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Abstract:

It is instinctively known that changing conditions on the ski course affect competitors’ performances.
It may be furthermore affirmed that the effect of changing conditions cannot be avoided completely in out-
door, natural circumstances. This project is based on 3D kinematical measurements taken on the slalom ski
course with an investigation of five world cup level ski racers. It deals with an investigation of the effect of
changing conditions on several kinematic parameters such as the centre of gravity’s and arithmetic mean of
the skis’ velocity, the length of the centre of gravity’s and arithmetic mean of the skis’ trajectory, the hori-
zontal as well as vertical point of the beginning and end of the turn and the time needed to complete a turn.
The results show a significant effect on several of the inspected parameters that give us a basic idea about
the consequences.
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WECHSELNDE WETTERBEDINGUNGEN AUF DER SLALOMSTRECKE
BEEINFLUSSEN DIE LEISTUNG DER TEILNEHMER

Zusammenfassung:

Es ist uns wohl bekannt, dass die wechselnden Wetterbedingungen auf der Skistrecke die Leistung der
Skifahrer beeintrachtigen kann. Auflerdem kann im Freien, d.h. unter natiirlichen Bedingungen die Wirkung
der wechselnden Wetterbedingungen bei weitem nicht vollig vermieden werden. Dieses Projekt basiert auf
3D kinematische Messungen, die an der Slalomstrecke durchgefiihrt wurden, wobei die Leistung der fiinf an
Weltmeisterschaften teilnehmenden Skifahrer gemessen wurde. Es untersucht die Wirkung der wechselnden
Wetterbedingungen auf einige kinematische Parameter, wie z. B. die Geschwindigkeit des Schwerpunkts
von Skiern und das arithmetische Mittel der Geschwindigkeit von Skiern, die Lange der Flugbahn des
Schwerpunkts und das arithmetische Mittel der Flugbahn der Skier, den horizontalen sowie den vertikalen
Punkt des Beginns und des Endes der Kurve und die notwendige Zeit, um die Kurve auszufahren. Die
Ergebnisse zeigen eine signifikante Wirkung auf einige untersuchte Parameter, die uns eine Grundidee iiber
die Konsequenzen vermitteln.

Schliisselwirter: Ski Alpin, Slalom, wechselnde Wetterbedingungen, 3D kinematische Messungen

Introduction

Changing conditions on ski courses make the
World Cup races unfair to racers and more inter-
esting for spectators. In the past years the organiz-
ing committee of the World Cup races tried to im-
prove races in order to make them fairer and more
interesting. One of the most significant attempts to
avoid an advantage of the best racers because of bet-
ter course conditions was to invert the starting list

in the second run starting with the fifteenth result
from the first run. Recently, it has even been tried
to invert the results of thirty racers for the second
run. Even more, the best racers draw the starting
numbers to avoid the first starting numbers having
the best conditions. These are only the most obvi-
ous rules changed among many of them, which will
result in making the World Cup races fairer and
more interesting.
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It is instinctively known that changing con-
ditions on ski course affect results. Sometimes,
this affects a skier’s run more, sometimes less.
Furthermore, it may be affirmed that the effect of
changing conditions cannot be avoided completely
in outdoor, natural circumstances. This is the reason
why we wanted to study this issue even though it
is not possible to find a general solution to the
problem. Several investigations in alpine skiing
using 3D kinematics have been performed in the
past years, where many of them have considered
the centre of gravity and arithmetic mean of skis
(Schaff & Hauser, 1993; Brown, Hoffman, &
Heinzmann, 1996; Erdmann & Giovanis, 1997,
Ikegami et al., 1997, Kugovnik, Nemec, Pogacar, &
Coh, 2000; Raschner et al., 2001; Supej, Kugovnik,
& Nemec, 2003; Pozzo, Canclini, Cotelli, & Baroni,
2004; Schiefermueller, Lindinger, Raschner, &
Mueller, 2004; Supej, Kugovnik, & Nemec, 2004;
etc.). The model and measurements presented in
this paper are based on the trajectories and on the
points of the beginning and the end of the turns
(Supej, Kugovnik, & Nemec, 2003).

