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Mathematical modeling analysis of the performance
evolution along the career-span of female swimmers
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ABSTRACT

Children and youth sports performance should always conside-
rer the growth and maturation processes!", and their influence in
the growth rate of results along the sports career. In this extent,
the purpose of this work was to study, on one hand, the growth
rate of results in all swimming events of female Olympic calendar
from the initial sports education till the stage of high level perfor-
mance and, on the other hand, try to establish a relationship with
the growth, maturation and training process of female swimmers.
For this purpose a sample constituted by female swimmers in Por-
tuguese swimming Rankings over the last four years (1998 to 2002)
in an approximately amount of 6,000 data was used. The growth
rate of results (GRR) was calculated based in the following algo-
rithm: (initial time-final time)/initial time. The results pointed out,
let us conclude that: (i) a general tendency of GRR. Increasing was
verified from 11 to 12 years and from 14 to 16 years in 25 m swim-
ming pool; (ii) a similar tendency was verified in 50 m swimming
pool, but with superior GRR tendencies. Those results can be ex-
plained, more than by the training process, by the growth, devel-
opment and maturation process.

INTRODUCTION

Correct orientation on the training process in its different stag-
es, the loads dimension, the set of the training means and meth-
ods and respective contents, should be programmed considering
the processes and growth age of several organs and systems of
young female athletes who have differentiated rhythms, namely
those which are main support to swimming demands as a modal-
ity. According to Hahn®?, at 10/11 years of age children present a
very significant evolution in their motor learning skills, differentia-
tion/control and balance, as well as velocity, acquisition and stabi-
lization of motor tasks mainly based on action an reaction®®, asso-
ciated with the development of the central nervous system and
maturation of several physiological links of the conditional system®®
9 being it a privileged stage for the technical training, and appro-
priate stimulation tends to produce better results'%. Muscular de-
velopment follows a similar pattern to bone development. The
muscle fibers increase in size but not in number, throughout child-
hood and adolescence!"'4. Annual improvement in strength and
power with peaks which are reached when they are around 16 is
observed™®. Up to 12 years of age the aerobic metabolism is more
developed than the other ones!617),
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Concerning motor learning, the movements tend to be performed
through tasks selection®. It would be defined as the planning for
action and be represented through the movement®. Another im-
portant point to be highlighted is that the presentation of a model,
especially if the presentation is controlled by the learner him/her-
self, enables superior learning than that controlled by the techni-
Cian(18-19)_

Finally, one can highlight another factor which has received at-
tention from researchers in the motor learning field: the establish-
ment of goals®9,

Within this context, we tried in this study, based on the analysis
of the growth rate of the sports results in Portuguese female swim-
mers, from the initial sports education until the stage of high level
performance, to reflect on the influence that the growth and mat-
uration processes have in the female swimmers results, with the
purpose to better structure, organize and control the training pro-
cess for female swimmers.

METHODOLOGY

Sample characterization

The sample consisted of the ten best times from all events from
the Olympic calendar, in 25 and 50 meter-swimming pools, from
the national rankings from 1997/1998 until 2000/2001, reached by
all swimmers of all formation and training groupings in the female
gender. The adopted procedures are according to the Helsinki Dec-
laration, 1975, and were approved by the scientific committee of
the UTAD (Universidade de Tras-os-Montes e Alto Douro) for its
performance (resolution 1273/03).

TABLE 1
Age groupings used in the study’s sample

Year 1 Year 2 Year 3 Year 4

Grouping 3 G6-G5 G6-G5 G6-G5 G6-G5
1988-1987 1989-1988 1990-1989 1991-1990

Grouping 2 G4-G3 G4-G3 G4-G3 G4-G3
1986-1985 1987-1986 1988-1987 1989-1988

Grouping 1 G2-G1 G2-G1 G2-G1 G2-G1

1984 1985 1986 1987
Jun./Sen 1983 and 1984 and 1985 and 1986 and

older older older older

Procedure

After data collection and corresponding exploring analysis, data
were organized in two determinant models: i) formulation of the
model for age and collection of best times (100/200 m; 400 m; 800
m); i) formulation of the model for calculation of the growth rate(%)
of the sports results and its modeling.
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Mathematical modeling for optimum age for best results

