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A s e m a n t i c analysi s o f  act io n v e r b s b a s e d o n phys ica l  pr imi t ive s 

Jugal K. Kalita and Norman I. Badler 

Departmen t  o f  Compute r  &  Informatio n Scienc e 

Universit y o f  Pennsylvani a 

Philadelphia ,  P A 19104-638 9 

Abstract 

We develo p a  representatio n schem e fo r  actio n verb s an d thei r  modifier s base d o n decompositiona l  analysi s 
emphasizin g th e implemeiitabilit y o f  th e underlyin g semanti c primitives .  Ou r  primitive s pertai n t o mechanica l 
characteristic s o f  th e task s denote d b y th e verbs ;  the y refe r  t o geometri c constraints ,  kinemati c an d dynami c char -
acteristics ,  an d certai n aspectua l  characteristic s suc h a s repetitivenes s o f  on e o r  mor e sub-actions ,  an d definednes s 
of  terminatio n points . 

1 Introduction 

Suppose a human agent is asked to perform the following commands in a suitable environment: 

• Put the block on the table. 

•  Tur n th e switc h t o positio n 6 . 

•  Rol l  th e bal l  acros s th e table . 

•  Ope n th e door . 

Ejich of these sentences specifies ain underlying task requested of an agent. In order to perform the task, the 

performin g agen t  ha s t o "understand "  th e c o m m a n d .  Understandin g th e imperative s require s understandin g th e 

meaning s o f  th e actio n verb s suc h a s put ,  turn ,  ope n an d roll ,  an d th e meaning s o f  prepositiona l  word s suc h a s on ,  i n 
an d across .  O n e ha s t o integrat e th e meaning s o f  th e constituent s an d produc e a  meanin g o f  th e sentenc e a s a  whol e 

takin g pragmati c factor s int o consideration ,  whereve r  appropriate .  Havin g don e so ,  on e ha s t o construc t  a  pla n fo r 

executio n o f  th e tas k i n th e environment .  Onl y the n th e agen t  m a y perfor m th e action .  Al l  th e abov e step s nee d t o 

be followe d eve n i f  th e agen t  i s no t  human ,  bu t  program-controlle d suc h a s a n animate d agen t  i n a  compute r  graphic s 

environmen t  o r  a  roboti c agent . 
A m o ng th e myria d issue s involve d i n th e comprehensio n o f  imperative s i n a  physica l  domai n an d th e executio n 

of  th e underlyin g tasks ,  thi s pape r  primaril y deal s wit h developin g a  representatio n fo r  th e meaning s o f  verb s an d 

preposition s i n orde r  t o characteriz e underlyin g actions .  Followin g Badle r  [Badle r  1989b] ,  w e develo p a  representatio n 

i n whic h movement s denote d b y actio n verb s ca n b e decompose d int o "primitives "  wit h implementabl e semantics . 

2 Identifying the nature of components 

Case frames [Fillmore 1980], or its variations have been used extensively for representing the semantic roles between 

nou n phrase s an d th e ver b i n a  clause .  Comprehensiv e analysi s o f  cas e frame s hav e indicate d limitation s o f  thei r 

representationa l  capabilitie s [Palme r  1985 ,  Levi n 1979 ,  Jackendof f  1972].  Thes e includ e th e existenc e o f  a  larg e numbe r 

of  exceptions ,  lac k o f  consensu s i n establishin g a  universa l  se t  o f  cases ,  invalidit y o f  multipl e cas e assignment s t o a 

nou n phrase ,  unsubstantiate d semanti c overloadin g o f  th e name s o f  cases ,  lac k o f  explici t  characterizatio n o f  inter -

relationship s a m o n g cases ,  an d inadequac y o f  case s fo r  representin g th e ful l  complexit y o f  concept s denote d b y verbs . 

