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S c i e n t i f i c  a n a l y s i s  and assessment o f  a t h l e t i c  performance are, i n  t h e  
general case, n o t o r i o u s l y  d i f f i c u l t .  I n  t r a c k  and f i e l d  events t h e r e  are 
a t  l e a s t  c l e a r l y  d e f i n e d  measures o f  performance ( t i m e  expi red,  h e i g h t  
jumped, d is tances  thrown, e tc . )  . The coaches' j o b  then becomes one o f  
a s s i s t i n g  t h e  a t h l e t e  t o  improve h i s  o r  her  techn ique  i n  o rder  t o  achieve 
t h e  op t ima l  performance p o s s i b l e  w i t h i n  t h e  c o n s t r a i n t s  imposed by t h e  
p h y s i c a l  l i m i t a t i o n s  o f  t h e  a t h l e t e .  I n  a d d i t i o n ,  t h e  coach can suggest 
exerc ises  and o t h e r  ways i n  which these p h y s i c a l  l i m i t a t i o n s  (e.g. muscle 
s t r e n g t h )  p r e s e n t l y  r e s t r i c t i n g  performance can be ra ised ,  t h u s  a1 low ing  
f o r  p o s s i b l e  improved performance i n  t h e  f u t u r e ,  I n  b o t h  cases, however, 
i t  i s  t h e  1 i m i t s  o f  p e r f  ormance which are c e n t r a l .  

Shown i n  F i g .  1 are  some d i s t a n c e  records  f o r  t h e  j a v e l i n  th row over  
t h e  p a s t  seven ty - f i ve  years. T h i s  h i s t o r y  c o n t a i n s  severa l  prominent  fea- 
t u r e s  o f  i n t e r e s t ;  a  r e l a t i v e l y  l i n e a r  inc rease  i n  d i s t a n c e  d u r i n g  t h e  f i r s t  
t h r e e  decades, a  h i a t u s  d u r i n g  World War I 1  f o l l o w e d  by a re -es tab l i shment  
of pre-WW I 1  performance a t  around 70 m, a dramat ic  inc rease  d u r i n g  t h e  
early-to-mid f i f t i e s  due t o  t h e  redes ign  o f  t h e  j a v e l i n  i n t o  i t s  p resen t  
aerodynamic shape, and f i n a l l y  a  somewhat s lower  b u t  i n e x o r a b l e  i n c r e a s e  
over t h e  l a s t  twen ty  f i v e  years. Examining F ig .  1 one i s  l e d  t o  ask what 
are the  l i m i t a t i o n s  on performance. C l e a r l y  these l i m i t s  have n o t  y e t  been 
r e  ached. 

COWARISON OF AERODYNAMICS OF JAVELIN, DISCUS AND SHOT 

Of the  th row ing  events (shot,  hammer, d iscus,  j a v e l i n )  t h e  j a v e l i n  i s  
by f a r  t h e  most aerodynamic. Our i n t u i t i o n  t h a t  t h i s  m igh t  be t h e  case i s  
borne o u t  by  examining Tab1 e 1 i n  which t h e  shot,  d iscus,  and j a v e l i n  a re  
compared. 'The f i r s t  and t h i r d  rows show t h a t  t h e r e  are l a r g e  v a r i a t i o n s  
i n  mass and d e n s i t y  among t h e  t h r e e  o b j e c t s ,  The l a r g e  v a r i a t i o n s  i n  mass 
r e s u l t  i n  s i z e a b l e  v a r i a t i o n s  i n  ach ievab le  i n i t i a l  v e l o c i t i e s  when thrown 
by humans (row 4). A more accura te  measure of t h e  "aerodynamic i ty"  than 
t h e  dens i t y ,  however, i s  t h e  r a t i o  o f  t h e  maximum p o s s i b l e  aerodynamic 
f o r c e s  which m i g h t  a c t  d u r i n g  f l i g h t  t o  t h e  ( c o n s t a n t )  g r a v i t y  f o r c e s .  



Figure 1. Jave l in  Olympic distances and world records. 
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Table 1. Some Physical Character is t ics  o f  Shot, Discus and Jave l in  
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where P = a i r  densi ty ,  v  - v e l o c i t y ,  A = maximum pro jec ted  area, CD = 
drag c o e f f i c i e n t ,  m = ob jec t  mass, and g  = acce le ra t i on  o f  g r a v i t y .  