The mathematical model proposed by Van Tilborgh et al.2'-22 was
applied with six defined stages for the calculation of the evolution
rate of the sports results by techniques and distance grouping:

Stage 1: Calculation of a constant (C_,,,,) specific for each event
for later calculation, considering each individual time of a punctua-
tion. The punctuation system is based on a function which respects
a mathematical modeling, in which the Absolute National Record
(ANR) for each event, gender and swimming pool receives 1000
points;

Stage 2: Relativization of the event punctuation according to
the chosen age group, so that punctuation corresponds to a given
time in an age group, either by a side coherent with the embar-
rassment which is provided by the absolute national record in the
mentioned event, and or coherent with the age in which this time
is obtained. Therefore, the use of the mean of the 10 best female
swimmers picked from the updated rankings charts of the Portu-
guese Swimming Federation (FPN) is crucial. Having this value,
the punctuation formula was applied and an absolute punctuation
was obtained;

Stage 3: Ending of the upper part of the curve, above 18 years
of age, once, especially in men, the generalization of the absolute
national records is obtained above this age. The age which will
have the 1000 points (maximal corresponding to the absolute na-
tional record obtained) is calculated through a linear regression
model, in the 5 known data pairs (age and punctuation);

Stage 4: Use of the mean of the 10 best swimmers of the abso-
lute ranking for the event considered, and later conversion for the
same punctuation, indexing this value to the pairs of values of the
age groups;

Stage 5: Based on the previous considerations, a new regres-
sion line (second polynomial degree) is calculated, being this line
considered as the 100%;

Stage 6: Finally, the model calculates the individual performance
(punctuation) based on the respective age groups. Individual time
is converted for a punctuation. The exact punctuation correspond-
ing to age is then calculated in percentage using the age in the
regression equation.

Modeling for the calculation of the growth rate (%) of the
sports results and their modeling

After the outliers derived from the exploratory analysis have been
expurgated the following algorithm: (Initial time-Final time)/Initial
time*100 was applied for the calculation of the evolution rate per
individual event.

The curve modeling considering the application of several poly-
nomial units was performed in order to estimate the growth rate
behavior of the sports results concerning the different age seg-
ments. An embarrassment to the modeling was introduced, corre-
sponding to value in abscise of the optimum age of the sports
result obtained, based on the mathematical algorithm application
presented in the previous stage.

The adjustment quality evaluation was performed through two
criteria: i) the value of the determination coefficient (R?), being the
highest value chosen and considered as one of the indicators of
the sample’s quality; ii) the estimate error, which measures the
dispersion of the adjustment performed.

When the mathematical modeling of the growth curves of the
sports results is applied, and the embarrassment which has been
calculated in the previous point is included, we can obtain different
types of adjustment according to the degree of the polynomial unit
chosen.

Thus, the choice of the most suitable polynomial unit lied on the
one which in the different segments of the curve presented lower
residue value, allowing hence being more certain in the prediction
of results.
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RESULTS

Optimum age for sports results

Table 2 shows the results of the analysis of the rankings for
female swimmers, with calculation of the respective age for the
best times per event.

TABLE 2
Results of the analysis of the rankings and application
of the mathematical model for the female swimmers

Event Linear adjustment Best time Equation of the
equation (age/points) predictable relationship % between
age age and performance
100 L Y =69.93 * age - 334.47 19.45 y =-6.135 * (age)? +
228.92 * (age) — 1343.7
200 L Y = 72.425 * age - 333.66 18.42 y =-6.372 * (age)? +
239.95 * age - 1407.2
400 L Y =75.19 ¥ age — 348.15 17.93 y =-8.0713 * (age)? +
287.73 * age — 1712
100 m Br Y = 69.93 * age — 334.47 19.09 y =-6.1135 * (age)? +
228.92 * age - 1343.7
200 m Br Y =90.756 * age - 613.18 17.78 y =-10.785 * (age)? +
373.33 * age - 24185
100m C Y = 65.888 * age — 281.46 19.45 y = -5.66438 * (age)? +
212.4 * age - 1221.9
200m C Y =84.03 * age — 550.09 18.45 y =-9.6151 * (age)? +
338.4 * age - 2189.1
100 m Mar. Y = 83.467 * age — 502.55 18.00 y =-9.2171 * (age)? +
325.95 * age — 2057.3
200 m Mar. Y =104.17 * age — 865.09 17.9 Y =-9.7817 * (age)? +
362.48 x — 2526.7
200 m Est. Y =77.7 * age — 396.58 17.98 y =-7.0165 * (age)? +
261.58 * age — 15671.7
400m Est. Y =102.19 * age - 733.15 16.96 y =-13.763 * (age)? +

464.99 * age — 3062.4

Table 3 analyses events groupings by distance criterion, with
calculation of the respective age, mean of the best times per event.

