deng (DF, 240) A. Scholz (DF, 31) Elber (FW, 23) S. Kawahara (MF, 15)

D. Okamura (DF, 190)  T. Kaneko (MF, 28) K. Watanabe (MF, 18) D. Pituca (MF, 14)
Eduardo (DF, 187) D. Pituca (MF, 28) R. Hatsuse (DF, 18) H. Mae (MF, 12)
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3.3 Defender Characterization

We also analyzed defender behavior across the four quadrants by identifying the most frequently appearing
players and typical movement patterns (see Table 2).

In region D1 (fg > 0, By > 0), the model generates movement toward both the defending goal and the
attacker. We observed a pressing action in which the defender retreated toward his goal while guiding the
attacker toward the sideline. Center forwards of defending teams were frequently observed in this region.

In region D2 (fy < 0, Bq > 0) the trajectories show movement away from both the opponent’s goal and
the attacker. This region often included defensive retreat to prevent direct dribbling toward the goal.

In region D3 (f3 < 0, B4 < 0), the trajectories show movement away from the opponent’s goal but toward
the attacker. Typical defensive behavior included dealing with dribbles coming in from the side.

Finally, in region D4 (fg > 0, Bg < 0), the trajectories also indicate movement away from the opponent’s
goal and toward the attacker. This region included cases where defenders challenged attackers near the
penalty area, typically under high-risk situations. Because dribbling events in this region often results in
scoring chances, it is crucial for evaluating defenders.

D2 Away from defending goal
away from attacker

D1 Toward defending goal,
toward attacker

ININRGN A

il

) @

Attacker (model)
--------- Attacker (data)
- Defender (model)
D3 Toward defending goal, O\[\\ D4 gv‘l‘lvaaynf‘r:tl:\a::::?nding gop, ] Defender (data)
away from attacker

jp @ pydp @

 a

Figure 3: Typical defender trajectories in regions D1-D4. The red circle and the blue square indicate the
starting positions of the attacker and defender, respectively. Dashed and solid lines represent the actual and
simulated trajectories, respectively. In all cases, the direction of attack is from left to right.

4 Conclusions and Future Work

The present study enhanced the parameter optimization of the Attacker-Defender model and validated its
applicability using a large dataset. The equations of motion for the attacker and defender were solved inde-
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Table 2: Examples of the most frequently appearing defenders in regions D1-D4. The values in parentheses
indicate the player’s position and the number of occurrences.

D1 D2 D3 D4
M. Hosoya (FW, 342) M. Hosoya (FW, 37) M. Hosoya (FW, 17) M. Hosoya (FW, 28)
K. Junker (FW, 249) T. Kikuchi (MF, 22) R. Hatsuse (DF, 13) 1. Jebali (FW, 19)

L. Ceara (FW, 247) Y. Yamagishi (FW, 17) 1. Jebali (FW, 12) Y. Muto (FW, 18)
Y. Yamagishi (FW, 226) K. Nagai (FW, 17) G. Sakai (DF, 12) J. Alano (MF, 17)
K. Sucuki (FW, 210) Y. Suzuki (FW, 16) Lukian (FW, 12) L. Ceara (FW, 16)

pendently, using the actual trajectory of the other player. This modification reduced computation cost and
increased the number of dribbles accurately reproduced by the model. In addition, among 30,788 dribbling
events, player trajectories were categorized into four quadrants based on the optimized parameters. Each
quadrant exhibited distinct playing styles, and the most frequently appearing players were identified.

Future studies will focus on refining the error function and conducting more detailed analyses of drib-
bling events. The optimized parameters often approached the boundaries of the parameter space, indicating
a need for further refinement of the error function. For example, incorporating penalty terms based on player
velocity and acceleration could be considered. Additionally, analyzing dribbling events in specific contexts
(e.g., actions on each side of the field) or for specific player roles (e.g., midfielders or forwards) may yield
more detailed insights.
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Abstract

The quality of the professional sports leagues schedules has become increasingly important,
as the schedule has a direct impact on revenue for all parties involved. Most importantly, the
schedule influences the number of spectators in the stadiums and the traveling costs for the
teams. The Finnish Major Hockey League decided to promote one team to the league for the
season 2024-2025. This means that there would be 16 teams in the league, and this causes
problems with the formerly used base schedule. A new approach had to be considered where
every team should meet every other team at least once at home and once away, for the sake of
sportsmanship. The rest of the games would be decided based on the number of spectators
and traveling. This paper presents a new format, where the number of times the teams play
against each other is based on maximizing the total expected number of spectators and on
minimizing the total traveling.

1 The Finnish Major Ice Hockey League

Professional sports leagues are huge businesses. The leagues involve significant investments in
players, broadcast rights and merchandising. The quality of the schedules has become increasingly
important, as the schedule has a direct impact on revenue for all parties involved. The general sports
scheduling problem involves scheduling the games between the teams by determining the date and the
venue in which each game will be played (see e.g. [1]). Sports scheduling involves four basic
problems: Finding a schedule

1)
2)
3)

4)

with the minimum number of breaks [2]

which minimizes the travel distances, called the traveling tournament problem [3]

with the minimum number of breaks and, at the same time, take additional requirements and
requests into account is known as the constrained minimum break problem [4]

which considers the break minimization and the travel issues simultaneously as well as many
additional criteria and constraints, called the constrained sports scheduling problem [1].

Ice hockey is the biggest sport in Finland both in terms of revenue and in number of spectators. The
Finnish Major Ice Hockey League (officially Finnish Hockey League) involves, for Finnish standards,
significant investments in players, broadcast rights and merchandising. Finding the best schedule of
games is a difficult task with multiple decision makers, constraints, and objectives involving logistics,
economical and fairness issues [5].
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We have generated the league schedule for the last fifteen
years. The first ten years have been analyzed in detail in [6].
Since the 2015-2016 season, the League has had 15 teams.
Six of the teams are located in “big” cities (over 100,000
citizens) and the rest in smaller cities. Team Kérpit is quite a
long way up north and teams Sport and KalPa slightly
separate from the other teams (see Fig. 1).

The format played in the league is somewhat eccentric
(see detailed description in [6]). The basis of the regular
season is a quadruple round robin tournament resulting in 56
games for each team. In addition, the teams are divided into
five groups of three teams in order to get a few more games
to play. The teams in the groups are selected based on the
traveling time. These teams play a double round robin
tournament resulting in 4 games for each team totaling 60
games for each team. The number of games totals 450.

The six best teams of the regular season proceed directly
to the quarter-finals. Teams placed between 7th and 10th play
preliminary playoffs best out of three. The two winners take
the last two quarter-final slots. Teams are paired up for each
playoff round according to the regular season standings, so
that the highest-ranking team plays against the lowest-
ranking, and so on. The playoffs are played best out of seven.
The winner of the playoffs receives the Canada Bowl, the
championship trophy of the League.

Figure 1. The 15 teams on the map of Finland.

The four most important factors in generating the schedule are the following:

1)

2)

3)
4)

The interest of media and fans must be increased by special interest games. These games
include local rival games, games between so-called big teams and back-to-back games.
Traveling issues must be considered. Some combinations of two games on consecutive days
are forbidden due to long distances. Furthermore, some of the teams do not prefer to return
home after each away game but instead prefer to have two away games in a row.

The number of Friday and Saturday games are maximized.

It is important to have as few breaks as possible. The fans do not like long periods without
home games and the consecutive home games reduce gate receipts.

Three further important factors must be considered:

S)
6)

7)

There must be at least two weeks between two games with the same opponents, and the games
should be played on different venues.

The difference in the number of games played between different teams in any stage of the
tournament should be minimized.

The so-called rest difference should be minimized.
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The last criterion was added last year due to the everlasting conversation by some coaches and
many fans. Most of the teams play two consecutive games on Fridays and Saturdays, but some teams
have a rest day on Friday before the Saturday game. The argument is that the other team has the
advantage of not playing on Friday. However, we have found no statistical evidence of that. Based on
the last ten seasons, some teams are more victorious when they have played on Friday, and some if
not.

Finally, there are several other goals and constraints considered:

The number of rounds is minimized.

The number of special interest games in preferred rounds is maximized.
The number of away tours for some teams is maximized.

Team Tappara and Team Ilves cannot play at home in the same round.
A break cannot occur in the last round.

cECEoN- 2=

The sports scheduling problem is not just NP-hard (see e.g. [7]), but also extremely challenging
practical problem. It has been argued that scheduling the Australian Football League (AFL) is the most
challenging mathematical problem in world sport [8]. We believe that scheduling the Finnish Major
Ice Hockey League is at the same level of difficulty. Three major constraints complicate the
scheduling:

1) Due to the travel distances between some venues, certain combinations of a home team
playing the next day an away game against some opponents are not allowed. Similarly, certain
combinations of a home team playing on the previous day away against some opponents are
not allowed. The number of forbidden pairs is as high as 52.

2) Most of the teams cannot play at home on certain days because their venues are in use for
some other events, e.g. concerts.

3) Some of the teams cannot play on certain days because they also play in the European
Champions Hockey League (CHL).

2 Optimizing the games based on spectators and traveling

Generating the League schedule is a long process to ensure satisfaction of League owners, team
owners, broadcast right holders, merchandisers and fans, while at the same time competing between
them for their preferences. The League continuously looks for improvements in its schedule format
and the schedule itself. We have continuously brainstormed to make improvements (see [5] and [6])
especially on two categories:

A. How to make a more interesting season for the broadcasting company, sponsors, and fans.
B. How to cut down the expenses of the teams.

The two main factors influencing these were stated in Section 2:

1) The number of special interest games.
2) The total traveling of the teams.
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How can we maximize the first and minimize the second? We started to brainstorm from a scenario
where the teams could play against each other based on interest. The most obvious way to measure the
interest is the number of spectators. Some games are of big interest while others are not.

The games between the big teams are almost always of interest. These teams also interest the fans
at smaller teams’ home venues. It is obviously pleasurable to win a game against them at home.
Furthermore, the games between some smaller teams are of interest, but only if they are local rivals.
Teams from eastern Finland do not seem to interest the clubs from other part of the country. For some
reason or another, there are one or two teams that do not generally interest other teams. In conclusion,
we should maximize the number of games with the highest expected number of spectators.

