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A B S T R A C T. 

As the human hand reaches out to grasp an object, it preshapes into a shape suitable for the 

anticipate d interaction .  A s i t  get s clos e t o th e object ,  i t  enclose s it .  Behaviora l  studie s hav e 

shown interaction s betwee n graspin g component s an d ar m transpor t  components .  Biomechanica l 

studie s loo k a t  huma n han d postures ,  whil e neurophysiologist s tr y t o sugges t  ho w thos e posture s 

ar e forme d an d controlled .  I n orde r  t o evaluat e suc h studies ,  model s ar e neede d whic h ca n b e 

used t o predic t  graspin g behavio r  characteristic s fro m a  fe w basi c objec t  properties .  B y lookin g 

at  th e action-perceptio n cycl e i n primat e han d movement ,  w e hop e t o gai n insigh t  int o neocortica l 

organization ,  thu s bein g abl e t o sugges t  algorithm s whic h coul d als o b e a t  wor k a t  al l  level s o f 

human intelligence . 

I N T R O D U C T I O N 

"Our hands become extenaions of the intelleet, for by hand movements the dumb 

converse ,  wit h th e specialize d fingertip s th e blin d read ;  an d throug h th e writte n 

wor d w e lear n fro m th e pas t  an d transmi t  t o th e future. "  -  Sterlin g Bunnel l 

Over the last 30 years, artificial intelligence research has been trying to capture key aspects 

of  highe r  cognitiv e though t  [e.g. .  Shan k k  Colb y 1973] .  I n th e huma n brain ,  comple x skill s 

suc h a s language ,  conceptua l  thinking ,  an d plannin g hav e evolve d du e t o th e informatio n 

processin g capabilit y  o f  th e neocorte x (see ,  fo r  example ,  Eccle s 1977 ,  Arbi b 1972] .  A t 

th e lo w en d o f  th e cerebra l  cortex ,  i n term s o f  it s distanc e fro m th e periphery ,  sit s moto r 

cortex .  I n th e neurophysiologica l  literature ,  i t  ha s bee n note d tha t  th e contro l  o f  fine, 

fractionate d finger  movement s (Kuyper s 1973 ]  i s permanentl y impaire d i n monkeys ,  apes , 

and ma n b y ablatio n o f  moto r  corte x [Denn y Brow n 1966] .  Also ,  Brinkma n an d Kuyper s 

1972]  hav e show n tha t  afte r  a  pyramidotom y (whic h cut s th e direc t  pathwa y fro m moto r 

corte x t o th e motoneurons) ,  a  monke y canno t  gras p smal l  object s betwee n it s fingers 

or  mak e isolate d movement s o f  it s  wrist .  A s a  wa y o f  gainin g insigh t  int o neocortica l 

organization ,  w e therefor e loo k a t  primat e han d movement ,  wit h th e goa l  o f  bein g abl e t o 
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suggest algorithms which could also be at work at all levels of human intelligence. 

We focu s ou r  studie s o n on e specifi c  typ e o f  han d movement ,  tha t  o f  prehension ,  o r 

th e graspin g o f  objects .  A s a  movement ,  w e not e it s complexity ,  whic h i s i n par t  du e 

t o i t  involvin g som e leve l  o f  objec t  recognition .  Whil e object s presen t  t o th e centra l 

nervou s syste m (CNS )  a n infinit e numbe r  o f  sensations ,  onl y a  fe w propertie s see m t o affec t 

prehensil e movements .  T h e efficac y o f  th e actio n perceptio n paradig m [Neisse r  1976 ,  Arbi b 

1972 ]  ha s bee n demonstrate d throug h artificia l  intelligenc e researc h int o attentio n focusin g 

mechanism s fo r  goa l  directe d behavio r  [see ,  fo r  example ,  Bar r  &  Feigenbau m 1981] .  W e 

therefor e direc t  ou r  researc h t o determinin g wha t  propertie s ar e bein g perceived ,  an d ho w 

th e C N S migh t  b e translatin g the m int o goal s fo r  prehensil e movements . 

I n term s o f  movement ,  joint s betwee n bone s provid e on e o r  mor e degree s o f  freedom , 

or  dofs .  Activ e movemen t  o f  th e han d i s cause d b y intrinsi c muscle s withi n th e palm ,  an d 

als o b y extrinsi c muscle s i n th e forearm ,  whic h sen d tendon s throug h th e wris t  int o th e 

digits .  W h e n th e huma n han d i s use d i n prehension ,  particula r  style s o f  posture s hav e bee n 

note d [Cutkosk y an d Wrigh t  1986 ,  Lyon s 1985 ,  Iberal l  &  Lyon s 1984 ,  1985 ,  Landsmee r 

1962 ,  Napie r  1956 ,  Schlesinge r  1919] .  T h e classification s o f  Schlesinge r  [1919 ]  an d Napie r 