TABLE 3
Mean results of the analysis of the rankings and
application of the mathematical model by style and distance

Butterfly Backstroke Breaststroke Crawl Styles Mean = SD
100 m 18 19.45 19.09 19.45 18.99 +0.68
200 m 17.9 18.45 17.78 18.42 1798 18.10 +0.30
400 m 17.93 16.96 17.44 +0.68

Based on the analysis of the obtained results, we are able to
verify that in Portugal, and whenever female swimmers are con-
sidered, they tend to obtain their best times earlier the longer the
distance of the event.

20.00
19.50
19.00
19.00
18.50
18.11
18.00
17.44
17.50
17.00
100m 200m 400m

Figure 1 - Chart of the mean values of the ages in years for best times, by
distance (meters)
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Growth curves by distance and curve modeling with

embarrassment obtained in model 1

In the following figure we can observe the results which de-
rived from the analysis of the rankings for the female swimmers,

14
c 12
2 LA\ —m—100m —A—200m —fg-400m
S 10
Ml N
o 8
s | TN a\
8
£ S R
g 4
< 2
0 T T T T T 1

10to 11

11to 12

12to 13
Years

13to 14

N
14t015  15t0 17

Figure 2 — Chart of the mean values of growth rate (years) of the sportive
outcomes throughout the ages and by grouping of swimming distances,

for the female sex

with the calculation of the growth rate of the sports results marks
per event.

After the analysis of this figure concerning the growth rate of
the sports results by grouping of swimming distances, a curve with
two growth peaks was verified: i) one between 11-12 years of age;
ii) from this age on a decrease of the values of the growth rate is
verified with a new growth peak at 14-15 years of age.

When the evolution of the sports results in the different tech-
nigques in 25 m and 50 m swimming pools is analyzed (figures 3
and 4), a similar trend is observed both in short (25 m) and long
swimming pools (50 m). However, a trend of higher growth is ver-
ified in a 50 m swimming pool, both at 11-12 years and at 14-15
years.

When the mathematical model of the growth curves of the sports
results was applied, and the embarrassment which was calculated
in the previous point is included, we can obtain different types of
adjustment according to the degree of the chosen polynomial unit.

Thus, the choice of the most suitable polynomial unit laid on the
one in which the different segments of the curve presented lower
residue value, allowing us to be more certain in the prediction of
results. The total chart of the modeling equations obtained for the
different groupings of distance and one explanatory example of
the chart obtained by the mathematical modeling were presented.

20.0%
17.5%
15.0%
12.5%
10.0%
7.5%
5.0%
2.5%
0.0% 10111 1112 12113 13/14 14/16 >16
—&— Free style 8.2% 7.2% 4.9% 2.4% 3.3% 1.7%
—— Breast stroke 6,1% 10.2% 4.7% 24% 4.3% 1.5%
—— Back stroke 10,0% 8.6% 5.1% 2.4% 3.2% 2.6%
—ye— Butterfly 10.5% 7.5% 6.1% 3.3% 3.9% 2.5%
——f— Styles 6.8% 4.8% 5.0% 3.0% 4.2% 2.1%
—&— Mean 8.3% 7.7% 5.2% 2.7% 3.8% 21%

Figure 3 — Representative chart of the increment rate of the outcomes in the different techniques in short swimming pool (25 meters)

20.0%
17.5% A\
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25%
0.0% ~=
25% 10111 112 12113 1314 14116 >16
—e— Free style 11.5% 15.2% 47% 2,3% 2,8% 1.3%
—m— Breast stroke 8.2% 15.9% 4.2% 2.2% 4.9% 0.7%
—a— Back stroke 7.4% 18.6% 42% 26% 28% 26%
—>¢— Butterfly 5.7% 2.8% 4.3% 3.2%
Styles 8.5% 181% 4.6% 1.9% 31% 1.9%
—e— Mean 8.9% 16.9% 47% 2.4% 36% 17%