The teams travel 5700-14500 km per year. The longest single travel is 1350 km back and forth
between teams Kérpét and TPS. About 35% of the travels are more than 600 km and only 8 % under
200 km. The mean is about 500 km. Most teams make these travels by bus or train, so they need to
allow plenty of time for travel. The longest travels usually mean that teams stay overnight during the
travel or in the city where they are playing next. All this is exhausting and costs a lot of money. In
conclusion, we should minimize the number of games where the traveling distances are the longest.

For double round robin schedules, a balanced schedule is such that the two games between every
pair of teams occur in opposite venues. For multi round robin schedules, a common requirement is that
the schedule is both balanced and that for every pair of teams, the deviation between venues of games
for that pair be no more than 1. It is a common belief that only balanced sport schedules are fair. This
is most likely true, but there could be several reasons why the schedules are generated unbalanced,
such as extra local rival games, venue restrictions or capacities, traveling distances, and the length of
the season compared to the number of teams. For example, in the USA and Canada the traveling
distances are quite long, and almost all the major series schedules are unbalanced. As another example,
the Australian Football League has such a number of teams and rounds that is impossible to have a
balanced schedule.

As stated earlier, the scheduler should find the best possible schedule where colliding business
issues, attractiveness issues and fairness issues are all optimized. In case of the Finnish Major Ice
Hockey League, the business issue is the most important one. Therefore, the optimization task is as
follows:

1) Each team plays 30 times at home and 30 times away.

2) Each pair of teams must play at least once at home and once away (hard constraint).
3) The schedule must include at least twenty-four full 7-games rounds (hard constraint).
4) The maximum number of home games against the same team is four (hard constraint).
5) Maximize the total expected number of spectators (importance weight 2).

6) Minimize the total traveling (importance weight 1).

The optimization task now has two most likely competing goals: Maximize the number of games
with the highest expected number of spectators and minimize the number of games where the traveling
distances are the longest. To the best of our knowledge, this is the first time such an optimization
problem is introduced. We solved the problem using the PEASTP metaheuristic (see e.g. [8]). Table 1
shows the optimized number of times each team plays against each other. The optimization results
show that the effect of the difference is a 5% increase in the number of spectators, and a 10% decrease
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in traveling. This effect is significant. Note that the team pairs are not necessarily equally interesting to
each other, for example HIFK vs. HPK and JYP vs. SaiPa.

Table 1. The optimized number of times each team plays against each other.

H/A HIF HPK Ilv Juk JYP Kal Koo Kir Luk Pel Sai Spo Tap TPS Ass

HIF 0 1 1 1 1 1 4 4 1 3 4 1 3 4 1
HPK 3 0 4 2 1 1 1 1 2 4 2 1 4 3 1
Ilv 1 4 0 1 2 1 1 1 4 4 1 1 4 1 4
Juk 1 1 1 0 4 4 4 3 1 3 4 1 1 1 1
JYP 1 1 2 4 0 4 4 4 1 1 1 4 1 1 1
Kal 1 1 1 4 4 0 2 4 1 1 4 4 1 1 1
Koo 3 1 1 4 3 4 0 1 1 4 4 1 1 1 1
Kéir 4 1 1 1 4 4 1 0 4 1 1 4 1 1 2
Luk 1 4 4 1 1 1 1 1 0 1 1 4 2 4 4
Pel 4 4 1 4 1 1 4 1 1 0 4 1 2 1 1
Sai 1 1 1 4 4 4 4 2 1 4 0 1 1 1 1
Spo 1 1 4 1 2 2 1 4 4 1 1 0 1 3 4
Tap 4 4 4 1 1 1 1 1 1 1 1 2 0 4 4
TPS 4 4 1 1 1 1 1 2 4 1 1 1 4 0 4
Ass 1 2 4 1 1 1 1 1 4 1 1 4 4 4 0

3 The impact of the new format on the optimization factors

Section 1 presented the main criteria in generating the League schedule. The criteria were divided into
three categories:

e Four most important factors

e Three further important factors

e Several other goals and constraints considered.

We solved the two schedules using the PEASTP metaheuristic [8], which we have used to solve the
actual League schedule for the last fifteen years. Table 2 shows the average number of hard and soft
constraint violations of 36 test runs for the new and for the current format. The current schedule had
no hard constraint violations in any of the 36 runs. The new schedule included one hard constraint
violation in two of the runs. The difference in hard constraints was not significant, but it shows that the
new schedule is a bit harder to optimize.

It was somewhat surprising that all the local rival games landed on weekends in both formats. This
is especially surprising for the new schedule, since it includes 56 local rival games, which is 20 more
than in the current format. The number of violations for each of the soft constraints were about the
same for both schedules, except for the number of long travels, and the time between the games
between the same teams.

The traveling violations decreased from 21 to 12, which is nearly in line with the decreased number
of possible violations. There are 27 travels that are not allowed on consecutive calendar days. There
are 54 such games in the current schedule, and 36 in the new schedule. The current schedule is slightly
better in average, but these games can be effectively reduced by optimizing away tours for two or
three teams.

The biggest difference is in the goal of scheduling at least two weeks between the games between
the same teams. The number of violations in the new schedule is almost three times higher. However,
this is not so surprising, since the new format includes 69 team pairs which play eight times against
each other during the season. In summary, this is the “price” we should pay to maximize the total
expected number of spectators and to minimize the total traveling. In conclusion, the results showed a
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5% increase in the number of expected spectators, and a 10% decrease in traveling, without a loss in
overall quality.

Table 2. The average number of violations of 36 runs for the new and current format.

Criteria New Current
Hard constraints

- A team plays only one game per round 0 0

- A team cannot play at home in giving rounds (114 restrictions) 1/36 0

- A team cannot play at home on two consecutive calendar days 0 0

- Teams Tappara and Ilves cannot play at home in the same round  1/36 0

- At least twenty-four full 7-games rounds 0 0

Goals and soft constraints
- Minimize the number of breaks

- number of 4 breaks at home 0.2 0.0
- number of 4 breaks away 0.1 0.1
- number of 3 breaks at home 2.1 1.6
- number of 3 breaks away 7.8 7.5
- Minimize the number of long traveling 12 21
- Maximize the number of local rival games on weekends 7.5 6.0
- Maximize the number of games on requested weekdays 7.0 7.0
- Minimize the difference in the number of games played 13 12
- Minimize the rest difference 10 12
- At least 2 weeks between the games between the same teams 83 29
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Abstract

Valuable new insights can be obtained by combining tracking and event data in soccer anal-
ysis. However, how to synchronize the two data streams, is rarely discussed. Non systematic
errors in the timestamps, and synchronizing with cost functions result in suboptimal synchro-
nization, which hinders further analysis. Within this proceedings we will introduce a com-
putationally optimized implementation of the Needleman-Wunch algorithm, by using domain
knowledge about the game. The optimized version is over 70 times more efficient in terms of
time constraints and memory usage. On top of that, we show that the properly synchronized
approach translates back to practice with better performing xG models. Taken together, this im-
plementation is a training-free, high-quality synchronization algorithm, with low computational
cost that solves existing issues. On top of that, all data and code used for this proceedings is
fully open-sourced and available in the DataBallPy package.

1 Introduction

In computer and data sciences, merging multiple data sources is an invaluable skill. By combining data
streams, new dimensions of information are added to observations. When this is done right, the added
dimensionality can be used to find new patterns in the data. However, when merging different data sources
suboptimally, noise is added to the observations, leading to an unnecessary complex task to find valuable
patterns in the data. Hence, it is worth making an effort to properly merge multiple data streams together.

In the analysis of football (soccer) matches, the added benefit of combining the two main data sources
(event- and tracking data) is widely recognized. However, how this should be done is often not explicitly
described [, 2]]. Event data captures the type of action (e.g., pass or shot), which player is involved, and the
when and where of the action. Tracking data captures the location of all players and the ball over time at
25 frames per second [3]]. By merging them together, one knows, for example, when a striker takes a shot
(event data) and how the defenders and keeper are positioned at that moment in time (tracking data). This
information is essential for for numerous metrics, like Expected Goal models (xG) that predict the probability
of a shot resulting in a goal.



The Right Way to Synchronize Tracking and Event Data G.A. Oonk, D. Grob, and M. Kempe

The complexity of synchronizing event- and tracking data is multi-factorial. First, the event- and tracking
data are often captured by different data providers, resulting in unaligned timestamps in the provided data.
Second, event data is captured manually leading to random errors in the provided timestamps and event
locations. Last, there is no ground truth definition on when different types of events are happening. Passes
and shots can intuitively be assigned at the moment the ball is touched, but one-on-one dribbles often take
more than 0.04 seconds, the time of a single frame of the tracking data.

Some methods have been proposed to synchronize football tracking and event data. The most popular
method is to minimize a cost function for a specific event. The cost/scoring functions range in complexity
from simply minimizing the time difference in the provided timestamps in the event- and tracking data (which
are known to contain random errors), to event specific cost functions[4]]. However, the cost/scoring function
approach aligns every event to the tracking data independently of all other events. This results in mash up
of the event order in specific periods in the match, which is suboptimal. A different approach proposes to
use machine learning or learnable parameters to align the tracking and event data [5} 6]. Consequently, this
requires a significantly sized labeled dataset, which is difficult since no gold standard exists yet, and data
availability is scarce.

The use of the Needleman-Wunch algorithm (NWA) was proposed as a learning-free approach that keeps
the order of the events in place[7]. The algorithm uses scoring functions and aligns them to the tracking data
with knowledge about the alignment of other events (See section 2 for an elaborate explanation of the algo-
rithm). Therefore, this algorithm could solve the deficiencies of using a cost functions approach. However,
the main concern raised for the algorithm is its computational performance[4]. To use information about
the alignment of other events, the NWA computes scoring values for all event/frame combinations. Conse-
quently, the NWA scales bilinear while cost/scoring functions alone scales linear, increasing the computation
time tri-fold according to previous research.

In the current paper we aim to implement the Needleman-Wunch algorithm that is optimized to synchro-
nize tracking and event data by exploiting domain knowledge and information from the data. We will show
that the optimized implementation has an over 70-fold time reduction in processing time and used memory,
without information loss. Taken together, this implementation is a training-free, high-quality synchroniza-
tion algorithm, with low computational cost that solves the issue relating the order of the event. On top of
that, all data and code used for this paper is fully open-sourced and available[8]].