Equation (1)  can be decomposed i n  a  d i f f e r e n t  way as a  product  o f  
f i v e  f a c t o r s  

atmospheric- throw d is tance  ' maxi mum - i nver se shape 
constant  i n  a  vacuum pro jec ted  area mass 

which measure, r espec t i ve l y ,  t he  c o n t r i b u t i o n s  o f  a i r  densi ty ,  mass speci- 
f i c  i n i t i a l  k i n e t i c  energy, s ize,  inverse  mass, and shape. The l a s t  f o u r  
o f  these are shown i n  rows 5-8 o f  Table 1. I n  each o f  these f o u r  f a c t o r s  
the j a v e l i n  i s  g rea ter  than the  d iscus and the  d iscus  i s  g rea ter  than t he  
shot. 

The f i n a l  row o f  Table 1 shows t h a t  t he  j a v e l i n ,  according t o  t h e  
measure o f  Equation (2) ,  i s  rough ly  f i v e  t imes as aerodynamic as t he  
discus, which i s  i t s e l f  nea r l y  one hundred t imes as aerodynamic as t h e  
shot. The t r a j e c t o r y  o f  t he  shot  may t he re fo re  be modeled r e l a t i v e l y  
accura te ly  as a  pu re l y  b a l l i s t i c  one, wh i l e  aerodynaniic f o r ces  must be 
inc luded i n  any model f o r  t he  t r a j e c t o r i e s  o f  t he  j a v e l i n  o r  d i s c u s .  
Fur ther ,  f o r  asymmetric shapes l i k e  t he  j a v e l i n  and discus, aerodynamic 
fo rces  are a  f u n c t i o n  o f  n o t  o n l y  the  magnitude o f  t he  r e l a t i v e  wind speed 
bu t  a l so  t he  a t t i t u d e  o f  the body r e l a t i v e  t o  t he  r e l a t i v e  wind d i r e c t i o n .  
'Thus, - i n i t i a l  a t t i t u d e s  and r o t a t i o n s  o f  t he  body du r i og  f l i g h t  must a l so  
be considered. 

The general imp1 i c a t i o n s  o f  Table 1 are t he  f o l l ow ing .  Range o f  t h e  
shot i s  no t  apprec iab ly  1  i m i t e d  by drag; (Soong (1982) has ca l cu la ted  t h a t  
drag decreases t he  range by considerably l e s s  than 1 percent ) .  While t h i s  
i s  no t  the  case f o r  the discus, i t s  asymmetric shape makes i t  poss ib l e  t o  
compensate f o r  the  decreases i n  range due t o  drag by analogous increases i n  
range due t o  l i f t  generated by appropr ia te  d iscus  a t t i t u d e s  du r i ng  f l i g h t .  
Indeed, i t  has a l so  been shown by Soong (1976) t h a t  these two f ac to r s  may 
nea r l y  cancel,  r e s u l t i n g  i n  a  range i n  a i r  n e a r l y  equal t o  t h a t  i n  a 
vacuum. The even more aerodynamic c h a r a c t e r i s t i c s  o f  t he  j a v e l i n  make i t  
poss ib le  f o r  l i f t  t o  s u b s t a n t i a l l y  outweigh drag and f o r  t he  j a v e l i n  t o  be 
thrown rough ly  18 percent  f u r t h e r  i n  a i r  than i n  a  vacuum (Hubbard, 1984). 

SIMULATION: RANGE AS A FUNCTION OF INITIAL CONDITIONS 

For a l l  the  throws, t he  eventual range depends on ly  (and un ique ly )  on 
cond i t ions  (pos i t i on ,  v e l o c i t y ,  a t t i t u d e ,  and angular  v e l o c i t y )  of t he  
ob jec t  when re leased by t he  thrower. As t he  "aerodynamicity" increases, 
however, so does the  s e n s i t i v i t y  of t he  eventual  range t o  t he  above 
re lease  cond i t ions .  Thus, i n  t he  case of t he  j a v e l i n  espec ia l l y ,  i t  would 
appear t o  be of g rea t  bene f i t  t o  focus on t he  dynamics i n  f l i g h t  i n  order  
t o  determine the  e f f e c t s  o f  the  i n i t i a l  cond i t i ons  on range. 