Figure 4 — Representative chart of the increment rate of the outcomes in the different techniques in 50-meter swimming pool
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TABLE 4
Results of the mathematical modeling by event
distance and age segment, for the female gender

Event Age Polynomial unit Residue
segment
100 m 10-12 y =-0.061837 * age* + 3.5172 * age® - 7.53
73.518 * age?+ 667.8 * age — 2214
12-18 y =-0.0070607 * age® + 0.48646 * age? — 9.016
10.879 * age — 79772
200 m 10-12 y = -0.084444 * age* + 4.7446 * age® - 8.24
98.377 * age? + 890.21 * age — 2955
12-14 y = 0.13897 * age? - 5.3613 * age + 51.552 9.95
14-18 y = 0.03039 * age® - 9.89
1.1447 * age? +12.326 * age — 27.863
400 m 10-11 y =-0.018904 * age* + 0.95902 * age® — 1.37
17.749 * age? + 140.31 * age — 388.41
11-12 y =0.115213 * age? - 5.3204 * age + 47.318 2.39
12-14 y =-0.018904 * age* + 0.95902 * age® — 1.37
17.749 * age? + 140.31 * age — 388.41
14-15 y =-0.067298 * age® + 2.8938 * age? - 1.62
41.903 * age + 207.04
15-16 y =-0.018904 * age* + 0.95902 * age® — 1.37
17.749 * age? + 140.31 * age — 388.41
16-17 y =-0.067298 * age® + 2.8938 * age? — 1.62
41.903 * age + 207.04
Evolution Curve 200m Events
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Figure 5 - Mathematical modulations and respective residues of the mean
values of the growth rates of sportive results throughout the ages and by
grouping of the swimming distances (an example for the 200 m events)

DISCUSSION

In females, the age in which the best scores were obtained is
earlier than the one verified for males; such fact has also been
described in the literature?®29. |t is also more probable in females
the occurrence of motor talents, with extreme skill at the main
functional systems associated with particularities of the biological
development which enable the reaching of high sports practices 1
to 3 years earlier than the optimum ages established. Such fact
may not only be observed in long distance modalities (400 and 800
m) but also in the velocity ones (100 and 200 m).

Therefore, as well as it can be observed by the analysis of figure
2, there are two well-defined periods of remarkable increase of
the growth rate in the sports results by event distance, fact also
described in the literature3-20,

The first stage, which occurs between 11 and 12 years of age,
can be explained as a phase in which both training and motor apti-
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tude are very significant in the motor learning capacities, differen-
tiation/control, balance? as well as velocity, acquisition and stabili-
zation of motor tasks®, associated with the development of the
central nervous system and the maturation of several physiologi-
cal links of the conditional system?®.

The second stage, which occurs between 14 and 15 years of
age, can be explained by clear manifestation in this age of the be-
ginning of the maximal exponent of muscular development!''-12,
promoting a strength and power improvement peak®, as well as
the end of ossification?7-28),

Motor control acquisition would be characterized as the result
of the dynamic interaction of several subsystems in a particular
context’¥. Such viewpoint proposes a non-linear rhythm of devel-
opment, with differences between individuals!4.

This justification of the different stages of formation and differ-
entiation of the body’s systems may partly justify the mean values
of the growth rates (years) of the sports results along the ages and
by swimming distances grouping, for females, as presented in fig-
ure 2.

Concerning the differences found in the evolution of the sports
results between long and short swimming pools, the most remark-
able growth rate increase of the sports results between 11 and 12
years of age, in 50 m pool, may derive from the laps. It is known
that the determinant factor of laps’ success, besides the issues
associated with technique accuracy, has to do with power during
the contact phase. The smaller the number of laps in an event in
these ages in which the muscle-skeletal system in structural and
functional terms is still developing, the higher the probability for
the event time to be determined by the free style, a fact which is
verified in a 50 m pool. However, there are not relevant data in the
reference and consulted literature which allows us compare our
evolution results with other obtained in other studies.

