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Computer s imu la t ion  o f  f i g u r e  ska t ing  jumps can i d e n t i f y  oppo r tun i t i es  f o r  
improvi ny skater  performance by u t i  1  i r i n g  t he  k inemat ic  desc r i p t i on  o f  jumping 
dynamics der ived  from cinematographic ana lys is  as the s t a r t i n g  p o i n t  f o r  
computer-based experiments on a simulated skater. The freedom t o  explore 
a l t e r n a t i v e s  i n  body pos i t i on ,  speed, t h r u s t  and t i m i n g  w i t h  the computer 
s imu la t ion  w i l l  p rov ide  the  coach w i t h  a t o o l  f o r  systemat ic  assessments of 
jumping technique. I n  add i t ion ,  the  a b i l i t y  t o  use t he  computer t o  examine the 
very r a p i d  movements dur ing  t ake -o f f  w i l l  he lp bo th  t he  skater  and the  coach t o  
conceptual ize t he  components o f  movements t h a t  may have been prev ious ly  unclear  
o r  even undefined. Consequent b e n e f i t s  woul d inc lude :  

1. Clear  desc r i p t i on  o f  proper jumping techniques. 

2. Opportunl t i e s  f o r  achiev ing more e f f i c i e n t  jumps--higher, longer,  more 
rev01 u t i  ons--wi t h  concomi t t a n  t freedom t o  increase concent ra t f  on on 
a r t i s t i c  dimensions. 

3. Keduced r i s k  o f  i n j u r y .  

4. Determinations o f  the s u i t a b i l i t y  o f  s p e c i f i c  jumps f o r  p a r t i c u l a r  body 
types, f l e x i b i l  i ty ,  s t reng th  and i n t e l l  ec tua l  capaci ty .  

The teaching o f  f i g u r e  ska t ing  t h a t  would evolve from a more complete 
understanding o f  jumping dynamics could be charac te r ized  by more appropr ia te  
progression i n  the development o f  the skater. Teaching o f  jumps cou ld  be 
prec ise  w i t h  l i t t l e  need f o r  re learning.  P o s s i b i l i t i e s  f o r  i n j u r y  due t o  h igh 
s t ress  l e v e l s  cou ld  be p inpo in ted  and adjustr~ ients i n  technique o r  improvements 
i n  boot desi yn cou ld  be made t o  1 i m i t  these stresses. 



This paper descr ibes the i n i t i a l  phase i n  t h e  development o f  a 
computer-based process f o r  t h e  dynami c si111u1 a t i o n  o f  f i yure s k a t i  ng jumps. High 
speed cinematography i s  used t o  determine t h e  k inemat ic  data f o r  each limb--e.g. 
v e l o c i t y  and a c c e l e r a t i o n  h i s t o r i e s ,  i n i t i a l  pos i  t ions--necessary f o r  s o l v i n g  
t h e  equations o f  mot ion by expl i c i  t numerical i n t e g r a t i o n .  As the corl~puter 
s i m u l a t i o n  proceeds a computer graphic  an imat ion i s  d isp layed.  Because the 
p o s i t i o r i  o f  each body segment i s  c a l c u l a t e d  a t  each t ime step, the i n f l u e n c e  on 
jump t r a j e c t o r y  due t o  changes i n  body p o s i t i o n  as we l l  as v a r i a t i o n s  i n  the 
t i m i n g  and i n  the  nlagni tude o f  t h e  forces exer ted  by the s k a t e r  can be examined 
by comparing the  animated t r a j e c t o r i e s  o r  p l o t s  o f  k inemat ic  data, j o i n t  fo rces  
and the torques a c t i n g  on each body segment. 

As i n d i c a t e d  i n  the n e x t  sec t ion ,  the numerical nlethod f o r  p r e d i c t i n g  the 
movements o f  the  s i n ~ u l a t e d  ska te r  i s  p a r t i c u l a r l y  simple. Each body segment i s  
considered as a d i s t i n c t  element d u r i n g  the  dynamic a n a l y s i s  w i t h  coup1 i n g  t o  
a d j o i n i n g  l imbs  accounted f o r  by i n c l u d i n g  the  r e q u i s i t e  j o i n t  forces,  (see 
re fe rences  Cundal l  (1983) and Cundal l  (1978)) .  While m a i n t a i n i n g  s u f f i c i e n t  
accuracy f o r  p r e d i c t i n g  complex jumping dynamics, t h i s  model i s  easy t o  
understand and use. 

