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Abstrac t 

We stud y th e performanc e o f  huma n subject s i n a  tas k 
whic h require s multi-jointe d reache s t o b e mad e t o target s 
space d ove r  a  wid e area .  I n accordanc e wit h establishe d 
research ,  w e find  tha t  subjects '  reache s ar e no t  accurat e whe n 
the y carmo t  se e eithe r  thei r  hand s o r  th e targets .  Th e error s 
subject s mak e ar e differen t  a t  differen t  targets ,  suggestin g 
tha t  the y ar e du e t o a n erro r  i n th e plaimin g o f  movements . 
However ,  contrar y t o existin g model s o f  thi s error ,  w e find 
tha t  i t  i s highl y idiosyncratic .  Thi s lead s t o th e rejectio n o f 
th e mos t  straightforwar d mode l  o f  ho w reachin g i s learned , 
and pose s problem s whic h a  futur e mode l  mus t  address . 

I n t r o d u c t i o n 

W h en human s reac h t o visuall y locate d target s withou t 
visua l  feedback ,  the y m a k e errors .  Th e natur e o f  thes e 
error s i s a  reflectio n o f  th e wa y th e moto r  syste m i s 
controlled ,  an d i s th e focu s o f  thi s paper .  W e investigat e 
visuall y directe d reache s m a d e unde r  a  variet y o f 
conditions ,  an d fin d tha t  subject s produc e idiosyncrati c 
error s whic h var y wit h th e target' s location .  I f  th e 
response s o f  a  grou p o f  subject s i s average d together ,  th e 
individua l  idiosyncrasie s cance l  eac h other ,  an d th e averag e 
erro r  a t  an y targe t  i s ver y small ,  approachin g zero .  Th e 
behavio r  o f  th e grou p i s  thu s no t  representativ e o f  an y 
individual ,  suggestin g tha t  a  mode l  o f  moto r  contro l 
shoul d attemp t  t o explai n th e variation s observe d t o exis t 
betwee n individuals . 

Reaching ,  i n th e experiment s describe d here ,  i s th e proces s 
of  controllin g th e ar m i n orde r  t o positio n th e finge r  i n 
th e environment .  W h a t  variable s ar e controlled ,  an d how , 
i s th e topi c o f  a  variet y o f  models .  Thes e model s al l 
assume tha t  th e final  positio n o f  th e finger  i s known ,  an d 
tha t  th e moto r  syste m work s t o achiev e thi s goa l  state .  I f 
th e variable s unde r  contro l  ar e join t  angle s o r  muscl e 
lengths ,  the n clearl y a  transformatio n o f  th e visua l  targe t 
int o a n internal ,  postura l  on e mus t  preced e movemen t 
planning .  Eve n i f  th e positio n o f  th e han d i s  direcU y 
controlled ,  th e joint s an d muscle s mus t  stil l  b e tol d wha t 
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t o do ,  an d thi s require s tha t  th e desire d han d positio n o r 
trajector y b e turne d int o desire d postures . 

Reache s mad e withou t  visua l  feedbac k requir e a  mappin g 
fro m visua l  informatio n abou t  targe t  locatio n t o a n ar m 

configuration .  Thi s mappin g i s  il l  pose d sinc e ther e ar e 
multipl e ar m configuration s whic h ca n produc e an y singl e 
finge r  position .  O n e wa y t o lear n a n approximatio n o f  th e 
mapping ,  calle d flailin g o r  direc t  invers e modellin g 
(Jorda n an d Rumelhar t  1990) ,  i s  t o pic k larg e number s o f 
ar m configuration s a t  rando m an d the n combin e al l 
rando m movement s terminatin g i n th e sam e spatia l  regio n 
by a  mechanis m tha t  approximate s th e averag e o r  expecte d 
value s fo r  eac h independen t  degre e o f  freedo m (Kuperstei n 
1988) .  Thes e expecte d value s ca n the n b e use d t o associat e 
a uniqu e ar m postur e wit h eac h visua l  location .  Thes e 
posture s poin t  t o location s whic h approximat e th e 
associate d visua l  location s bu t  d o no t  necessaril y 
correspon d t o the m exactly ,  resultin g i n a n erro r  field  o f 
fou r  dimension s fo r  target s i n a  plan e tha t  ca n b e 
compare d t o experimenta l  data .  Predictio n o f  min imu m 
possibl e erro r  fro m th e flailin g mode l  doe s no t  depen d o n 
th e detail s o f  th e implementatio n o f  th e model ,  a s th e 
propertie s sufficien t  t o produc e erro r  prediction s ar e 
embodie d i n th e geometr y o f  th e ar m an d bod y an d th e 
descriptio n o f  th e task . 

