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ABSTRACT 

Most frame-based knowledge representation (KR) systems have two strange features. 

First ,  th e concept s represente d b y th e node s ar e noun s rathe r  tha n verbs .  Verba l  idea s 

ten d t o appea r  mostl y i n describin g role s o r  slots .  Thu s th e system s ar e asymmetric . 

Second ,  an d mor e seriously ,  th e slo t  name s o n frame s ar e arbitrar y an d no t  define d i n 

th e system .  Usuall y n o metasyste m i s give n t o accoun t  fo r  them .  Thu s th e system s ar e 

not  closed . 

Both these features can be avoided by structures inspired by case-based linguistic 

theories .  Th e basi c idea s ar e tha t  a n ontolog y consist s o f  separate ,  paralle l  lattice s o f 

verba l  an d nomina l  concepts ,  an d tha t  th e slot s o f  concept s i n eac h lattic e ar e define d 

by referenc e t o th e concept s i n th e othe r  lattice .  Slot s o f  verba l  concept s ar e derive d 

fro m cases ,  an d restricte d b y nomina l  concepts .  Slot s o f  nomina l  concept s includ e 

conduct s (verba l  concepts )  an d derivative s o f  th e slot s o f  verba l  concepts . 

Our objective in this paper is not to define a new KR language, but to use input from 

th e stud y o f  natura l  cognitio n (cas e grammar )  t o refin e technolog y fo r  artificia l 

cognition . 

TERMINOLOGY AND NOTATION 

Concepts are predicates over instances (Hayes 1979), and are named with a prefixed 

"C-" .  Variable s ove r  concept s ar e lower-cas e letter s nea r  'n '  ( a mnemoni c fo r 

"intension") ,  whil e variable s ove r  instance s ("extensions" )  ar e lower-cas e letter s nea r 

'x' .  xe m mean s " x i s a n instanc e o f  concep t  m. "  Thi s pape r  i s limite d t o th e proble m o f 

definin g concepts ,  an d doe s no t  discus s ho w t o mak e assertion s abou t  the m (Wood s 

1975) . 

The links between concepts fall into two general categories, depending on whether or 

not  the y indicat e subsumptio n (Brachma n 1983) .  On e concep t  C- 1 subsume s anothe r 

C-2 jus t  whe n Va;.(C- 2 x )  —>•  (C- 1 x) .  A  non-subsumin g lin k fro m on e concep t  t o anothe r 

i s a  slot . 

A slot is a two-place predicate over instances, and links two concepts, its parent (the 

concep t  t o whic h i t  belongs )  an d it s restriction .  Fo r  th e applicatio n o f  a  slo t  t o tw o 

instance s t o b e true ,  i t  i s  necessar y (bu t  no t  sufficient )  fo r  th e first  argumen t  t o b e a n 

instanc e o f  th e slot' s  parent ,  an d th e secon d t o b e a n instanc e o f  it s  restriction .  Slo t 

names begi n wit h "S-" .  T o identif y a  slot' s  paren t  i n case s o f  ambiguity ,  postfi x  th e 

name o f  th e paren t  concept ,  omittin g th e prefixe d "C-" .  Thu s th e slo t  recordin g a 

lathe' s workpiec e i s S-Workpiece.Lathe . 
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A functional notation (cf. Vilain 1985) describes manipulations of concepts and slots. 

For  example ,  C M e e t  combine s tw o concept s t o for m a  concep t  tha t  meet s th e 

restriction s o f  the m both .  (CMee t  C- 1 C-2 )  ha s th e semantic s \x.{C- l  x )  &  (C- 2 x) .  Fo r 

example ,  C-So n =  (CMee t  C-Chil d C-Male) .  CRestric t  build s a  ne w concep t  fro m a n 

ol d on e b y restrictin g th e eligibl e slot-filler s fo r  som e slo t  o f  th e olde r  concept . 

