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Abstrac t 

Recently developed models of reaching have been based on 
th e genera l  principl e tha t  a n acto r  firs t  specifie s a  tas k 
goal ,  the n plan s a  goa l  postur e tha t  ca n achiev e th e task , 
and the n specifie s a  movemen t  t o tha t  goa l  posture . 
Selectio n o f  a  particula r  goa l  postur e i s base d o n th e degre e 
t o whic h movemen t  fro m th e startin g postur e t o possibl e 
candidat e goa l  posture s bes t  satisfie s a  numbe r  o f 
constraints ,  includin g biomechanica l  efficienc y an d th e 
avoidanc e o f  obstacles .  W e describ e method s use d t o 
simulat e an d tes t  thi s model . 

Modeling Planning and Reaching 

Most  task s ca n b e accomplishe d b y a  potentiall y  infinit e 
number  o f  distinguishabl e alternativ e actions .  Thi s i s 
particularl y tru e o f  movement s suc h a s reachin g fo r  an d 
graspin g objects ,  because ,  a s Bernstei n (1967 )  pointe d out , 
th e musculo-skeleta l  syste m provide s a  large r  numbe r  o f 
degree s o f  freedo m tha n ar e typicall y constraine d b y th e 
ostensiv e descriptio n o f  a  physica l  task . 

We hav e develope d an d teste d a  serie s o f  increasingl y 
powerfu l  computationa l  model s tha t  simulat e reachin g t o 
targe t  locations .  Thes e model s (Rosenbaum ,  Engelbrecht , 
Bushe ,  &  Loukopoulos ,  1993 ;  Rosenbaum ,  Loukopoulos , 
Meulenbroek ,  Vaughan ,  &  Engelbrecht ,  1995 ;  Rosenbaum , 
Meulenbroek ,  Jansen ,  Vaughan ,  &  Lelivelt ,  1997 )  hav e 
been applie d t o th e selectio n o f  posture s i n reachin g fo r 
stati c target s (Vaughan ,  Rosenbaum ,  Harp ,  Loukopoulos ,  & 
Engelbrecht ,  1997) ,  generatio n o f  repetitiv e movemen t 
pattern s (Fischer ,  Rosenbaum ,  &  Vaughan ,  1997) ,  an d 
generatio n o f  th e penti p trajector y i n handwritin g 
(Meulenbroek ,  Rosenbaum ,  Thomassen ,  Loukopoulos ,  & 
Vaughan ,  1996) .  Whil e th e detail s o f  th e model s hav e 
changed ,  th e mai n idea s runnin g throug h the m hav e bee n 
preserved .  Th e descriptio n belo w applie s t o th e mos t 
recentl y develope d versio n o f  th e mode l  (Rosenbau m e t  al. , 
1997) . 

Characteristics of the Model 

Accordin g t o th e model ,  plannin g i s base d o n a  constrain t 
hierarch y — a  prioritize d lis t  o f  desiderat a includin g suc h 
feature s a s spatia l  accuracy ,  efficiency ,  speed ,  an d th e 
avoidanc e o f  collisio n wit h obstacles .  Th e constrain t 

hierarchy ,  whic h i s establishe d b y th e acto r  i n interactio n 
wit h th e environment ,  define s th e tas k t o b e performed . 
Once th e constrain t  hierarch y i s established ,  a  targe t  positio n 
of  th e bod y ( a goa l  posture )  i s chose n base d o n a  two-stag e 
proces s o f  identifyin g th e mos t  promisin g store d postur e fo r 
th e tas k an d the n b y generatin g posture s simila r  t o th e mos t 
promisin g store d postur e unti l  a  dynamicall y se t  deadlin e i s 
reached .  Th e ver y bes t  postur e identifie d a t  th e tim e o f  th e 
deadlin e define s th e goa l  posture .  Th e deadlin e i s shortene d 
fo r  th e nex t  tria l  i f  th e ultimatel y chose n postur e wa s foun d 
befor e th e deadlin e wa s reached ,  o r  th e deadlin e i s lengthene d 
fo r  th e nex t  tria l  i f  th e ultimatel y chose n postur e wa s foun d 
at  th e tim e th e deadlin e wa s reached .  Posture s ar e define d a s 
vector s o f  join t  angle s assume d b y suc h joint s a s th e hip , 
shoulder ,  elbow ,  an d wrist .  Onc e th e goa l  postur e i s found ,  a 
movement  t o th e goa l  postur e i s internall y generate d an d 
internall y modifie d i f  a n obstacl e i s i n th e way .  Finally ,  a 
movement  i s performe d overtly . 

Thi s mode l  allow s fo r  reachin g t o an d touchin g a  targe t 
wit h an y end-effecto r  (e.g. ,  th e hand ,  th e elbow ,  o r  th e ti p o f 
a tool) .  I t  als o allow s fo r  reachin g automaticall y followin g 
decrement s i n mobilit y  o f  an y join t  du e t o encumbrance , 
disease ,  o r  injury ,  a s wel l  a s accommodatin g a n incremen t  i n 
rang e b y th e us e o f  a  too l  t o exten d th e limi t  o f  th e hand . 
Finally ,  reachin g i s generalize d t o th e graspin g o f  object s 
wit h th e oppose d thum b an d fingers ,  b y considerin g 
graspin g a s a  specia l  cas e o f  reachin g i n th e presenc e o f 
obstacles . 