Th e flailing  mode l  account s t o som e degre e fo r  th e gros s 
quantitativ e propertie s o f  th e erro r  observe d here ,  bu t  i t 
doe s no t  accoun t  fo r  th e idiosyncrati c variation s b y 
subjects .  Th e overal l  averag e magnitud e o f  erro r  predicte d 
by th e expecte d value s i s  clos e t o tha t  see n i n th e 
experiments ,  differin g b y a t  mos t  a  facto r  o f  tw o fro m th e 
observe d erro r  magnitude .  Bot h observe d an d predicte d 
erro r  diffe r  wit h targe t  position ,  an d no t  i n an y simpl e 
way.  A n individua l  subjec t  wil l  mak e differen t  error s a t 
differen t  targets ,  bu t  th e directio n o f  thos e error s i s no t 
consistentl y relate d t o an y outsid e variable .  Whil e thi s i s 
tru e als o fo r  th e predicte d errors ,  th e flailing  mode l 
predict s tha t  ther e i s on e uniqu e acma l  respons e fo r  eac h 
target ,  whe n i n fac t  th e response s ar e ver y differen t  fo r 
eac h subject . 

The specifi c  expecte d value s o f  a  flailing  mode l  depen d o n 
th e structur e o f  th e mode l  ar m an d it s  task .  Wher e 
Kuperstein' s mode l  wa s formulate d usin g onl y a  two -
jointe d artificia l  arm ,  w e hav e attempte d t o construc t  a 
mor e realisti c model .  Usin g dat a fro m a  kinesiolog y tex t 
(Luttgen s an d Wells ,  1982 )  t o establis h th e range s o f 
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motio n fo r  th e joint s o f  th e arm ,  w e hav e modelle d a  reac h 
as compose d o f  thirtee n independen t  variables .  Expecte d 
value s fo r  error s i n finge r  locatio n afte r  reachin g t o 

target s throughou t  th e rang e o f  th e ar m ar e generate d b y 
simulate d flailing .  Sinc e th e ar m almos t  neve r  reache s t o 
exactl y th e sam e plac e twice ,  th e reachin g spac e i s divide d 
int o cell s an d al l  reache s terminatin g withi n a  cel l  ar e 
groupe d togethe r  fo r  purpose s o f  averaging .  Fo r  eac h 
join t  th e angle s o f  th e posture s whic h reac h t o a  cel l  ar e 
averaged ,  computin g a  singl e angle .  Th e postur e resultin g 
fro m al l  th e averag e join t  angle s represent s th e expecte d 
value s tha t  woul d resul t  fro m associationa l  learning .  Th e 
locatio n o f  th e finge r  ti p resultin g fro m th e averag e 
postur e fo r  a  cel l  i s  compare d t o th e locatio n o f  th e cente r 
of  th e cell ,  resultin g i n a  differenc e o r  erro r  arisin g fro m 
th e model .  Th e mea n magnitud e o f  th e error s mad e b y 
th e mode l  i s 1.75c m ove r  th e entir e reachabl e surface , 
equivalen t  t o approximatel y 2 % o f  averag e ar m length . 
The overal l  erro r  magnitud e i s withi n th e rang e o f 
Kuperstein' s origina l  formulatio n o f  th e flailin g mode l  an d 
th e availabl e dat a fro m adul t  visuall y directe d reaches . 

Experiments 

The flailing model predicts both large and small scale 
feature s o f  th e erro r  distribution ,  predictin g tha t 
movement s mad e t o differen t  target s shoul d diffe r  i n thei r 
error ,  regardles s o f  variabl e startin g positio n an d speed , 
and independen t  o f  th e individua l  reacher .  Ou r  firs t  tw o 
experiment s examin e th e structur e o f  th e erro r  distributio n 
acros s a  surface ,  th e effec t  o f  startin g positio n an d 
individua l  difference .  Ou r  thir d experimen t  focuse s o n 
individua l  differences ,  studyin g thre e subjects '  error s wit h 
respec t  t o starlin g positio n an d movemen t  speed . 