[1956 ]  continu e t o b e frequentl y use d i n th e literature .  Schlesinge r  [1919 ]  note d 6  type s 

of  postures ,  includin g palma r  an d ti p prehension ,  cylindrica l  an d spherica l  prehension , 

hoo k prehension ,  an d latera l  pinch .  Napie r  define d precisio n gri p an d powe r  gri p a s basi c 

prehensil e postures ,  wit h th e hoo k gri p a s a  non-prehensil e postur e fo r  grasping .  I n ou r  ow n 

first  attemp t  a t  a  prehensil e classificatio n [Iberal l  &  Lyon s 1984 ,  1985] ,  w e suggeste d sb c 

postures ,  usin g suc h term s a s basi c precision ,  basi c power ,  basi c precision/power ,  modifie d 

power ,  modifie d precision/power ,  an d fortifie d precision/power .  I n tha t  attempt ,  w e wer e 

searchin g fo r  a  wa y t o captur e th e fac t  tha t  han d posture s ar e no t  a s discret e a s mos t 

classification s suggest .  Object s ar e no t  a s regula r  a s Schlesinge r  noted ,  an d ye t  th e han d 

ca n pic k u p a  vas t  rang e o f  objec t  shapes .  Force s ar e subtl y applie d a t  multipl e place s 

aroun d a n object ,  indicatin g tha t  mor e tha n on e typ e o f  gri p i s bein g use d a t  a  time , 

instea d o f  th e either/o r  natur e o f  thes e classifications .  Eve n Napie r  state d tha t  'althoug h 

i n mos t  prehensil e activitie s eithe r  precisio n o r  powe r  i s th e dominan t  characteristic ,  th e 

tw o concept s ar e no t  mutuall y exclusive '  [Napie r  1956 ,  p  906] . 

Stereotypica l  description s o f  thi s sor t  sugges t  tha t  ther e ar e anatomica l  an d physio -

logica l  constraint s i n th e hand-objec t  interaction ,  whic h th e C N S m a y i n tur n use .  Thes e 

coul d includ e stabilit y  constraints ,  suc h a s posture s involvin g stres s limitin g coadaptio n 

of  articula r  surface s [Kapandj i  1982 ,  Cha o e t  d  1976] ,  an d leverag e maximizin g wris t  po -

sition s [Hazelto n e t  a t  1975 ,  Pryc e 1980 ,  etc] .  Als o a t  issu e i s th e us e o f  th e frictiona l 

characteristic s o f  th e ski n [Thomin e 1982] ,  an d th e locatio n o f  tactil e receptor s [Johannso n 

& Vallb o 1983] ,  bot h o f  whic h ar e notabl y specialize d a t  th e finger  pad s [Glicenstei n & 
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Dardou r  198 1 . 

However ,  whil e thes e classification s ar e usefu l  a s broa d genera l  descriptions ,  the y d o no t 

provid e a  usefu l  mechanis m fo r  describin g th e complet e graspin g process ,  fro m perceivin g 

an object ,  t o capturin g an d manipulatin g th e object .  W e fee l  tha t  a  classificatio n i s neede d 

whic h describe s a  prehensil e postur e i n goal-directe d terms ;  i.e. ,  i n term s o f  th e numbe r  o f 

force s neede d i n th e task ,  i n wha t  directio n the y ar e t o b e applied ,  an d a t  wha t  strengt h 

must  the y b e applied .  W e defin e th e goa l  o f  prehensio n t o b e th e bringin g t o bea r  o f 

functionall y effectiv e force s aroun d a n objec t  fo r  a  give n tas k give n th e hand' s anatomica l 

constraints .  Th e styl e o f  postur e chose n b y th e C N S mus t  the n matc h th e tas k requirement s 

(th e force s an d dof s neede d i n th e task )  wit h th e hand' s capabilitie s (th e force s an d dof s 

availabl e a t  th e hand) . 

FUNCTIONAL ANALYSIS OF PREHENSION 

Prehension involves applying opposition to the forces arising during interaction with an 

object ,  an d stabl e prehensio n add s th e requiremen t  tha t  oppositio n i s applie d b y han d 

surface s agains t  othe r  han d surface s [Iberall ,  Bingha m &  Arbi b 1985] .  W e cal l  th e applica -

tion s o f  force s betwee n han d surface s oppositions .  I n orde r  t o appl y thos e forces ,  th e han d 

preshape s int o a  suitabl e postur e durin g th e reachin g phas e o f  th e movemen t  [Jeannero d 

1981] ,  thu s settin g u p th e require d opposition s fo r  th e task .  Th e fingers  an d thum b extend , 

creatin g a  spac e withi n th e hand ,  wit h characteristic s whic h ar e highl y tas k dependent .  A n 

obviou s exampl e o f  tas k dependenc y deal s wit h objec t  width :  th e large r  th e objec t  width , 

th e large r  th e m a x i m u m aperatur e betwee n th e thum b an d fingers  [Jeannero d 1981] .  En -

closin g th e han d aroun d a n objec t  work s withi n tha t  are a define d b y th e preshape d hand , 

by increasingl y flexing  th e fingers  an d thum b unti l  the y contac t  th e objec t  an d ca n the n 

appl y th e require d force . 