2 The Needleman-Wunch Algorithm

The NWA was originally developed in bioinformatics to align two amino-acid sequences[9]. Due to the
evolutionary process, amino acids could be added or removed from the sequences, making it difficult to
align them with the original sequence. The NWA was especially developed to find the optimal alignment,
given that insertions and deletions in the sequence are possible. To account for these mutations, the NWA
makes use of gap penalties: an alignment with a gap in a sequence is allowed, but it comes at a cost. These
gaps are useful in football data since not all tracking data frames are coupled with an event, but all events
must be coupled with a tracking data frame.

The algorithm starts by creating a function matrix F that is of shape M 4+ 1 by N+ 1 where M and N
are the number of elements in sequence x and y respectively. The first column and row are filled with the
cumulated gap penalties for the first and second sequence. From there, F' is dynamically filled based on
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formula 1.

F(i— 1,j— 1)+S(xi,yj)
F(i,j) =max{ F(i—1,j) — py ()
F(iaj_ 1) — DPx

Here, S is the scoring function and p, and p, are the penalties for inserting a gap in x and y respectively.
To keep track which of the three options was used in the formula, the pointer matrix P is filled simultaneously.
Eventually, this will be used as a map to trace back the optimal alignment between the two sequences. The
values in P can be represented as arrows. For instance, if the first option in formula 1 was the highest value,
the information was used from F (i — 1, j — 1) indicating a diagonal arrow (). This indicates that x; and y;
are matched. When creating a gap in x (leaving value in y; unmatched), a left arrow is added (+). Last, a top
arrow (1) is added when a gap is created in y (leaving x; unmatched). Finally, when P is filled, one can trace
back from bottom right to top left the optimal alignment between the sequences (for an example case see the
Appendix).

3 The Football Specific Needleman-Wunch

In football we do not have amino-acid sequences, but we have tracking and event data. The challenge is to
align an event to the right tracking data frame. To translate the above formula to this football context, we
need to redefine the variables. Let x be the tracking data of length M, and y the event data of length N. A
key contributor to the worse computational performance is the fact that the scoring function S needs to be
computed for all event/frame combinations. In the current section we explore two methods to decrease the
number of computations without loosing useful information for the synchronization.

3.1 Dead Ball Batching

Both the event and tracking data indicate when the game status shifts from in-play (alive) to out of play
(dead) or vica-versa. We can use this information to create smaller batches. For instance, the first sequence
starts at a kick-off and ends when a throw in is awarded. All frames and events that are within that sequence
are now, independent of all frames and events in the rest of the matches, synchronized in the NWA. If the
ball is dead 99 times a match, this approach will create 100 batches. Assuming that a match has 135000
frames (25 fps for 90 minutes) and 1200 events, the naive approach would result in 135000 * 1200 = 1.62¢8
computations. The dead ball batching approach results in 100 % (1350 % 12) = 1.62¢6 computations, which
is, not surprisingly, a 100-fold decrease.

3.2 Reducing Computational Load

Although batching already significantly reduces the computing cost, some some batches still represent se-
quences of over 5 minutes of play. These sequences now take up considerable amount of computational time.
Within the NWA, especially looping over the function matrix F' takes considerable time. Since this matrix is
filled dynamically, this process can not be vectorized. However, a matrix with the alignment scores based on
S can be vectorized. Assuming that all events should be aligned to a frame in the tracking data, we can make
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calculated estimations of which values in P will be accessed during the trace back in P. If only these values
are compute in F, the number of values that need to be filled in in F is reduced, and thus the computation
time and memory usage.

Consider filling matrix B of shape M by N with the scoring values returned from S. Instead of fully filling
F, a set of frames are considered based on idxy,,s and idx,,, for every event (y;) which can be obtained from
formulas 2 and 3. Two exceptions are the first event, where idxy,,; is always 1, and the last event where
idxenq 1s always N. Using this approach, we (1) make sure the arrows in P overlap so that there are no gaps
in P, and (2) that only the matrix is filled where we consider a likely possibility for a match between the
event and frame (B[i,:] > @), where « is the threshold the for which we consider a likely match between the
event and a tracking frame.

. N idxend(yi—l) -1
idtar (1) = min {min(where(B[:,y,-] >a)) @
idx.nq(y;) = max(where(B[:,y;] > a)) 3)

4 Experimental Setup and Results

Seven open-source matches from the German Bundesliga are used to validate this method[10]. Three meth-
ods are compared: (1) timestamp synchronization (a base cost function approach), (2) NWA, and (3) op-
timized NWA. To compare the computational cost of the approaches the execution time and peak memory
usage is compared. Since no ground truth labels exist, the distance between the ball in the tracking data
and the event location in the event data is used to assess the validity of the approach. In general, the both
NWA approaches show a lower difference between the event and ball location compared to the timestamp
approach. On top of that, the optimized NWA approach uses over 70 times less memory and computation
time compared with the non-optimized NWA approach (Table 2).

From the event data, only passes, shots, and dribbles were considered since they are most interesting
to synchronize to a specific tracking data frame. The scoring functions S are specific per event. They all
include information about the time difference between the tracking and event data, and the distance between
the ball and the event location. However, also event specific features are included, for instance, for shots the
shooting direction is included. All event specific scoring functions can be found in the open-source python
package DataBallPy (v0.6.0) and manually overwritten by users if they wish to do so[8]].

Timestamps NWA Optimized NWA

Peak Memory Usage (MiB) 2262.26 5012.43 49.32
Computational Time (s) 1.26 112.19 1.36
Distance (m) 9.50+-8.09 2.36+-2.33 2.56 +-3.24

Table 1: The performance of the different algorithms to synchronize the tracking and event data of a single
game. All values are averaged over the seven games (+- standard deviation).
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S Importance of Proper Synchronization

To showcase the importance of proper data synchronization, we will train two Expected Goals (xG) models.
Both models will be trained on three features: the distance to the goal, the shot angle, and the available shot
angle based on earlier research (Figure 1) [11]. All these three features have been shown to be important
predictors of whether a shot results in a goal. The model itself is a logistic regression and the features were
scaled using a standard scaler. To create a more stable dataset, only shots in active play and by foot were
considered. So free-kicks and headers were excluded. The xG models were trained on a different dataset
consisting of 6638 shots. The only difference between the two models is that one was trained on the frames
of the timestamp synchronization, and the other of the optimized NWA synchronization.

In general, the two metrics perform equal in discriminating between misses and goals, depicted by similar
scores in the ROC AUC score (Table 3). However, from the Brier Score we can conclude that the calibration
of the predicted probabilities, or how close the predicted probabilities are to the true labels, is a lot better
for the model trained on the NWA synchronized data compared to the timestamp synchronized data. Since
the main goal of xG models is to assign a probability of a shot resulting in a goal, the Brier Score is a more
important evaluation metric for this context[[12]].

~ Attacker
W Defender

'Gmlkanpar

A Sshotangle
A Available angle

Figure 1: Graphical representation of the shot angle and the available shot angle used for training the xG
models

The coefficients of the logistic regression show that for the model trained in the NWA synchronized data,
besides the distance and shot angle, also the available shot angle is used (Table 4). The available shot angle
is especially dependent on a proper synchronization. The absolute coefficient weight of the available angle
is a lot lower for the model trained on the timestamp synchronized data, but also the direction is off. One
would expect that a greater available shot angle would result in a greater probability to score, but this is not
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Timestamps xG ~ Optimized NWA xG
Brier Score 0.096 0.082
ROC AUC 0.722 0.729

Table 2: The performance of the different xG models. For the Brier Score, lower values represent a better
prediction. For ROC AUC, higher values represent a better prediction

the case for the model trained on the timestamp synchronized data.

Timestamps xG ~ Optimized NWA xG

Goal Distance -0.85 -0.61
Shot Angle 0.84 0.31
Available Shot Angle -0.02 0.09

Table 3: The model coefficients of the xG models trained on differently synchronised data.

6 Limitations and Future Directions

The current approach has some downsides, which mostly relates to faulty event or tracking data. The dead
ball batching relies on information on whether the ball is in play or not. If this information is not, or
incorrectly, given by data providers, events can be synchronized in the wrong batch, leading to a faulty
synchronization. This is only a problem with datasets where the non-standard error is big (> +- 5 seconds).
For smaller errors events are generally inserted in the correct batch. To handle this issue, one could try to
synchronize the edge events (e.g. at the beginning or start of a batch) to multiple batches and see where the
result of the scoring function § is the highest. Second, because we do not fully fill the pointer matrix P,
the algorithm can get stuck. However, in practice this only happens when an event is wrongly labeled, for
instance when a pass is labeled to the wrong player. This approach actually detects these wrongly labeled
events which makes it possible to manually get them out of the data, or re-assign them to the correct player.

7 Conclusion

The current study showed that utilizing domain knowledge can increase performance of algorithms by over
70 times in both memory and time constraints. By optimizing the Needleman-Wunch algorithm for synchro-
nizing soccer tracking and event data, making concessions by using only the timestamps or cost functions is
not necessary anymore. Especially since all the code is open sourced (DataBallPy). Using the proper syn-
chronization translated back to a better performing xG model. With this proceedings, we hope to highlight
the importance of proper synchronization, and open the discussion to feasible approaches to do so.
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A Appendix
A.1 Simple Needleman-Wunsch Example

Let us consider two sequences: x = ABCD and y = ABD. For simplicity, lets say that p, = p, = 1 and

1 if x; =
S(xi,yi) = 1 ?]l . By filling in F and simultaneously P by using Formula 1, the optimal path can
—1 otherwise

be obtained by walking back through P from bottom right to top left (Table 1). The NWA rightfully matches
the A’s, B’s, and D’s (indicated by the diagonal arrow), and a gap in y (indicated by the horizontal arrow).

A B C D A B C D

o -1 2 3 4 N & &+ o«

A -1 1 0 -1 -2 AT N« « «
B -2 -2 2 1 0 B T 1T XN +« «
D 3 3 1 1 2 D 1t 1T 1T N XN
(a) Example Function Matrix F (b) Example Pointer Matrix P

Table 4: Example Function (a) and Pointer Matrix (b)
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Abstract

Now that the College Football Playoff (CFP) has increased the number of invited teams from
four to twelve, this article will compare how well the original model’s weights performed in
the first year of this expanded championship (2024). This article also includes the performance
of newly generated sets of weights using the updated criterion of attempting to match this
significantly larger group that the CFP committee now selects (as its dozen championship
playoff participants).