NUMERICAL MODEL 

Many prev ious s tud ies  have s u c c e s s f u l l y  represente,d the human body as a s e t  o f  
connected r i g i d  segments, e.g. Hanavan (1964), I iuston e t  a1 (1971), Huston e t  a1 
( 19761, Hatze ( 1977 1 and A1 e s k i  nsky ( 1978). To i n t r o d u c e  t h e  model i n g  approach 
used i n  the  s i m u l a t i o n  o f  f i g u r e  s k a t i n g  jumps i n  th ree  s p a t i a l  d iscuss ions,  a 
s i m p l i f i e d  six-segmented hominoid r e p r e s e n t a t i v e  o f  two-dimensional symmetric 
mot ions i n  the sagi t t a l  p l  ane wi 11 be considered. Corresponding b i  l a t e r a l  
segments can be considered t o  move as one segment. As p i c t u r e d  i n  F ig .  1, the 
r e s p e c t i v e  body segments are:  

1. f e e t  
2. lower  l e g s  
3. upper l e g s  
4. t runk  ( i n c l u d i n g  head) 
5. upper anns, and 
6. lower  arms and hands, 

These connected segments a r e  considered as a dynamic system i n  which the  energy 
i s  t r a n s m i t t e d  by mechanical forces. 

A s imple dynamic system composed o f  th ree  connected masses i s  diagrammed i n  
F ig .  2. I n  t h i s  example t h e  th ree  masses a re  cons t ra ined  t o  move i n  one 
dinlension; they a re  connected t o  each o t h e r  and t o  a r i g i d  boundary by sp r ings  
and dashpots, and mass 3 i s  d r i v e n  by an e x t e r r ~ a l  f o r c e  F (  t ) .  The a n a l y s i s  o f  
such a system i s  s t r a i g h t f o r w a r d ,  

The bioniechanical model used i n  t h e  development o f  t h e  computer simul a t i o n s  
i s  analogous t o  the  dynamic system i n d i c a t e d  by F ig .  2. I n  the  biomechanical 
model each o f  the body segments a re  connected t o  a d j o i n i n g  seg~nerlts by spr ings 
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Figure 1. S i x  Segment Hominoid 

Figure 2 .  Simple Mechanical System 



and dashpots. Forces dre t r a n s m i t t e d  from seg~ i~en t  t o  segment through the 
spr ings;  r a p i d  o s c i l l a t i o n s  c h a r a c t e r i s t i c  o f  a spring-mass system b u t  no t  o f  a  
human body, a re  damped by the  dast~pots.  The homi r~o id  sketched i n  F ig .  1 i s ,  
however, f ree t o  move i n  two dimensions; t h e r e f o r e  a n a l y s i s  o f  both l i n e a r  and 
angul a r  accel e r a t i o n s  must be i n c l  uded. Another d i  s t i n c t  d i f f e r e n c e  between the 
two systems i s  t h a t  the  f o r c e  F ( t )  d r i v i n g  the  mechanical system i n  F ig .  2 i s  
ex te rna l  t o  the  system w h i l e  t h e  a c t i v e  elements are i n t e r n a l  f o r  the 
biomechanical model. The e q u i v a l e n t  c e n t e r  o f  mass torques t h a t  d r i v e  the 
hominoid a re  represen ta t ions  o f  the  torques developed by the muscles. 

Major goals o f  the conlputer model ing work have been ( 1 )  t o  develop a  method 
f o r  t h e  s imu la t ion  o f  complex t h r e e  dimensional jumps t h a t  accura te ly  p r e d i c t s  
mot ions based on t h e  equat ions o f  dynamics and ( 2 )  t o  u t i l i z e  as s imple an 
approach as poss ib le  so t h a t  t h e  method can be w ide ly  understood and e a s i l y  
used. The d i s t i n c t  element method f a c i l i t a t e s  these goals  because a t  each t ime 
increment  t h e  a lgor i thms examine each body segment i n  tu r r l  w i t h  e a s i l y  
c a l c u l  a ted  j o i n t  fo rces  1 i n k i n g  t h e  segments. By c o n s i d e r i n g  o n l y  the  equat ions 
o f  mot ion f o r  one segment a t  a  t ime,  t h e  f o r m u l a t i o n  i s  ve ry  concise. The 
s i m i l a r i t y  o f  the  c a l c u l a t i o n s  f o r  each segment l e n d  themselves t o  e f f i c i e n t  
l o o p  s t r u c t u r e s  a t  each t ime step as w e l l  as f o r  subsequent times. I n  the 
f o l l o w i n g  paragraphs a  two dimensional segment i s  analyzed t o  p rov ide  some 
i n d i c a t i o n  o f  the method. Ana lys is  i n  t h r e e  dinier~sions i s  made s l i g h t l y  more 
compl i c a t e d ,  and d i f f i c u l t  t o  draw, by e i t h e r  t ime v a r y i n g  moments o f  i n e r t i a  o r  
accel  e r a t i  ng coord ina te  systems. 