(CRestric t  C- 1 S- 1 C-2 )  ha s th e semantic s Xx.(C- l  x)&Vy.(5- l  x  y )  ̂  (C- 2 y) .  I f  C -

Machin e ha s a  slo t  S-Status ,  C-AvailableMachin e =  (CRestric t  C-Machin e S-Statu s C -

Idle )  describe s exactl y thos e machine s tha t  ar e idle .  C M e e t  an d CRestrict ,  thoug h no t 

a complet e set ,  suffic e t o illustrat e th e idea s i n thi s paper .  Se e Vilai n 198 5 fo r  a  fulle r 

set . 

THE PROBLEM OF LACK OF CLOSURE 

The main problem addressed by this paper is that the semantics of common frame 

formalism s lac k closur e bot h withi n individua l  frame s an d betwee n frames . 

Intra-Frame Closure 

I n 

C-Lath e 

S-Workp lec e 

S-Ser la lNumbe r 

S-Locat lo n 

S-Slz e 

th e variou s slot s stan d i n differen t  relation s t o C-Lathe .  Th e filler  o f  S-Workpiec e 

change s a s th e lath e remove s chip s o f  metal .  Th e filler  o f  S-Locatio n ca n change ,  too , 

but  a s a  resul t  o f  reorganizin g th e factory ,  no t  o f  th e norma l  operatio n o f  th e lathe .  S -

Locatio n an d S-Siz e ar e attribute s o f  th e lathe ,  ye t  the y diffe r  i n thei r  semantic s fro m 

one another ,  an d fro m S-SerialNumber . 

The use of natural language names to identify slots is seductive, since it suggests that 

th e structur e ha s mor e meanin g tha n th e syste m ca n actuall y access .  Formally ,  S -

Workpiec e ha s n o mor e meanin g tha n S-G10032 .  I n c o m m o n ne t  formalisms ,  slo t 

semantic s ar e define d onl y implicitl y  throug h th e inferenc e code ,  i n direc t  violatio n o f 

th e K R agend a o f  separatin g domai n knowledg e fro m processin g strategy . 

Inter-Frame Closure 

A factor y knowledg e bas e wil l  describ e C-Workpiec e a s wel l  a s S-Workpiece ,  bu t  th e 

onl y connectio n availabl e betwee n thes e i n man y model s i s i n pseudo-Englis h slo t 

names.  S-Workpiece.Lath e shoul d b e mor e rigorousl y define d a s th e C-Workpiec e 

associate d wit h C-Lathe . 

KRYPTON'S role restrictions (Brachman et al. 1985) and KODIAK's MANIFEST 

operatio n (Wilensk y 1984 )  addres s th e inter-fram e slo t  problem .  Fo r  example , 

( M A N I F E S T C-Machin e C-Tool )  produce s th e concep t  "Tool-Of-Machine, "  s o tha t  C -

798 



P A R U N AK 

Machine gains a S-Tool slot pointing to the associated C-Tool. But the intra-frame 

closur e proble m remains .  Th e sam e operatio n tha t  produce s Tool-of-Machin e = 

( M A N I F E S T C-Machin e C-Tool )  als o produce s Size-of-Machin e =  ( M A N I F E S T C -

Machin e C-Size )  an d Action-of-Machin e = = ( M A N I F E S T C-Machin e C-Action) .  Ye t 

th e relationshi p betwee n C-Machin e an d it s dependen t  concep t  i n eac h o f  thes e case s i s 

ver y differen t  fro m th e others . 

TWO LINGUISTIC CONCEPTS 

The linguistic concepts that suggest a solution to the closure problem are the distinction 

of  noun s an d verbs ,  an d th e grammatica l  theor y o f  case . 

The first concept simply observes that every known human language distinguishes 

noun s fro m verb s (Longacr e 1976) .  Furthermore ,  natura l  language s universall y 

distinguis h thre e kind s o f  predication :  stative s (represente d i n Englis h b y adjective s an d 

th e ver b "t o be") ,  processe s ("t o become") ,  an d action s ("t o do, "  "t o happen") .  A n y 

syste m tha t  emulate s h u m a n intelligenc e shoul d mirro r  thes e distinctions . 