Two previous s tud ies  o f  j a v e l  i n  t r a j e c t o r y  dynamics (Soong (1975); 
Red and Zogaib, (1977)) have r e l i e d  on computer s imu la t ion  o f  t r a j e c t o r y  
equations. These made poss ib l e  t he  p r e d i c t i o n  o f  dynamic behavior i n  
f l i g h t  as we l l  as eventual range, e n t r y  angle, and t ime of f l i g h t .  Unfor- 
tuna te ly ,  the  r e s u l t s  of these s tud ies  were somewhat mis leading because: 
1)  t hey  used t h e o r e t i c a l  expressions f o r  aerodynamic forces and moments 
which on l y  poo r l y  approximate the ac tua l  f o r ces  and moments which ac t  on 
the  j a v e l i n  i n  f l i g h t ,  and 2 )  t hey  d i d  no t  exhaus t ive ly  i n v e s t i g a t e  t he  
space o f  i n i t i a l  cond i t ions  i n  order  t o  determine e x a c t l y  the  s e t  o f  
opt imal  re lease  condi t ions.  

Recent ly  a  s i m i l a r  computer s imu la t ion  approach has been developed 
(Hubbard and Rust, 1984a, 1984b; Hubbard, 1984) which incorpora tes  exper i -  
menta l l y  measured aerodynamic f o r ces  and moments f rom previous j a v e l i n  wind 
tunnel  t e s t s  by  Terauds (1972, 1974). From many such s imu la t ions  i t  i s  
poss ib le  t o  p r e d i c t  optimum re lease  cond i t ions  ( i n i t i a l  f l i g h t  path angle 
and j a v e l i n  a t t i t u d e )  as w e l l  as s e n s i t i v i t i e s  t o  pe r t u rba t i ons  from these 
optimum cond i t ions  and t o  var ious  environmental cond i t ions  (wind, dens i t y  
va r i a t i ons ,  etc.).  I n  the  remainder o f  t he  paper we s u m a r i z e  t he  approach 
taken i n  Hubbard and Rust (1984b) and i n  Hubbard (1984), present  f o r  t he  
f i r s t  t ime some new v i b r a t i o n  f r e e  opt imal  so lu t ions ,  and d iscuss how 
r e s u l t s  such as these can be used by throwers and coaches. 

I n  Hubbard and Rust (1984b), the  equations o f  motion f o r  the j a v e l i n  
t r a j e c t o r y  are der ived from f i r s t  p r i nc i p l es .  A p a r t i c u l a r  example 
t r a j e c t o r y ,  t y p i c a l  o f  a  good throw, i s  discussed and the mot ion of the  
j a v e l i n  i n  f l i g h t ,  obta ined by numer ica l l y  i n t e g r a t i n g  t h e  d i f f e r e n t i a l  
equations, i s  analyzed. I n  t he  companion paper (Hubbard 1984) i t  was 
shown, using many such s imulat ions,  t h a t  when t h e  j a v e l i n  i s  thrown i n  a 
v e r t i c a l  plane a  s e t  of f i v e  i n i t i a l  cond i t i ons  a t  re lease  determine 
complete ly  the  t r a j e c t o r y  and hence t he  eventual range. Th is  se t  of 
i n i t i a l  cond i t ions  inc ludes:  

1. vo - v e l o c i t y  o f  t he  cen ter  o f  mass (corn.) 

2. zo - he igh t  o f  t h e  c.m. 

3. bo - angle o f  t he  v e l o c i t y  vec to r  f rorr~ ho r i zon ta l  

4. a0 - angle o f  a t tack  (angle between the  j a v e l i n  ax i s  of symmetry 
and the  v e l o c i t y  vec to r )  

5. wO - p i t c h i n g  angular v e l o c i t y .  

These va r i ab les  are shown i n  F ig .  2. The subsc r i p t  o  above denotes " a t  
t ime t = 0." A1 though i t  i s  always des i r ab le  t o  have vo and t o  as l a r g e  as 
possib le,  there  are unique op t ima l  values f o r  the  remaining th ree  i n i t i a l  
cond i t ions  bO, a,, wo which maximize the  range. A ser ies  o f  
successively  1  ess constra ined optimum so lu t i ons  i s  def ined (g iven  vo and 
t o ) ,  t he  l a s t  of which i s  t he  g loba l  optimum j a v e l i n  t r a j e c t o r y  f o r  t he  
remaining th ree  i n i t i a l  cond i t ions .  