Method 

Subjects :  Fourtee n undergraduate s fro m U C S D 
participate d i n th e firs t  experimen t  fo r  partia l  fulfillmen t 
of  cours e requirements ,  o r  fo r  payment .  Nin e suc h 
undergraduate s performe d i n th e secon d experiment , 
althoug h on e wa s discarde d whe n equipmen t  failur e wa s 
detecte d afte r  th e experiment .  Th e thir d experimen t 
employe d thre e voluntee r  researc h associate s wh o wer e 
naiv e t o th e hypothesi s bein g tested . 

Apparatus :  Subject s wer e seate d a t  a  160c m x  160c m x 
77.5c m hig h tabl e s o tha t  thei r  sternum s wer e abutte d 
agains t  a  cente r  mark .  A t  th e fou r  comer s o f  th e tabl e to p 
wer e se t  microphone s comprisin g a  collectio n arra y fo r  a 
three-dimensiona l  audi o digitize r  (Grap h Pe n GP-6-3D-P) . 
The subject s wor e tw o small .  Plexiglass-encase d sound -
emitter s o n thei r  righ t  inde x finger. 

On th e table ,  fiftee n tw o c m targe t  circle s wer e selecte d t o 
cove r  th e reachin g surface .  Thes e target s wer e selecte d t o 
be withi n rang e o f  al l  th e subjects .  Mounte d t o th e righ t 
of  th e subjects '  chai r  wa s a  larg e fou r  side d box ,  ope n t o 
th e subjec t  an d th e table ,  se t  a t  tabl e level .  I n fron t  o f  th e 
subject s a t  a n elevatio n o f  15c m wa s a n 8c m wide ,  100c m 

lon g shelf .  Th e experimente r  sa t  behin d th e subject ,  i n 
orde r  t o operat e th e digitizer . 

Procedure :  Th e subject' s tas k wa s t o m o v e thei r  righ t 

forefinge r  a s fas t  a s possibl e t o lan d o n a  give n target . 
The ar m movemen t  involve d i n thi s actio n wa s mad e 
ballistically ,  wit h n o visua l  guidanc e o r  feedback . 
Subject s bega n eac h tria l  wit h thei r  ar m eithe r  insid e th e 
box t o thei r  righ t  o r  beneat h th e shel f  i n fron t  o f  them . 

To initiat e eac h trial ,  th e experimente r  identifie d on e o f 
th e fiftee n target s b y readin g alou d th e numbe r  whic h 
labelle d it .  Th e subjec t  wa s the n give n a n indefinit e 
perio d i n whic h t o orien t  t o th e targe t  an d prepar e th e 
movement .  W h e n ready ,  th e subjec t  shu t  thei r  eye s an d 
reache d i n on e fas t  motio n t o plac e thei r  finge r  o n th e 
target .  W h e n th e movemen t  ceased ,  th e digitize r  wa s 
activate d an d th e positio n o f  th e finge r  recorded . 

Afte r  th e experimente r  tol d th e subjec t  tha t  th e recordin g 
had take n place ,  th e subjec t  wa s fre e t o retur n thei r  han d t o 
th e startin g position ,  an d onl y the n t o re-ope n thei r  eyes . 
Sinc e th e bo x an d shel f  bot h obscure d th e han d fro m view , 
thi s assure d tha t  th e subjec t  coul d no t  se e thei r  han d fo r 
th e entir e experimenta l  session . 

Subject s i n experimen t  on e move d t o eac h targe t  fou r 
time s fro m eac h startin g positio n wit h a  differen t  rando m 
orde r  withi n counterbalance d startin g positio n block s fo r 
eac h subject .  Thi s yielde d 12 0 trial s fo r  eac h o f  th e 
fourtee n subjects .  Afte r  th e experimenta l  session ,  th e 
locatio n o f  th e target s wer e digitize d b y havin g th e 
subject s tou r  th e target s wit h thei r  eye s open . 

Experimen t  tw o wa s identica l  t o experimen t  one ,  excep t 
tha t  eac h o f  th e eigh t  subject s toure d th e target s bot h 
befor e an d afte r  th e session . 