The second concept, of verbal cases, is a sort of typing scheme for the arguments 

(nouns )  o f  predicate s (verbs )  (Bruc e 1975) .  Typica l  verba l  case s includ e Agent ,  Object , 

Dative ,  Locativ e (From ,  To ,  At) ,  Temporal ,  Material ,  Range ,  an d Instrument .  I n th e 

sentenc e "Joh n hi t  th e bal l  t o Bil l  yesterday" ,  "John "  i s th e Agent ,  "th e bail "  i s  th e 

Object ,  "Bill "  i s  th e Dative ,  an d "yesterday "  i s Temporal .  A  restricte d se t  o f  suc h case s 

(abou t  2 0 i n mos t  systems )  suffice s t o defin e al l  th e role s tha t  noun s pla y towar d verb s 

i n a  natura l  language .  A s a  for m o f  "slot "  o n low-leve l  verba l  concepts ,  case s wer e a n 

inspiratio n fo r  frame s (Minsk y 1974) .  Thi s pape r  use s the m t o defin e slot s fo r  al l 

concepts . 

DEALING WITH ASYMMETRY 

Early net systems treat nominal and verbal concepts symmetrically, with separate 

subsumptio n lattice s fo r  eac h (Quillia n 1968 ;  Hay s 1973 ;  Szolovits ,  Hawkinson ,  an d 

Marti n 1977) .  Moder n ne t  an d hybri d formalism s ar e overbearingl y noun-oriente d i n 

thei r  representatio n o f  concepts .  Th e ultimat e roo t  o f  moder n subsumptio n lattice s i s 

typicall y "thing, "  forcin g event s t o b e nominalize d i f  the y ar e t o b e represente d a t  all . 

Nodes representin g event s ar e typicall y name d a s gerunds ,  betrayin g thei r 

nominalization .  KL-0]Vf E an d it s descendent s vie w concept s a s playin g "roles "  instea d 

of  filling  slots ,  furthe r  emphasizin g tha t  thes e concept s ar e construe d a s things . 

Maintaining separate subsumption lattices for concepts derived from nouns and verbs 

respectivel y i s consisten t  wit h th e universa l  huma n distinctio n betwee n suc h concepts . 

More pragmatically ,  i t  open s th e wa y t o defin e slo t  semantic s withi n th e system ,  b y 

definin g th e slot s i n eac h lattic e i n term s o f  concept s i n th e other .  Specifically ,  w e le t  C -

SummumGenus subsum e C-Thin g an d C-Predication .  C-Predicatio n i n tur n subsume s 

C-Be fo r  stativ e concepts ,  C-Becom e fo r  proces s concepts ,  an d C-D o fo r  actio n concepts . 
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DEALING WITH LACK OF CLOSURE 

Closing the definition of slots within a frame system requires addition of a third 

component ,  th e slot-maker ,  t o concept s an d slots .  I n thi s sectio n w e discus s th e genera l 

concept ,  the n illustrat e thre e kind s o f  slot-maker s tha t  w e hav e foun d useful . 

The Slot-Maker 

A slot-make r  map s tw o concept s t o a  slot ,  a s doe s th e M A N I F E S T operatio n i n 

K O D I A K (Wilensk y 1984) .  Th e argumen t  concept s ar e th e paren t  an d restrictio n o f  th e 

slot ,  respectively .  Som e slot-maker s requir e a  thir d argument ,  define d below . 

Having a slot-maker provides inter-frame closure. Having a set of slot-makers allows 

eac h t o induc e a  distinc t  semantic s o n th e slo t  create d fro m it s arguments ,  an d thu s 

provide s intra-fram e closure .  S o far ,  thre e kind s o f  slot-make r  appea r  useful :  on e t o 

defin e cas e slots ,  on e t o defin e conduc t  slots ,  an d on e t o defin e componen t  slots .  I n 

thes e descriptions ,  C-N(ominal )  denote s som e subse t  o f  C-Thing ,  an d C-V(erbal )  denote s 

some subse t  o f  C-Predication . 