I n studyin g thes e data ,  w e as k ourselve s wha t  i s th e subjec t  perceivin g abou t  th e objec t 

tha t  determine s a  particula r  han d postur e a s bein g functionall y effectiv e fo r  th e state d task . 

We cal l  tha t  perceptio n th e tas k requirements ,  an d i t  i s  ou r  goa l  t o b e abl e t o describ e 

prehensil e movement s i n term s o f  thos e tas k requirements . 

To gai n som e intuitio n fo r  thi s analysis ,  w e initiall y  observe d (Arbib ,  Iberal l  &  Lyon s 

1985]  th e tas k o f  pickin g u p differen t  siz e mug s b y thei r  handles .  W e note d tha t  thre e 

basi c force s wer e bein g applied :  on e t o provid e a  downwar d forc e fro m abov e th e handle , 

one t o provid e a n upwar d forc e fro m withi n th e handl e and ,  i f  necessary ,  a  thir d forc e t o 

stabiliz e th e handl e fro m below .  W e hypothesize d tha t  eac h o f  thes e function s coul d b e 

represente d a s th e tas k o f  a  virtua l  finger .  Rea l  fingers  mov e i n conjunctio n withi n a  virtua l 
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Figur e 1 :  Grasp in g m u g task .  T h e n u m b e r  o f  rea l  fingers  wh ic h 

m ap int o th e secon d virtua l  finger  varies ,  dependin g o n 

th e siz e o f  th e handle . 

finger, which has the same characteristics as real fingers. This both limits the dofs to those 

neede d fo r  a  give n task ,  an d provide s a n organizin g principl e fo r  tas k representatio n a t 

highe r  level s i n th e C N S .  I t  i s  the n a  subtas k a t  a  lower-leve l  t o perfor m th e actua l  mappin g 

t o rea l  fingers,  makin g tas k implementatio n somewha t  "tool-free" . 

Figur e 1  show s a n exampl e o f  th e us e o f  virtua l  fingers.  I n th e fou r  examples ,  th e thumb , 

mapped int o th e first  virtua l  finger  o r  V F l ,  provide s a  forc e fro m abov e th e handle .  Fo r 

a teacu p wit h a  ver y smal l  handl e (Figur e la) ,  onl y on e finger  wil l  fit  insid e th e handle . 

Durin g th e preshaping ,  onl y th e inde x finger  i s mappe d int o th e secon d virtua l  finger 

V F 2 ,  whic h provide s a n upwar d forc e fro m withi n th e handle ,  an d whic h oppose s th e 

forc e applie d b y V F l .  Th e res t  o f  th e fingers  m a p int o V F 3 ,  whic h provide s suppor t  fo r 

cu p stabilization .  Fo r  a  coffe e m u g o f  th e kin d picture d i n Figur e lb ,  tw o fingers  wil l  fit 
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a)  Pa d Oppositio n b)  Pal m Opposltfo n c )  Sfd e Oppositio n 

Fignr e 2 :  Basi c opposition s (a )  P a d oppositio n alon g axi s generall y 

paralle l  t o p a l m (b )  P a l m oppositio n alon g axi s generall y 

n o r m a l  t o p a l m (c )  Sid e oppositio n alon g axi s generall y 

transvers e t o pa lm .  Soli d line s s h o w axi s o f  opposition , 

dashe d line s s h o w virtua l  finger  vector s V F l  a n d V F 2 . 

withi n th e handl e t o for m V F 2 ,  wit h th e othe r  tw o fingers  becomin g V F 3 .  Fo r  th e m u g 

of  Figur e Ic ,  V F 2 wil l  compris e thre e fingers,  whil e Figur e I d demonstrate s th e cas e i n 

whic h al l  fou r  fingers  ar e mappe d int o V F 2 ,  wit h a n empt y mappin g t o V F 3 . 