I n experimen t  three ,  a n additiona l  spee d conditio n wa s 
added .  Subject s wer e instructe d t o eithe r  mov e a s quickl y 
as possibl e (a s above )  o r  wer e tol d t o tak e a s muc h tim e 
as wa s neede d t o mov e a s accuratel y a s possible .  Eac h 
subjec t  move d t o eac h targe t  fou r  time s fro m eac h startin g 
positio n i n eac h spee d conditio n wit h a  differen t  rando m 
orde r  fo r  eac h subject .  Thi s yielde d 24 0 trial s fo r  eac h o f 
th e thre e subjects . 

Results 

These experiments showed that individuals produce 
systemati c erro r  whe n makin g visuall y directe d reaches , 
and tha t  th e error s mad e a t  particula r  target s varie d fro m 
individua l  t o individual .  Similarly ,  th e error s mad e b y 
any on e individua l  varie d fro m targe t  t o target .  Th e 
observe d idiosyncras y i n th e erro r  make s i t  difficul t  t o 
conclud e muc h abou t  th e grou p performance ,  bu t  i s i n 
itsel f  a n importan t  finding . 

I n orde r  t o determin e i f  subject s mad e systemati c error ,  a 
tes t  o f  eac h mea n respons e wa s made .  Fo r  th e firs t  tw o 
experiments ,  a  mea n respons e wa s compute d fo r  eac h 
subjec t  a t  eac h targe t  fo r  bot h initia l  positions .  Th e thir d 
experimen t  include d a  spee d condition ,  doublin g th e 
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number  o f  mea n response s fo r  eac h subject .  Eac h subjec t 
made multipl e response s i n eac h condition ,  an d s o a  mea n 
respons e wa s calculated . 

mean respons e = 
n n 

= (  X ,  y ) (1 ) 

Considerin g eac h respons e a s a  vecto r  directe d fro m th e 

targe t  t o th e finger' s location ,  th e mea n respons e i s th e 
vecto r  averag e o f  al l  response s i n a  singl e condition .  T o 
establis h a  confidenc e leve l  i n th e distanc e o f  th e mea n 
respons e fro m th e target ,  th e standar d erro r  o f  th e mea n 
was compute d i n eac h condition .  T o comput e th e standar d 
error ,  w e firs t  compute d th e distanc e o f  th e mea n respons e 
fro m th e target . 

D = ^ ^ ^  ^ X +  y (2 ) 

Th e standar d erro r  i s a  measur e o f  th e dispersmen t  o f  th e 
individua l  dat a point s aroun d th e mean .  T o measur e this , 
we compute d th e distanc e o f  eac h individua l  respons e fro m 
th e mea n fo r  tha t  condition . 

d =  V(x-^^(y-^ ^ (3 ) 

Th e actua l  standar d erro r  wa s the n computed ,  usin g th e 
differenc e betwee n th e individua l  distance s an d th e mea n 
distanc e o f  error . 

CJd W n- 1 

SEM = 

(4 ) 

(5 ) 

Dividin g th e distanc e o f  th e mea n respons e b y th e 
standar d erro r  give s a  Z  score ,  whic h ca n b e use d t o 
measur e th e certaint y wit h whic h th e distanc e i s non-zero . 
I f  th e m e a n respons e i s fa r  fro m th e target ,  an d th e 
standar d erro r  i s small ,  the n ther e wil l  b e a  hig h leve l  o f 
confidenc e i n th e mea n respons e no t  bein g equa l  t o zero , 
indicatin g tha t  movin g fro m on e initia l  positio n t o on e 

target ,  tha t  subjec t  make s a  systemati c error . 

Th e perceptual-moto r  syste m i s  noisy ,  an d thi s noise , 
eve n i f  unbiased ,  ca n b e expecte d t o produc e erro r  i n 
reaching .  I n orde r  t o compar e th e observe d result s t o th e 
resul t  o f  noise ,  w e ra n a  Mont e Carl o experiment . 
Unbiase d erro r  follow s fro m tw o assumptions ,  firs t  tha t 
th e erro r  ha s mea n zer o an d secon d tha t  i t  i s  distribute d 
wit h equa l  varianc e i n al l  direction s aroun d th e target . 
Dat a wa s generate d fro m thes e tw o assumptions .  Fo r  eac h 
of  85 0 separat e simulate d targets ,  eigh t  simulate d reache s 