1. (M-Case <case> C-VC-N) defines slots of verbal concepts from nominal 

concepts ,  o n th e basi s o f  linguisti c cases .  C-Vi s th e paren t  o f  th e slot ,  an d 

C - N i s it s restriction .  M-Cas e ca n b e viewe d a s a  se t  o f  slot-makers ,  on e fo r 

eac h case .  Fo r  example ,  (M-Cas e Agen t  C-Cu t  C-Thing )  produce s th e slo t 

tha t  represent s th e agen t  o f  a  cuttin g actio n a s a  thing .  Eac h cas e ha s a 

distinctiv e semantic s tha t  i t  convey s t o slot s i t  defines . 

2. (M-Conduct C-N C-V <Slot of C-V>) defines slots of nominal concepts 

fro m verba l  concepts .  C - N i s th e paren t  o f  th e slot ,  an d C- V i s it s 

restriction .  Fo r  example ,  (M-Conduc t  C-Machin e C-Cu t  S-Agent )  produce s 

th e slo t  tha t  describe s a  machine' s cuttin g action .  Th e thir d argumen t  o f  M -

Conduc t  tell s  wha t  slo t  o f  th e verba l  concep t  th e nomina l  concep t  occupie s 

i n performin g th e conduct .  A  nomina l  concep t  m a y hav e severa l  conduc t 

slots .  Sinc e stativ e predication s o f  colo r  an d siz e ar e verba l  concepts ,  (M -

Conduc t  C-Machin e C-Colo r  S-Object )  i s  th e appropriat e wa y t o generat e a 

slo t  t o describ e th e colo r  o f  a  machine . 

3. (M-Part <aggregate concept > <component concept >) describes a concept 

i n term s o f  it s  componen t  parts .  Th e aggregat e concep t  i s th e parent ,  an d 

th e componen t  concep t  i s th e restriction .  Nomina l  concept s ca n hav e 

nomina l  components ,  an d verba l  concept s ca n hav e verba l  components . 

Slot-makers close the universe of slots and concepts, but constitute a new component 

wit h respec t  t o whic h th e syste m remain s open .  Th e closur e proble m ha s move d u p a 

level ,  no t  disappeared .  Still ,  m a n y proble m domain s nee d n o mor e tha n M-Conduct ,  M -

Part ,  an d a  doze n o r  s o M-Cas e slot-makers .  Fe w domain s ca n b e satisfie d wit h thi s fe w 
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primitive slots. Also, the slot-maker concept lets systems reason explicitly about the 

relatio n o f  slot s t o concepts ,  somethin g tha t  traditiona l  architecture s d o no t  allow . 

Case Slots 

Case slot s offe r  a  natura l  mechanis m fo r  recordin g th e interactio n betwee n th e nomina l 

and verba l  semilattices .  Th e M-Cas e slot-make r  define s the m i n th e first  place : 

S-Agent.D o =  (M-Cas e Agen t  C-D o C-Thlng ) 

S-Instrument.D o =  (M-Cas e Instrumen t  C-D o C-Thlng ) 

S-ObJect.D o =  (M-Cas e Objec t  C-D o C-Thlng ) 

Beginning with these slots of C-Do, C-Cut is defined as a subclass of C-Do whose agent 

i s a  machine ,  whos e instrumen t  i s a  tool ,  an d whos e objec t  i s  a  part : 

C-Cu t  =  (CMee t 

(CRestr lc t  C-D o S-Agen t  C-Machlne ) 

(CMeet 

(CRestrlc t  C-D o S-Instrumen t  C-Tool ) 

(CRestrlc t  C-D o S-Objec t  C-Par t ) ) ) 

Conduct Slots 

Jus t  a s cas e slot s o f  a  verba l  concep t  hav e nomina l  restrictions ,  conduc t  slot s o f  a 

nomina l  concep t  hav e verba l  restrictions .  Fo r  instance ,  th e slo t  o n C-Lath e tha t 

describe s It s intende d actio n i s 

S-Act ion.Lath e =  (M-Conduc t  C-Lath e C-Cu t  S-Agent ) 

That  is ,  a  lathe' s actio n i s th e cuttin g o f  whic h i t  i s  th e agent . 

