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Abstract

Extreme value theory provides methods to analyze the most extreme parts of
data. We used the generalized extreme value (GEV) distribution to predict
the ultimate 100 m, 200 m, 400 m, 4 x 100 m relay, and long jump records of
male gold medalists at the Olympics. The diagnostic plots, which assessed the
accuracy of the GEV model, were fitted to all event records, validating the
model. The 100 m, 200 m, 400 m, 4 x 100 m, and long jump records had neg-
ative shape parameters and calculated upper limits of 9.58 s, 19.18 s, 42.97 s,
36.71 s, and 9.03 m, respectively. The calculated upper limit in the 100 m
(9.58 s) was equal to the record of Usain Bolt (August 16, 2009). The 100 m
and 200 m world records were close to the calculated upper limits, and
achieving the calculated limit was difficult. The 400 m and 4 x 100 m relay
world records were almost equal to the calculated upper limits and the
500-year return level estimate, and slight improvement was possible in both.
At the Tokyo Olympics in August 2021, in the 100 m, 200 m, and 4 x 100 m,
in one year the probability of occurrence for a record was about 1/30. In the
400 m and long jump, it was about 1/20. In the 100 m, 200 m, and 4 x 100 m
relay, more difficult records show that a fierce battle has taken place.

Keywords

Athletics, 100 m, 200 m, 400 m, 4 x 100 m Relay, Long Jump, Extreme Value
Theory, GEV Model

1. Introduction

Extreme value theory (EVT) has emerged as one of the most important statistical
disciplines in applied science. Extreme value techniques are also widely used in
other disciplines, such as financial market risk assessment and telecommunica-

tions traffic prediction [1]. EVT deals with statistical problems concerning the
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far tail of the probability distribution and is unique as a statistical tool since it
develops models and techniques to describe the unusual event rather than the
usual. Using EVT, the theoretical distribution and its population parameter that
the maximum value follows are estimated from long-term observation data. Ad-
ditionally, the maximum or large value that occurs every period can be predicted
based on the calculated results. For instance, EVT was developed in the 1920s
and has been used to predict events such as droughts and flooding [2] or finan-
cial risk [3]. The application of extreme value modeling has been used in the
fields of biomedical data processing [4], thermodynamics of earthquakes [5],
and public health [6].

In this paper, we focus on popular events in athletics: the 100 m, 200 m, 400
m, 4 x 100 m relay, and long jump for men at the Olympics. The Olympic
Games were reintroduced in 1896 by Pierre de Coubertin. World record collec-
tion shows the progression of human performance as elite athletes. In the 100 m,
Usain Bolt (Jamaica) is the first of men: 9.58 s (August 16, 2009). In the 200 m,
Usain Bolt (Jamaica) is the first of men: 19.19 s (August 20, 2009). In the 400 m,
Wayde Van Niekerk (Republic of South Africa) is the first of men: 43.03 s (Au-
gust 15, 2016). In the 4 x 100 m relay, Jamaica is the first of men: 36.84 s (August
11, 2012). In the long jump, Mike Powell is the first of men: 8.95 m (August 30,
1991). The ultimate records in athletics were calculated using extreme value
theory [7] [8] [9]. This study predicts the 100 m, 200 m, 400 m, 4 x 100 m relay,

and long jump records for men at the Olympics using the extreme value theory.

2. Data and Method of Analysis
2.1.Data

We used the men’s 100 m, 200 m, 400 m, 4 x 100 m relay, and long jump records
of gold medalists for men at the Olympics [10].

2.2. Method

EVT concerns with phenomena of extreme data. We used the block maxima
method. A method for modeling the extremes of a stationary time series is block
maxima, in which consecutive observations are grouped into non-overlapping
blocks of length n, generating a series of m block maxima, Mn, 1, ..., Mn, m, to
which the Generalized Extreme Value (GEV) distribution can be fitted for some
large value of n. The usual approach considers blocks of a given time length,
thus yielding maxima at regular intervals [1]. Here a block was considered as a
year, Le., annual maxima values were used. Although the block maxima method
is suitable for analyzing maximum value data, it has the disadvantage of being
easily affected by one realization value and having a large variance in the esti-
mator.