Figure  2. F ive  i n i t i a l  cond i t ions  (vo, zo, bo, yo, OO) determine subsequent 
t r a j e c t o r y .  To ta l  j a v e l i n  v e l o c i t y  v, i s  v e c t o r i a l  sum of run-up v e l o c i t y  vr 
and throw v e l o c i t y  v t .  No t ransverse v i b r a t i o n s  are induced when 6 = 0. 

Thi s  opt imal  s o l u t i o n  was found us ing  a  three-dimensional Newton- 
Raphson i t e r a t i v e  search. Unfor tuna te ly ,  any attempt t o  p o r t r a y  o r  d i s p l a y  
the behavior o f  the  range i n  a  neighborhood of the  optimum i s  severe ly  
1  im i t ed  because o f  the  three-dimensional na tu re  o f  t he  space. Th i s  may be 
circumvented, f o r  example, by f i x i n g  one o f  t he  t h ree  va r i ab les  bo, 
a,, w0 and p l o t t i n g  range contours i n  the remaining two space. 

VIBRATION FREE TRAJECTORI ES 

Another more na tu ra l  method t o  decrease t he  problem d imens iona l i t y ,  
however, i s  t o  recognize t h a t  n o t  a l l  near  op t ima l  so lu t i ons  are equa l l y  
desi rable.  Indeed, t he re  i s  a  two-dimensional subspace of t he  bq, uo, 
00 t h ree  space which i s  much more p re fe rab le  f rom the  p o i n t  o f  view of 
m in imiz ing  thrower induced v i b r a t i o n s  (which can be a  severe problem i n  
ac tua l  p r a c t i c e ) .  That t h i s  i s  the case may be seen from the  f o l l ow ing  
arguments i l l u s t r a t e d  i n  F ig.  2. 

Because the  thrower has a  non-zero run-up v e l o c i t y  v r ,  an impulse 
mvt ( a t  an angle B t o  t he  h o r i z o n t a l )  must be app l ied  t o  t he  j a v e l i n  
dur ing  t he  throw i n  order  t h a t  a  r e s u l t a n t  i n i t i a l  v e l o c i t y  vo ( a t  angle 
l o )  w i l l  r e s u l t .  Thus, an impulse o f  magnitude mvts in  s i s  imparted 
perpendicular  t o  the j a v e l i n  ax i s  where the  impulse misal ignment angle 6 
can be shown (Hubbard, 1984) t o  be g iven by 



When a 4 0, t h i s  impulse causes t ransverse v ibrat ions.  If the thrower, how- 
ever, chooses a. t o  make a = 0, i.e. throws a t  an i n i t i a l  angle o f  at tack 

s i n  b0 

0 

then the subsequent t r a j e c t o r y  w i l l  be v i b r a t i o n  free. F igure 3 shows the  
dependence o f  t he  v i b r a t i o n  f r e e  i n i t i a l  angle of at tack on bo. We 
emphasize t ha t ,  although the  i n i t i a l  angle o f  a t tack  o0 i s  non-zero, 
there would be no thrower induced v i b ra t i ons  i n  t h i s  case s ince a l l  the 
throwing impulse i s  imparted along the  j a v e l i n  ax i s  ( o r  "through the  
po i  n th ' )  . 

Having thus reduced the dimensional i t y  o f  the i n i t i a l  cond i t i on  space 
t o  two by choosing a0 according t o  ( 4 ) ,  we may then present contours of 
constant range i n  t he  bo, uO two space. Shown i n  Fig.  4 are such 
contours o f  constant range f o r  the  Held-90 j a v e l i n  assuming t h a t  a, 
s a t i s f i e s  (4)  and t h a t  t o =  2m, v r =  6 mls, and vo = 30.48- 0.127 
(do - 35)  mls. This v a r i a t i o n  o f  i n i t i a l  v e l o c i t y  vo w i t h  f l i g h t  path 

Figure 3. I n i t i a l  angle of a t t ack  which minimizes thrower induced v ib ra t ions .  