wer e made .  Erro r  i n th e X  an d Y  dimension s wa s 
generate d separately ,  wit h a  singl e valu e bein g selecte d 
fro m eac h o f  tw o norma l  distribution s o f  equa l  varianc e 
and eac h wit h mea n zero .  Fo r  eac h targe t  a  simulate d 
mean respons e an d standar d erro r  wa s compute d i n th e 
same manne r  a s fo r  th e observe d data ,  leadin g t o a 

judgemen t  o f  confidenc e i n th e mea n respons e erro r  bein g 
non-zero .  Overall ,  mor e tha n on e thir d o f  al l  mea n 

experimenta l  response s (27 6 ou t  o f  835 )  wer e mor e tha n 
9 5 % likel y t o no t  b e zer o fo r  th e observe d data .  Thi s 
compare s wit h onl y 0.35 % mor e tha n 9 5 % likel y fo r  th e 
Mont e Carl o experiment . 

Whil e ther e wer e a  larg e numbe r  o f  non-zer o errors ,  th e 
averag e acros s subject s o f  al l  response s a t  eac h targe t  wa s 
not  discernibl e fro m zer o fo r  al l  thre e experiments .  Thi s 
suggest s tha t  fe w o f  th e non-zer o response s containe d th e 
same systemati c error ,  a s otherwis e th e mea n acros s 
subject s woul d sho w a  bias .  T o investigat e th e 
possibilit y  tha t  th e biase s wer e idiosyncratic ,  a  pairwis e 
compariso n o f  al l  non-zer o mea n response s a t  eac h targe t 
was made .  Th e likelihoo d tha t  an y tw o mean s wer e draw n 
fro m th e sam e distributio n wa s compute d t o determin e 
h o w differen t  eac h mea n respons e wa s fro m th e others .  I f 
th e likelihoo d tha t  tw o mean s com e fro m th e sam e 
distributio n i s les s tha n fiv e percent ,  the n th e differenc e 
betwee n th e mean s wa s take n t o b e significant . 

Overall ,  ther e wer e 90 7 pairwis e comparison s possible ,  o f 
whic h 768 ,  o r  8 5 % ,  prove d significant .  Thi s percentag e 
was nearl y constan t  acros s th e thre e experiments ,  a s 8 4 % 
(495/587 )  o f  th e comparison s i n experimen t  one ,  8 6 % 
(197/230 )  i n experimen t  tw o an d 8 4 % (76/90 )  i n 
experimen t  thre e wer e significant .  Th e sourc e o f  thes e 
difference s wa s predominantl y th e differenc e betwee n on e 
subjec t  an d another ,  rathe r  tha n on e subjec t  reachin g fro m 
tw o differen t  initia l  positions . 

Discussion 

The results of these exp)eriments demonstrate that there is 
a mechanis m governin g visuall y directe d reachin g whic h 
produce s differen t  systemati c erro r  fo r  eac h individual . 
Reachin g i s a  comple x operation ,  an d man y factor s coul d 
contribut e t o th e systemati c error .  Factor s suc h a s th e 
veridicalit y o f  visua l  an d proprioceptiv e perception ,  th e 
appropriat e us e o f  feedbac k signal s an d a n accurat e 
representatio n o f  th e targe t  fo r  ar m contro l  ar e al l 
candidates ,  bu t  onl y th e las t  i s a  possibl e sourc e o f  erro r 
i n thes e experiments .  Th e flailin g mode l  predict s 
systemati c erro r  du e t o a n inaccurat e representatio n o f  th e 
target ,  bu t  i t  predict s th e sam e erro r  fo r  eac h individual . 
Withou t  extensiv e modificatio n th e flailin g mode l  canno t 
accoun t  fo r  th e observe d reachin g behavior . 