Considerin g th e fac t  tha t  a  decompositiona l  analysi s obviate s mos t  o f  th e abov e drawback s [Palme r  1985] ,  w e op t  fo r 

suc h a n approach . 
Palmer' s researc h [Palme r  1985]  i n tli e domai n o f  wor d problem s i n physic s i s  simila r  t o our s i n objectiv e an d 

approach .  However ,  ou r  approac h i s  "active" ,  layin g emphasi s o n implementabilit y o f  th e primitives ,  whic h i s no t  th e 

cas e i n he r  study .  Althoug h he r  stud y consider s som e simpl e motio n verbs ,  sh e treat s the m i n a  "static "  fashion .  Miller' s 

analysi s [Mille r  1972 ]  provide d Englis h parajihrase s o f  som e comple x motio n verb s i n term s o f  "simpler "  ones ;  Okada' s 

analysi s [Okad a 1980 ]  lack s i n coherenc e an d prope r  justifications .  Schank' s representatio n o f  verb s [Schan k 1972] , 

thoug h impressive ,  suffer s fro m th e lac k o f  uniformit y i n th e level s o f  decompositio n an d explici t  semanti c anchorin g 

of  th e primitive s i n term s o f  executabilit y a t  a  non-linguisti c level . 

Componentia l  analysi s performe d her e involve s workin g fro m botto m u p rathe r  tha n fro m th e languag e end .  Ou r 

goa l  i s  t o obtai n representation s a s clos e t o th e physica l  worl d a s possible .  W e obtai n th e component s o f  th e verb s 
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fro m a n analysi s o f  th e "real "  action s tlie y repKHen t  tiikin ^  int o consideratio n physica l  attribute s only .  Thus ,  w e us e 

th e linguisti c techniqu e o f  componentia l  analysi s fo r  th e n-presentatio n o f  verba l  meanings ,  bu t  confin e ourselve s t o 

consideratio n o f  nnechanisti c component s only .  Thi s vie w o f  verba l  semantics ,  albei t  incomplete ,  i s  no t  short-sighted ; 

suc h a  stud y ha s no t  bee n carrie d ou t  i n a n elaborat e fashio n t o dat e an d i s vitall y  essentia l  fo r  understandin g th e 

physica l  natur e o f  actions . 

The attribute s w e identif y fo r  th e characterizatio n o f  th e natur e o f  task s denote d b y actio n verb s dea l  wit h th e 

followin g criteria :  kinematic/dynami c distinctions ;  th e typ e an d operationa l  natur e o f  relevan t  geometri c constraints , 

aspectua l  consideration s suc h a s repetitiveness ,  whethe r  terminatio n condition(s )  fo r  th e verb' s underlyin g tas k ar e 

naturall y well-defined ,  o r  nee d t o b e inferre d contextually ,  etc .  I n prevalen t  characterization s o f  actions ,  kinemati c 

and dynami c characteristic s o f  verb s hav e no t  bee n considere d i n detail .  Badle r  mention s thes e attributes ,  bu t  doe s 

not  elaborat e [Badle r  1989b] . 

2.1 Geometric constraints 

Geometric constraints can be used to clearly describe certain movements and configurations of physical objects. They 
provid e informatio n regardin g ho w on e o r  mor e object s o r  sub-part s o f  object s relat e t o on e anothe r  i n term s o f 

physica l  contact ,  absolut e o r  relativ e location ,  inter-objec t  distance ,  absolut e an d relativ e orientation ,  o r  pat h o f 

motion .  Nelso n [Nelso n 1985] ,  Rossigna c [Rossigna c 1986 ]  an d Barze l  [Barze l  an d Bar r  1988 ]  us e geometri c constr2iint s 

t o describ e th e motio n o f  "simple "  objects .  Badle r  discusse s specificatio n o f  motion s throug h constraint s fo r  succinc t 
expressio n o f  activitie s o f  articulate d huma n figures  compose d o f  hierarchi c sub-part s performin g natura l  action s o r 
task s [Badle r  1989b ,  Badle r  1989a] . 

2.1.1 Constraint types 

Some verbs' underlying actions can be primarily described by positional or orientational constraints. 