We suggeste d i n [Iberall ,  Bingha m k  Arbi b 1985 ]  tha t  prehensil e posture s ar e con -

straine d b y th e wa y th e han d ca n appl y opposin g force s aroun d a n objec t  fo r  a  give n task , 

and note d tha t  ther e ar e thre e basi c way s tha t  th e han d ca n appl y thes e oppositions .  Pa d 

oppotitio n (Figur e 2a )  betwee n th e finger  pad s (VF2 )  an d th e thum b pa d (VFl )  occur s 

alon g a n axi s roughl y paralle l  t o th e palm .  Oppositio n a t  th e digi t  pad s offer s greate r 

flexibility  i n finely  controlle d manipulation s o f  a n objec t  a t  th e expens e o f  stabiUt y an d 

maximu m force .  Thes e pad s ar e highl y specialize d fo r  prehension ,  i n tha t  the y provid e 

friction ,  du e t o th e epiderma l  ridges ,  stick y excretions ,  an d thei r  abilit y  t o compl y [Gll -

censtei n k  Dardou r  1981] .  The y als o hav e numerou s tactil e receptors ,  mor e s o tha n mos t 

othe r  part s o f  th e body ,  thu s givin g th e C N S m u c h informatio n abou t  th e objec t  wit h 

whic h the y com e int o contac t  (Johannso n &  Vallb o 1983] .  Pal m oppoeitio n (Figur e 2b ) 

betwee n th e digit s (VF2 )  an d th e pal m (VFl) ,  sacrifice s flexibility  i n favo r  o f  stability . 

Essentiall y  th e objec t  i s  fixed  i n han d coordinates ,  alon g a n axi s roughl y norma l  t o th e 

pahn o f  th e hand .  Greate r  stabilit y  i s  achieve d b y a  combinatio n o f  factor s [Thomin e 

1982] :  th e large r  pahna r  surfac e are a providin g mor e friction ,  greate r  force s availabl e fro m 

proxima l  finger  area s [Hazelto n e t  a l  1975 ,  Cha o e t  a i  1976] ,  th e abilit y  t o passivel y cance l 
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torques ,  an d th e us e o f  th e thum b agains t  th e fingers  fo r  addin g forc e an d changin g th e siz e 

of  th e palm .  A s jnor e fingers  ar e include d i n V F 2 ,  th e magnitud e o f  th e applicabl e forc e 

increases .  Finally ,  aid e opposition ,  eithe r  betwee n th e thum b pa d (VFl )  an d th e sid e o f 

th e inde x finger  (VF2 )  (Figur e 2c) ,  o r  els e betwee n th e side s o f  th e fingers,  i s  a  compromis e 

betwee n flexibility  an d stability .  It s oppositio n axi s occur s primaril y alon g a  transvers e 

axi s t o th e palm .  T h e thumb ,  du e t o th e orientatio n o f  it s  articula r  surfaces ,  ha s it s pa d 

oriente d towar d th e side s o f  th e othe r  digits ,  givin g sid e oppositio n usin g th e thum b th e 

extr a frictiona l  component .  Sid e oppositio n betwee n fingers  i s stronge r  (bu t  les s flexible) 

i f  th e objec t  i s  hel d proximall y i n th e fingers,  an d weake r  (bu t  mor e flexible)  i f  hel d mor e 

distally . 

Eac h oppositio n ha s particula r  feature s whic h ar e relate d t o th e hand' s anatomica l  an d 

physiologica l  structure ,  an d thu s defin e th e natur e o f  applicabl e force s an d usabl e dof» . 

We sugges t  tha t  th e shap e th e han d take s o n durin g th e gras p reflect s th e us e o f  on e o r 

mor e o f  thes e oppositions .  I n th e gras p m u g task ,  sid e oppositio n i s use d betwee n th e 

t h u m b an d inde x (se e Figur e 1) ,  an d pal m oppositio n occur s betwee n th e palma r  surface s 

of  th e fingers.  Sinc e th e m u g i s graspe d off-cente r  fro m it s cente r  o f  mass ,  V F 3 applie s 

an oppositio n t o th e torqu e whic h bring s th e m u g int o th e hand .  I n general ,  a  complet e 

functiona l  descriptio n o f  eac h oppositio n woul d discus s th e directio n o f  th e applie d force , 

th e magnitud e o f  th e applie d forc e a s relate d t o th e numbe r  o f  rea l  fingers  involve d (i n term s 

of  minimal ,  maximal ,  an d mea n forces) ,  th e directio n o f  availabl e movemen t  {do/a) ,  th e 

rang e o f  availabl e movement ,  an d th e amoun t  o f  contro l  ove r  thos e movements .  A  complet e 

functiona l  descriptio n o f  prehensil e movemen t  woul d sho w th e ho w thes e opposition s ar e 

see n an d use d i n th e emergen t  postures . 