Figure 4, V i  b ra t i on less  range contours f o r  Held-90 j a v e l i n  vs and oo 
(contour  i n t e r v a l  = 5 m). Hashed reg ion  corresponds t o  t a i l  f i r s t  landings.  

angle do i s  an attempt, f i r s t  suggested by Red and Zogaib (1977), t o  
model t h e i r  exper imenta l l y  observed f a c t  t h a t  i t  i s  poss ib l e  t o  throw 
f a s t e r  a t  smal ler  i n i t i a l  f l i g h t  path angles, bO. Also shown i n  F ig .  4 
are two contours o f  zero e n t r y  angle, between which ( i n  t he  hashed reg ion)  
the j a v e l i n  s t r i k e s  t he  ground t a i l  f i r s t ,  thus  r e s u l t i n g  i n  an i l l e g a l  
(unmeasurabl e)  throw. Thus, t he  op t ima l  d e t e r m i n i s t i  c  i n i  t i  a1 cond i t i ons  
66, ~8 are those which maximize t he  range ou t s i de  t h i s  reg ion  ( i  .e. sub jec t  
t o  t he  e n t r y  angle cons t ra i n t ,  8f < 0). From F ig .  4, these opt imal  i n i t i a l  
cond i t i ons  can be seen t o  be very  near t he  p o i n t  (66, a:, u:) = (31  deg, 
6.8 deg, -10.4 degls)  and t o  r e s u l t  i n  a range o f  approximately  114.8 m. 
The opt imal  p o i n t  i s  denoted by i n  F ig.  4. 

F ig.  5 shows, i n  the  same bo, wO space, contours o f  constant  t ime 
of f l i g h t ,  tf. As i s  c l e a r  f rom the  f i gu re ,  t he  t ime o f  f l i g h t  can vary  
r a the r  d rama t i ca l l y  i n  the  range 1.98 < tf < 5.73 sec, t h e  optimum t ime 
of f l i g h t  (t; = 5.26 sec) occur r ing  a t  t he  op t ima l  values o f  6; and U: 

above which maximize the  range. 



F i g u r e  5. Time o f  f l i g h t  con tours  ( i n  seconds) f o r  v i b r a t i o n  f ree  throw. 

PROBABILISTIC INTERPRETATION OF INITIAL CONDITIONS 

Probably  the  main a d d i t i o n a l  i n f o r m a t i o n  conveyed by F ig.  4 (beyond 
t h e  s e t  of t h e o r e t i c a l l y  o p t i m a l  i n i t i a l  c o n d i t i o n s  b*,, a:, )  i s  t h e  
ext remely s e n s i t i v e  n a t u r e  o f  t h e  s o l u t i o n .  The angular  v e l o c i t i e s  o0 
i n  quest  i o n  are v e r y  sma l l  (be i  ng r o u g h l y  of t h e  o rder  of magnitude of t h e  
second hand on a c lock,  6 deglsec) .  It i s  t h e r e f o r e  u n l i k e l y  t h a t  w0 may 
be c o n t r o l l e d  by t h e  thrower w i t h  much p r e c i s i o n .  

Indeed, a more r e a l i s t i c  d e s c r i p t i o n  o f  t h e  "choice"  o f  t h e  i n i t i a l  
c o n d i t i o n s  by  the thrower may be a s t a t i s t i c a l  o r  p r o b a b i l i s t i c  one. That 
i s ,  t h e  thrower rnay be ab le  t o  choose mean values F, i f o r  t h e  v a r i a b l e s  
bo, wo, w i t h  t h e  a c t u a l  va lues being randomly determined, p e r h m s  
norrnal l y  d i s t r i b u t e d  about these  means, w i t h  var iances and 0,2 
which are i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  degree o f  c o n t r o l  which the  thrower 
has over  each var iab le .  For example, assuming t h a t  a0 i s  deterrnined by 
(4 )  above, and assuming s t a t i s t i c a l  independence o f  b0 and wo, t h e  
j o i n t  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  t h e  p a r t i c u l a r  i n i t i a l  c o n d i t i o n  
bo, wo might  be approximated as j o i n t l y  Gaussian, 



at- 

Figure 6. J o i n t  Gaussian p r o b a b i l i t y  dens i t y  f unc t i on  f o r  bO, wo when consi- - 
dered as random v a r i  ables. The most probable value f o r  bO, wo i s  the  mean a, w. 

- 
where F, LU are t he  mean values and 06, U, are the standard dev ia t ions  
o f  6, and u0. Figure 6 shows the  nature o f  t he  p(bo, w0) surface. 
Reasonable estimates can be made f o r  06. Based on experimental data 
( M i l l e r  and Munro, 1983), i t  appears t h a t  UQ i s  roughly of t he  order of 
1-2 deg. Est imat ion o f  U, i s  more problematic, however, s ince  i t  i s  
extremely d i f f i c u l t  t o  measure such small  angular  v e l o c i t i e s  accurate ly.  
No repo r t s  i n  the open l i t e r a t u r e  are known which conta in  such measurements 
and on which estimates of a, might be based. 