Methods

Sample

The slalom course during training sessions, at
the beginning of a racing season, was taken under
investigation. Five top-level slalom racers, members
of the Slovenian national ski team, were measured:
JK,M.K.,A. M., U. P. and M. V. They performed
3 runs each on the same course set-up. Altogether
14 runs were recorded, because M. K. fell out in
the second run. The gates in the measurement re-
gion were placed with an absolute distances d; =
12.37 m and d, = 12.75 m between each other and
a displacement of d,= 3.88 m (Figure 1). The slope
inclination was 18.5° + 1°. The air temperature was
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Figure 1. The schematic diagram shows the
absolute distance between the neighbouring
gates d,;, d, and the displacement d. between
the gates.

+3°C in the morning (before the measurements) and
the upper layer of snow was well prepared and hard,
but became soft as foreseen since the weather was
warm enough including a warm wind to make this
study possible. Therefore the upper layer became
broken on the course soon after a few skiers’ runs.
At the end of measurements the air temperature
was approximately +8.5°C.

Measuring device

Standard 17-point 3D kinematic measurements
were taken (Shaff & Hauser, 1993, etc.) using 4
camcorders covering 2 kinematic subspaces at 50
frames per second (Kugovnik et al., 2000, etc.)
even though pan — tilt — zooming systems have al-
ready been proven in alpine skiing (Drenk, 1994;
Mossner, Kaps, & Nachbauer, 1996). Synchronized
Sony DV-CAM camcorders were used covering two
subspaces joined in the middle. Additionally, Sony
mini-DV camcorders were used covering the same
spaces from different angles and covering a longer
area of the ski course. Each subspace was calibrated
using two cubes with a base of 1 metre. The cubes
were always placed wide apart to achieve maxi-
mum calibration accuracy. APAS Ariel 3D kine-
matic software was used to digitise joint points and
to transform double 2D data to 3D data.

Data analysis

To analyse the raw data as they emerged from
the APAS software, specially designed software
KinSki was used (Supej, Kugovnik, & Nemec,
2004) that enabled an analysis of the videos and
simultaneous employment over 60 of the calculated
parameters essential for the analysis of skiing (Fig-
ure 2). All descriptions of parameters calculated in
KinSki software are presented in the next section.

Calculation of the investigated
parameters

We described the skier’s trajectories of motion
for each point in a three-dimensional Cartesian co-
-ordinate system. In this case the beginning of a ski
turn as well as the end of it can be calculated as a
cross-section of the projected trajectory of the cen-
tre of gravity on the ski-trajectory-surface and of
the arithmetic mean of the skis (Supej, Kugovnik,
& Nemec, 2003).

Beside these two points the lengths of the centre
of gravity trajectories and the lengths of the arith-
metic mean of the skis’ trajectories were also cal-
culated from the point of the beginning of the turn
and to the point of the end of the turn as previously
discussed. All lengths were calculated by the poly-
gon-lines and a simple linear approximation. Fur-
thermore, the turn times needed and the average
turn speeds were calculated during the inspected
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Figure 2. Some of the most important biomechanical parameters in skiing are presented graphically and simultaneously with the video recordings
using the KinSki computer program. The skier is stopped at the point of ending the previous and beginning the next turn. The vertical lines in
the diagrams show corresponding values (the skier measured: J. K.).
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Figure 3. Centre of gravity’s (CG) and arithmetic mean of skis’ (AMS) trajectories for the I° passing and for the 10" passing through the gate
combination. The trajectories belong to J.K.’s I* and 3" run. The beginnings and ends of the inspected turns are marked by solid vertical lines
(KinSki Computer Program,).
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turn. Therefore, the exact times of the beginning
of the turns and the end of the turns for each rac-
er were calculated using the previously described
cross-section points and velocity of the surrounding
interval. The time to complete the inspected turn is
consequently a difference between the calculated
time points. Dividing the length of the turn trajec-
tory by the turn time results in average velocity.

All diagrams are presented with the Matlab’s
prediction plot using the least squares method for
linear regression. The bounds on the diagrams are
non-simultaneous and curved showing a 95% con-
fidence interval. Similarly, the upper and the lower
95% bounds for all the linear regression parameters
are presented in the table (Figure 10).

Results

An example of trajectories of the centre of grav-
ity and arithmetic mean of skis is presented in Fig-
ure 2 for two different runs of the same skier (J.K.).
A pair of trajectories belongs to the 1% run and a pair
to the 3" run, which is equal to the 1% passing and to
the 10™ passing through the gate combination.