1. Positional constraints: This refers to situations in which a 0-, 1-, 2- or 3-dimensional object is constrained to 

a 0- ,  1- ,  2 -  o r  3-dimensiona l  regio n o f  space .  Fo r  example ,  i n orde r  t o execut e th e c o m m a n d Pu t  th e bal l  o n 

th e table ,  a n arbitrar y poin t  o n th e surfac e o f  th e bal l  ha s t o b e brough t  i n contac t  wit h (o r  constraine d to )  a n 
arbitrar y poin t  o n th e surfac e o f  th e table .  Anothe r  exampl e i s see n i n th e actio n underlyin g th e imperativ e Pu t 

th e bloc k i n th e bo x wher e on e need s t o constrai n th e bloc k (o r  th e volum e occupie d b y th e block )  t o th e interio r 
volum e o f  th e box . 

2.  Orientationa l  constraints :  Conside r  th e meanin g o f  th e prepositio n acros s i n th e sentenc e Plac e th e rule r  acros s 

ik e table .  Th e interpretatio n o f  th e prepositio n involve s severa l  components ,  on e o f  whic h require s tha t  th e 

longitudina l  £ixi s o f  th e rule r  an d th e longitudina l  axi s o f  th e tabl e to p b e perpendicula r  t o eac h other .  Thi s 
requiremen t  ca n b e expresse d i n term s o f  a n orientationa l  constraint . 

2.1.2 Constraint operation 

Verbs dealing with constraints can be classified considering whether they denote establishment, removal, maintenance 
or  modificatio n o f  (existing )  geometri c constraints . 

1. Verbs whose central action requires that constraints established continue to hold: attach, hold, engage, fix, grab, 

grasp ,  hook . 

2.  Verb s whos e centra l  actio n require s tha i  alread y existin g constraint s ceas e t o hold .  Example s include :  detach , 

disconnect ,  disengage ,  release . 

3.  Verbs  whic h refe r  t o modificatio n o f  a n alread y existin g constraint :  loosen ,  tighten .  W e d o no t  discus s suc h verb s 

i n thi s paper . 

2.2 Aspectual components 

Aspect is an inherent semantic content of a lexical item pertaining to the temporal structure of the situation denoted 

by th e lexica l  item ,  independen t  o f  contex t  [Passonnea u 1988] .  Nakhimovsky' s notio n o f  aspectua l  cleis s refer s t o 
interna l  tempora l  structurin g o f  generi c situation s [Nakhimovsk y 1988] .  Moens' s us e o f  th e ter m aspectua l  categor y 

i s differen t  i n tha t  i t  take s speaker's ,  perspective s int o consideratio n [Moen s an d Steedma n 1988] .  Below ,  w e conside r 

tw o aspectua l  characteristics :  repetitivenes s an d telicity . 
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2.2. 1 Repetitivenes s o r  frequentatio n 

1. Verbs whose underlying tasks definitely need repetitions of one or more sub-actions: roll, calibrate, screw, scrub, 

shake ,  rock . 

2.  Verb s fo r  whic h repetition s ma y o r  ma y no t  b e performe d (i.e. ,  whethe r  repetition s ar e performe d depend s o n 
th e object(3 )  involved ,  informatio n gathere d fro m linguisti c input ,  etc) .  Som e exampl e verb s are :  cut ,  fill,  lace , 

load ,  tamp . 

2.2.2 Terminal conditions 

We can divide the tasks identified by verbs into two categories based on this criterion. Nakhimovsky [Nakhimovsky 1988] 

als o discusse s th e telicit y propert y o f  action s denote d b y verb s an d verba l  phrases . 

1. Atelic verbs: Tlie tasks denoted by such verbs do not have properly defined end conditions. The termina-

tio n poin t  m a y b e determine d b y accompanyin g linguisti c expression s o r  b y context-dependent ,  task-dependen t 

criteri a suc h a s defaul t  resultin g state s o f  affecte d object(s) ,  o r  obtaine d throug h reasonin g fro m commonsens e 

knowledge ,  o r  knowledg e o f  th e goa l  t o achieve ,  o r  define d b y exi)lici t  feedbac k fro m simulation .  Fo r  example , 
cut  i s  ateli c becaus e a n objec t  ca n b e cu t  an d recu t  repeatedly ,  unles s th e linguisti c imperativ e specifie s tha t  th e 

objec t  b e cu t  once ,  o r  twice ,  etc. ,  o r  specifie s th e siz e o f  th e resultan t  pieces .  Othe r  example s o f  suc h verb s are : 

fold ,  hold ,  press ,  scrub ,  shake . 