Equations o f  Mot ion f o r  Each Segment 

F i g u r e  3 i s  a  schematic o f  t h e  lower  l e g s  (segment 2 )  i n d i c a t i n g  t h e  fo rces  
and torques a c t i n g  on t h i s  r e p r e s e n t a t i v e  body segment. The j o i n t  fo rces  Fa2 
and Fb2 a c t  a t  each end o f  t h i s  l imb. The e q u i v a l e n t  muscle to rque  M2 and t h e  
we igh t  o f  the  l i m b  m2*g a re  shown a c t i n g  through t h e  c e n t e r  o f  mass. By d e f i n i n g  
t h e  l o c a t i o r ~  o f  t h e  ank le  j o i n t  w i t h  respec t  t o  t h e  c e n t e r  o f  rnass o f  t h e  lower  
l e g  by the  r a d i u s  v e c t o r  r a p y  t h e  l o c a t i o n  o f  t h e  knee j o i n t  by the  r a d i u s  
v e c t o r  rb2, t h e  moment o f  i n e r t i a  o f  t h e  lower  l e g  about i t s  cen te r  of mass as 
1 z Y  t h e  p o s i t i o n  o f  t h e  c e n t e r  o f  rnass o f  t h e  lower  l e g  r e l a t i v e  t o  a  s t a t i o n a r y  
c o o r d i n a t e  system by p2, and t h e  angu la r  o r i e n t a t i o n  o f  the  l i m b  as nleasured 
coun te r -c lockw ise  from t h e  p o s i t i v e  x -ax is  by 82, the  equat ions o f  mot ion  f o r  
t h i s  segment may be w r i t t e n  as 

-+ 
2+ .+. d2e2 

where *i2 = 2 and R2 = - . 
d t2 d t 2  

Beginning w i t h  a  complete ly  d e f i  r ~ e d  i n i  ti a1 c o n f i  y u r a t i o n ,  t h e  s t a t e  of the  
hominoid a small increment i n  t ime l a t e r  i s  p r e d i c t e d  by f i r s t  computing the  
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Figure 3.  J o i n t  forces Fa2 and Fb2, 
segment weight m *g,  
and equiva lent  cgnter  of mass 
torque M2 a c t i n g  on the lower legs 
segment of moment of i n e r t i a  12. 
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j o i n t  forces arid then u s i n g  them i n  t h e  i n t e g r a t i o n  o f  equat ions 1 and 2. The 
method f o r  s o l v i n g  these equat ions so t h a t  the  segments rer~iai  n  coupled a t  the 
j o i n t s  whi 1  e t r a n s m i t t i n g  t h e  forces associdted w i t h  the  p a r t i c u l a r  motiorl under 
study i s  o u t l i n e d  i n  the f o l l o w i n g  d iscuss ion.  