OPPOSITION SPACE 

Using the concept of virtual fingers, and noting how the hand can apply forces through 

oppositions ,  w e define d oppositio n spac e [Iberall ,  Bingha m &  Arbi b 1985 ]  a s th e coordinate s 

withi n whic h oppositio n ca n tak e plac e betwee n virtua l  fingers;  specifically ,  oppositio n 

spac e define s th e functiona l  capabilitie s o f  th e han d fo r  executin g stabl e grasp s an d objec t 

manipulations .  T o completel y characteriz e oppositio n space ,  w e specif y here : 

1. a description of the task-relevant object features, or task requirements 

2. a coordinate frame with relevant grasping parameters, or opposition space 

3. a mapping between the task requirements and opposition space 
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T a s k R e q u i r e m e n t s 

While it is not our goal to model how the CNS might do it, we suggest that perception of 

th e objec t  involve s extractin g a  se t  o f  propertie s relevan t  t o th e person' s inten t  fo r  th e us e 

of  th e objec t  i n th e task .  Th e perceive d tas k requirements ,  whic h hel p determin e th e shap e 

of  th e hand ,  consis t  o f  bot h functiona l  constraint s an d physica l  constraints .  Functiona l 

constraints ,  comin g fro m wha t  mus t  b e accomplishe d i n th e tas k (th e intent) ,  includ e issue s 

suc h as :  don' t  dro p th e object ,  (stably )  manipulat e th e object ,  an d overcom e anticipate d 

forces .  Physica l  constraints ,  base d o n objec t  propertie s an d han d properties ,  includ e suc h 

issue s a s propertie s o f  opposin g surfaces ,  availabl e forces ,  an d availabl e dofs .  A s a  first 

approximatio n towar d quantifyin g these ,  a  workin g se t  o f  tas k requirement s i s a s follows : 

• a set of opposable surfaces 

- length of each opposable surface 

-  radiu s o f  curvatur e o f  eac h surfac e 

-  surfac e complianc e 

• an opposition vector between pairs of opposable surfaces 

- magnitude of opposition vector 

-  orientatio n o f  oppositio n vecto r  (relativ e t o a  vecto r  betwee n th e oppositio n 

spac e origi n an d th e cente r  o f  th e oppositio n vector ) 

• functional degrees of freedom about an opposition vector 

- direction of movement 

-  rang e o f  movemen t 

-  resolutio n o f  contro l 

• a set of anticipated forces 

- object weight vector 

-  inertia ]  forc e vecto r 

-  torque s a t  th e oppositio n vecto r 

Objects have infinitely many properties, but we suggest that for prehensile movements, an 

objec t  i s  perceive d b y it s opposabl e surfaces ,  an d onl y thos e relevan t  t o th e task .  Betwee n 

ever y tw o relevan t  opposabl e surface s exist s a n oppositio n vector .  Th e mug ,  fo r  example , 
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havin g a  cylindrica l  bod y an d a  curve d cylindrica l  handle ,  ha s a n infinit e numbe r  o f  possibl e 

oppositio n vector s betwee n th e infinit e numbe r  o f  point s alon g it s surfaces .  But ,  du e t o it s 

constructio n an d du e t o th e person' s inten t  o f  drinkin g fro m th e to p opening ,  i t  provide s 

at  leas t  thre e solution s i n term s o f  tas k requirements : 

1. an opposition vector, between body surfaces slightly above the center of mass, will 

allo w th e task-relate d rotatio n (i.e. ,  drinkin g fro m th e opening )  o f  tha t  oppositio n 

vecto r  whil e stabl y overcomin g th e object' s weigh t  vector .  B y choosin g th e particula r 

oppositio n vecto r  whic h ha s it s origi n nea r  th e proxima l  surfac e o f  th e m u g an d 

placin g th e thum b there ,  th e object' s (changing )  weigh t  vecto r  wil l  b e oppose d b y 

th e thum b a s th e m u g i s tilte d t o th e lips . 

2. an opposition vector, between the top and bottom body surfaces, will also allow the 

task-relate d rotation .  I t  is ,  however,of f  th e cente r  o f  mass ,  an d ha s smalle r  opposabl e 

surfaces ,  an d i s usuall y blocke d b y othe r  obstacles ,  suc h a s th e table .  (Thi s o f  cours e 

focuse s o n th e fac t  tha t  othe r  issues ,  missin g i n thi s first  approximation ,  ar e a t  work ; 

thes e includ e objec t  temperature ,  obstacles ,  etc) . 

3. two opposition vectors, one through the top of the handle and one through the side 

of  th e handle ,  wil l  als o allo w th e task-relate d rotation .  B y choosin g tw o particula r 

oppositio n vectors ,  on e wit h a n origi n o n th e to p o f  th e handl e an d on e o n th e 

dista l  surfac e o f  th e handle ,  th e object' s (changing )  weigh t  vecto r  ca n b e overcom e 

by accountin g fo r  th e torqu e cause d b y bein g of f  th e cente r  o f  mass .  Whil e thes e 

oppositio n vector s ar e of f  th e cente r  o f  mas s an d th e surface s smaller ,  the y provid e 

a solutio n t o th e temperatur e problem . 

In our example of Figure 1, when the subject was told to Tick up the mug to drink 

out  o f  it' ,  sh e chos e th e thir d solutio n i n eac h case . 

Coordinate Frames 

In order to now match the task requirements to the hand's capabilities, we define here 

a coordinat e syste m fo r  th e thre e oppositions ,  a s show n b y th e dashe d line s i n Figur e 2 . 