When the optimum ages of the sports results for the female
swimmers are verified, they tend to obtain their best times earlier
the longer the distance of the event, which is according to the
most of the biography of world level swimmers who obtained the
best results (times) at early ages?332.,

Higher growth rates of the results in longer events are seen in
earlier ages (between 11 and 12 years), while in shorter events the
results increase closer to 14-16 years of age®332,

On the other hand, the relationship between the kids’ anthropo-
metrical characteristics and motor development shows that child’s
weight and height changes are associated with changes in the prop-
erties of the musculo-skeletal system, including tonus and
strength217),

During the maturation process the individual experiments body
manifestations such as increase of stiffness which is influenced
by alterations in muscular co-contraction'?.

According to Maglisho®?, the longer the events, the lower the
contribution of the lactic and anaerobic energy sources, and con-
sequently the higher the aerobic contribution. The reason for fa-
tigue in short events is the inability to keep velocity high due to
muscular phosphate creatine reserves depletion as well as the in-
ability to make the anaerobic metabolism operational fast enough.
Fatigue in middle and long distance events is caused by the acido-
sis caused by the lactate accumulation. Thus, higher increase in
longer events in these ages may be due to aerobic metabolism be
more developed than the others®?7-283" which will increase during
childhood and adolescence through the increase of the amount of
glycogen stored in the muscles and lower concentration of phos-
phocreatine!’®. Lower increase in shorter events is due to the low
capacity of performing anaerobic work before puberty, as well as
the too low lactate tolerance level®0.32),

Higher rates of increase from the 14 to 16 years in shorter events
may be explained since these events require greater energy mobi-
lization through the anaerobic way than longer events. Anaerobic
capacity is more developed in this age group®?’:*3¥ because in this
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period the beginning of the maximal exponent of muscular devel-
opment is verified in girls"'"'2, which promotes the strength and
power improvement peak around 16 years!"®. This fact also justi-
fies the increase of the maximal blood lactate level up to 14/15
yearso,

CONCLUSIONS

The conclusions concerning the proposed aims are respective-
ly: (i) the results demonstrated the need to reside the training pro-
cess in specific capacities of each maturational phase referred in
the bibliographical review, once improvement of the sports results
in each event have been confirmed in their specific requirements;
(i) the literature review joined with the results indicators of the
training process for different scales (increasing rates), show us
that the results are closely connected with the growth, maturation
and development processes and their maximal development peri-
ods; (i) the results show the need to limit the training process to
the optimum periods of the development of the several condition-
al and coordinative capacities, so that a whole limited to the indi-
vidual according to her personal characteristics evidenced during
growth can be built.

Concerning optimum ages for sports results, we concluded that
a rational structure of the sports career is needed, with the pur-
pose to reach better sports results, to mediate between 8-10 years,
justifying hence, the structure change of the sports program in the
long and medium run, so that: i) the training process structure close-
ly corresponds to individual particularities of the swimmers (long
distance, middle distance and sprint); ii) a redirecting of the train-
ing contents and its magnitude in the existing conditioning is veri-
fied; iii) measures for special promotion and institutional placement
become available in the specificities of the sports preparation.

Concerning the growth rate of the sports results and its model-
ing, we may conclude that there are factors associated with the
growth, development and maturation processes beyond the natu-
ral changes which derive from the training process, which help to
explain the results changes. Moreover, we observed that the sports
training process tends to start at ages even earlier in swimming,
and the child's maturation occurs earlier due to the training pro-
cess. Besides that, life quality has improved, eating habits and
health public services are better.

More emphatic conclusions on the predominance of each of
these components (training and biological factors) should consider
other variables, such as the training time, the beginning of the train-
ing process and the structuring of the training process, among oth-
ers.

As far as we are concerned, this study is one the first in this
field, thus, it presents some limitations. One of the most impor-
tant is the concurrent non-validation of the results which derive
from the mathematical modeling with real growth curves in the
training process during more than one sports stage. Nevertheless,
some suggestions are crucial for future investigations: i) correc-
tion of the curve values in the swimmers' maturation levels evalu-
ated (early, normal and late), inferring corrections in the growth
curve of the sports results; ii) comparison of the values obtained
for event and stage of sports outlining with real values which de-
rive from the follow-up of one or more training stages.

All the authors declared there is not any potential conflict of inter-
ests regarding this article.
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