The most obvious parameters showing the ef-
fect of changing conditions on a slalom ski course
are the points of the beginning and the end of the
turn. The diagrams in Figure 4 show where the ends
according to the skiers’ runs are in the fall line.
The linear coefficient for the trend line amounts
approximately to 0.1 m/run for the ends of turns
(see also Figure 10). The linear coefficient for the
beginnings of turns does not show any statistical
significant deviation from zero.

Similarly, the diagram in Figure 5 presents dis-
placements of the ends of turns according to the ski-
ers’ runs. In this case the linear coefficient amounts
to -0.0476 m/run (see also Figure 10).
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Figure 4. Points on the fall line of the ends of turns according
to skiers’ runs with an added linear trend line (solid line) and
predicted bounds (dotted line).

Despite the point of beginnings and ends also
the centre of gravities’ and arithmetic mean of skis’
trajectories are spoiled during the runs due to the
differences in lengths (see also Figure 3). The dia-
grams in Figure 6 and Figure 7 show the prolonga-
tions of trajectories. The linear coefficients of the
trend lines are similar as expected. They are 0.138
m/run and 0.126 m/run for the centre of gravities’
trajectories and for the arithmetic mean of skis’ tra-
jectories, respectively (see also Figure 10).

We have already seen how changing conditions
on a ski course affect trajectories and points of the
beginning and end of a turn. Nevertheless, two oth-
er parameters are most important in racing skiing:
the time needed to complete the run and the aver-
age velocity. The diagram in Figure 8 presents the
times needed to complete the inspected turn and
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Figure 5. Points of displacement of the turns’ ends according
to the skiers’ runs with an added linear trend line (solid line)
and predicted bounds (dotted line).
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Figure 6. Prolongations of the centre of gravities’ trajectories
- trajectories according to the skiers’ runs with an added
linear trend line (solid line) and predicted bounds (dotted
line).
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Figure 7. Prolongations of the arithmetic mean of skis’
trajectories - trajectories according to skiers’ runs with an
added linear trend line (solid line) and predicted bounds
(dotted line).

the diagram in Figure 9 shows the average veloci-
ties of the centre of gravities (the diagram for the
arithmetic mean of skis’ velocities is very similar
and therefore not presented). In all cases the trend
lines and 95 % of the bounds are added for eye
guiding. The linear coefficients are 0.011 s/run and
-0.058 ms!/run for the times and average velocities
respectively (see also Figure 10).

All the linear regression parameters with the
bounds predicted up to 95 % are shown in Figure 10.
They follow the notation of a simple linear equation
y = k*x + n. Suffixes —low and —up are dedicated
to the lower and upper bound. In this case the con-
stant regression parameter # represents the result
of a hypothetical zero passing.

Discussion and conclusions

The complete measurements were performed
in order to find out the consequence of changing
conditions of a slalom ski course. The conditions
chosen changed greatly. Intentionally, five top-
-level skiers performed three runs down the same
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Figure 8. The times added for the completion of the inspected
turn according to the skiers’ runs with an added linear trend
line (solid line) and predicted bounds (dotted line).
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Figure 9. Average velocities of the centre of gravity according
to the skiers’ runs with an added linear trend line (solid line)
and predicted bounds (dotted line).

ski course to minimize the differences between the
skiers’ performances as it would have happened if
each skier performed only one run through the gate
combination (measurement course).

Almost all the observed param-
eters result in differences and show
that it is difficult or even impossible

k k-low | k-up n n-low | n-up to assure conditions fair to all the rac-

Time [s] 0.011 | 0.007 | 0.016 | 0.971 | 0.933 | 1.010 ers under such weather/snow condi-
- tions. It should be pointed out that

Fall line [m] 0101 | 0.071 | 04131 | 14.169 | 13.904 | 14.434 normally such changes do not happen
CG-traject. [m] 0138 | 0.074 | 0.203 | 13.414 | 12.908 | 13.920 only on one or more sections. Never-
AMS-traject. [n] | 04126 | 0.045 | 0.207 | 13.964 | 13.322 | 14.606 theless, we calculated the predictions
CG-vel. [m/s] -0.058 | -0.087 [-0.029 | 14.092 | 13.842 | 14.342 for the whole ski course several times

Figure 10. Linear regression parameters with upper and lower bounds for all
parameters inspected. Abbreviations: CG — centre of gravity, AMS — arithmetic

mean of skis.

in order to make the level of changes
easier to envisage. On average, a 0.01-
second difference was measured in the
times for the inspected turn after each

155



Supej, M., Nemec, B. and Kugovnik, O.: CHANGING CONDITIONS ON ...