2.  Teli c verbs :  Thes e ar e verb s whos e underlyin g task s hav e properl y define d built-i n termina l  point s tha t  ar e 

reache d i n th e norma l  cours e o f  event s an d beyon d whic h th e processe s canno t  continue .  Som e example s are : 

align ,  assemble ,  attach ,  close ,  detach ,  drop ,  engage ,  fix,  fill,  place ,  release . 

2.3 Kinematic—dynamic characterization of actions 

Badler [Badler 1989b] states that an approach to movement (action) representation should be able to characterize 
(qualitative )  specification s o f  kinemati c an d dynami c information ,  wheneve r  appropriate .  Dynamic s describe s th e forc e 

or  effor t  influencin g motion .  Kinematic s deal s wit h direc t  pat h o r  goals ,  an d motio n specification .  Ofte n movement s 

alon g th e sam e spatia l  pat h an d towar d th e sam e spatia l  goa l  m a y b e represente d b y differen t  verb s suc h a s touch , 

pres s an d punch .  Thes e distinction s ca n b e formulate d i n term s o f  dynami c specification . 

1. Kinematic: These are verbs whose underlying actions can be expressed as a movement along an arbitrary path 

or  a t  a n arbitrar y velocity .  Som e example s ar e turn ,  roll ,  rotate . 

2.  Dynamic :  Fo r  a  ver b i n thi s category ,  it s  underlyin g actio n ca n b e characterize d b y describin g th e forc e whic h 
cause s it .  Example s include :  push ,  shove ,  pull ,  drag ,  wring ,  hit ,  strike ,  punch ,  press . 

3.  Bot h kinemati c an d dynamic :  Thes e ar e verb s whic h hav e stron g pat h a s wel l  a s forc e components :  swing , 

grip/grais p (vs .  touch) ,  twist . 

3 Obtaining a representation for the verbs: primitives 

The primitives we use are anchored outside the linguistic domain. Currently, we work in the domain of graphical 

animatio n an d hence ,  ou r  primitive s ar e executabl e directl y i n a  graphic s environmen t  calle d J A C K [Phillip s 1988] . 

T h e expressio n o f  linguisti c semantic s i n term s o f  teste d primitive s vindicate s th e usefulnes s an d "completeness " 

of  ou r  approach .  Implementatio n o f  th e dynami c primitive s use d ca n b e foun d i n [Otan i  1989] .  The y pertai n t o 

forces ,  torques ,  rnas s an d balance .  W e d o no t  discus s dynami c primitive s her e sinc e the y ar e no t  directl y relevan t 

t o th e example s i n thi s paper .  Implementatio n o f  th e primitive s concerne d wit h geometri c relation s ar e discusse d i n 

[Zha o an d Badle r  1989] . 

3.1 Geometric relations and geometric constraints 

We specify geometric relations in terms of the following frame structure. 

Geometric-relation: spatial-type: 

source-constraint-space : 

destination-constraint-space : 

selectional-restrictions : 
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Spatial-typ e refer s t o th e typ e o f  tli e geometri c relatio n .sijecified .  I t  m a y hav e on e o f  tw o values :  positiona l  an d 
orientaiional .  T h e tw o slot s calle d source-conslraint-apar r  mu l  destination-constraint-spac e refe r  t o on e o r  mor e objects , 

or  part s o r  feature s tiiereo f  whic h nee d t o h e reliited .  Fo r  example ,  i n orde r  t o execut e th e c o m m a n d Pu t  th e cu p 

on th e table ,  on e bring s th e botto m surfac e o f  th e cu p int o contac t  wit h th e to p surfac e o f  th e table .  T h e c o m m a n d 