When data are taken to be the maxima (or minima) over certain blocks of
time (such as annual maximum precipitation), it is appropriate to use the GEV

distribution:
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where z are extreme values from blocks, i a location parameter, o a scale para-

G(z)= (1)

meter, and ¢ a shape parameter. G(2) is defined for all z such that (1 + &z -
W)/ 0) >0 for é# 0, and all zfor {= 0. Three families of GEV distributions are de-
fined depending on the value of & We get the Fréchet distribution with a heavy
tail for ¢ > 0, the Gumbel distribution with a lighter tail for é = 0, and the Wei-
bull distribution with a finite tail for £< 0.

We want to know how small the value is as the fastest speed, hence, it is ne-
cessary to multiply the 100 m, 200 m, 400 m, and 4 x 100 m relay data by -1 to
put it in the framework of extreme value statistics that consider the maximum.

If a GEV distribution is fitted to observations, it becomes possible to estimate
the probability of an event that has not yet been observed. Estimates of extreme
quantiles of the annual maximum distribution are obtained by inverting Equa-
tion (1):

_ u—%[l—{—log (1- p)}{]f: #0,

u—clog{-log(1-p)},£=0,

2)

where G(z,) = 1 — p. 2, is the return level associated with the return period 1/p,
since z, is expected to be exceeded on average once every 1/p year with a rea-
sonable degree of accuracy. More accurately, z, is exceeded by the annual maxi-
mum in any particular year with probability p [1].

Modeling was performed using the evd package in R for the GEV calculations.
We also tried a non-stationary model in the GEV, but it did not work.

3. Results

The men’s 100 m and 200 m records of gold medalists at the Olympics are
shown in Figure 1. The change in the 100 m was small and that in the 200 m was
large. The 200 m record has a larger decrease and a larger growth margin. The
records of the men’s 400 m and 4 x 100 m relay of gold medalists at the Olym-
pics are shown in Figure 2. The change in the 4 x 100 m relay was small and that
at 400 m was large. The 400 m record has a larger decrease and a larger growth
margin. The records of the men’s long jump of gold medalists at the Olympics

are shown in Figure 3.

3.1.100 m Run

The GEV parameter estimates, which were the results of the GEV modeling on

the 100 m records of male gold medalists using the block maxima method, are
shown in Table 1. The GEV parameters were estimated using the maximum
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Figure 1. Plot of the 100 m and 200 m records of male gold medalists.
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Figure 2. Plot of the 400 m and 4 x 100 m relay records of male gold medalists.
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Figure 3. Plot of the long jump records of male gold medalists.

Table 1. GEV parameter estimates in the 100 m records of male gold medalists.

u o '3
Parameter estimate 10.2 0.380 -0.571
Standard error 0.0870 0.0709 0.162
95% CI (10.1, 10.4) (0.242, 0.519) (-0.887, -0.254)
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likelihood estimation (MLE). The model has three parameters: location parame-
ter, u; scale parameter, 0; and shape parameter, & Because { was negative, the
100 m records of male gold medalists had a finite upper limit.

Estimates of the maximum return levels for the return periods of 10, 20, 50,
100, and 500 years along with their respective 95% confidence intervals, CI, are
shown in Table 2. We estimated the 10-year return level to be 10.03 s, with a
95% CI (9.88, 10.18). We estimated the 100-year return level to be 9.69 s, with a
95% CI (9.60, 9.78). We explain it differently, so it means that there is approx-
imately a 1% chance (1/100) each year that the 100 m record will not exceed 9.69
s. There is approximately a 10% chance (1/10) each year that the 100 m records
will not exceed 10.03 s.

The diagnostic plots for assessing the accuracy of the GEV model fitted to the
100 m records for men are shown in Figure 4. Straight lines and curves in solid
lines represent estimated functions. Each point plot and short-dashed line is a
realization value. The points on both sides represent the 95% CI. Probability and
quantile plots show the validity of the proposed model: each set of points follows
a near-linear behavior. The corresponding density estimate is consistent with the
data. The estimated curve is nonlinear in the return level curve due to the nega-

tive & Consequently, the diagnostic plots supported the fitted GEV model.
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Figure 4. Diagnostic plots for GEV fit to the 100 m records of male gold medalists.
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Table 2. GEV return level estimates in the 100 m records of male gold medalists.