Give n tha t  man y factor s participat e i n th e contro l  o f 
movements ,  wha t  i s th e sourc e o f  th e erro r  observe d i n th e 
experiments ? W e postulat e a  contro l  structur e wit h fou r 
basi c components ,  an y o f  whic h coul d introduc e erro r  int o 
a reach .  Th e firs t  ste p i n makin g a  movemen t  i s acquirin g 
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th e spatia l  target ,  whic h involve s visua l  perceptio n an d 
memory.  Th e perceptio n o f  th e visua l  targe t  mus t  the n b e 
transforme d int o a  desire d posture .  A  feedforwar d attemp t 
t o reac h th e desire d postur e i s the n begun ,  and ,  condition s 
permitting ,  feedbac k ca n b e use d t o correc t  th e reach . 
Visua l  informatio n abou t  han d positio n ca n b e use d 
directly ,  o r  indirec t  feedbac k ca n b e produce d fro m th e 
proprioceptivel y perceive d ar m postur e b y a  feedbac k 

controlle r  usin g a  forwar d mode l  o f  th e arm' s kinematics . 

Perceptua l  error s wil l  resul t  i n a  reac h directe d t o th e 
wron g spatia l  location ,  a s wil l  memor y error s i n th e tim e 
betwee n acquisitio n o f  th e targe t  an d completio n o f  th e 
movement .  I f  th e invers e kinematic s employe d b y th e 
feedforwar d controlle r  ar e incomplete ,  th e commande d 
postur e wil l  no t  lea d t o th e desire d location .  Onc e th e 
moto r  syste m trie s t o achiev e th e desire d posture ,  th e 
interactio n o f  th e ar m wit h th e environmen t  ca n introduc e 
mor e error s i n th e executio n o f  th e command .  Inaccurat e 
direc t  feedbac k abou t  postur e ca n resul t  i n th e ar m takin g 
on a  postur e differen t  fro m th e desire d one .  I f  th e forwar d 
model  use d fo r  indirec t  feedbac k i s incomplete ,  the n thi s i s 
one las t  sourc e o f  erro r  whic h coul d caus e reacher s t o 
believ e thei r  hand s ar e no t  wher e the y reall y are . 

Thes e fou r  type s o f  error :  perceptio n o f  th e goal ,  nois e i n 
th e plant ,  inaccurat e feedbac k contro l  an d incorrec t 
transformatio n o f  th e perceive d goa l  int o a n interna l  one , 
eac h ar e candidate s fo r  explainin g th e observe d errors . 
Befor e considerin g eac h o f  thes e i n turn ,  w e ca n 
distinguis h betwee n tw o genera l  classe s o f  erro r  whic h ca n 
be introduce d int o th e movemen t  system .  Systemati c 
erro r  i n reachin g mus t  b e th e resul t  o f  a  bia s b y on e o r 
mor e o f  th e element s o f  movemen t  control .  R a n d o m 
error ,  o r  noise ,  introduce d int o th e syste m wil l  effec t 
moto r  performanc e o n an y give n reach ,  bu t  wil l  disappea r 
when multipl e reache s ar e average d together .  Thi s i s Uii e 
whethe r  th e nois e come s fro m vision ,  proprioception , 
moto r  executio n o r  a  contro l  command . 

The perceptio n o f  th e goa l  ca n introduc e erro r  throug h 
eithe r  perceptio n o r  memory ,  a s mentione d above .  A n y 
systemati c erro r  i n visua l  perceptio n wil l  b e transparen t  t o 
th e moto r  contro l  system ,  sinc e moto r  behavio r  operate s 
i n th e visua l  world .  Thi s mean s tha t  i f  a n individua l 
alway s perceive s target s t o b e t o th e lef t  o f  wher e the y are , 
say ,  the n the y wil l  als o perceiv e thei r  han d t o b e t o th e 
left .  Th e resul t  o f  seein g th e han d an d th e targe t  i n th e 
same spac e i s t o negat e an y biase s i n th e visua l  system , 
as i s mad e clea r  throug h experiment s i n whic h th e visua l 
worl d i s displaced ,  bu t  wher e moto r  contro l  quickl y adapt s 
(Harris ,  1965) .  Foley  an d Hel d (1972 )  showe d tha t  larg e 
systemati c error s resul t  fro m reduce d visua l  informatio n 
abou t  targe t  location .  Sinc e th e experiment s presente d 
her e d o no t  chang e th e relatio n betwee n th e visua l  an d 
moto r  systems ,  perceptua l  mistake s canno t  accoun t  fo r  th e 
observe d biase s i n responses .  Systemati c erro r  ca n als o b e 
observe d i f  movemen t  i s delaye d fo r  a n extende d tim e 
(Schoectin g an d Flander s 1989 ,  vonHofste n an d Rosbla d 
1988) .  Thi s i s mos t  likel y du e t o th e forgettin g o f  targe t 
location ,  a  proces s whic h ca n introduc e biase s int o th e 

goal  command .  However ,  i n th e experimenta l  paradig m 
presente d here ,  subject s ar e no t  require d t o remembe r  th e 
targe t  locatio n fo r  longe r  tha n i t  take s the m t o voluntaril y 
initiat e movement .  The y ar e allowe d t o kee p thei r  eye s 
ope n unti l  the y begi n moving ,  an d s o hav e littl e chanc e t o 
forge t  th e targe t  locatio n befor e makin g th e movement . 