Put  th e bal l  o n th e tabl e require s bringin g a n arbitrar y poin t  o n th e surfeic e o f  th e bal l  i n contac t  wit h th e surfac e 

of  th e tabl e top .  Since ,  th e item s bein g relate d ma y b e arbitrar y geometri c entitie s (i.e. ,  points ,  surfaces ,  volumes , 

etc.) ,  w e cal l  the m spaces ;  th e firs t  spac e i s calle d th e sourc e spac e an d th e secon d th e destinatio n space .  T h e slo t 

selectional-restriction s refer s t o condition s (static ,  dynamic ,  globa l  o r  object-specific )  tha t  nee d t o b e satisfie d befor e 

th e constrciin t  ca n b e executed . 

Geometri c constraint s ar e geometri c goals ;  the y ar e specifie d a s follows : 

Geometric-constraint: execution-type: 

geometric-relation : 

Geometric constraints are of four types. They are distinguished by the execution-type component. The execution class 
or  typ e o f  a  constrain t  m a y b e achieve ,  break ,  maintai n o r  modify . 

3.2 Kinematics 

The frame used for specifying the kinematic aspect of motion is the following: 

Kinematics: motion-type: 

source : 

destination : 

path-geometry : 
velocity : 
axis : 

Motions are mainly of two types: translational a.nd rotational. In order to describe a translational motion, we need to 
specif y th e .sourc e o f  th e motion ,  it s  destination ,  th e trajector y o f  th e path ,  an d th e velocit y o f  th e motion .  I n th e cas e 

of  rotationa l  motion ,  th e path-geometr y i s alway s circular .  Th e velocity ,  i f  specifie d i s angular .  A n axi s o f  rotatio n 

shoul d b e specified ;  otherwise ,  i t  i s  inferre d b y consultin g geometri c knowledg e abou t  th e objec t  concerned . 

3.3 Kernel actions 

The central part of an action consists of one or more components: dynamics, kinematics and geometric-constraints— 
alon g wit h contro l  structure s statin g aspectua l  o r  othe r  complexitie s involve d i n th e executio n o f  a n action .  T h e 

construct s w e us e i n th e pape r  are :  repeat-arbitrary-time s an d concurrent .  T h e keywor d concurren t  i s specifie d whe n 

tw o o r  mor e components ,  b e the y kinematic ,  dynami c o r  geometri c constraints ,  nee d t o b e satisfie d o r  achieve d a t  th e 

same time .  T h e keywor d repeal-arbitrary-time s provide s a  mean s fo r  specifyin g th e frequentatio n proper y o f  certai n 

verbs .  Th e verbs '  semanti c representatio n nee d no t  specif y ho w man y time s th e actio n o r  sub-actio n m a y nee d t o 

be repeated .  However ,  sinc e ever y actio n i s presume d t o end ,  th e numbe r  o f  repetition s o f  a n actio n wil l  hav e t o b e 
compute d fro m simulatio n (base d o n test s fo r  som e suitabl e terminatio n conditions) ,  o r  b y inferenc e unles s specifie d 

linguisticall y a s i n Shak e th e bloc k 'abou t  fift y  times . 

3.4 Representation of verbal and sentential meaning 

Since our meaning representation is verb-bfised, the template for the representation of the meaning of a verb is also 

th e fram e fo r  representatio n o f  meaning s o f  sentences .  Th e representatio n fo r  a  sentenc e ha s th e followin g slots . 

Verbal-representation: agent: 
object : 

kernel-actions : 
selectional-restrictions : 

Selectional restrictions may refer to dynamic or static properties of objects or the environment. 
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4 S o m e e x a m p l e v e r b s 

4.1 A verb of establishment of positional constraint: put 

Webster's dictionary [Woolfe 1981] defines one sense of the meaning of the verb put as io place in a specified position 

or  relationship .  W e conside r  onl y th e positiona l  aspec t  o f  th e meanin g t o obtai n a  lexica l  definition .  Th e natur e o f  th e 

positiona l  constrain t  i s  dependen t  upo n th e natur e o f  th e object ,  an d th e locatio n specifie d b y a  locativ e expression . 