Return period

10 20 50 100 500
(years)
Return level (s) 10.03 9.86 9.74 9.69 9.62
Standard error 0.0772 0.0638 0.0491 0.0457 0.0568

95% CI (9.88,10.18) (9.74,9.99) (9.64,9.84) (9.60,9.78) (9.51,9.73)

3.2.200 m Run

Estimates of the GEV parameters, which were the results of the GEV modeling
on the 200 m records using the block maxima method, are shown in Table 3.
Because ¢ was negative, the 200 m records of male gold medalists had a finite
upper limit. The maximum return levels are shown in Table 4. The diagnostic
plots for assessing the accuracy of the GEV model fitted to the 200 m records are
shown in Figure 5. The estimated curve is nonlinear in the return level curve

due to the negative & The diagnostic plots supported the fitted GEV model.

3.3.400 m Run and 4 x 100 m Relay

Estimates of the GEV parameters, which were the results of the GEV modeling
on the 400 m records of male gold medalists using the block maxima method,
are shown in Table 5. Since ¢ was negative, the 400 m records of male gold me-
dalists had a finite upper limit. The maximum return levels are shown in Table
6. The diagnostic plots for assessing the accuracy of the GEV model fitted to the
400 m records for male gold medalists are shown in Figure 6. The estimated
curve is nonlinear in the return level curve due to the negative & The diagnostic
plots gave the validity of the GEV model.

Estimates of the GEV parameters, which were the results of the GEV model-
ing on the 4 x 100 m relay records of male gold medalists using the block max-
ima method, are shown in Table 7. Since ¢ was negative, the 4 x 100 m relay
records of male gold medalists had a finite upper limit. The maximum return
levels are shown in Table 8. The diagnostic plots for assessing the accuracy of
the GEV model fitted to the 4 x 100 m records for male gold medalists are
shown in Figure 7. The estimated curve is nonlinear in the return level curve

due to the negative & The diagnostic plots supported the fitted GEV model.

3.4. Long Jump

Estimates of the GEV parameter estimates, which were the results of the GEV
modeling on the long jump records of male gold medalists using the block
maxima method, are shown in Table 9. Since { was negative, the long jump
records of male gold medalists had a finite upper limit. The predicted maximum
return levels are shown in Table 10. The diagnostic plots for assessing the accu-
racy of the GEV model fitted to the long jump records of male gold medalists are
shown in Figure 8. The estimated curve is nonlinear in the return level curve

due to the negative & The diagnostic plots supported the fitted GEV model.
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Figure 5. Diagnostic plots for GEV fit to 200 m records
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Figure 6. Diagnostic plots for GEV fit to 400 m records for male gold medalists.
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Table 3. GEV parameter estimates in the 200 m records of male gold medalists.

H o '3
Parameter estimate 20.74 0.981 -0.629
Standard error 0.204 0.176 0.177
95% CI (20.3,21.1) (0.637, 1.33) (-0.975, —0.282)

Table 4. GEV return level estimates in the 200 m records of male gold medalists.

Return period

10 20 50 100 500
(years)
Return level (s) 20.20 19.79 19.51 19.39 19.25
Standard error 0.180 0.140 0.0976 0.0903 0.123

95% CI (19.85, 20.55) (19.51, 20.06) (19.31, 19.69) (19.21, 19.56) (19.01, 19.49)

Table 5. GEV parameter estimates in the 400 m records of male gold medalists.

U 4 ¢
Parameter estimate 46.1 2.36 -0.759
Standard error 0.470 0.427 0.144
95% CI (45.2, 47.0) (1.52, 3.19) (-1.52, —0.478)

Table 6. GEV return level estimates in the 400 m records of male gold medalists.

Return period

10 20 50 100 500
(years)
Return level (s) 44.83 43.96 43.44 43.24 43.03
Standard error 0.368 0.270 0.169 0.122 0.0965

95% CI  (44.11, 45.55) (43.43, 44.49) (43.11, 43.77) (43.00, 43.48) (43.86, 43.24)

Table 7. GEV parameter estimates in the 4 x 100 m relay records of male gold medalists.

u 4 ¢
Parameter estimate 39.4 1.64 -0.621
Standard error 0.348 0.287 0.138
95% CI (38.7, 40.0) (1.08, 2.21) (-0.891, -0.351)

Table 8. GEV return level estimates in the 4 x 100 m relay records of male gold medalists.