1 Introduction

Even though the National Collegiate Athletic Association (NCAA) has attempted to decrease the
controversy regarding which teams will compete for its yearly, college football championship by
deciding to invite an additional eight teams, starting with this past year (2024), the fans will probably
now clamor for even more teams/playoff games because there will always be (in some fans’ minds)
certain injustices concerning some small number of teams being unfairly excluded from this opportunity
to be crowned as the best team (at the conclusion of that season). Thankfully, this article will not be
concerned with if twelve is the most appropriate number of teams to be invited to have an opportunity
to earn this recognition, or, if the best twelve teams were actually invited (by the CFP selection
committee).

After briefly reviewing the basic approach of the Improved Linear Model (ILM), and how well it
has performed prior to these eight additional teams being invited to compete, the scope of this particular
methodology will be widened to work with the larger number of invited teams. Several new sets of
weights for this model will be generated and how well these — and the original set of — weights
performed in 2024 will be presented.

2 Background

As mentioned in Trono (2020), the power rating system described by Carroll, Palmer and Thorn (1988)
is an iterative process that determines a reasonable strength of schedule (SOS) value, that converges to
an intuitively accurate set of SOS values for the teams — and season — in question. A team’s power
rating is the sum of the OD and SOS computed values, where OD represents the average, overall
difference between the number of points a team scored minus the number of points that their defense
allowed.

It was also noted in Trono (2020) that the power rating system matched 16 of the 24 teams chosen
by the CFP committee, from 2014-2019, when using the full margin of victory (MOV). If the set of
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game scores was modified so that only wins and losses mattered, i. e. setting the MOV to be at most
one point, then the power rating system, when excluding MOV (which will now be referred to as no-
MOYV), matched a somewhat different collection of 20 (of the 24 teams chosen). This strong affinity
between those two sets of power ratings and the CFP committee’s selections led to the investigation of
a linear model incorporating these two team ratings as well as each team’s number of losses.

Using the first four years (2014-2017) as the training data set, one million sets, of three random
weights — in the range zero to one, were generated. From these preliminary results, modifications were
made to this initial linear model which simply adds the product of those two power ratings and the first
two random weights, and then subtracts from that sum the product of the losses for that team by the
third random weight. The first modification was to increase the range of these of random weights for
the no-MOV power rating since there is much less variation in those values than the power ratings
produced from using the actual scores. With this in mind, the random weight that would be multiplied
by the power rating using the full MOV remained in the zero to one range; however, the randomly
generated weight for the no-MOYV rating value was multiplied by one hundred, and the penalty for each
loss was also multiplied by ten. These small changes increased the number of very accurate random
weight trios by almost a factor of 500. (More specifically: the number of original weight sets (11) that
matched 14 of the 16 top four teams in the training data set was significantly increased (5119) when the
subsequent one million weight sets were evaluated.)

The other modification was to separate both of the team’s power ratings into their constituent
components (OD and SOS), thereby increasing the weight set size from three to five: two weights for
each rating — and the team loss penalty weight. Incorporating these two modifications produced what is
now referred to as the Improved Linear Model (ILM), and working with the same training data set,
another million random weight sets were generated again and the most accurate ones correctly matched
14 of the 16 teams chosen by the CFP committee as well as matching the exact position (anywhere in
the range from the #1 team to the #4 team) 9 times. (Those positions are very important since the #4
teams plays the #1 team in one semi-final contest, leaving team #3 to play team #2 in the other semi-
final.)

Since there were roughly 40 sets (of these five weights) that produced this level of performance, the
weights which also generated the highest, overall Spearman Correlation Coefficient (SCC) with the
committee’s ranking of the top 25 teams (for the training data) was the set chosen. There was also one
weight set (in the million that were generated) that had 10 exact matches, though only 13 of the 16 top
four invited teams were matched (from 2014-2017). However, the SCC for the top 25 teams (SCC-25)
was significantly lower for this set of weights (0.77288) than the one for 9 exact matches, and 14 of the
16 top four teams (0.83923), which is also why that latter set of weights was chosen. (These two
quantities will now be notated as 10,13 and 14,16.) In the two years after the training set, i. e. 2018 and
2019, the 10,13 weights only had one exact match each year as well as matching only three of the top
four in both, i. e. 12,19 in total, whereas, the chosen weight set matched all eight teams (six exactly),
bringing its overall performance to 15,22 over the CFP’s first six years. (For just 2018 and 2019: 10,13
-2 2,6; 9,14 = 6,8. In fact, the 9,14 weights also matched the top eight teams exactly in 2018 — which
is the first year after the training data set: 2014-2017.)

Because of the very restrictive, athletic scheduling policies that were being enforced during COVID,
2020 will not be included in any analysis in this report since there were not many games played between
teams in different conferences, which would definitely impact any computed power ratings. However,
in those other first nine years of the CFP, the ILM has exactly matched the position for 18 of the 36
teams, and 33 correct matches overall. (Excluding the first four years of training would result in the
performance level of 9,18 for those 20 teams who appeared in the committee’s top four teams from
2018-19 and 2021-2023.)
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By retrospectively examining how the original ILM weights performed with regards to the
committee’s top twelve teams, in those nine years, its performance level was 31,96 (for those 108
invited teams). This also assumes that these rankings — as generated by the CFP selection committee —
would not be any different regardless if four, or twelve, teams were being invited to compete in the
CFP. The question then was: would it be possible to randomly generate other sets of weights that might
perform better than these original ILM weights in subsequent years?

3 New Weights for Matching the CFP Committee’s Top Twelve

Unlike the original ILM, that was described in Trono (2020), the results that were produced, during the
Monte Carlo generation of the much larger number of set (roughly 15 billion) of these five random
weights, to attempt to match the CFP committee’s top twelve teams (over nine years), had several
interesting criteria to consider when deciding which set of weights were the most accurate. After
examining this newly generated, larger collection of weight sets, there were quite a few sets that
matched 100 of the 108 teams that appeared in the top twelve positions over the nine years in question
(2014-2023; excluding 2020 — due to COVID scheduling related anomalies). The number of exact
matches in these instances ranged from 29 up to 33 (for those specific weight sets). However, many sets
of weights had 99 matches and also matched 38 of the top twelve teams selected exactly. A significantly
larger group matched 41 teams exactly, but only matched 96 of the 108 top twelve teams. Those latter
two weight set results sum to 137 in all (38 + 99 = 41 + 96) when combining those two counts; 138 is
the largest such combination found — with 40 exact matches and 98 matches overall. (The weight sets
with the highest SCC-25 values would also be chosen in these cases, when more than one set of a certain
performance level was generated.)

Any weight set with five more exact matches, and one fewer overall match (than the set it is being
compared against), appears to be somewhat better; therefore, the conjecture is that 38,99 could be more
likely to generate a more accurate ranking than the weight set that produced the 33,100 level of
performance — if only one weight set had to be selected/used. With regards to the two other weight sets,
the previous study by Trono (2020), using only those four years (2014-17) of training data, seemed to
imply that overfitting to realize the largest number of exact matches could lessen the overall weight
performance as seen in 2018 & 2019 with regards to the 10,13 versus 9,14 example (as mentioned
previously). Therefore, it seems wise to still favor the chosen weight set that produced 38,99'- over the
ones yielding 41,96 and 40,98 — to possibly avoid the same behavior. Including the original ILM
weights, that brings our total to five different weight sets to evaluate the 2024 season with.

Besides using the SCC-25 value, to select one set, from amongst the many sets of weights producing
the same matching performance, it would also be interesting to evaluate the weight set that actually
achieved the highest SCC-25 value over the nine years of training data as well. (The name SCC will be
associated with this weight set in subsequent tables.) Also, since the previous study, Trono (2020), only
investigated matching the top four teams that were deemed worthy of being invited (by the CFP
committee), a new formula was devised to provide another objective, quantitative measure to maximize
a weight set’s performance — besides the number of exact and overall matches in the top twelve CFP
selections. This formula assigns a rewarded point value for each rank; the closer the prediction is to the
CFP rank, the larger the portion of this point value that will be earned. In this formula, it seemed more
important to match the higher rank teams, and so exactly matching the CFP #1 team would be worth

! There were two weight sets that produced the same SCC-25 value, so those five pairs of weights were
averaged, and this new set generated the identical yearly SCC-25 values as well as matching the same results:
38,99.
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100 points whereas exactly matching the #12 would only be worth 34 points. The values in the second
row of Table 1 below decrease in a linear fashion, starting with subtracting eleven and then ten — all the
way down to a one point difference between the full reward for matching the teams ranked eleventh
and twelfth (by the CFP committee).

The value earned per rank would be reduced by the square of the difference between the weight set’s
prediction and the actual CFP rank, and this strategy will be referred to as F_Sqr. The other strategy,
F_*, will reduce the value earned as well — but in this case, the reduction is multiplicative in nature; for
each position that the prediction is further away from the actual CFP rank, the point value reduction is
another 10%. So, for example, if the prediction for the team ranked as the fourth team is off by three,
the value awarded for the prediction produces an award of 61 points (70 — 9) when applying the F_Sqr
approach, whereas F_* would reduce the award by 30% yielding 49 points (70 * 0.7). The bottom two
rows in Table 1 illustrate the reduction that would occur for the differences appearing in the top row in
said table. These two measures can also be used as a criterion for choosing a weight set and so F_Sqr
and F_* will be used both as the name for an evaluation measurement as well as the name of the weight
set that maximized that quantity for all generated weight sets.

Table 1 — Point and update values, with regards to how close a set of weights is (to CFP top twelve).

1 2 3 4 5 6 7 8 9 10 11 12

Value | 100 89 79 70 62 55 49 44 40 37 35 34
F Sqr -1 -4 -9 -16 | 25 | 36 | 49 | -64 | -81 | -100 | -121 | -144
F * 0.1 0.2 0.3 04 | 05 06 | 0.7 0.8 0.9 1.0 1.0 1.0

How well all eight models performed (in 2024) appears in Table 2 It was a little surprising that the
original ILM weight set achieved the highest SCC-25 value. It seems like the weights associated with
the 38,99 model had the best results since it was the only one to have eleven teams in its top twelve
along with three exact matches. This 38,99 model had an only slightly smaller SCC-25 value (than the
original ILM) as well as it also being associated with the highest F Sqr, F_* and SCC-12 values (of the
eight models, which is not so surprising given its strong performance in 2024). The Appendix includes
several other tables — one of which provides the yearly breakdowns (2014-2023) for all eight mentioned
weight sets with regards to the aforementioned performance measures.

Table 2 — Actual results for the 2024 NCAA season.