T h e lexica l  entr y i s 

put (1-agent, 1-object, 1-locative) <— agent: 1-agent 

object :  1-objec t 

kernel-action : 

geometric-constraint : 

execution-type:achiev e 
spatial-type :  positiona l 

geometric-relation :  1-locativ e 

This representation tells us that put requires us to achieve a posihojta/constraint between two objects, parts or features 
thereof .  I t  doe s no t  indicat e th e typ e o f  positiona l  relatio n t o b e achieved .  Th e detail s o f  th e geometri c relatio n t o b e 

achieve d hav e t o b e provide d b y th e locativ e expressio n use d whic h m a y b e i n term s o f  preposition s suc h a s in ,  o n o r 

across . 

4.2 A kinematic verb: roll 

The verb ro//refers to two motions occurring concurrently: a rotational motion about the longitudinal axis of the object 
an d a  translationa l  motio n o f  th e objec t  alon g a n arbitrar y path .  Th e rotationa l  motio n i s repeate d a n arbitrar y numbe r 

of  times .  T h e representatio n fo r  th e ver b rol l  w e us e i s !\ s follows : 

roll (1-agent, 1-object, path-relation)<— 
agent :  1-agen t 
object ;  1-objec t 

kernel-action : 

concurren t  {  {  kinematic : 
motion-type :  rotationa l 

axis :  longitudinal-axis-o f  (1-object ) 
}  repeat-arbitrary-time s } 

{  kinematic : 

motion-type :  translationa l 

path :  path-relatio n }  } 

Selectiona l  Restrictions :  has-circular-contou r  (1-object ,  longitudinal-axis-o f  (1-object) ) 

4.3 A verb that removes constraints: open 

We consider just one sense of open—tlie sense defined by Webster's Dictionary [Woolfe 1981] as to move (as a door) 
fro m close d position .  Th e meanin g i s define d wit h respec t  t o a  specifi c  positio n o f  th e objec t  unde r  consideration .  Th e 

close d positio n o f  th e objec t  ca n b e viewe d a s a  constrain t  o n th e positio n o r  orientatio n o f  th e object .  Thus ,  ope n 

ca n b e considere d a s a  ver b whos e underlyin g tas k undoe s a n existin g constraint .  Th e objec t  unde r  consideratio n i s 

require d t o hav e a t  leas t  tw o parts :  a  soli d 2-dimensiona l  par t  calle d th e cove r  an d a n unfille d 2-dimensiona l  par t 

define d b y som e kin d o f  frame :  th e hole .  Th e meanin g mus t  captur e tha t  th e agen t  perform s a n actio n whos e resul t  i s 

t o remov e th e constrain t  tha t  object' s cove r  an d it s hol e ar e i n on e coinciden t  plane .  Additionally ,  th e object' s cove r 

must  occup y th e tota l  spac e availabl e i n object' s hol e i n th e constraine d position .  Thi s i s fulfille d b y requirin g tha t 

th e tw o (sub-)object s (th e hol e an d th e cover )  ar e o f  th e sam e shap e an d size . 

T h e definitio n fo r  ope n is : 

open (Ag, Obj) <— agent: Ag 

object :  O b j 

kernel-action : 

geometric-constraint : 

execution-type:brea k 
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spatial-type :  positiona l 

geometric-relation :  source-constraint-space :  Ob j  •  hol e 

d«*stination-constraint-space :  O b j  •  cove r 

SeUciiona l  Restriciions :  contains-par t  (Obj ,  hole ) 

contains-par t  (Obj ,  cover ) 

area-o f  (Obj.cover )  =  area-o f  (Ob j  •  hole ) 

sliape-o f  (Obj.cover )  =  shape-o f  (Ob j  •  hole ) 