Since S-Action.Lathe represents a verbal concept, it has its own case slots, which can 

relat e C-Lath e t o othe r  nomina l  concepts .  A  slo t  o n a  nomina l  concep t  C- 1 tha t  refer s 

t o a n instanc e o f  anothe r  nomina l  concep t  ca n b e derive d fro m a  cas e slo t  o f  som e 

conduc t  o f  C-1 .  Nomina l  concept s ca n b e relate d t o on e anothe r  onl y b y wa y o f  som e 

predicatio n (o r  b y anothe r  slot-maker ,  suc h a s M-Part) . 

For example, the lathe's workpiece slot S-Workpiece.Lathe is defined in terms of the S-

Objec t  cas e slo t  i n S-Action.Lathe . 

S-Workplece.Lath e = 

X X  y .  3  z . 

(S-Actlon.Lath e x  z )  &  (S-ObJect.Cu t  z  y ) 

Thi s definitio n capture s th e semantic s tha t  a  lathe' s workpiec e (y )  i s  th e objec t  o f  som e 

cuttin g actio n (z )  performe d b y th e lath e (x) ,  thu s achievin g intra-fram e closure .  I n 

general ,  i f  S- 1 i s a  conduc t  slo t  o f  nomina l  concep t  C- N derive d fro m verba l  concep t  C -

V,  an d S- 2 i s a  cas e slo t  o f  C-V ,  a  slo t  S- 3 o f  C- N wit h a  restrictio n i n th e nomina l 

lattic e ca n b e define d 

S- 3 =  X  X  y .  3  z .  (S-l. N x  z )  &  (S-2. V z  y ) 

The conduct slot generated for C-Lathe (S-Action) is derived from the frame for C-Cut. 
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For each slot in C-Cut, C-Lathe now has an associated slot. The slots in C-Cut, in turn, 

ar e generate d fro m th e slot s o f  C-D o b y restrictio n relativ e t o concept s i n th e nomina l 

semilattice .  A s th e syste m grows ,  slo t  definition s ten d t o "zig-zag "  bac k an d fort h 

betwee n th e nomina l  an d verba l  semilattices .  A m o n g othe r  mechanism s fo r 

specialization ,  verba l  concept s specializ e b y takin g mor e restricte d nomina l  concept s a s 

cas e slots ,  whil e nomina l  concept s specializ e b y takin g mor e restricte d verba l  concept s a s 

conduc t  slots . 

Examples of Component Slots 

Component  slot s describ e a n entit y a s a  componen t  o f  a  large r  aggregate .  Suc h 

aggregatio n ca n b e eithe r  tempora l  o r  spatial .  Typically ,  verba l  concept s aggregat e 

temporall y t o for m mor e comple x verba l  concepts ,  an d nomina l  concept s aggregat e 

spatiall y  t o for m mor e comple x spatia l  concepts .  Example s o f  language s tha t  ca n b e 

use d t o describ e aggregate s includ e Alle n 198 3 fo r  tempora l  structure s an d Eastma n 

197 3 fo r  spatia l  ones . 

As a n example ,  conside r  a  verba l  aggregate ,  C-Deliver .  Intuitively ,  a  deliver y take s 

plac e whe n someon e receive s somethin g fro m on e part y an d late r  give s i t  t o anothe r 

party .  Wit h C-Delive r  define d i n thi s way , 

S-Recept lon .De l ive r  =  (M-Par t  C-Del lve r  C-Rece lve ) 

Tha t  is ,  th e slo t  S-Receptio n o f  C-Delive r  take s a n instanc e o f  th e concep t  C-Receiv e 

tha t  i s a  par t  o f  th e concep t  C-Deliver . 