CHOICE OF THE OPTIMAL AIM POINT a*, <* 
I n  any case, such inexac t  c o n t r o l  o f  i n i t i a l  cond i t ions  t u rns  t he  

problem f o r  the thwwey i n t o  one of s tochas t i c  op t im iza t ion .  Namely, he 
o r  she must choose 4, u (which might be termed an "aim p o i n t " )  t o  maximize 
some payoff func t ion  of the range. One p o s s i b i l i t y  f o r  such a performance 
index would be the  expected value of the  range. Thus, t he  thrower might  
choose a*, 3 which maximizes the expected range 



where p(bo, w0) i s  g iven by (5), R(do, wo) i s  the  range func t i on  whose con- 
tours  are shown i n  Fig. 4 and which must be evaluated by s imulat ion,  and 
e(bo, wo) i s  e i t h e r  one o r  zero depending on whether the  f i n a l  e n t r y  
angle cons t ra in t  i s  s a t i s f i e d  o r  not .  Thus, i n  t h i s  scheme i l l e g a l  throws 
are n o t  weighted a t  a l l .  

The po in t  here i s  t ha t ,  when inexact  con t ro l  ex is ts ,  i t  i s  probably 
b e t t e r  t o  aim n o t  f o r  the  d e t e r m i n i s t i c  optimum which l i e s  on the  zero 
e n t r y  angle contour ( p o i n t  . i n  Fig.  4) b u t  instead f o r  a p o i n t  somewhat 
away from the de te rm in i s t i c  optimum (po in t  A i n  Fig.  4).  Th is  i s  because, 
due t o  uncont ro l lab le  s tochast ic  v a r i a t i o n s  i n  the  i n i t i a l  condi t ions,  the  
former a l t e r n a t i v e  w i l l  lead  t o  roughly one h a l f  o f  a l l  throws being 
i l l e g a l  because they  s t r i k e  t a i l  f i r s t .  Obviously, t he  above ideas 
general ize t o  the th ree  degree-af-freedom case where the  thrower i s  f r ee  
t o  choose a l l  th ree  i n i t i a l  condi t ions,  bo, ao, w0. 

INTERPRETATION AND USE OF RESULTS 

Although most o f  the  i n i t i a l  sect ions have been concerned w i t h  the  
desc r i p t i on  o f  a s p e c i f i c  model and op t im iza t i on  procedure, one o f  the 
main purposes o f  t h i s  paper i s  t o  discuss how these r e s u l t s  can be used by 
coaches and pa r t i c i pan ts .  The most obvious use o_f the  in fo rmat ion  i n  Fig. 
4 i s  f o r  the  ca l cu la t i on  o f  a bes t  aim po in t  T*, U* as discussed above. 

The mathematical maximization o f  (6 )  by choosing the bes t  aim p o i n t  - T*, U* i s  a r a t h e r  formidable se t  o f  ca lcu la t ions ,  however. Instead, i t  
should probably be poss ib le  s imply t o  use the  s e n s i t i v i t y  in fo rmat ion  
conveyed i n  the contour spacing i n  Fig. 4 t o  make a reasonable guess f o r  
the l oca t i on  o f  the  bes t  aim p o i n t  w i thout  making the  lengthy  ca lcu la t ions .  
The thrower would then attempt t o  match ( o r  nea r l y  match) h i s  o r  her mean 
i n i t i a l  cond i t ions  i n  a throw t o  the  aim po in t .  

The use o f  the  aim p o i n t  concept w i l l  be most useful when there  i s  
the p rov i s i on  f o r  more or  l ess  i rmed ia te  feedback t o  the  thrower regarding 
performance. Hi gh speed video tape andlor  i n e r t i a l  instrumentat ion o f  the  
j ave l i n ,  perhaps even i n  concert,  are two poss ib le  ways t o  achieve t h i s  
feedback, which i s  essent ia l  i f  the  thrower i s  t o  be able t o  rnodify perfor- 
mance i t e r a t i v e l y  and home i n  on the  best  aim po in t .  The f e a s i b i l i t y  o f  
such techniques i s  p resen t l y  being studied. 