Limb Coupl ing 

I n  t h i s  model, j o i n t s  a re  d e f i n e d  as t h e  c o n t a c t  p o i n t s  o r  connect ions, 
between body segments. If one body segment i s  moved, due t o  an  i n t e r a c t i o n  w i t h  
an ex te rna l  o b j e c t  o r  t h e  genera t ion  o f  an i n t e r n a l  to rque  s i m u l a t i n g  a  muscle 
c o n t r a c t i o n ,  then a  f o r c e  may be t r a n s m i t t e d  through the  j o i n t s  t o  ad jacent  body 
segments thereby d i  sp l  ac ing  than. A s c h e r ~ ~ a t i c  o f  the  simul d t e d  cot idi  t i o n  a t  the 
j o i n t  between t h e  lower  legs  and t h e  f e e t  i s  shown i n  F i g .  4. To p r o v i d e  a  
r e p r e s e n t a t i o n  o f  t h e  method f o r  model ing the  coup l ing  between segments, an 
i d e a l  mechanical spr ing-dashpot  p a i r  i s  i n s e r t e d  i n  each j o i n t .  Wi th no at tempt  
a t  p h y s i o l o g i c a l  r i g o r ,  i t  i s  reasonable t o  consider  these elements as a  f i r s t  
approx imat ion t o  the  cornpl ex b i  01 o g i  c a l  s y s t e r ~ ~  o f  bones, 1  i gaments, tendons and 
muscles. Connection o f  segments by t h e  spr ing-dashpot  p a i r s  f a c i  1  i t a t e s  the  
c a l  c u l  a t i o n  o f  the approximate j o i n t  f o r c e s  and assoc ia ted  segment torques 
because movement o f  one body segment r e l a t i v e  t o  t h e  a d j o i n i n g  segment r e s u l t s  
i n  w e l l - d e f i n e d  changes i n  s p r i n g  t e n s i o n  which a re  r e a d i l y  determined. 
O s c i l l a t i o n s  c h a r a c t e r i s t i c  o f  a spring-mass mechanical system b u t  i n a p p r o p r i a t e  
t o  t h i s  biomechanical model are r a p i d l y  a t tenua ted  by t h e  damping f o r c e  due t o  
t h e  dashpot. 

Consider t h e  p a r t i a l  view o f  a  sample s i t u a t i o n  shown schemat ica l l y  i n  
F ig .  5. I n i t i a l l y  t h e  s imu la ted  f e e t  and lower  l e g s  a re  s t a t i o n a r y ,  F ig .  5a. 
A t  t ime  t, assume t h a t  torques e q u i v a l e n t  t o  the  e f f e c t  o f  a d d i t i o n a l  muscle 
c o n t r a c t i o n s  M1 and M2 beg in  t o  t w i s t  t h e  two l imbs,  F ig.  5b. The spring-damper 
system i s  compressed and generates equal and oppos i te  forces F b l  and F 2  a t  t h e  
a n k l e  j o i n t  which push on t h e  f e e t  and lower  legs,  r e s p e c t i v e l y .  The f o r c e s  
w i l l  acce le ra te  the  l imbs  t o  l i f t  t h e  lower  l e g s  up w h i l e  i n c r e a s i n g  the 
downward f o r c e  p ress ing  t h e  f e e t  t o  t h e  f l o o r ,  Fig. 5c. 

E v a l u a t i o n  of the  j o i n t  fo rces  i s  accomplished by de te rmin ing  t h e  f o r c e  i n  
t h e  sp r ing  and the  damping f o r c e  due t o  the  dashpot. The change i n  the  s p r i n g  
force i s  due t o  t h e  change i n  separa t ion  612 ( t  + ~ t )  between t h e  end o f  the  
lower  l e g  segment ( p o i n t  a21 and the  end o f  the  f e e t  segment ( p o i n t  b l ) :  

-+ + 
dFspring ( t  + ~ t )  = k l 2  * 612 ( t  + ~ t )  ( 3 )  

The change, i n  separa t ion  Xl2 ( t  + ~ t )  i s  determined by nu1 t i p l y i n g  t h e  re1 a t i v e  
v e l o c i t y  between segment end p o i n t s  as viewed from p o i n t  a2 

by t h e  t ime increment  b t .  

+ 
612 ( t  + n t )  =til2 ( t )  * ~t (5) 

+ 
Th is  i ncrelnental change i t i  s p r i n g  f o r c e  dFSpri ng corresponding t o  ~novelnents 
o c c u r r i n g  between t ime t and t ime t + b t  must be added t o  t h e  s p r i n g  f o r c e  t h a t  
e x i s t e d  a t  t ime t 



Figure 5a.  Feet and lower 
legs a t  r e s t  a t  time t. 

Figure 5b. Feet  and lower 
legs i n  motion. 
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Figure  5c. New posi t ion  a t  
time t + At. 