2024 Orig 33,100 38,99 40,98 41,96 SCC F Sqr F *
Results 1,11 1,10 3,11 2,11 1,10 2,10 2,10 2,10
SCC-25 .8796 8231 .8738 .8642 .8565 .8262 .8273 .8304
F Sqr 587 588 619 586 582 576 591 591

F * 555.0 525.1 553.9 530.7 524.6 559.0 563.8 563.8
SCC-12 .6259 .6294 7663 .6538 .6399 .5874 .6399 .6399
SCC-4 -0.1 -0.1 -1.8 -1.6 -1.4 0.0 0.0 0.0

When comparing these model’s rankings, a curious observation was that in all eight, the CFP
committee’s #4 team (Penn State) and #10 team (SMU) always appeared as the 7% and 8" rated team
for each model. (Oregon was the CFP committee’s #1 team and they were also ranked #1 by all eight
models as well.) The columns in Table 3 are abbreviated so that all eight models would fit, and so only
the number of exact matches is listed there as opposed to how those models’ names appear in Table 2.
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The sum of all eight rankings is also listed as well as the position that said sum would place each team
in an overall ranking (of all models).

Table 3 — Lists the integer, positional ranks for the eight models and a cumulative, overall ranking.

CFP Team Orig | 33 | 38 40 41 SCC | F Sgr | F * | Sum | Rank
1 Oregon 1 1 1 1 1 1 1 1 8 1
2 Georgia 3 3 5 6 6 2 2 2 29 3
3 Texas 4 4 3 4 4 4 4 4 31 4
4 Penn State 7 7 7 7 7 7 7 7 56 7
5 Notre Dame 2 2 2 2 2 3 3 3 19 2
6 Ohio State 5 5 4 3 3 5 5 5 35 5
7 Tennessee 15 | 13 11 11 11 14 13 13 | 101 13
8 Indiana 6 6 6 5 5 6 6 6 46 6
9 Boise St 11 15 14 14 14 15 15 15 | 113 14
10 SMU 8 8 8 8 8 8 8 8 64 8
11 Alabama 12 9 9 10 9 10 9 9 77 9
12 Arizona St 9 11 12 12 13 9 10 10 86 10
13 Miami(F) 10 | 12 | 10 9 10 12 12 12 87 11
14 Mississippi 18 | 17 | 16 16 15 18 17 17 | 134 17
15 | South Carolina | 13 10 | 13 13 12 11 11 11 94 12
16 Clemson 16 | 16 | 17 17 17 16 16 16 | 131 16
17 BYU 14 | 14 | 15 15 16 13 14 14 | 115 15
18 Iowa St 17 | 18 | 18 18 18 17 18 18 | 142 18

4 Miscellaneous

Even though individual desktop computers are faster now than when the one million Monte Carlo
weight sets were generated back in 2020, generating 15 billion sets would tie up a computer for quite
some time. Therefore, there were essentially 15 executions of the program, each one generating one
billion sets. Each run of this program would produce too much output if each set of weight’s results
were placed into a file, so only those matching the highest number of exact or total matches — or the
highest total of those two values, or, the highest SCC value that had been found so far — were saved.
The lowest SCC value typically appears as the first output value in these files, as computed from the
first set of randomly generated weights, and only one such weight set had a SCC-25 value that was less
than zero (-0.4850), and even that set matched 81 of the 108 invited teams in the nine years of training
data — along with thirteen exact matches. (Due to the six page limit, for papers in this conference’s
proceedings, an additional eight tables are included in an expanded appendix that will eventually appear
in an online version of this article, though you may have to read some of the content on the ILM
webpage - that is located at https://www.smcvt.edu/directory/john-trono/improved-linear-model/ - to
find a link to that version, which will hopefully appear online there later in 2025.) In retrospect, with
regards to matching the top twelve ranked teams by the CFP committee (for the 9 years of training
data), the MOV power rating values performed at the 12,83 level (12 exact matches and 83 overall
matches); the no-MOV was demonstrably more accurate (28,91). As one would hope, since it is a
combination of both components in these two rating values, the original ILM weight set did exhibit an
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improvement over those results (31,96), and in 2024, MOV achieved an 0,9 outcome, no-MOV
achieved 1,11 — and the latter was also the same level of performance as the original ILM.

5 Summary

Seven new sets, of five weights each, have been uncovered via a Monte Carlo evaluation process, and
how accurate they were in 2024 has been compared with the original ILM set of weights. Several new
objective measures have been introduced, for evaluation purposes; however, the number of (exact and)
overall matches between a model’s prediction and the CFP committee’s ranking is still the objective to
be maximized. At least for 2024, it appears that the aforementioned conjecture that the 38,99 model
would be the most accurate model was confirmed, and it will be interesting to see if such behavior
continues over the coming years with regards to this committee-based, invitation process.

Appendix

Please remember that for Table 5 below, the original ILM was only trained on four years of data (2014-
2017); all seven other models appearing (in the column headings) were trained on all 9 years.

Table 4 — Five significant digits for each of the eight models’ five weights.

Orig 33,100 38,99 40,98 41.96 SCC F Sqr F *
OD .30913 39373 70289 | .40242 .88582 28330 .30983 .33398
SOS .83785 .98945 98127 | .46362 91212 94684 .85494 | .95948
oD’ 85.995 | 40.499 | 53.145 19.448 | 32.798 | 63.137 | 41.983 52.089
SOs’ 49.288 | 23.542 | 23.973 15.300 | 33.371 30.693 14.301 19.934
Losses 44386 | 2.5212 70209 | 2.1111 4.8128 .07248 22124 | .09605
Table 5 — Results matching the CFP committee’s top twelve teams: exact, overall.

Orig 33,100 38,99 40,98 41,96 SCC F Sqr F *

2014 4,11 2,10 4,10 4,10 4,10 3,11 2,10 2,10
2015 5,9 4,11 3,11 4,11 5,11 3,10 2,11 3,11
2016 3,11 2,11 2,11 3.11 3,11 3,11 2,11 2,11
2017 2,11 3,11 3,11 4,11 5,11 1,11 1,11 2,11
2018 8,10 7,11 7,11 8,11 7,11 6,10 6,10 6,10
2019 2,10 5,11 6,10 5,10 6,9 5,11 5,11 5,11
2021 3,10 4,11 5,11 4,11 3,11 1,10 4,11 4,11
2022 3,12 5,12 5,12 5,12 4,11 4,11 7,12 7,12
2023 1,12 1,10 3,12 3,11 4,11 2,12 1,12 1,12
Totals 31,96 33,100 38,99 40,98 41,96 28,96 30,99 32,99
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Abstract

With an average football (soccer) match recording over 3,000 on-ball events, effective use
of this event data is essential for practitioners at football clubs to obtain meaningful insights.
Models can extract more information from this data, and explainable methods can make them
more accessible to practitioners. The Expected Threat model has been praised for its explain-
ability and offers an accessible option. However, selecting the grid size is a challenging key
design choice that has to be made when applying the Expected Threat model. Using a finer grid
leads to a more flexible model that can better distinguish between different situations, but the
accuracy of the estimates deteriorates with a more flexible model. Consequently, practitioners
face challenges in balancing the trade-off between model flexibility and model accuracy. In this
study, the Expected Threat model is analyzed from a theoretical perspective and simulations are
performed based on the Markov chain of the model to examine its behavior in practice. Our
theoretical results establish an upper bound on the error of the Expected Threat model for dif-
ferent flexibilities. Based on the simulations, a more accurate characterization of the model’s
error is provided, improving over the theoretical bound. Finally, these insights are converted
into a practical rule of thumb to help practitioners choose the right balance between the model
flexibility and the desired accuracy of the Expected Threat model.

1 Introduction

An average football (soccer) match contains around 3,000 on-ball events [[1]]. This data can provide new
meaningful insights for football clubs. It can, for instance, be used to study players for scouting or opponent
analysis. This can help practitioners make better informed decisions. Mathematical models can be used to
extract more complex information from these on-ball events [2], which can give football clubs an advantage
over the competition.

However, advanced mathematical models introduced by researchers might not be adaptable or practical
enough for coaches and teams [3]. It is important to have models that can be explained in such a way
that they can be understood by practitioners and utilized in practice [3]. To achieve this, models to distill
information from the in-game data should also be assessed on how explainable and interpretable they are [4]].
This means that explainable models are of added value because they offer an accessible option to retrieve
complex information from in-game data.
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The Expected Threat [5. 6] model quantifies the quality of an action, which gives detailed information
about offensive player quality, and it is praised for its interpretability [[7]]. Nonetheless, practitioners still face
one key design choice when applying the Expected Threat model. The Expected Threat model estimates the
probability of scoring, and to do this, it divides the pitch into different in-game states. The number of in-game
states, M, describes the model flexibility and can be chosen. A model with more game states can distinguish
between more situations [8]. On the other hand, more states decrease the accuracy of the Expected Threat
model because more probabilities are estimated with the same amount of data. Increasing the amount of data
is often infeasible in practice, because of the additional costs. This trade-off between model flexibility and
accuracy hinders the application of the otherwise accessible Expected Threat model in practice. The aim of
this study is to provide a rule of thumb for practitioners to manage the trade-off between model flexibility
and accuracy of the Expected Threat model.

2 Expected Threat

The Expected Threat model [5 6] considers football as a Markov chain and is based on the idea that good
actions increase the probability of scoring a goal within the possession chain. The pitch is divided into M
squares, and the state of the game is defined as the square where the ball-possessing player is. For each state
s, the model then calculates the probability of scoring, denoted by x7'(s). The quality of an action is defined
as the difference before and after the action: AxT (Svefore, Safter) = X7 (Safter) — X7 (Sbefore )-

When a player has ball possession, there are two ways to score a goal: either directly score a goal or move
the ball to another state with a dribble or pass and score from there. To score a goal, the player has to decide
to shoot, and the player has to score the shot. If the current game state is denoted as s, the probability of this
happening is P(shot|s) - P(goal|shot,s). Because P(goal|shot,s) is the quantity described by Expected Goal
(xG) models, this can also be denoted as P(shot|s) - xG(s). If the player decides not to shoot, a goal can be
scored by moving the ball to each other game state s’ and scoring from there. The probability of scoring via
the game state s’ can be written as T;_,¢ - xT'(s"), where T;_.¢ is the probability of transitioning from s to s’.
This means that the probability of scoring from game state s is

xT (s) = P(shot|s) -xG(s) + Y T,y -xT(s). (1)

In practice, the values of P(shot|s), xG(s), and T;_,¢ are estimated by counting the occurrences of these
events in the data set. When these are estimated, the only unknowns in (] are the values x7'(s). Because (1))
holds for each state s, it gives a system of equations, which is generally solved using an iterative algorithm.
In this way, the probability of scoring from state s is estimated.