Error s i n moto r  functio n ar e simila r  t o error s i n 

perception ,  i n tha t  systemati c failure s woul d b e overcom e 
by learning .  I f  one' s elbo w alway s extende d farthe r  tha n 
desired ,  th e extensio n c o m m a n d woul d b e reduce d t o 
produc e th e desire d movement .  Whi l e w e hav e no t 
presente d th e mechanis m fo r  thes e correction s explicitly , 
the y li e implici t  i n ou r  discussio n o f  learnin g throug h 
association .  I n addition ,  th e abilit y  t o achiev e desire d 
posture s i s wel l  documente d i n th e contex t  o f  postur e 
duplication .  I f  a n individua l  move s a  finger  t o a  certai n 
angle ,  an d th e finger  i s the n displaced ,  th e finger  ca n b e 
returne d t o th e initia l  angl e wit h a  hig h degre e o f  accurac y 
(Kels o an d Hol t  1980 ,  Bizzi ,  e t  a l  1982) .  Thi s indicate s 
tha t  moto r  syste m ca n achiev e it s desire d posture s well . 

Bot h visua l  perceptio n an d moto r  executio n ar e essentiall y 
accurate ,  s o w e mus t  loo k t o th e contro l  mechanism s 
whic h gover n reachin g fo r  th e sourc e o f  it s errors .  Ther e 
ar e tw o potentia l  proprioceptiv e feedbac k system s whic h 
ca n operat e durin g movement .  Th e firs t  i s direc t  feedback , 
whic h compare s afferen t  informatio n abou t  th e curren t 
postur e wit h th e desire d postur e t o hel p achiev e th e desire d 
posture .  Succes s i n duplicatin g posture s point s t o th e 
veridicalit y o f  thi s system .  Th e secon d us e o f  postura l 
informatio n i s fo r  indirec t  feedbac k effectin g th e desire d 
han d positio n itself .  Usin g a  mode l  o f  th e forwar d 
kinematic s o f  th e arm ,  a n indirec t  feedbac k controlle r 
maps postur e int o han d position .  Actua l  han d position s 
ca n b e compare d t o desire d ones ,  an d ne w desire d positio n 
commands sent .  Thi s replicate s th e proces s b y whic h 
visua l  feedbac k produce s accurat e reaches .  I f  th e forwar d 
m ap i s inexact ,  the n th e compute d han d positio n wil l  no t 
be th e actua l  on e an d 'corrective '  signal s wil l  resul t  i n 
additiona l  error .  Ther e i s evidence ,  reviewe d b y Olso n an d 
Hanso n (1990) ,  t o sugges t  tha t  th e forwar d mappin g i s i n 
fac t  inexac t  Researcher s hav e foun d varyin g degree s o f 
constan t  erro r  an d directiona l  biase s i n experiment s 
involvin g perceptio n o f  han d positio n fro m postura l 
information .  A  failur e t o locat e th e positio n o f  one' s han d 
afte r  a  passiv e movemen t  indicate s tha t  proprioceptio n i s 
onl y poorl y transforme d b y th e forwar d m a p use d b y a 
feedbac k conu-oller .  However ,  th e hig h spee d require d fo r 

th e movement s i n ou r  experiment s an d th e inabilit y  t o 
correc t  movement s sugges t  tha t  a  close d loo p syste m doe s 
not  underli e fas t  visuall y directe d movements .  Thus ,  th e 
possibl e error s du e t o feedbac k canno t  appea r  i n a t  leas t 
our  first  tw o experiments . 