Return period

10 20 50 100 500
(years)
Return level (s) 38.45 37.75 37.28 37.08 36.85
Standard error 0.296 0.2379 0.174 0.148 0.155

95% CI (37.86, 39.03) (37.28, 38.21) (36.93, 37.62) (36.78, 37.36) (36.54, 37.14)
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Table 9. GEV parameter estimates in the long jump records of male gold medalists.

H“ o ¢
Parameter estimate 7.91 0.524 -0.467
Standard error 0.113 0.0881 0.143
95% CI (7.69, 8.13) (0.351, 0.697) (-0.728, —0.198)

Table 10. GEV return level estimates in the long jump records of male gold medalists.

Return period

(years) 10 20 50 100 500

Return level (m) 8.21 8.47 8.68 8.78 891

Standard error 0.107 0.0958 0.0838 0.0849 0.113
95% CI (8.00, 8.50) (6.66,10.28) (8.53,8.83) (8.61,8.94) (8.66,9.18)

4. Discussion

The return level plot in the 100 m and 200 m records of male gold medalists in a
log-log plot is shown in Figure 9. Approximately straight lines are also shown.
The 200 m record has a larger decrease and a larger growth margin. The calcu-
lated upper limit was 9.58 s in the 100 m, which is equal to the record of Usain
Bolt (2009). Einmahl (2011) estimated the ultimate world record and found 9.51
s for men [8]. The calculated upper limit was 19.18 s in the 200 m, which was
almost equal to the first record of Usain Bolt, 19.19 s (2009).

The return level plot in the 400 m and 4 x 100 m relay in a log-log plot is
shown in Figure 10. Approximately straight lines are also shown. The 400 m
record has a larger decrease and a larger growth margin. The slope of the ap-
proximate straight line in Figure 9 and Figure 10 (“a” is the slope in Table 11)
is the largest at 200 m (-0.01130) and the smallest at 400 m (-0.009324). The
larger the slope, the greater the improvement in future records. The calculated
upper limit was 43.03 s and 36.71 s in the 400 m and 4 x 100 m relay, respective-
ly. In the 400 m, for the 500-year return period, the return level for men was ob-
tained as 43.03 s, with a 95% CI (42.86, 43.24). Hence, the probability of occur-
rence in one year of the record of Wayde Van Niekerk, 43.03 s (2016), which was
the first record in the world, was 1/500. In the 4 x 100 m relay, the 500-year re-
turn level for men was obtained as 36.85 s, with a 95% CI (36.54, 37.14). Hence,
the probability of occurrence in one year of the record in Jamaica, 36.84 s (2012),
which was the first record in the world, was 1/500.

The return level plot in the long jump records in a log-log plot is shown in
Figure 11. An approximately straight line is also shown. The calculated upper
limit in the long jump at the Olympics was 9.03 m. The long jump world record
(8.95 m) was close to the calculated upper limit. Growth was small after the
100-year return period.

Table 11 shows the results when the approximate straight line is y = &x* in

Figures 9-11. All cases were well approximated to the straight lines, following a
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Table 11. The results when the approximate straight line is y = x* in 100 m, 200 m, 400
m, 4 X 100 m, and Long jump. The correlation coefficient is indicated by r.

100 m 200 m 400 m 4 x 100 m Long jump
a —0.009958 —-0.01130 —-0.009324 -0.01007 0.01973
b 10.19 20.53 45.37 39.02 7.949
r 0.9527 0.9409 0.9214 0.9427 0.9586

power law. A power law, known as a scaling law, is a relation of the type y = bx%,
where y and x are variables of interest, a is called the power exponent, and b is a
constant. This indicates a correlation between the return level and the return pe-
riod. The difference in inclination is small and the 200 m (-0.01130) is the larg-
est and 400 m (—0.009324) is the smallest among 100 m, 200 m, 400 m, and 4 X
100 m.

The calculated upper limits and world records in the 100 m, 200 m, 400 m, 4 X
100 m relay, and long jump are shown in Table 12. The differences are 0, 0.01,
0.06, and 0.13 s in the 100 m, 200 m, 400 m, and 4 x 100 m relay, respectively.
Hence, achieving the calculated limit was difficult in the 100 m and 200 m.
However, in the 400 m, and 4 x 100 m relay, a slight improvement was possible.