5 Representing meanings of prepositions 

In order to provide precise, implementable nieanings of prepositions, we have been influenced by Badler [Badler 1975] 

and Gange l  [Gange l  1984] .  T h e semantic s o f  th e linguisti c locativ e expressio n hji s als o bee n discusse d b y Herskovit s 
[Ilerskovit s  1986] .  Talmy' s wor k [Talm y 1983 ]  o n th e relatio n betwee n languag e an d spac e als o discusse s semanti c 

representatio n o f  prepositions .  W e obtai n lexica l  entrie s fo r  a  selectio n o f  preposition s i n [Kalit a 1990] .  W e includ e 

one suc h exampl e below .  Ou r  definition s ar e limite d i n tha t  the y wor k wit h simple ,  solid ,  non-deformabl e geometri c 
objects . 

5.1 A representation for on 

Among the senses of on defined by Herskovits [Ilerskovits 1986], the one we are interested in is: spatial entity supported 
by physica l  object .  Example s o f  it s  u.s e ar e see n i n sentence s suc h a s Pu t  th e bloc k o n th e tabl e an d Pu t  th e bloc k o n 
th e box .  Th e suppor t  ca n com e i n variou s form s a s discusse d b y Ilerskovits .  O n e situatio n whic h i s commonplac e o r 

prototypical ,  i s  th e on e i n whic h th e locate d objec t  rest s o n a  free ,  horizontal ,  upwar d facin g surfac e o f  th e referenc e 
object ;  thi s nee d no t  b e a  to p surfac e o f  th e referenc e object ,  thoug h i t  almos t  alway s i s a n oute r  surfac e (otherwis e i n 
i s  preferred) .  Webster' s dictionar y [Woolf e 1981 ]  define s thi s meanin g a s a  functio n wor d t o indicat e a  positio n ove r 
and i n contac t  with .  W e describ e thi s meanin g o f  o n a s 

on (X,Y) «— geometric-relation: 
spatial-type :  positiona l 
source-constraint-space :  any-o f  (self-supporting-spaces-o f  (X) ) 

destination-constraint-space :  any-o f  (supporter-surfaces-o f  (Y)) ) 
selectional-restrictions : 

horizonta l  (destination-constraint-space ) 
equa l  ((direction-o f  (normal-t o destination-constraint-space )  "global-up" ) 
area-o f  (source-constraint-space )  <  area-o f  (destination-constraint-space ) 

free- p (destination-constraint-space ) 

Given a geometric object, the geometrical function self-supporling-spaces-of obtains a list containing surfaces, lines or 

point s o n th e objec t  o n whic h i t  ca n suppor t  itself .  Fo r  example ,  a  cub e ca n suppor t  itsel f  o n an y o f  it s si x faces ,  an d 

a spher e o n an y poin t  o n it s surface .  Th e functio n supporting-surfaces-o f  find s ou t  th e surface s o n a n objec t  o n whic h 
othe r  object s ca n b e supported .  Th e function s direclion-of ,  normal-to ,  horizonial- p an d area-o f  ax t  self-evident .  Th e 

tw o directiona l  constant s global-u p an d global-dow n ar e define d wit h respec t  t o a  globa l  referenc e frame . 

6 Processing the sentence Put the block on the table 

The sentence consists of the action verb put. Tiie object is specified as the subject of the sentence and the location 
as a  prepositiona l  phrase .  Th e meanin g o f  th e whol e sentence ,  obtaine d b y composin g th e meaning s o f  it s constituen t 

part s [Kalit a 1990 ]  a s specifie d b y th e definition s fo r  pu t  an d on ,  i s 

agent: "you" 

object :  block- 1 

kernel-action :  geometric-con.straint : 
execution-type :  achiev e 
spatial-type :  positiona l 

geometric-relation : 

spatial-type :  positiona l 

source-constraint-space :  any-o f  (self-supporting-spaces-o f  (block-1) ) 
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destination-constraint-space :  any-o f  (supporter-spaces-o f  (table-1)) ) 

selectional-restrictions : 

horizont£il- p (destination-constraint-space ) 

equa l  (direction-o f  (normal-t o destination-constraint-space )  "global-up" ) 

area-o f  (source-constraint-space )  <  area-o f  (destination-constraint-space ) 

free- p (destination-constraint-space ) 