The model' s fre e parameter s ar e a n expens e facto r  fo r  eac h 
joint ,  characterizin g th e mobilit y  o f  tha t  join t  a s affecte d b y 
stiffness ,  th e energ y cos t  o f  movement ,  o r  injury .  Currently , 
becaus e th e scop e o f  th e mode l  i s limite d t o kinematics , 
non e o f  th e joint' s  expens e factor s take s int o accoun t  th e 
cos t  o f  movin g a  give n join t  whil e anothe r  join t  i s  i n 
motion .  I n othe r  words ,  th e model s currentl y treat s th e 
joint s a s independent . 

Simulations 

Simulation s o f  th e model ,  instantiate d a s a  stick-figure , 
hav e bee n use d t o describ e th e performanc e o f  subject s 
reachin g t o a  variet y o f  location s i n a  parasagitta l  plane , 
usin g rotation s o f  th e hip ,  shoulder ,  elbow ,  an d wrist . 
Individua l  movement s ar e simulate d b y specifyin g a  startin g 
posture ,  th e location s o f  targets ,  an d th e location s an d 
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shape s o f  obstacle s tha t  mus t  b e avoide d i n movin g fro m 
startin g posture s t o targe t  postures .  T o determin e th e relativ e 
cos t  o f  movin g t o differen t  candidat e postures ,  movemen t 
cost s ar e calculate d base d o n th e degre e t o whic h eac h join t 
must  b e rotate d t o achiev e th e targe t  posture ,  weighte d b y 
th e expens e facto r  o f  eac h joint . 

A representativ e simulatio n i s show n i n Figur e 1 .  Thi s 
figur e show s a  singl e movemen t  o f  a  seate d cartoo n figure , 
fro m a  startin g locatio n (S )  t o a  targe t  (T) ,  i n th e absenc e o r 
i n th e presenc e o f  a n obstacl e (O) .  Th e stic k figur e wa s 
provide d wit h a  shor t  tool ,  s o movemen t  o f  th e en d effecto r 
was achieve d throug h combine d rotation s abou t  th e shoulder , 
elbow ,  an d wrist . 

studies ,  alternativ e models ,  designe d t o evaluat e th e 
necessit y o f  th e assumption s o f  th e model ,  di d significantl y 
les s wel l  tha n th e mode l  itsel f 

\ \ 

Figur e 1 :  Simulatio n o f  movemen t  fro m a  startin g 
postur e (indicate d b y S )  t o touc h a  targe t  (T) .  Lef t 
Panel :  N o obstacl e present .  Righ t  Panel :  Singl e 
obstacl e (O )  present . 

Evaluation of the Simulations 

The simulate d movement s hav e bee n compare d wit h 
movement s mad e b y huma n volunteer s wh o likewis e mad e 
movement s i n th e parasagitta l  plan e t o touc h target s (eithe r 
rea l  o r  presente d throug h a  virtual-realit y  arrangement) ,  i n 
severa l  differen t  experiments ,  whil e thei r  movement s wer e 
recorde d o n videotap e o r  b y a n O P T O T R AK motio n 
recordin g system .  I n on e o f  thes e experiment s (Vaugha n e t 
al. ,  1997) ,  subject s reache d t o eac h o f  1 2 target s i n th e 
parasagitta l  plane ,  bendin g a t  th e hip ,  shoulder ,  an d elbow . 
The downhil l  simple x metho d (Press ,  Flannery ,  Teukolsky , 
& Vetterling ,  1989 )  wa s use d t o estimat e th e expens e 
factor s fo r  th e thre e joints .  Figur e 2  show s a  representativ e 
fi t  o f  th e mode l  t o th e goa l  posture s fo r  reache s t o fou r 
differen t  targets .  I n thi s case ,  th e mode l  accounte d fo r  a t  leas t 
9 5 % o f  th e varianc e acros s 4  subject s an d 1 2 position s 
adopte d a t  th e targe t  locations . 

I n anothe r  experiment ,  subject s wer e instructe d t o mak e a 
serie s o f  movement s (Fische r  e t  al. ,  1997 )  throug h a n 
intermediat e targe t  locatio n o n th e wa y t o eac h o f  a  numbe r 
of  targe t  locations .  I n thi s case ,  th e mode l  accounte d fo r 
8 8 % o f  th e varianc e i n join t  angle s adopte d a t  th e targe t 
locations .  I n bot h th e Fische r  e t  al .  an d Vaugha n e t  al . 

^ 

Figur e 2 :  Observe d (soli d lines )  an d simulate d 
(dashe d lines )  posture s fo r  on e subject ,  reachin g t o 
fou r  differen t  targe t  locations . 

Summary and Conclusions 

The mode l  describe d her e predict s th e mai n feature s o f 
freel y selecte d posture s adopte d a t  targe t  location s i n a  wid e 
rang e o f  tasks .  Althoug h spac e limitation s i n thi s brie f 
repor t  preven t  u s fro m describin g th e mode l  i n full ,  an d s o 
explainin g ho w i t  manage s t o predic t  performanc e i n task s 
as disparat e a s obstacl e avoidance ,  writing ,  an d prehension , 
th e fac t  tha t  i t  applie s t o suc h a  wid e rang e o f  task s i s 
encouraging .  What  distinguishe s th e mode l  fro m other s i s 
relianc e o n th e constrain t  hierarchy ,  relianc e o n goal-postur e 
specificatio n prio r  t o movemen t  specification ,  an d 
somethin g no t  reviewe d abov e -  th e superpositio n o f 
movement s t o an d fro m subgoa l  posture s durin g movement s 
t o goa l  postures ,  especiall y durin g obstacl e avoidance . 
Althoug h th e mode l  stil l  require s mor e complet e behaviora l 
testing ,  it s  generalizabilit y  suggest s tha t  it s cor e principle s 
ar e o n th e right  track . 
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