I n pa d oppositio n (Figur e 2a) ,  V F l  describe s wher e th e thu"i b pa d is ,  a s i t  extend s 

an d flexes  throug h it s 'workspace' ,  relativ e t o th e palm .  T h e virtua l  fing'T  vecto r  V F 2 

similarl y describe s wher e th e finger  pa d is ,  relativ e t o th e palm .  Thes e vecior s increas e 

and decreas e i n lengt h an d orientatio n a s th e thum b an d fingers  exten d an d flex.  Th e 

dar k lin e indicate s th e oppositio n vecto r  alon g whic h th e oppositio n i s occuring .  Fo r  pal m 

oppositio n (Figur e 2b) ,  th e virtua l  finger  vector s ar e initiall y  shorter ,  endin g o n th e palma r 
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Figur e 3 :  Compos i t e gras p involvin g p a l m a n d sid e opposition . 

Graspin g medium-size d w renc h involve s bot h p o w e r  a n d 

contro l  componen ts . 

surfaces where the opposition is taking place. In side opposition (Figure 2c), VF2 stops 

at  th e proxima l  interphalangea l  join t  o f  th e inde x finger. 

An exampl e o f  thes e coordinat e system s bein g use d i n a  composit e gri p i s see n i n 

Figur e 3 .  Th e objec t  i s  perceive d wit h tw o oppositio n vectors ,  on e matchin g t o th e thum b 

(VFl )  an d inde x finger  (VF2 )  i n sid e oppositio n alon g th e transvers e axis ,  an d th e othe r 

matchin g th e pal m (VFl )  an d th e fou r  fingers  (VF2 )  i n pal m opposition . 

M a p p i n g f r o m T a s k R e q u i r e m e n t s t o O p p o s i t i o n S p a c e 

The general problem that the CNS has in an action/perception paradigm (Neisser 1976, 

Arbi b 1972 ]  suc h a s graspin g a n object ,  i s  i n transformin g perceive d objec t  propertie s int o 

usefu l  moto r  spaces .  W e us e schem a theor y [Arbi b 1981 ,  Neisse r  1976 ]  t o describ e per -

ceptua l  structure s an d unit s o f  moto r  control .  T o focu s attention ,  perceptua l  schema s i n 

th e C N S mus t  someho w extrac t  relevan t  informatio n abou t  tha t  object ,  i n thi s case ,  a 

reasonabl e oppositio n vecto r  (o r  se t  o f  oppositio n vectors )  fo r  th e particula r  task ,  trans -

forme d fro m retinotopi c coordinate s int o a  thre e dimensiona l  space .  T h e Preshap e moto r 

schema wil l  m a p th e curren t  han d postur e (whic h als o mus t  b e perceived )  int o a  suitabl e 

oppositio n space ,  fro m wher e th e Enclos e schem a wil l  brin g th e han d actuall y aroun d th e 
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object . 

Thi s proble m ca n b e define d aj s a n invers e kinemati c problem ,  i n th e sens e tha t  th e 

Preshap e schem a mus t  determin e th e correc t  angle s fo r  V F l  an d V F 2 give n a  particula r 

oppositio n vector .  However ,  th e invers e kinematic s d o no t  necessaril y  giv e a  uniqu e so -

lution ,  an d therefore ,  a  furthe r  analysi s o f  th e goal s i s needed .  W e ca n als o as k wha t  i s 

th e intende d directio n fo r  th e applicatio n o f  th e force s (i.e. ,  wha t  i s a  solutio n o f  th e tas k 

requirement s whic h account s fo r  stabl y overcomin g th e anticipate d forces) ,  an d wha t  ar e 

th e force s availabl e fro m variou s han d postures . 

As a n exampl e towar d lookin g a t  th e first  question ,  w e ca n loo k a t  wha t  happen s i n a 

pad oppositio n involvin g th e thum b (VFl )  an d inde x finger  (VF2) .  T h e intende d directio n 

of  forc e applicatio n i s t o appl y force s throug h th e inde x finger  an d thum b pad s alon g th e 

oppositio n vector .  A s a  first  approximation ,  w e ca n jus t  loo k a t  th e directio n o f  a  norma l 

throug h th e inde x finger  an d on e throug h th e thum b pad ,  an d se e ho w the y var y a s th e 

finger  an d thum b mov e withi n thei r  anatomically-constraine d 'workspace' .  W e measure d 

th e workspac e o f  th e inde x finger  pa d an d tha t  o f  th e thum b pa d fo r  on e subject ,  an d fro m 

sampl e dat a points ,  w e di d a  linea r  interpolatio n t o produc e th e plo t  see n i n Figur e 4 . 

