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C o n n e c t i o n i s t  V a r i a b l e - B i n d i n g B y O p t i m i z a t i o n 

P.  A n a n d a n 

Compute r  Scienc e Depaxtment ,  Yal e Universit y 

Stanley Letovsky 

Compute r  Scienc e Department ,  Carnegie-Mello n Universit y 

Eric Mjolsness 

Compute r  Scienc e Department ,  Yal e Universit y 

Abstrac t 

Symbolic AI systems based on logical or 
fram e lainguage s ca n easil y perfor m infer -

ence s tha t  ar e stil l  beyon d th e capabil -

it y  o f  mos t  connectionis t  networks .  Thi s 

pape r  present s a  strateg y fo r  implement -

in g i n connectionis t  network s th e basi c 

mechanism s o f  variabl e binding ,  dynami c 

frzun e allocatio n an d equalit y tha t  under -

li e man y o f  th e type s o f  inference s com -

monl y handle d b y fram e systems ,  includ -

in g inheritance ,  subsumptio n an d abduc -

tiv e inference .  Th e pape r  describe s a 

scheme fo r  trauislatin g fram e definition s 

i n a  simpl e fram e languag e int o objec -

tiv e function s whos e minim a correspon d 

t o partia l  deductiv e closure s o f  th e lega J 

inferences .  Th e resultin g constraine d op -

timizatio n proble m ca n b e viewe d a s a 

specificatio n fo r  a  connectionis t  network . 

1 INTRODUCTION 

Connectionist systems are attractive as an ap-

proac h t o computin g becaus e the y promot e suc h 

desirabl e propertie s a s fine-graine d parallelism , 

analo g circuitry ,  faul t  tolerance ,  an d automati c 

learning .  On e o f  th e mor e poten t  idea s t o hav e 

appeare d i n investigation s o f  thes e systems ,  an d 

one whic h underlie s a  larg e fractio n o f  th e wor k i n 

th e field ,  i s  th e us e o f  continuou s "objectiv e func -

tions "  o r  "distanc e metrics" .  Objectiv e function s 

can serv e a s a  perspicuou s programmin g language , 

highl y susceptibl e t o analysis ,  an d usefu l  a s a  spec -

ificatio n languag e fo r  neura l  networks .  Thi s pa -

per  use s th e objective-functio n paradig m t o addres s 

a centra l  limitatio n o f  mos t  existin g connection -

is t  systems :  thei r  inabilit y  t o perfor m th e kin d o f 

inference s tha t  ar e eas y fo r  symboli c A I  system s 

base d o n logica l  o r  fram e languages .  W e presen t 

an objective-function-base d implementatio n o f  th e 

basi c mechanism s o f  variable-bindin g an d dynami c 

fram e allocatio n tha t  underli e fram e base d infer -

ence .  Th e resul t  i s  a  connectionis t  fram e syste m 

wit h greate r  expressiv e sui d inferentia l  powe r  tha n 

previou s systems . 

Our concern in this paper is with supporting the 

type s o f  inferenc e tha t  typicall y occu r  i n fram e 

systems .  Thes e includ e inheritanc e o f  proper -

tie s alon g typ e hierarchies ;  classificatio n o f  object s 

withi n typ e hieruchie s (o r  aubsumption[BT&chmaji , 

1983]) ;  instantiatin g fram e definition s fo r  particu -

la r  individuals ;  an d recognizin g insteuice s o f  frame s 

withi n comple x scene s o r  descriptions .  A n impor -

tan t  varian t  o f  thi s las t  proces s i s abductiv e infer -

ence [Charnia k an d McDermott ,  1987] ,  whic h in -

volve s paurtia l  o r  near-mis s recognitio n o f  frames . 

Abductiv e inferenc e i s use d t o generat e possibl e 

explanation s fo r  observe d phenomen a i n medica l 

diagnosis ,  languag e understauiding ,  visua l  scen e in -

terpretation ,  an d othe r  analysi s tasks . 