Due to randomness in the training data, errors are made in the estimation of P(shot|s), xG(s), and T;_,y.
These estimation errors cause errors in the estimated x7-values. For practitioners, it is important to have a
bound on these errors. The model error in this study is defined as the maximal difference between the true
and the estimated xT-values, denoted by |[xT — xT|... The distribution of this error depends on the number
of training points N and the number of game states M and can be used to describe the trade-off between
model flexibility, described by M, and model accuracy.

Using the properties of the Expected Threat model, it is possible to derive probabilistic bounds on the
error of the model. For this purpose, the transition matrix is the matrix with the transition probabilities 7;_. ¢
as entries. A summary of our theoretical results is described in the following theorem.
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Theorem 1. Let g € RM be defined by g, = P(shot|s) -xG(s) and let T be the transition matrix. Assume that
IT || < 1 and that for the estimated transition matrix ||T || < 1. Moreover; assume that the estimates of the
quantities in the Expected Threat model are obtained by taking averages of N independent Bernoulli random
variables. Then the following bounds hold with probability at least 1 — o:

— 1 log(2M? ] at) \/log(ZM/oc) 2 log(2M? /o)
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More specifically, the term M corresponds to the error in estimating T and \/ ==55"— to the

error in estimating g.

This theorem shows that the error in estimating the xT-values is of the order O(M+/log(M)/+/N). How-
ever, the results also suggest that, in practice, implemented models might fall under a finite sample regime
where the error in g is still larger, and where a faster decay of the error can be observed.

3 Methods

To find the error distribution of the Expected Threat model in practice, simulations were performed based
on the Markov chain underlying the model. The data used for this simulation study is obtained from the
openly available Statsbomb data set [9]. All available games from the Premier League, Ligue 1, Serie A, La
Liga, and the Bundesliga were used. The events that did not describe passes, dribbles, errors, clearances, or
shots were filtered out. This resulted in a data set of approximately 4,000,000 events, which is equivalent to
around 6.5 full seasons of one league.

In this research, the maximal model error was studied for Expected Threat models with different dis-
cretization grids, and thus for different flexibilities M, which are described in For each grid size M,
one Expected Threat model was calculated with the Statsbomb data. These models were assumed to be the
ground truth for elite male leagues within the scope of this study. Because the data set is relatively large, this
is a reasonable assumption.

Each of these ground truth models describes a Markov chain, which can be used to resample a new data
set. For each ground truth model, new data sets of different sizes N were resampled, which were then used
to train resampled Expected Threat models. The model error was then obtained by calculating the maximal
absolute difference between the ground truth x7'-values and the x7'-values based on the resampled data. This
process was repeated 1,000 times for each combination of M and N as described in This created
48,000 data points describing the model error, the grid size M and the number of data points N.

The goal of this research is to obtain more insight into the trade-off between the model flexibility gov-
erned by M and the model accuracy, described by the model error. Because situations with Mlog(M)/+/N >
15 resulted in errors too large for practice, these were filtered out. This makes it possible to study the
distribution of the errors in this setting, which is interesting for practitioners

Using the simulated data, the distribution of the maximal model error could be studied. To do this, the
following lognormal model was assumed to describe the maximal model error:

T =Tl = O e¢ where £ ~ N(0,6?) 3)
TOWNET o
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ne ny M=ny-ny N
16 12 192 100,000
32 24 768 130,000
40 30 1200 170,000
48 36 1728 240,000
56 42 2352 370,000
64 48 3072 630,000
1,300,000
4,000,000

Table 1: Grid configurations with corresponding M values and the sample
sizes N of the simulations.

The model error, which is a maximal absolute difference, is known to be positive. Additionally, the theo-
retical results indicated that both the mean and spread of the error are small if M is small and N is large.
This makes the lognormal model a reasonable assumption. Moreover, this model describes the powers of the
variables M and N, which are unknown because the theoretical results only gave an upper bound.

If ¢ = log(C), @) is equivalent with

10g(||xT — xT||-) = ¢ + alog(M) — Blog(vV/N) + ¢,

where € ~ N(0,62). 4)

This formulation gives a linear model with normal residuals. Therefore, ordinary least squares (OLS) can be

applied to estimate ¢, &, B, and o2.

4 Results
Dep. Variable: ||xAT —xT|l» R-squared: 0.835
Model: OLS Adj. R-squared: 0.835
No. Observations: 23000 Log-Likelihood: -9297.8
Df Residuals: 22997 AIC: 1.860e+04
Df Model: 2 BIC: 1.863e+04
coef  stderr t P> |t| [0.025 0.975]
c -1.8758  0.026  -72.138 0.000 -1.927 -1.825
[0 0.9898  0.003 330.569 0.000 0.984 0.996
B 1.0416  0.004 238.837 0.000 1.033 1.050

Variance residuals 0.1314

Table 2: Summary of the OLS model fitted on the log
maximal model error for the data points with

Mlog(M)/v/N < 15.
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Figure 1: A QQ plot of the residuals of the

fitted OLS model.
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The summary of the ordinary least squares applied to (4) is given in It shows that the adjusted
R? is 0.835, which indicates that the model is able to explain most variance of the errors with M and N.
Additionally, shows the QQ plot of the residuals of the lognormal OLS model. It is visible that the
residuals indeed seem to be well-described by the lognormal OLS model. Thus, it can be concluded that
the model in (@) provides a good description of the distribution of the maximal error of the Expected Threat
model. With the found values for «, 8 and 02, the distribution of the model can be described by

210-9898
—1.8758W68’ where € ~ N(0,0.1314). (&)

The values found for @ and 3 are close to 1, although significantly different according to the confidence
intervals in [Table 2| This means that the maximal error of the model is of order O(M%3% /(1/N)!-0416),
which indicates that the error, in practice, is of a lower order than established by the theoretical results.

|xT =T || = €

5 Rule of thumb

With the distribution of the model error, it is possible to give guidance to practitioners on how to use the
Expected Threat model. If they have an existing model, the distribution of the error in (3)) can be used to
describe the distribution of the error of their model. For example, consider the Expected Threat model by
Singh [[6], which has a 16 x 12 grid and one season of the Premier League as training data. This corresponds
to M = 16-12 = 192 game states and roughly N = 620,000 training data points. In the experience of
consulted experts, errors smaller than 0.03 are acceptable for scouting purposes. The distribution of the
maximal error of this model is visualized in[Figure 2] It indicates that there is a 62.09% chance of having an
error that is lower than 0.03. This means that there is a reasonable chance of this model having an acceptable
error.

T
| = Pdf of maximal model error 0.10 —8— 90% Quantile
== Maximal acceptable error (0.03) ) —&— 75% Quantile

—8— 50% Quantile
25% Quantile
10% Quantile
——- Maximal acceptable error (0.03)

40 1 I
1
Probability of

acceptable efror:
0.6209

w
=]
I
e
o
@

e
o
=3

]
o
L

0.04 1

Probability density
Maximal model error

=
o
L

0.02 1

0.00 +

T T T T
100 200 300 400

T T T T
0.00 0.02 0.04 0.06 0.08 Grid size (M)

Maximal model error

Figure 3: The quantiles of the maximal model error
of an Expected Threat model with N = 2,480,000
training data points for different grid sizes M.

Figure 2: The distribution of the maximal model
error of the Expected Threat model in [6]], where
M =192 and N = 620,000.
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When training a new model, the number of game states M has to be chosen. It is desirable to have a low
model error with a high probability. On the other hand, a more flexible model can better distinguish between
in-game situations. To balance this trade-off, a reasonable idea would be to choose the most flexible model
with an acceptable statistical error. Through consultation with experts, it was established that the Expected
Threat model is sufficiently reliable for scouting purposes when the maximal model error is smaller than 0.03
with a 90% probability. This can be reformulated as the following rule of thumb: select the most flexible
model (highest M) such that the maximal model error is smaller than 0.03 with a 90% probability.

To illustrate this rule of thumb, suppose a practitioner wants to train an Expected Threat model on a
data set of 2,480,000 data points. This corresponds to data of 4 league seasons. |[Figure 3| shows different
quantiles of the error for values of M for this number of data points N based on (3)). The results show that
the maximal M with a 90% quantile smaller than 0.03 is M = 130, which corresponds to a 13 x 10 grid.
This means that the rule of thumb gives that a 13 x 10 grid yields the most flexible model with an acceptable
model error. In this way, the rule of thumb provides guidance to practitioners on how to deal with the trade-
off between model flexibility and accuracy, which makes the accessible Expected Threat model even more
easily applicable for practitioners.
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Abstract

Mental and cognitive attributes are pivotal in sports, often shaping competitive success. This
paper builds on Your Offence and Defence Analysis (YODA), an established football psycho-
metric framework, proposing its methodical extension to multiple sports. We detail an approach
utilizing Large Language Models (LLMs) as an assistive technology to adapt YODA’s football-
centric scenarios for new sporting contexts, piloted with cricket. This LL.M-assisted adaptation
shows the need to be critically guided by an expert validation protocol to ensure psychometric
integrity and contextual authenticity. The YODA framework, which maps player responses in
simulated scenarios to primary traits and sub-traits, remains the core engine. This work outlines
the adaptation pathway, emphasizing how YODA'’s foundational strengths can be broadened
across diverse athletic domains. While this paper focuses on scenario adaptation, with auto-
mated scoring as future work, it envisions Multisport YODA not only accelerating mental per-
formance analytics but also contributing to the development of more specialized, domain-aware
Al, such as Sports-Specific Language Models.

1 Introduction

The evolving landscape of sports performance analytics increasingly acknowledges the impact of cognitive
and psychological factors on athletic success. Quantifying physical prowess is established; however, as-
sessing elite performers’ mental attributes remains complex[8], with existing psychometric tools often being
sport-specific. Existing psychometric tools are often sport-specific. This specificity restricts their broader
applicability, often necessitating extensive manual redevelopment and validation efforts to adapt them to the
unique contextual demands of different sporting environments.