Eac h arro w show s th e directio n o f  a  norma l  wit h respec t  t o th e pad ,  whe n th e thum b 

vecto r  V F l  (o n th e lef t  sid e o f  th e figure)  o r  th e inde x finger  vecto r  V F 2 (o n th e righ t  sid e 

of  th e figure)  i s a t  a  give n angl e an d length .  T h e dot s ar e area s outsid e th e workspaces . 

T h e absciss a value s ar e i n opposit e direction ,  thu s graphicall y showin g ho w th e normal s 

become colinea r  bu t  opposit e a t  variou s location s i n th e workspaces . 

Such a  descriptio n o f  th e workspace s o f  V F l  an d V F 2 provide s a  first  attemp t  a t 

a functiona l  analysi s o f  han d capability .  If ,  somewher e i n th e C N S (i n cortica l  moto r 

and/o r  premoto r  areas) ,  suc h a  representatio n o f  th e han d existed ,  i t  woul d ac t  a s bot h 

a moto r  map ,  providin g a  goa l  fo r  lowe r  leve l  system s t o achiev e throug h proprioceptiv e 

feedback ,  an d als o a s a  cognitiv e map ,  providin g a  descriptio n o f  th e hand' s functionalit y 

i n tha t  par t  o f  oppositio n space .  Th e Preshap e Schem a coul d loo k int o thi s m a p fo r  a n 

orientatio n o f  th e pa d no rma b whic h woul d satisf y th e magnitud e an d orientatio n o f  th e 

oppositio n vector .  However ,  th e han d mus t  b e positione d a t  a  distanc e an d orientatio n 

fro m th e oppositio n vector ,  alon g a n approac h vector ,  wher e tha t  solutio n exists .  Ther e 

are ,  however ,  a n infinit e numbe r  o f  approac h vectors ,  i n term s o f  th e distanc e a t  whic h 

th e m a x i m u m aperatur e betwee n V F l  an d V F 2 occur s an d th e approac h angl e a t  whic h 

i t  happens .  H o w migh t  th e Preshap e Schem a decid e whic h solutio n i s best ,  o r  a t  leas t 

reasonable ? 

T h e selectio n o f  thi s solutio n ca n b e don e usin g a  competitio n mode l  involvin g com -

putation s i n a  neura l  networ k [Amar i  k ,  Arbi b 1977] .  O f  al l  th e give n input s t o suc h a 

network ,  th e nod e receivin g th e m a x i m u m inpu t  i s selected .  I n ou r  case ,  fo r  a  give n op -
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ma l a (lef t  figure)  a n d inde x finger  normal s (righ t  figure). 

T h e abscissas ,  opposit e i n direction ,  represent s th e angl e 

be twee n V F l  o r  V F 2 a n d th e pa lm .  O n th e ordinat e i s 

th e lengt h o f  th e virtua l  finger  vector . 

position vector magnitude, all possible distances and orientations of the opposition vector 

relativ e t o th e oppositio n spac e origi n woul d compet e i n a n excitation/inhibitio n network . 

Distance s an d orientation s outsid e th e rang e o f  oppositio n spac e woul d di e out .  V F l  an d 

V F2 configuration s whic h correspon d t o colinea r  pa d normal s woul d reinforc e eac h other' s 

excitatio n level ,  thu s allowin g peak s i n th e networ k mode l  t o grow .  A  competitio n mode l 

of  thi s typ e i s currentl y bein g developed ,  an d shoul d sho w ho w th e mappin g o f  tas k re -

quirement s int o oppositio n spac e constrain s variou s aspect s o f  prehensil e movements ,  suc h 

as th e approac h vecto r  th e ar m take s i n reaching . 

Th e actua l  postur e chose n b y th e Preshap e Schem a woul d als o incorporat e a  smal l 

buffe r  zone ,  th e siz e o f  whic h i s dependen t  o n man y tas k feature s suc h a s Pitt' s  L a w (fo r 

a revie w se e [Keel e 1981]) .  Thi s issue ,  however ,  i s  beyon d th e scop e o f  thi s paper . 

Th e secon d questio n look s a t  wha t  force s ar e availabl e fro m variou s han d postures .  I n 

thi s broade r  issu e o f  mappin g fro m tas k requirement s t o oppositio n space ,  w e hav e ye t 
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t o determin e ho w d o interaction s o f  tas k requirement s lea d t o interaction s o f  opposition s 

an d t o real-to-virtua l  finger  mappings ,  producin g observe d postures .  W e sugges t  tha t 

perceptua l  schema s extrac t  a n oppositio n vecto r  a t  eac h plac e wher e a n oppositio n i s 

neede d i n a  task ,  alon g wit h al l  th e necessar y tas k requirements .  A s wa s noted ,  th e gras p 

m ug tas k i s a n exampl e o f  multipl e oppositions . 