In conventional frame systems, the inference pro-

cesse s ar e buil t  ato p a  laye r  o f  machiner y tha t  con -

tain s a  fe w simpl e ingredients .  Th e mos t  importan t 

ingredien t  i s variabl e bindin g -  i.e. ,  th e abilit y  t o 

dynamicall y establis h connection s betwee n th e ob -

ject s bein g reasone d abou t  ain d th e frsmie s i n th e 

knowledg e base .  Anothe r  ingredien t  i s fram e allo -

cation :  th e abilit y  t o dynamicall y conjur e u p ne w 

fram e instance s o n demand .  Muc h o f  th e difficult y 

of  buildin g symboli c reasonin g int o connectionis t 
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system s arise s fro m th e difficult y o f  implementin g 

thes e basi c underlyin g mechanisms .  Th e proble m 

i s simple :  connectionia t  system s ten d t o b e hard -

wired ,  a t  leas t  ove r  shor t  timescales .  Thi s make s 

dynami c creatio n o f  node s an d link s problematic . 

Th e applicatio n o f  fram e system s t o model -

base d visio n bring s fort h anothe r  se t  o f  prob -

lem s -  namel y th e representatio n o f  real-value d 

numerica l  parameter s tha t  ar e necessar y t o de -

scrib e a n instanc e o f  a  model ,  an d verificatio n o f 

th e consistenc y betwee n th e parameter s o f  a n ob -

jec t  an d thos e o f  it s  parts .  Thes e check s typ -

icall y involv e coordinate-invarian t  computations . 

Doin g coordinat e transformation s an d coordinate -

invarian t  recognitio n hat s bee n a  difficul t  prob -

le m fo r  connectionis t  system s (se e [Hinton ,  1981 , 

Ballard ,  1986 ]  fo r  discussio n an d solutions) .  Nu -

merica l  parameter s (whic h ca n b e regarde d a s real -

value d "slots" )  giv e ris e t o additiona l  issue s i n th e 

desig n o f  variable-bindin g machinery ,  includin g th e 
need fo r  way s t o comput e numeri c slo t  value s o f 

frames ,  an d notion s o f  near-mis s matchin g base d 

on numeri c differences . 

Our  approac h t o modelin g frame-styl e inferenc e 

involve s a  translatio n fro m a  fram e notatio n int o 

real-value d equation s whos e solution s correspon d 

t o extension s o f  a n initia l  se t  o f  axiom s b y soun d o r 

plausibl e inferences .  T h e intuitio n underlyin g thi s 

translatio n schem e i s tha t  unification ,  th e back -

bon e o f  inference ,  ca n b e viewe d a s a  kin d o f  grap h 

matchin g o n graph s containin g variables .  Grap h 

matchin g ca n i n tur n b e viewe d a s th e minimizatio n 

of  a n objectiv e functio n whic h reflect s th e degre e 

of  mismatc h betwee n th e tw o graphs .  O n e advan -

tag e o f  thi s translatio n i s tha t  th e distanc e metri c 

representin g th e structura l  similarit y betwee n th e 

graph s ca n b e easil y combine d wit h othe r  distanc e 

metric s whic h expres s th e goodness-of-fi t  betwee n 

th e dat a an d parametri c model s associate d wit h 

specifi c  classe s o f  frames .  I n fact ,  ther e ca n b e 

an entir e databas e o f  suc h model-specifi c  distanc e 

metrics . 

Our  objectiv e function s ca n b e viewe d a s spec -

ification s fo r  connectionis t  networks .  Th e proces s 

of  generatin g a  networ k fro m suc h a  specificatio n i s 

analogou s t o compiling ,  an d ca n b e formalize d a s 

th e applicatio n o f  transformation s t o th e specifica -

tion .  Ther e ar e usuall y a  numbe r  o f  way s o f  trans -

formin g a n objectiv e functio n int o a  networ k [Mjol -

snes s an d Garrett ,  1989] ,  an d th e differen t  possibl e 

network s m a y hav e differen t  efficienc y properties , 

as measure d i n thei r  us e o f  nodes ,  connection s an d 

time .  I n thi s pape r  w e focu s o n th e translatio n 

fro m frame s t o objectiv e functions ,  leavin g th e de -

tail s o f  th e translatio n fro m objectiv e function s t o 

network s fo r  a  late r  paper . 

Th e syste m describe d i n thi s pape r  i s a n exten -

sio n o f  th e Framevill e syste m o f  Mjolsness ,  Gindi , 

an d Ananda n [Mjolsnes s e i  al. ,  1988 ,  Mjolsnes s e i 

al. ,  1989] .  Ou r  extensio n involve s th e representa -

tio n o f  equalit y constraint s betwee n slot s o f  a  fram e 

or  thos e o f  it s parts ,  yieldin g a  degre e o f  expressiv -

it y comparabl e t o simpl e symboli c fram e systems . 