Denny (2008) followed an extreme value theory-related approach [11]. The
predicted records for the 100 m, 200 m, and 400 m are 9.48, 18.63, and 42.73 s,
respectively. The results agree with our 9.58, 19.18, and 42.97 s for the 100 m,
200 m, and 400 m, respectively. In our previous paper [12], the calculated upper
limit in the 100 m for men using the world records for 1970-2010 is 9.46 s, which
agrees much with Denny’s result.

The slopes of the regression lines of records are shown in Table 13. The slopes
of regression lines were roughly proportional to the running distance for 100 m,
200 m, and 4 x 100 m relay. In the 100 m, the slope of the regression line of
records was the smallest and it was difficult to update records. From the density
plot (Figure 4), in the 100 m there was almost one peak and the difference in
records was small. The tendency was similar between the 100 m and 200 m, but
the record update and the difference of records in the 100 m were smaller. In the
400 m, the slope of regression lines of records was the largest, and the record
growth was large. The density plot (Figure 6) showed two peaks, and the records
were distributed widely. The 4 x 100 m had a smaller record update and a small-
er record difference. In the 100 m, it is thought that an individual’s ability from
the beginning has a significant influence.

At the Tokyo Olympics in August 2021, the records of male gold medalists
were 9.80 s, 19.62 s, 43.85 s, 37.50 s, and 8.41 m in the 100 m, 200 m, 400 m, 4 X
100 m relay, and long jump, respectively. The record in the 100 m, 9.80 s, was
the 30-year return level estimate. In one year, the probability of occurrence for a
record, 9.80 s was 1/30. The record in the 200 m, 19.62 s, was the 32-year return
level estimate. The record in the 400 m, 43.85 s, was the return level estimate for
the 23-year return period. The record in the 4 x 100 m, 37.50 s, was the 30-year
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Table 12. Calculated upper limits with standard errors and world records.

Event Calculated upper limit Standard error World record
100 m 9.58 s 0.0861 s 9.58 s
200 m 19.18 s 0.981s 19.19s
400 m 42.97 s 2.36s 43.03 s
4 x 100 m relay 36.71s 1.64s 36.84 s
Long jump 9.03m 0.197 m 8.95m

Table 13. The slopes of regression lines for records in the 100 m and 200 m, 400 m and 4
x 100 m relay, and long jump shown in Figures 1-3. The values of R? are also shown.

Event Record x 1072 R*x 107!
100 m -1.03 8.66
200 m -2.47 8.80
400 m —6.44 8.19
4 x 100 m relay —4.87 8.99
Long jump 1.35 7.40

return level estimate. The record in the long jump, 8.41 m, was the 16-year re-
turn level estimate. In the 100 m, 200 m, and 4 x 100 m, in one year the proba-
bility of occurrence for a record was about 1/30. In the 400 m and long jump, it
was about 1/20. In the 100 m, 200 m, and 4 x 100 m relay compared with the 400

m and long jump, more difficult records show that a fierce battle has taken place.

5. Conclusions

Extreme value theory can provide methods to analyze the most extreme parts of
data. We used the generalized extreme value (GEV) distribution to predict the
ultimate 100 m, 200 m, 400 m, 4 x 100 m relay, and long jump records of male
gold medalists at the Olympics. The results are summarized as follows:

1) The diagnostic plots, which assessed the accuracy of the GEV model, were
fitted to all event records, validating the model.

2) The 100 m, 200 m, 400 m, 4 x 100 m, and long jump records had shape pa-
rameters of —0.571, —0.629, —0.759, —0.621, and —0.467 and calculated upper
limits of 9.58 s, 19.18 s, 42.97 s, 36.71 s, and 9.03 m, respectively. The calculated
upper limit in the 100 m (9.58 s) was equal to the record of Usain Bolt (August
16, 2009).

3) The 100 m and 200 m world records were close to the calculated upper lim-
its, and achieving the calculated limit was difficult. The 400 m and 4 x 100 m re-
lay world records were almost equal to the calculated upper limits and the
500-year return level estimate, and slight improvement was possible in both.

4) At the Tokyo Olympics in August 2021, in the 100 m, 200 m, and 4 x 100
m, in one year the probability of occurrence for a record was about 1/30. In the
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400 m and long jump, that was about 1/20. In the 100 m, 200 m, and 4 x 100 m
relay, more difficult records show that a fierce battle has taken place.
5) The relationship between the return level of the records and the return pe-

riod follows a power law.
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