As a n exampl e towar d answerin g thi s secon d question ,  w e loo k a t  th e tas k tha t  wa s 

see n i n Figur e 3, '  wher e th e perso n i s reachin g fo r  a  medium-size d wrench .  T h e fac t  tha t 

ther e ar e tw o oppositio n vector s anticipate s th e nee d fo r  tw o type s o f  oppositions ,  thu s 

capturin g th e tw o characteristic s o f  th e tas k (i.e. ,  powe r  an d control) .  T h e length s o f 

opposabl e surface s fo r  eac h o f  th e oppositio n vector s ar e longe r  tha n th e han d i s wide ,  an d 

so d o no t  presen t  a  virtua l  finger  siz e constraint .  T h e widt h o f  th e oppositio n vector s ar e 

not  particularl y big ,  indicatin g tha t  th e objec t  i s  no t  particularl y heavy .  T h e anticipate d 

tas k torqu e (tightenin g th e nut )  indicate s th e nee d fo r  pal m opposition ,  usin g a s man y 

fingers  a s possibl e i n V F 2 .  However ,  durin g th e first  par t  o f  th e tas k (fittin g th e jaw s o f 

th e wrenc h aroun d th e nut) ,  som e contro l  i s  needed .  This ,  alon g wit h th e fac t  tha t  onl y 

coars e resolutio n o f  contro l  ove r  th e tas k do/ a (turnin g th e wrench )  i s needed ,  indicate s 

tha t  sid e oppositio n woul d b e mor e usefu l  tha n pa d oppositio n fo r  th e secon d opposition , 

wit h th e inde x finger  mappe d int o V F 2 an d th e thum b int o V F l .  Thi s aUow s al l  fou r 

fingers  t o m a p int o V F 2 an d th e pal m int o V F l  fo r  th e pal m opposition . 

C O N C L U S I O N 

Research in artificial intelligence has demonstrated the efficacy of attention focusing me-

chanism s fo r  goa l  directe d behavior .  I n term s o f  natura l  intelligence ,  th e C N S i s presente d 

wit h a n infinit e numbe r  o f  sensation s whe n dealin g wit h eve n on e object .  I n orde r  t o 

successfull y interac t  wit h suc h a n object ,  onl y informatio n specifi c  t o th e interactio n i s 

desireable .  Importan t  perception s fo r  prehensil e movement s involve :  wha t  surface s ca n b e 

graspe d give n a  particula r  intention ,  wha t  ar e th e characteristic s o f  thos e surfaces ,  an d 

what  wil l  happe n whe n the y ar e grasped .  I n attemptin g t o captur e thi s informatio n i n a 

computationa l  mode l  o f  prehensil e movements ,  w e cal l  thes e feature s th e tas k requirement s 

an d lis t  them ,  i n a  first  approximation ,  a s a  se t  o f  opposabl e surfaces ,  a n oppositio n vecto r 

betwee n pair s o f  opposabl e surfaces ,  th e functiona l  degree s o f  freedo m abou t  a n oppositio n 

vector ,  an d a  se t  o f  anticipate d force s arisin g relativ e t o a n oppositio n vector . 

T h e h u m a n hand ,  havin g anatomica l  an d physica l  constraints ,  applie s opposition s 

aroun d object s alon g thre e basi c axe s usin g th e fingers  i n grouping s calle d virtua l  fin-

gers .  Prehensil e posture s reflec t  th e combine d us e o f  on e o r  mor e o f  4;hes e oppositions . 

Eac h typ e o f  oppositio n ha s particula r  functiona l  capabilities ,  involvin g th e directio n an d 
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magnitud e o f  th e applie d force ,  th e directio n an d rang e o f  availabl e movement ,  an d th e 

amount  o f  contro l  possible .  W e cal l  th e collectiv e se t  o f  thes e opposition s th e oppositio n 

spac e o f  th e hand ,  an d us e th e coordinat e syste m describe d her e t o describ e th e prehensil e 

posture s o f  oppositio n space .  T h e goa l  o f  a  preshap e schem a i n th e C N S i s t o m a p tas k re -

quirement s int o oppositio n spac e s o tha t  functionall y effectiv e force s ca n b e brough t  t o bea r 

aroun d a  perceive d objec t  fo r  a  give n task .  I n orde r  t o appl y thos e forces ,  th e han d mus t 

be positione d a t  a  distanc e an d orientatio n fro m th e oppositio n vecto r  wher e a  solutio n 

i n oppositio n spac e exists .  A  competitio n mode l  o f  neura l  network s woul d allo w possibl e 

kinemati c solution s t o compete ,  wit h a  solutio n tha t  i s withi n oppositio n spac e bein g se -

lecte d whe n th e mode l  converges .  Suc h a  mode l  fo r  mappin g perceive d tas k requirement s 

int o han d functionalit y present s a  mechanis m fo r  explainin g goal-directe d movemen t  i n so -

matotopic ,  distribute d processin g terms ,  whil e als o allowin g fo r  th e eventua l  incorporatio n 

of  learnin g algorithms . 
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