Kinesiology 37(2005) 2:151-158

passing through the gate combination (Figure 8 and
Figure 10). Even the lower bound amounts to 0.007
s/run. In the worst scenario this would mean ap-
proximately a half of a second over the whole sla-
lom course. Of course, these time differences are
too high, because in this gate combination the point
of the end of the turn has a much higher tendency to
decrease according to the fall line (11 cm/run or 7
cm/run minimum) than the point of the beginning
of the turn which is even statistically insignificant
(Figure 4). Consequently, the displacement had a
higher tendency at the end of the turn than at the
beginning of the turn, which was again statistical-
ly insignificant (Figure 5). Generally, it could be
seen that the lengths of the centre of gravities’ and
the arithmetic mean of the skis’ trajectories were
prolonged by approximately 13 cm/run (Figure 6
& Figure 7) on average. This result means that the
difference in length between the 1% skier’s trajecto-
ry and the 14" is over 1 metre and this would mean
over 50 metres in the whole course. These results
are again, as previously discussed, too high, they
would result in over a 3-second advantage in the
whole slalom course in the worst scenario. Any-
way, it can be argued that the trajectories should be
longer, while the apex of the turn becomes lower
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PROMJENJIVI UVJETI NA SLALOMSKOJ SKIJASKOJ STAZI
NEGATIVNO UTJECU NA NATJECATELJSKU USPJESNOST

Sazetak

Uvod

Instinktivno se zna da promijenijivi uvjeti na sla-
lomskoj skijaskoj stazi utje€¢u negativno na natjeca-
teljske rezultate. Isto je tako jasno da se ucinak mi-
jenjanja uvjeta ne moze sasvim izbjeéi u aktivnos-
tima na otvorenome, u prirodi. To je i bio razlog
zbog kojega smo ipak Zeljeli prouditi taj problem
iako smo svjesni da se za njega ne mozZe pronaci
konacno rjieSenje.

Metode

Ispitivali smo slalomsku stazu tijekom treninga
na pocetku natjecateljske sezone. Izmijerili smo pe-
toricu vrhunskih slalomas&a, ¢lanova slovenske ski-
jaske reprezentacije. Svaki je tri puta odvezao istu
slalomsku stazu. Gorniji sloj na stazi bio je dobro
pripremljen i ¢vrst ujutro, ali je tijekom prijepodne-
va, o¢ekivano, omek3ao buduéi da se tempeatura
zraka povecala, a zapuhao je i i topao vjetar.

Provedeno je standardno trodimenzionalno ki-
nemati¢ko mjerenje 17 toCaka pomocu 4 kamere
koje su pokrivale 2 kinematiCka podprostora brzi-
nom od 50 sli¢ica u sekundi. Za obradu sirovih po-
dataka prikupljenih sustavom APAS upotrijebljen je
specijalno dizajniran ra¢unalni program KinSki.

Opisali smo trajektoriju gibanja svake od se-
damnaest to€aka u trodimenzionalnom koordinat-
nom sustavu. U tom je slu€aju bilo moguce izracu-
nati poCetak i zavrSetak zavoja kao presjek projici-
rane trajektorije teZista tijela na povrsinu odredenu
trajektorijom i skijom i aritmeticke sredine skija.

Osim te dvije tocke, izracunate su i duljine tra-
jektorija tezista tijela i duljine trajektorije aritmeticke
sredine skija. Tijekom promatranih zavoja mjerena
su vremena potrebna za izvedbu tih zavoja i
prosjecne brzine. Petorica vrhunskih skijada pla-
nirano su izvela po tri voZnje istom slalomskom
stazom kako bi se na najmanju mjeru smanijile
moguce razlike medu njihovim rezultatima, $to bi
se najvjerojatnije dogodilo da je svaki skijas samo
jednom prosao postavljenom stazom (mjernom
stazom).

Rezultati, rasprava i zaklju¢ak

Mjerenja su provedena da bi se otkrile poslje-
dice promijenjenih uvjeta na slalomskoj skijaskoj
stazi. Uvjeti na stazi znatno su se tijekom mjere-
nja promijenili.