Our prior work introduced YODA, a psychometric instrument evaluating football players’ cognitive pro-
files via simulated game scenarios [5]. YODA’s strength lies in its bottom-up approach, mapping player
reactions to psychological traits, providing deep insights into their mental framework. The scenarios within
YODA, however, were calibrated for football. Extending such a robust tool to other sports is key for holistic
athlete assessment.

This paper proposes "Multisport YODA," an extension of this YODA framework. We explore Open
Source LLMs as an accelerator for adapting scenarios from football to cricket. While LLMs (e.g., Llama
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3[6], piloted here) offer text adaptation capabilities, current general-purpose models struggle with nuanced
sports contexts without expert guidance[7]. They provide a valuable starting point, but are not a solution.

This paper details leveraging LLMs as assistive tools within YODA, emphasizing technology’s role in
facilitating YODA'’s extension. The expert validation protocol for psychometric integrity and contextual
authenticity is still needed. This paper concentrates on scenario adaptation; automated scoring is future
work. We aim to demonstrate a feasible, YODA-centric methodology for versatile cognitive assessment,
potentially informing domain-specific sports Al. Subsequent sections outline the YODA framework, Al-
assisted adaptation, expert validation, illustrative outcomes, and implications.

2 YODA: A Foundational Football Psychometric Framework

YODA posits that athletes’ on-field decisions under stress reflect their mental framework and cognitive
processing. YODA uses a scenario-based assessment, designed and validated in football [3], to evaluate
these attributes. Its robust architecture and evaluative capacity form a strong foundation for a multisport
cognitive analytics system[5].

2.1 Core Psychometric Principles

YODA immerses players in realistic football scenarios(N=48), prompting responses based on likely thoughts,
feelings, and actions. Responses (Likert scale) map to 14 primary psychological traits. Key traits include
Drive and Determination, Game Sense, and Coachability [5, 3]. YODA also derives 58 sub-traits for a
detailed psychological map of football players. The Big Five personality traits are also integrated for holistic
understanding. This multi-layered approach offers a comprehensive view of a player’s psyche, beyond skill
evaluation, to uncover cognitive and personality drivers.

2.2 Overview of the Football Cohort

YODA'’s development and validation involved a substantial, diverse football cohort. This yielded rich data,
establishing baseline cognitive patterns and refining the tool. The primary cohort (N=118 assessments) is
detailed in Table 1.

Table 1: Composition of the Primary YODA Football Assessment Cohort.

Team/Group Description Category No. of Players
BMS Institute of Technology & Management, Bengaluru ~ College Men’s Team 53*
TKM College of Engineering, Kollam College Men’s Team 45%
Crescent FC Youth Players’ 6
Ramaiah School of Law College Men’s Team 2
Christ School of Law College Men’s Team 2

Other Individuals Individual Players® 10

Total 118*

*A portion of these assessments were conducted in participants’ native languages and are pending full translation and
comparative quantitative evaluation.
"These cohorts include both men and women, with ages ranging from sub-15 youth to senior collegiate players.
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This cohort (Table 1) forms a comprehensive baseline, with diverse experience and roles. Prior YODA
analyses show patterns like prominent ’Learnability’ and ’Coachability’ in subgroups [4]. This data and
YODA’s depth provide critical grounding for its multisport extension, positioning it as a foundational tech-
nology for sports psychometry.

3 Methodology: Extending YODA via Al-Assisted Adaptation

Extending YODA requires transforming football scenarios to reflect other sports’ unique contexts while
preserving psychometric integrity. We detail using an Open Source LLM as an assistive tool for adapting
scenarios from football to cricket, emphasizing subsequent expert validation.

3.1 Preserving Psychometric Integrity

Effective cross-sport adaptation demands more than superficial terminological changes. Each sport pos-
sesses a distinct "cognitive fingerprint." To maintain YODA’s validity, adapted scenarios must be contex-
tually authentic and elicit comparable psychological responses to the originals. The objective is functional
psychometric equivalence[ 1], probing traits like "Game Sense" with similar depth in cricket as in football.

3.2 LLM as an Assistive Tool for Scenario Transformation

Multisport YODA uses an adaptable LLM to aid scenario transformation. This pilot uses Llama 3[6] via
Ollama. This offers research advantages:

* Llama 3 offers strong open-source performance for language understanding and generation [6].
* Ollama simplifies local LLM deployment and management, offering ease of use and portability.
* This balances performance, support, and accessibility for local deployment.

The Llama 3 model is prompted to re-engineer YODA'’s football scenarios into cricket-relevant situations,
guided by constructed prompts. The LLM receives the football scenario, its YODA traits, and response-
trait mapping. The LLM then generates a cricket-equivalent scenario intended to elicit similar cognitive
responses. Prompts guided the LLM by providing the original scenario, target traits, and response mappings,
asking it to create cricket-equivalents preserving psychological demands and trait assessment.

3.3 Proposed Expert Validation Protocol

While Llama 3 generates initial adaptations, robust psychometric validity and contextual authenticity require
rigorous expert validation. General-purpose LLMs lack the nuanced sports understanding of expert coaches
and psychologists[7]. The human-in-the-loop validation process is illustrated in Figure 1.

An expert panel of experienced cricket coaches and sports psychologists will assess scenarios based
on: 1) Realism and Authenticity (R), 2) Relevance to Intended Trait(s), 3) Clarity and Unambiguity,
4) Cultural and Contextual Appropriateness, and 5) Psychometric Equivalence (Cognitive Load - C).
Experts will review each scenario, providing qualitative feedback and quantitative ratings (0-5 scale) for
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Input:
Original YODA Foot-
ball Scenarios + Tar-
get Sport (Cricket)
+ Trait Contribution

{ Scenario Adapta-

Draft Cricket
tion Engine (LLM)

Scenarios

\x/ Expert Panel Review:
lierative Refinemen| Coaches & Psychologists

Output:
Validated YODA
Cricket Scenarios

Figure 1: Flowchart of the LLM-assisted scenario adaptation for Multisport YODA

Table 2: YODA scenario adaptation from football to cricket using a Llama 3.

Trait(s) Assessed Original YODA Football Scenario LLM-Adapted Cricket Scenario (Initial Draft)

Responsibility, (B3) You make a mistake that leads directly to the op-

Team Spirit

Team Sense,
Decision-Making
Under Pressure

posing team scoring a goal. Your teammates look to you,
and there’s still time to try and turn things around. In this
situation, how likely are you to apologize to your team-
mates and focus on making up for it during the rest of
the game?

(I1) It’s a two-on-one situation against the opposing
goalkeeper, and you’re in possession. You have a chance
to score yourself, but passing could lead to a simpler
goal. In this situation, how likely are you to take the
shot yourself rather than pass to your teammate?

(B3) You’re given a crucial over in the final innings, but you’ve lost
your wicket on the first ball of the over. The opposition is now in
a strong position to win the match. Your team’s captain asks you if
you can try and turn this around by taking some aggressive shots in
the remaining balls of the over. In this situation, how likely are you
to take an aggressive approach with your bat, potentially putting
pressure on the opposing team?

(I1) You’re batting with a partner, and the opposing team’s fielder
is standing very close to you, making it difficult to play a safe shot.
You need to decide whether to hit a powerful drive down the ground
or try to play a more defensive shot that might be easier for your
partner to score from.

Realism (R), Cognitive Load (C), and Terminology/Contextual Accuracy (T). An overall quality score g; is

computed:

VR +T?
9 V75

[0,1]. (1)

Scenarios with high consensus g; (e.g., > 0.8) and positive qualitative endorsement form the final battery.
Others undergo iterative refinement via manual rewriting or new LLM prompts, ensuring quality.

4 Illustrative Adaptation Outputs

This section presents illustrative YODA scenario adaptations from football to cricket by Llama 3, generated
prior to the expert validation protocol (Section 3.3). These examples show the LL.M’s initial transformation
capability and highlight areas where expert input is indispensable for psychometric validity and contextual
relevance. The LLM was tasked to maintain the original scenario’s core psychological assessment goal.
Table 2 shows examples.
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The LLM-generated drafts (Table 2) show initial contextual mapping (e.g., "defensive error” to "mis-
field"). However, these examples show why expert validation is a critical, non-negotiable phase. Key chal-
lenges needing expert refinement include:

* Capturing Nuanced Tactical Depth: Adapting "breaking a compact defense" to "scoring against a
defensive field" is too generic for cricket; specifics for format/game situation (e.g., T20 powerplay vs.
Test match field) are needed. Current LLMs struggle with this.

* Reflecting Authentic Player Interactions: Leadership and team interaction after errors vary sig-
nificantly in cricket by context. LLM adaptations may be plausible but superficial, missing specific
psychological stressors.

* Ensuring Psychometric Equivalence: Maintaining comparable cognitive load is a fine-grained psy-
chometric task beyond current LL.Ms.

These observations reinforce that while LLMs aid drafting, YODA’s integrity relies on human experts’ deep
domain knowledge.

5 Discussion: YODA, Analytics, and the Need for Sport-Specific Al

Adapting YODA scenarios with Llama 3 shows Open Source LLMs are promising assistive tools for initial
drafting in multisport psychometric instrument development. They handle foundational contextual mapping
and linguistic transformations, potentially accelerating development. However, for complex applications
like sports cognitive profiling, current general-purpose LLMs are not holistic solutions. Multisport YODA’s
strength stems from its psychometrically grounded framework; technology is supportive, and expert judg-
ment is paramount.

5.1 The Limits of General LLMs in Specialized Sports Contexts

Pilot adaptation, while showing LLM drafting utility, highlights general-purpose model limitations in nu-
anced sports psychometry. Ensuring validity for cricket demands rigorous expert feedback. Subtle tactics,
authentic sporting voice, and specific psychological pressures often exceed current LLM capabilities. These
models, trained on broad text, lack ingrained sports knowledge and contextual reasoning vital for specialized
assessments. LLMs struggle with deep sports understanding, confirming they are not yet turnkey solutions
for intricate sports analytics[7]. Expert validation is thus an indispensable core component of psychometric
engineering.