I n orde r  t o execut e th e actio n dictate d b y thi s sentence ,  th e progra m [Kaht a 1990 ]  look s a t  th e knowledg e store d 

abou t  th e bloc k t o fin d a  par t  o r  featur e o f  th e bloc k o n whic h i t  ca n suppor t  itself .  I t  ca n b e supporte d o n an y on e o f 

it s  face s an d n o fac e i s nnor e salien t  tha n an y othe r  fo r  supportin g purposes .  A  cub e (th e shap e o f  th e block )  ha s si x 

face s an d on e i s chose n randoml y a s th e suppor t  area .  Th e progra m searche s th e knowledg e store d abou t  th e tabl e fo r 
a par t  o r  featur e whic h ca n b e use d t o suppor t  othe r  objects .  I t  gather s tha t  th e table' s functio n i s t o suppor t  "small " 

object s o n it s to p whic h i s als o horizonta l  a s require d b y a  selectiona l  restriction .  Finally ,  th e syste m conclude s tha t 

one o f  th e side s o f  th e cub e ha s t o b e brough t  i n contac t  wit h th e to p o f  th e table .  Ilerskovit s [Ilerskovit s 1986 ]  give s 

a ver y genera l  discussio n o n th e propertie s o r  attribute s o f  object s reqire d fo r  suc h inferences .  A  plannin g modul e i s 

neede d t o mak e th e interfac e betwee n th e semanti c representatio n leve l  an d th e animatio n leve l  complete .  Detail s o f 

objec t  knowledg e representatio n an d plannin g ca n b e foun d i n [Kalit a 1990] .  Finally ,  th e simulatio n progra m Y A P S 

[Esako v an d Badle r  1990 ]  perform s appropriat e computation s an d inference s wher e necessary ,  takin g int o consideratio n 

mein y aspect s suc h a s detaile d geometri c knowledge ,  defaul t  states ,  an d knowledg e o f  strength s an d dimension s o f  th e 
V2u-iou s part s o f  th e bod y o f  th e agent ,  an d perfor m a  graphica l  animatio n o f  th e task' s execution . 

7 Conclusions 

We have demonstrated that operational meanings of action verbs and their modifiers can be represented in terms of 

component s pertainin g t o aspectuals ,  constraints ,  an d kinematic/dynami c characterization .  Fo r  additiona l  example s 

of  decomposition ,  th e reade r  i s referre d t o [Kalit a 1990] . 

We hav e implemente d a  syste m incorporatin g th e semanti c processin g discu.sse d i n thi s pape r  i n C o m m on Lis p o n a 

H P workstation .  T h e semanti c outpu t  i s  furthe r  processe d i n consultatio n wit h th e detaile d knowledg e store d abou t  th e 

object s unde r  consideration .  Finally ,  thi s interprete d outpu t  i s  use d b y Y A P S [Esako v e t  a l  1989 ,  Esako v an d Badle r  1990 ] 

t o driv e a  graphica l  animation .  T h e successfu l  animatio n o f  task s startin g fro m natura l  languag e inpu t  provide s a 

soun d anchorin g fo r  ou r  semanti c representation . 

I n thi s paper ,  w e hav e no t  discusse d th e classificatio n o f  liiigusiti c  argument s o f  a  ver b a s obligator y o r  optional ,  an d 

th e treatmen t  o f  differen t  classe s o f  arguments .  Thi s issu e i s discusse d i n [Kalit a 1990] .  W e hav e no t  als o considere d 
significan t  aspect s o f  languag e usag e suc h a s intention ,  non-geometri c goal s an d belief s o f  agents .  Th e reaso n i s tha t 

our s i s a n in-dept h stud y o f  th e purel y physica l  aspect s o f  actions ;  thus ,  direc t  physica l  realizabilit y  i s  o f  primar y 

importance .  Ou r  stud y ha s t o b e complemente d b y augmentin g i t  wit h suc h intensiona l  consideration s fo r  a  fulle r 

understanding . 
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