U svim su se promatranim parametrima poja-
vile razlike, §to je pokazalo da je, u takvim okol-
nostima, vrlo tesko, ako ne i nemoguce, osigurati
pravedne, tj. podjednake uvjete za sve natjecatelje.
Valja istaknuti da se takove promjene normalno, u
stvarnosti ne dogadaju na ¢itavoj stazi, ve¢ obi¢no
na jednom dijelu ili na nekoliko njenih dijelova. Mi

smo, ipak, nekoliko puta izracunali predvidanja za
ukupnu slalomsku stazu kako bismo zornije prika-
zali veli€inu promjena. Primjer izraCuna na temelju
trajektorija teZiSta tijela i aritmetiCke sredine skija
prikazan je na slici 2 za dvije voZnje istoga skijaSa
(J.K.). Par putanja pripada skijasevoj prvoj i tre¢oj
voznji, $to je odgovaralo prvom i desetom prolazu
kroz postavljenu kombinaciju vrata. Prosje¢no, na-
kon svakog prolaska kroz postavljenu kombinaciju
vrata izmjerena je razlika od 0,01 s u vremenu na
promatranom zavoju (slike 8 i 10). Cak se i donja
granica popela do 0,007 s/voznja. Prema najgorem
scenariju to bi znacilo razliku od priblizno pola se-
kunde na Citavoj stazi. Naravno, te su vremenske
razlike prevelike zato $to je u nadoj kombinaciji vra-
ta to€ka zavrSetka zavoja pokazivala veéu tenden-
ciju usporavanja u skladu s nagibom (11 cm/voznja
ili 7cm/voznja najmanje) od tocke pocetka zavoja,
koja se i statistiCki pokazala neznacajnom (slika 4).
Sukladno tome, veca je tendencija pomaka na kra-
ju zavoja nego na pocetku, Sto je i opet bilo statis-
ticki neznacajno (slika 5). Opcenito, vidi se da su
se duljine putanje tezista tijela i aritmetic¢ke sredine
skija produljile prosje¢no za priblizno 13 cm/voznja
(slike 6 i 7). Taj rezultat znaci da je razlika u duljini
izmedu 1. i 14. skijaSeve trajektorije ve¢a od jednog
metra, a to bi onda znadilo viSe od 50 metara za
cijelu stazu. Ti su rezultati, kao 5to je vec¢ ranije re-
¢eno, preveliki i, prema najgorem scenariju, rezul-
tirali bi s predno$éu ve¢om od 3 s na Citavoj stazi.
U svakom slu€aju, moglo bi se tvrditi da bi trajekto-
rije trebale biti duZe usporedo sa spustanjem vrha
zavoja, a to tada vise nije u blizini vrata, kao Sto se
moze vidjeti na slici 3. To znaéi da bi premjestanje
moralo biti viSe i onda se posljedi¢no oCekuje i veéa
duljina trajektorije.

Ipak, najmanje razlike mogu se, u nasem slu-
¢aju, vrlo precizno procijeniti kao posljedica promi-
jenjenih uvjeta promatraju li se prosjecne brzine.
Snizenje prosjec¢nih brzina na prvi pogled iznena-
duje (slika 9), no kako je koli¢ina raspolozive po-
tencijalne energije za sve voznje jednaka za sve
trajektorije te kako trajektorije postaju duze, skija-
8i rasipaju puno mehanicke energije svladavajudi
otpor zraka (trenje i skijasev rad su zanemareni).
Cak ako se u obzir uzme ista duljina putanje zasve
zavoje, primjerice 14 m za jedan zavoj, i ako se to
pomnozi sa pedeset zavoja, rezultat ¢e biti 700 m
skijanja po slalomskoj stazi. Ako je prosje¢na br-
zina teZista tijela 14 m/s umjesto samo 13,95 m/s
(0,05 ms'/voznja je prosje€na razlika izmjerena
izmedu dviju uzastopnih vozniji, slika 8), tada bi to
znacilo razliku od 0,18 s po voznji na Citavoj stazi.
Nije vazno kojom se metodom racunaju razlike u
“uvjetima mekog snijega”. Vidi se da su u takvim
uvjetima staza ili njeni dijelovi stvarno nepravedni
prema natjecateljima.
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