Repeated s o l u t i o n  o f  the  problem (namely, generat ion of Fig. 4) f o r  
d i f f e ren t  nominal v e l o c i t i e s  vnom i n  vo = vnom + 0.127 ( 6  - 35) can 
answer questions concerning how the  opt imal  i n i t i a l  cond i t ions  might  change 
as a thrower 's  v e l o c i t y  c a p a b i l i t y  increases. Such a study i s  inc luded i n  
Hubbard (1984) and i s  a s p e c i f i c  example o f  the  c a l c u l a t i o n  of the  
s e n s i t i v i t y  o f  the  1 im i  t s  of performance t o  thrower physical  l i m i t a t i o n s  
mentioned i n  the opening paragraph above. 

F i n a l l y ,  the  r e s u l t s  and approaches ou t l i ned  here in  may be used i n  
the study and design o f  new j ave l  ins.  As throwers '  c a p a b i l i t i e s  increase, 
gradual mod i f i ca t ions  i n  j a v e l i n  design w i  11 be necessary. Using simul a- 
t i o n ,  i t  may be poss ib le  t o  determine the o p t i m u ~ ~ ~  shape of the p i t c h i n g  



moment p ro f  i l e y  which i s apparent ly  t he  main aerodynamic change which 
r e s u l t s  when t he  j a v e l i n  shape i s  per turbed s l i g h t l y .  

CONCLUSIONS 

Numerical s imu la t ion  o f  the  d i f f e r e n t i a l  equations descr ib ing  j a v e l i n  
f l i g h t  has been discussed. Many such s imu la t ions  can map t he  i n i t i a l  
cond i t i on  space i n t o  range and can be used as a  bas is  f o r  de te rmina t ion  o f  
the opt imal  way t o  throw a  j ave l  i n  w i t h  g iven  aerodynamic c h a r a c t e r i s t i  cs. 
V ib ra t i on  f r e e  t r a j e c t o r i e s  can be assured by choosing t he  i n i t i a l  angle o f  
a t tack  so t h a t  the impulse misal ignment angle i s  made zero. De te rw in i s t i c  
range contours i n  the  i n i t i a l  cond i t i on  space may be used f o r  t he  computa- 
t i o n  o f  best  aim p o i n t s  i f  r e l i a b l e  and accurate est imates can be made o f  
the  s tochas t ic  v a r i a b i l i t y  o f  t he  thrower f o r  each i n i t i a l  cond i t ion .  
Feedback t o  the throwers o f  t h e i r  performance w i l l  be necessary f o r  them 
t o  be able t o  converge t o  aim po in ts .  Computer s imu la t ion  a l so  appears t o  
ho ld  promise i n  the design process f o r  j a v e l i n s  of the  f u tu re .  

REFERENCES 

M i l l e r ,  D. I. and C. F. Munro (1983) I8Jave l in  P o s i t i o n  and V e l o c i t y  
Pat te rns  Duri ng F ina l  Foot P lan t  Preceding Release," Journal of Human 
Movement Studies, 9, 1-20. 

Red, W .  E., and A. J. Zogaib (1977) " Jave l i n  Dynamics I nc l ud ing  Body I n t e r -  
action," J. appl. Mech., 44(3) ,  496-498. 

Soong, T.-C. (1975) "The Dynamics o f  J a v e l i n  Throw," J. appl.  Mech., 42(2), 
25 7-26 2. 

Soong , T.-C. (1976) "The Dynamics o f  Di scus Throw," J. appl . Mech., 43(4), 
53 1-536. 

Soong, T.-C. (1982) "Biomechanical Analyses and App l i ca t i ons  o f  Shot Put  
and Discus and Jave l i n  Throws," i n  Human Body Dynamics; Impact, Occupa- 
t i o n a l  and A t h l e t i c  Aspects, D. N. Gh is ta  (ed.), Clarendon Press, Oxford. 

Terauds, J. (1972) "A Comparative Analys is  o f  t h e  Aerodynamics and 
B a l l i s t i c  Cha rac te r i s t i c s  o f  Competi t ion Javel ins,"  Ph.D. D isser ta t ion ,  
Un i ve rs i t y  o f  Mary1 and, Col 1  ege Park. 

Terauds, J. (1974) "Wind Tunnel Tests o f  Competi t ion Javel ins," Track and 
Fie1 d  Q u a r t e r l y  Review, 74(2) ,  88-95. 