Thi s constructio n assume s th e formalizatio n o f  C-Deliver .  I t  i s  produce d b y a n 

aggregatio n functio n tha t  map s componen t  concept s int o a  composit e concept .  Give n 

thi s aggregatio n functio n (cal l  i t  AF-Deliver) , 

C-Del ive r  =  (AF-Del ive r  C-Receiv e C-Give ) 

The n th e constructio n 

S-Recept ion.Del ive r  =  (M-Par t  C-Del ive r  C-Rece ive ) 

simpl y name s th e receptio n tha t  i s alread y buil t  int o th e delivery . 

The specific aggregation function in question is: 

AF-De l i ve r  = 

X m n . 

X X .  3  r  e  m ,  g  c  n ,  y ,  z ,  w ,  v . 

(S-Agent r v) & (S-Dative g w) & (v <> w) & ;0 

(S-Agen t  X  y )  &  (S-Dativ e r  y )  &  (S-Agen t  g  y )  &  ; 1 

(S-Objec t  X  z )  &  (S-Objec t  r  z )  &  (S-Objec t  g  z )  &  ; 2 

(S-Dativ e x  w )  &  ; 3 

(Befor e r  g )  ; 4 

The oute r  lambd a bind s m an d n  t o th e argument s o f  AF-Deliver ,  whic h ar e intende d t o 

be concept s o f  receivin g an d o f  giving ,  respectively .  W h e n thes e ar e bound ,  th e valu e o f 

AF-Delive r  i s th e inne r  lambda ,  whic h i s a  predicat e o n x .  Th e existentiall y  quantifie d 
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variables in this inner lambda represent an instance of receiving and giving (r and g, 

respectively) ,  an d fou r  other s use d i n clause s 1- 4 t o relat e th e concept s o f  th e aggregate . 

Claus e 0  insure s tha t  th e sourc e an d destinatio n o f  th e deliver y ar e no t  th e same .  Claus e 

1 constrain s th e agen t  o f  C-Delive r  t o b e th e sam e a s th e dativ e (recipient )  o f  th e 

componen t  actio n o f  receptio n r  an d als o th e agen t  o f  th e componen t  actio n o f  givin g g . 

Claus e 2  identifie s th e objec t  delivere d wit h tha t  bot h receive d an d give n b y th e 

deliverer .  Claus e 3  identifie s th e recipien t  o f  th e deliver y wit h th e recipien t  o f  th e 

componen t  givin g action .  Claus e 4  constrain s th e receptio n componen t  o f  th e deliver y t o 

tak e plac e befor e th e givin g component . 

There are countably infinitely many aggregation functions, each typically useful for 

definin g onl y on e o r  a  smal l  famil y o f  composit e concepts .  AF-Deliver ,  fo r  example ,  i s 

onl y define d whe n it s argument s ar e verba l  concept s wit h cas e slot s fo r  datives ,  objects , 

and agents .  Th e aggregatio n functio n make s th e compositio n o f  a n aggregat e concep t 

fro m it s element s explicit ,  s o tha t  th e M-Par t  slot-make r  ca n nam e thes e component s i n 

relatio n t o th e aggregate . 

CONCLUSION 

Ontologies with separate subsumption lattices for nominal and verbal concepts permit 

th e closur e o f  slo t  semantics .  A  generalizatio n o f  th e linguisti c notio n o f  cas e permit s 

definitio n o f  th e slot s i n eac h branc h o f  th e ontolog y b y referenc e t o concept s i n th e 

othe r  branch .  Slot s o f  verba l  concept s ar e derive d fro m linguisti c cases ,  restricte d b y 

nomina l  concepts .  Slot s o f  nomina l  concept s includ e conduc t  slot s restricte d b y verba l 

concepts ;  derivative s o f  th e cas e slot s o f  th e verba l  concept s definin g a  conduc t  slot , 

restricte d b y nomina l  concepts ;  an d component s o f  aggregat e concepts . 
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