5.2 YODA as a Stepping Stone Towards Sport-Specific Cognitive Frameworks

Challenges reinforce the need for frameworks that understand sport and player cognition to quantify mental
attributes. This LLM limitation opens research avenues relevant to MathSport’s ethos of advancing quan-
titative and computational approaches. YODA'’s detailed trait mapping and scenario methodology provides
a foundational structure for sport-specific understanding[3, 4]. The quantitative expert validation (Section
3.3, Equation 1) offers a mathematical approach to assessing adapted scenario quality. A validated Multi-
sport YODA can yield accessible, standardized cognitive assessments, crucial for performance modeling and
talent identification.
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6 Conclusion and Future Directions

This paper presented a YODA-centric methodology for extending a validated football psychometric frame-
work, piloting Llama 3 LLM for adapting scenarios to cricket as an assistive drafting tool. Illustrative outputs
show LLM'’s initial transformation capability but underscore that robust expert validation is paramount for
psychometric and contextual integrity. While LLMs aid drafting, expert human input is indispensable for re-
fining these into valid assessments. YODA remains the foundational psychometric engine, with technology
as a guided enabler for its expansion.

The gap between general LLM capabilities and sports application needs suggests a potential need for
Domain-Specific Language Models (e.g., SSLMs)[2, 5] for sports. These require training/fine-tuning on
curated sports-specific corpora (psychometric data, tactics, expert annotations). Multisport YODA, by gath-
ering validated data, could be a stepping stone for these specialized Al tools. YODA’s psychometrically
grounded approach, prioritizing deep cognitive understanding, can help build foundational datasets for next-
gen sports Al. The vision for Multisport YODA is a adaptable system enhancing mental performance ana-
lytics. By making cognitive tools more accessible and tailored, YODA aims for deeper insights for develop-
ment, identification, and coaching.

Future work prioritizes implementing and analyzing the expert validation protocol (Section 3.3), then
quantitative psychometric evaluation of validated cricket scenarios, and other team sports(hocky, and bas-
ketball). Developing and validating an Sports-Specific Language Models (SSPM)[2] automated scoring
engine is a key subsequent objective.
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Abstract

Motorsports are competitions based on the skill of driving a vehicle, and various champi-
onships are held with different vehicles and regulations. A feeder series structure is formed
between some championships. Most drivers first participate in lower-level championships, and
those who achieve good results challenge higher-level championships. However, many drivers
also move to and participate in championships with significantly different vehicles, regulations,
or regions. Due to this situation, each driver experienced different pathways, and it is not
easy to evaluate and compare their previous achievements. This research proposes a method
for quantitatively evaluating the achievements of all drivers who have participated in the target
championship using Massey’s rating method, which is a quantitative ability evaluation method.

1 Introduction

Motorsports are competitions based on the skill of driving a vehicle, and various championships are held
with different vehicles and regulations. In this study, we focus on championships that use formula cars, for
reasons such as the diversity of the levels and regions of the championships held, and the fact that Formula 1
(F1) is widely regarded as the pinnacle of global motorsports.

A feeder series structure is formed between some championships. Most drivers first participate in lower-
level championships, and those who achieve good results challenge higher-level championships.

Figure [T| shows the eight championships considered in this study. At the highest level is F1, which is
held all over the world, mainly in Europe, and F2 and F3 are its feeder series. Formula E is a championship
that uses electric cars, different from F1 to F3.

In Japan and North America, Super Formula and Indy Car are the top-level championships, respectively,
with lower-level championships for each.

While the specifications of the cars used in each championship, the regions, the regulations, and various
other factors differ, there are connections among the championships. Some drivers move between champi-
onships, and higher-ranked drivers except F1 will be awarded Super License Points that are necessary for
participating in F1.

Figure [2] shows the movement of drivers from 2021 to 2023, expressed as a directed graph. The nodes
represent championships, and the edges represent the direction and number of drivers moved within the
period.
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Figure 1: Championships of Formula Cars

Since the entire motorsports world is structured in this mannar, each driver has a different history of
participation. Not only do the regulations differ for each championship, but the abilities of the drivers who
participate also differ.

Therefore, it is extremely difficult to directly compare past achievements between drivers with different
histories.

1.1 Super License Points

F1 is not only a formula car championship but also one of the most popular sports series in the world, and it
is the highest peak of motorsports.

The Super License shall be issued to drivers who can participate in F1[[1]]. The drivers who meet multiple
conditions shall be issued the license[2]. One of the conditions is that the driver must have earned 40 or more
Super License Points in the championships they have competed in over the past three years. Super license
points are allocated to some motor sports championships, and the top-ranking drivers in each championship
can earn them.

TabldI|shows the Super Licence Points awarded to the top drivers in the eight championships targeted in
this study.

Table 1: Allocation of Super License Points[2]

Category Short Name 1st 2nd 3rd
Formula 2 F2 40 40 40
Formula 3 F3 30 25 20
Formula E FE 30 25 20
Super Formula SF 25 20 15
Super Formula Lights SFL 15 12 10
Indy Car Indy 40 30 20

Indy Lights IndyL 15 12 10
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Figure 2: Driver move among championships

These values were set by the FIA (Fédération Internationale de I’ Automobile ), the governing body of
the championships. The table reflects their assumption of the hierarchy between the championships. For
instance, F2 is the highest-level championship in the table; F3 and FE are at a similar level of competition,
and Super Formula is one level below them. IndyCar is at the level between F2 and F3.

1.2 Objective

The main objective of this research is to quantify the achievements of drivers participating in multiple cham-
pionships and to order them as a single unified ranking. The ranking would be helpful for enthusiasts, team
owners, and drivers themselves.

Super license points appear to be usable for quantifying the achievements of drivers participating in
championships below F1, but there are some problems. Since 40 points are required for issuing the Super
License, the maximum points that each driver could earn in one championship is 40. The top three drivers in
F2 all earn 40 points. Moreover, only the top drivers in each championship can earn the points, therefore it
is not suitable for creating an overall ranking. The biggest problem is that active F1 drivers are not awarded
super license points.

Within the scope of the authors’ research, there are no point systems or rankings defined by the FIA
across multiple championships other than Super License Points.

The main objective of this research is to develop a method for quantitatively evaluating the achieve-
ments of all drivers participating in a championship using Massey’s rating method, which is the most basic
quantitative evaluation method.

Massey’s method is a rating method for one-on-one competitive sports. In this research, we propose a
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method by extending it to a race in which multiple vehicles compete for position while driving at the same
time.

2 Data

Race results of eight championships in Figﬂ'] (F1, F2, F3, FE, SF, SFL, Indy, and IndyL) from 2021 to 2023
seasons were collected from the website [3].

The collected data include the race date, round, driver name, and finishing position. Drivers who par-
ticipated only in practice sessions are excluded from the dataset. Retired drivers are ranked after those who
finished the race, in descending order of the number of laps completed.

Table [2]lists the number of rounds and drivers included in the data set.

Table 2: Data set

Championship Period Rounds Drivers

F1 2021-2023 66 29
F2 2021-2023 71 48
F3 2021-2023 58 79
FE 2021-2023 47 33
SF 2021-2023 26 32
SFL 2021-2023 53 32
Indy 2021-2023 50 55
IndyL. 2021-2022 34 25

Total (unique) 2021-2023 405 275

3 Method

The core idea of the proposed method is as follows. To evaluate driver performance, the results of drivers
who have moved between championships are used as a reference to compare the performances of other
drivers. Specifically, this study proposes a modified version of Massey’s rating method[4] for evaluating
driver performance.

3.1 Massey’s method

Massey’s rating method estimates score differentials by solving an overdetermined system using the least
squares method. The fundamental principle of Massey’s method can be expressed as follows: if y; represents
the score differential in match k, and r; and r; denote the ratings of teams i and j, respectively, then

ri—rj=yr+&, (D

where &, denotes estimation error.
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This equation implies that the rating difference between two teams ideally predicts the score differential
between them. Since the score differentials are known, the system forms an n-dimensional system of m
linear equations when there are m matches and » teams:

Xr=y+¢ 2

The solution r of this equation is the value that minimizes E> = ¢ ¢, called the least-squares solution,
which is obtained using the following equation.

r=X'X)" X'y (3)

3.2 Proposed method

As described earlier, Massey’s method assumes head-to-head competitions. In this study, however, we aim
to evaluate driver performance based on their finishing positions in final races, rather than point differentials.
Therefore, we replace the point differential with a position differential derived from the race results.
Furthermore, to place greater emphasis on differences among top positions rather than lower-position
drivers, we define the position differential using the logarithmic difference of rankings.
Specifically, let ¢; and c; denote the finishing positions of drivers i and j, respectively. Then, the score
differential y; between drivers i and j is defined as:

ye=—log (4)
Cj
The comparison equation is formulated for all pairs of drivers whose finishing positions are deter-
mined in the same race of the same championship. For example, in a race where 22 drivers start and all
finishing positions are recorded, 22 x 21/2 = 231 equations are constructed.
The resulting ratings r, computed through the procedure described above, are interpreted as performance
scores for each driver. It is important to note that, due to the nature of the computation, the absolute value of
a rating has no meaning. Only the differences between the ratings of two drivers are meaningful.

4 Results and discussions

Figure [3| presents the results of the rating calculations for the 275 drivers analyzed in this study. Panel (a)
shows the driver rankings, while panel (b) displays the corresponding rating values. Drivers who participated
in multiple championships have data points for each championship.

The driver rankings based on the proposed rating values reveal the hierarchical structure among the
championships, which follows a feeder system. For example, Formula 1 (F1) drivers are followed by those
from Formula 2 (F2), with Formula 3 (F3) drivers ranked below them. A similar hierarchical pattern is
observed between the pairs of championships: Super Formula (SF) and Super Formula Lights (SFL), as well
as IndyCar (INDY) and Indy Lights (INDYL).

The overlapping distributions among these championships reflect the fact that drivers who are promoted
to higher-level championships do not necessarily finish at the bottom.

The proposed method allows us to compare multiple championships that do not have a direct hierarchical
relationship. Specifically, F2 and Indy are equivalent, and SF is slightly lower.
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Figure 3: Rating distribution

When compared with the Super License Points system (Table[I] ), notable differences emerge between
the two evaluation methods. For example, in the point-based system, Formula 3 (F3) and Formula E (FE)
are assigned equal value, while Super Formula (SF) is rated lower than both. In contrast, the order based on
the proposed rating values is FE, followed by SF, and then F3.

One possible explanation for this discrepancy lies in the typical career trajectory of drivers across cham-
pionships: it is not uncommon for Formula 1 (F1) drivers to participate in FE, whereas such movements to
F2 or F3 are rare.

Further investigation into the underlying causes of these inconsistencies remains a topic for future re-
search. In particular, comparing the predictive performance of the proposed method and the Super License
Points system, in terms of their accuracy in forecasting race outcomes, would be a meaningful direction for
future work.
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