Thi s pape r  focuse s solel y o n th e theoretica l  par t 

of  ou r  wor k -  ho w t o represen t  dynamicall y vary -

in g grap h structure s (Sectio n 2) ,  th e descriptio n 

of  th e variabl e bindin g machiner y (Sectio n 3) ,  ou r 

metho d fo r  expressin g soundnes s o f  inferenc e us -

in g numerica l  constraint s (Sectio n 4) ,  an d ou r  ap -

proac h t o controllin g inferenc e (Sectio n 5) .  W e d o 

not  describ e an y simulation s o r  experimenta l  re -

sult s here .  Preliminar y experiment s involvin g sim -

pl e visua l  recognitio n an d groupin g problem s ar e 

reporte d i n [Mjolsnes s e i  al. ,  1989] .  N e w experi -

ment s involvin g th e curren t  extension s ar e als o un -

der  way . 

2 DYNAMIC GRAPH STRUCTURES 

A key problem in doing symbolic inference in con-

nectionis t  network s i s providin g mechanism s t o dy -

namicall y creat e concept s an d relation s betwee n 
them .  I n Framevill e w e divid e th e worl d int o tw o 

parts :  a  stati c bas e o f  quantifie d knowledge ,  calle d 

th e mode l  side ,  an d a  dynami c se t  o f  groun d for -

mula e describin g th e object s o f  reasoning ,  calle d 

th e dat a side .  I n su i  interpretatio n task ,  th e dat a 
sid e woul d hol d th e observation s an d interpreta -

tions ,  whil e th e mode l  sid e woul d hol d backgroun d 

knowledge .  Th e mode l  sid e doe s no t  chang e un -

der  ou r  inferenc e processes :  dynami c allocatio n o f 

frame s an d link s occur s o n th e dat a side ,  an d i n th e 

binding s betwee n th e dat a sid e an d th e mode l  side . 

Ther e ar e thre e type s o f  dynami c objects :  fram e 

instances ,  whic h represen t  object s i n th e world , 

inst-links ,  whic h connec t  fram e instance s o n th e 

dat a sid e t o fram e type s (o r  models ,  t o borro w a 

ter m fro m model-base d vision )  o n th e mode l  side , 

an d ina-links ,  whic h represen t  slot-fillin g relation -

ship s betwee n fram e instances .  I n addition ,  ther e 

ar e thre e kind s o f  stati c link s o n th e mode l  side , 
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calle d INA ,  ISA ,  an d EQU.  Thes e wil l  b e describe d 

later . 

Each link-type is represented in our system by an 

arra y o f  numbers .  Fo r  exampl e ins t  link s ar e rep -

resente d b y a. n M x D array ,  wher e M i s th e numbe r 

of  model s o n th e mode l  side ,  an d D  i s th e max imu m 

number  o f  fram e instance s tha t  ca n b e store d i n th e 

syste m a t  on e time .  Th e elemen t  a, j  o f  th e ins t 

arra y represent s a n inst-liu k betwee n th e mode l  a 

and fram e instanc e j  (denote d instcj) .  I f  thi s ar -

ra y elemen t  i s 1 ,  the n ther e i s a n inst-lin k betwee n 
th e two ;  i f  0  ther e i s n o link .  Durin g th e optimiza -

tio n proces s element s ca n tak e o n rea l  value s i n th e 

rang e [0,1] .  Numerica l  constraint s i n th e objectiv e 

functio n forc e thes e variable s t o settl e o n boolea n 

value s (sectio n 3) ,  s o tha t  whe n th e energ y reache s 

a minimu m th e stat e o f  thes e array s describe s a 

grap h structure .  Simila r  array s exis t  fo r  eac h o f 

th e dynami c lin k types^ . 