The danping f o r c e  i s  the  daniping constar l t  assumed f o r  t h a t  j o i n t  n ~ u l t i p l i e d  by 
t h e  r e l a t i v e  v e l o c i t y  

+ -+ 

Fdalnping ( t  + ~ t )  = b l 2  * Ul2 ( t )  (7 

Summing these fo rces  
+ + + 
F b l  ( t  + A t )  = FSpring ( t  + ~ t )  + Fdamyiny ( t  + A t )  ( 8 )  

and because t h e  s p r i n g  and the dashpot are assumed we igh t less  
+ 4 

Fa2 ( t  + ~ t )  = - F b l  ( t  + ~ t )  ( 9 )  

To compute these forces one can bey in  by de te rmin ing  t h e  segment end p o i n t  
v e l o c i t i e s  from t h e  k inenlat ic  r e l a t i o n s h i p s  

-b + + .  - + .  
where W1 = O1 and W2 = 

Q2 
. Then a f t e r  c a l c u l a t i n g  t h e  r e l a t i v e  v e l o c i t y  

U12 and displacement 612, equa t ions  8 and 9 g i v e  t h e  j o i n t  f o r c e s  which are 
used t o  so lve  equat ions 1 and 2 t o  o b t a i n  the  updated l i n e a r  and angu la r  
v e l o c i t i e s  and the  p r e d i c t e d  l i n e a r  and angular  displacements o f  the  segments. 

Th is  computer s i m u l a t i o n  system i s  be ing  developed t o  u t i  1  i z e  i n i t i a l  
k inemat i c  d e s c r i p t i o n s  o f  f i g u r e  s k a t i n g  jurnps ob ta ined  f rom c inematographic  
a n a l y s i s  as t h e  s t a r t i n g  p o i n t  f o r  subsequent computer-based experiments t o  
op t im ize  jumping technique. Once t h e  computer model has processed t h e  i n i t i a l  
data, p r e d i c t e d  changes i n  jump t r a j e c t o r y  due t o  t h e  e f f e c t  o f  s p e c i f i c  
adjustments i n  such v a r i a b l e s  as i n i t i a l  v e l o c i t y ,  body p o s i t i o n ,  t h r u s t  o r  
t i m i n g  can be d i s p l a y e d  f o r  t h e  i n v e s t i g a t o r  as an animat ion o f  t h e  r e s u l t a n t  
mot ion o r  as d e t a i l e d  p l o t s  o f  p o s i t i o n .  Complete k inemat i c  data as w e l l  as 
f o r c e  and torque h i s t o r i e s  may a1 so be r e t r i e v e d .  

General d i scuss ion  o f  f i g u r e  s k a t i n g  jumps i n c l u d e s  t h e  s k a t e r  beg inn ing  t o  
maneuver by s k a t i n g  i n  t h e  d i r e c t i o n  o f  t h e  a n t i c i p a t e d  moverl'lent, jumping i n t o  
t h e  a i r ,  execu t ing  a  s e r i e s  of r o t a t i o n s  ( 0  t o  fou r ) ,  and landing.  Every ska te r  
and coach i s  w e l l  versed i n  t h e  importance o f  maximiz ing time spent i n  t h e  a i r .  
T h i s  r e q u i r e s  a  l a r g e  angl e o f  t a k e - o f f ,  i .e. n e a r l y  v e r t i c a l ,  and a  f o r c e  
s u f f i c i e n t  t o  p r o j e c t  t h a t  s k a t e r ' s  c e n t e r  o f  mass as h i g h  as poss ib le .  These 
s i ~ i l p l e  terms r e q u i r e  a  more p r a c t i c a l  exp lana t ion  w i t h  d e t a i l  about how t o  
achieve the  d e s i r e d  r e s u l t s  when t rans1  a ted  by the  coach o r  ska te r  f o r  a  
s p e c i f i c  jump. 



With a  g iven skater  i n  mind the he igh t  o f  the center  o f  g r a v i t y  on take-off 
i s narrowly d e f i  ned depending upon body posi  t i  on; however, the v e r t i c a l  
component o f  v e l o c i t y  a t  t ake -o f f  i s  in f luenced by several fac to rs .  The 
v e l o c i t y  o f  the t o t a l  body en ter ing  the  jump combined w i t h  the v e r t i c a l  i~npu l  se 
produced dur ing  the  t ake -o f f  phase determine the v e r t i c a l  v e l o c i t y  imparted t o  
t he  body. This impulse invo lves  the forces produced by the  muscle ac t i on  of the 
th igh ,  l e g  and foo t ,  and t o  some ex ten t  the p a r t  t o  whole t r a n s f e r  of momentum 
o f  the arms and f r ee  leg. Obviously the t im ing  o f  these t ake -o f f  ac t ions  i s  
c r i t i c a l .  Focus f o r  both execut ion by the skater  and e r r o r  co r rec t i on  by the 
coach should be d i r ec ted  toward 