I n orde r  t o produc e fas t  movements ,  a  feedforwar d 
controlle r  i s a  necessity .  Th e transformatio n fro m desire d 
han d positio n t o desire d postur e i s potentiall y  a  sourc e o f 
erro r  du e t o th e propertie s o f  th e invers e kinematic s o f  a 
redundan t  manipulato r  lik e th e arm .  Th e exces s degree s o f 
freedo m o f  th e ar m mean s tha t  ther e i s n o uniqu e mappin g 
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fro m han d positio n t o ar m postures .  Th e flailing  mode l 
describe s ho w a  mappin g betwee n desire d spatia l  location s 
(targets )  an d posture s ca n b e formed ,  an d provide s expecte d 
value s fo r  th e error s mad e durin g visuall y directe d 
reaching .  I n th e experiment s w e collecte d dat a whic h ca n 
be directl y compare d t o th e model' s predictions . 

As a  mode l  o f  averag e performance ,  th e expecte d valu e 
model  make s a  littl e progres s towar d explainin g th e 
observe d data .  I t  predict s successfull y th e magnitud e o f 
erro r  an d th e dependenc e o f  erro r  o n difference s i n targe t 
location .  Th e mode l  doe s no t  predic t  th e individua l 
biases ,  whic h wer e a  majo r  resul t  o f  th e experiments .  Ou r 
experimenta l  findin g o f  a n averag e overal l  erro r  magnitud e 
of  4 % o f  ar m lengt h fo r  visuall y directe d reachin g i s i n 
lin e wit h othe r  finding s (Olso n an d Hanso n 1990) .  Th e 
flailing  mode l  predict s a n overal l  expecte d valu e erro r  o f 
approximatel y 2 % o f  ar m length ,  whic h Kuperstein' s 
implementatio n approache d wit h a  4 % error .  W h e n th e 

flailing  mode l  i s  teste d a t  onl y th e experimenta l  target s 
th e predicte d erro r  increase s t o nearl y 8 % o f  ar m length , 
suggestin g tha t  th e invers e transformatio n i s  abou t  a s 

accurat e a s individua l  subjects . 

Th e failin g o f  th e flailing  mode l  lie s i n it s determinacy . 
Sinc e prediction s com e fro m geometri c propertie s o f  th e 
ar m an d fro m principle s o f  associatio n take n t o b e 
constan t  betwee n individuals ,  al l  individua l  differenc e 
must  b e explaine d onl y b e differin g bodil y geometries . 
However ,  th e observe d individua l  performanc e difference s 
ar e m u c h greate r  tha n th e mode l  ca n accommodate , 
especiall y inasmuc h a s individua l  difference s exten d t o 
sensitivit y t o initia l  positio n an d movemen t  speed .  I n 
orde r  t o accoun t  fo r  individua l  difference ,  ther e mus t  b e 
parameter s o f  th e mode l  whic h ar e fre e t o var y durin g 
learning ,  an d whic h d o no t  deterministicall y relat e t o th e 
histor y o f  th e learnin g period .  Thi s requiremen t  stem s 
fro m ou r  assumptio n tha t  man y learnin g trial s ar e require d 
fo r  th e acquisitio n o f  reachin g skill ,  an d tha t  thes e trial s 
ar e essentiall y  identica l  acros s individuals . 

What  the n d o thes e comparison s sa y abou t  th e flailing 
model  a s a  theor y o f  h o w peopl e mak e visuall y directe d 
reaches ? Th e gros s characteristic s o f  th e data ,  whic h ar e 
matche d b y th e model ,  sugges t  tha t  a  feedforwar d invers e 
transformatio n i s appUe d b y peopl e whe n the y reach .  Th e 
model  make s prediction s detaile d enoug h t o b e rejected , 
but  b y th e sam e toke n i t  demonstrate s tha t  theoretica l 
model  a t  thi s leve l  shoul d an d ca n b e hel d closel y t o 
comple x aspect s o f  th e dat a fo r  comparison .  Attempt s 
hav e bee n mad e t o identif y a  variabl e responsibl e fo r  th e 
idiosyncrati c difference s (eg. ,  Fole y an d Hel d 1972 , 
Jeannero d 1988) ,  bu t  non e hav e bee n satisfactory .  Th e 
prevalenc e o f  idiosyncrati c erro r  i n ou r  experiment s lead s 
us t o conclud e tha t  i t  i s  real ,  an d tha t  i t  mus t  b e 
explained . 
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