1. the ho r i zon ta l  v e l o c i t y  en te r i ng  the jump, 
2. the  p o s i t i o n  of the body on take-o f f ,  
3. the t ime requ i red  f o r  execution o f  the  take-o f f ,  
4. the p o s i t i o n  o f  the f r ee  l e g  r e l a t i v e  t o  the  v e r t i c a l  a x i s  o f  the body, 
5. the  p o i n t  a t  which the f r ee  l e g  and arms stop t h e i r  movement thus 

t r a n s f e r r i n g  momentum t o  the t o t a l  body mass, and 
6. the  h i p  p o s i t i o n  throughout the movement. 

It i s  d i f f i c u l t  f o r  the coach t o  observe, and c e r t a i n l y  f o r  the skater  t o  
focus upon, the  f ac to r s  l i s t e d  i n  the preceding paragraph dur ing  any one 
p a r t i c u l a r  jump because o f  the  number o f  parameters and because o f  the  sho r t  
t ime per iod  i n  which they occur. Systematic v a r i a t i o n  by a  ska ter  o f  any 
p a r t i c u l a r  element o f  the  jump, t o  see the  e f f e c t  o f  the  changes, i s  near ly  
impossib le because of the pa t te rns  o f  movement t h a t  the  body has learned dur ing  
years o f  t r a i n i n g .  It would be very h e l p f u l  i f  the  ska ter  cou ld  develop sound 
technique from the  beginning. Coup1 i n g  high-speed cinematography w i t h  the 
dynamic computer model w i  11 p rov ide  a  computer simul a t i o n  amenable t o  systematic 
parameter v a r i a t i o n s  thereby p rov id i ng  add i t i ona l  oppo r tun i t i es  t o  examine and 
p e r f e c t  a  s k i l l  through a  b e t t e r  understanding o f  what does o r  migh t  occur. 
Thus i t  i s  poss ib le  f o r  the  coach and student  t o  observe a  wor ld  c l ass  ska ter  
execut ing a  complex j l~mp and focus on key body p o s i t i o n s  as we l l  as the temporal 
f a c t o r s  o f  the jump. It i s  even poss ib le  t o  vary components o f  the jump, e.g. 
t he  p o s i t i o n  o f  the  f r ee - l eg  r e l a t i v e  t o  the v e r t i c a l  a x i s  o f  the body on 
take-o f f ,  and v i sua l  i z e  the e f f e c t  t h i s  adjustment would have on performance. 
But  one i s  n o t  l i m i t e d  t o  studying advanced techniques; t he  whole sequence of 
t r a i n i n g  can be analyzed from the  s imp les t  t o  the most complex. Biomechanical ly 
sound progressions i n  s k i l l  development can be discerned so t h a t  ska te rs  can 
advance e f f i c i e n t l y .  

Systematic v a r i a t i o n  o f  the  d i  ff e ren t  components o f  p a r t i c u l  a r  jumps 
accompl ished w i t h  the computer simul ated ska ter  woul d  p rov ide  a c l e a r  
understanding o f  the components which make s i g n i f i c a n t  a1 t e r a t i o n s  i n  
performance as opposed t o  components which have a  minor impact. Th is  cou ld  be 
accomplished away from the ice. A coach and/or an advanced ska ter  could s i t  
be fo re  t he  computer screen and explore the  e f f e c t  o f  a  v a r i e t y  o f  changes i n  
techniques t o  de l inea te  the  changes worth t r y i n g  du r i ng  p rac t i ce .  

F i n a l l y ,  i t  i s  poss ib le  t o  v i s u a l l y  con t ras t  d i f f e r e n t  ska te rs  both through 
an examination o f  d i f f e rences  i n  pos i t i on ,  v e l o c i t y  and t im ing  and through an 
exp lo ra t i on  of the d i  f f e r e n t  forces t h a t  are exerted. For  example, wor ld  c lass  



skaters could be compared w i t h  na t iona l  contenders t o  provide i ns i gh t s  i n t o  the 
sub t l e  d i f ferer ices.  Feedback could make the na t iona l  l eve l  skater  a st ronger 
con tender. 
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