If all the potential links leading to a frame in-

stanc e ar e zero ,  the n tha t  fram e instanc e effec -

tivel y doe s no t  exist :  i t  i s  no t  connecte d t o th e 

grap h structur e describe d b y th e arrays .  Con -

versely ,  dynami c allocatio n o f  fram e instance s ca n 

be achieve d b y addin g a  lin k t o a  previousl y unal -

locate d fram e instanc e j .  Henc e n o additiona l  ma -

chiner y i s neede d t o represen t  dynami c fram e allo -

cation :  th e dynami c lin k array s alread y impl y th e 

power  t o creat e ne w fram e instances .  Th e struc -

tur e o f  th e knowledg e bas e dictate s wha t  frame s 

we coul d creat e -  specifically ,  slo t  fillers  fo r  know n 

fram e instances ,  an d ne w instance s whos e slot s ma y 

be filled  b y know n instances .  Whethe r  suc h cre -

atio n occur s i s governe d b y th e inferentia l  contro l 

rule s describe d i n sectio n 5 . 

3 F R A ME INSTANTIATIO N 

Conside r  th e followin g frame-styl e definitio n o f  th e 

concep t  revenge ,  whic h migh t  occu r  i n a  stor y un -

derstander' s knowledg e base :  [Birnbaum ,  1986 ] 

defin e reveng e 

slot s 

gte-l,gte-2 :  goal-thwarting-even t 

aggressor,avenger :  acto r 

constraint s 

thwarter(gte-l )  =  aggresso r 

victim(gte-l )  =  avenge r 

thwarter(gte-2 )  =  avenge r 

victim(gte-2 )  =  aggresso r 

This definition states that an instance of re-

veng e consist s o f  tw o event s o f  th e typ e 

goal-thwarting-event ,  an d tw o actors .  A 

goal-thwarting-even t  i s  a  kin d o f  even t  (presum -

abl y define d i n anothe r  fram e definition )  wher e on e 

actor ,  calle d th e thwarter ,  prevent s th e realizatio n 

of  a  goa l  hel d b y anothe r  actor ,  calle d th e victim . 

I n a  reveng e event ,  th e thwarte r  o f  th e first  goal -

thwartin g even t  i s  th e victi m o f  th e second ,  an d vic e 

versa .  I n th e abov e notation ,  slotA.slotB:typ e 

means tha t  th e fillers  o f  th e slot s mus t  b e o f  th e 

typ e type . 

The abov e definitio n doe s severa l  things :  i t  es -

tablishe s th e slot s o f  a  frame ,  i t  place s restriction s 
on th e type s o f  th e fillers,  an d i t  require s tha t  cer -

tai n equalit y constraint s hol d amon g th e slots ,  o r 

among th e slot s o f  slots .  I n thi s pape r  w e wil l  no t 

addres s slot s wit h multipl e fillers  (bu t  se e [Mjol -

snes s e t  a/. ,  1989] )  o r  se t  inclusio n relationship s 

betwee n slots ,  suc h a s th e recipien t  i s  a  member 

of  th e donor' s family .  Thu s tii e fram e languag e 

considere d her e i s no t  a s expressiv e a s possible . 

revl2 7 
aggresso r 

-• -  Joh n 1 6 

*  Array s representin g th e stati c lin k type s ar e com -
pile d int o th e objectiv e function ;  the y ar e no t  variable s 
as fa r  a s th e optimizatio n proces s i s concerned . 

Figur e 1 :  Th e Usua l  Graphi c Vie w o f  Rol e Fillin g 

Applying the definition of revenge to an in-

stanc e o f  i t  involve s dynamicall y creatin g a  cor -

respondenc e betwee n th e instanc e an d th e re -

veng e model .  Thi s i s th e variable-bindin g prob -

lem .  Focusin g o n a  singl e slo t  o f  a  fram e -  say , 

th e aggresso r  slo t  -  w e wil l  sho w ho w t o us e 

th e machiner y o f  th e previou s sectio n t o bin d i t 

t o a  value .  Suppos e w e wan t  t o represen t  th e as -

sertio n tha t  Johni e i s th e aggresso r  o f  a  partic -

ula r  reveng e instance ,  calle d revl27 .  Th e tra -

ditiona l  approac h woul d hav e u s creat e a  lin k o f 

typ e aggresso r  goin g fro m th e revl2 7 nod e t o th e 

Johni e nod e (Figur e 1) .  Suc h a  schem e require s 
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arbitraril y  m a n y lin k types ,  wherea s ou r  machin -

er y fo r  dynami c grap h structure s require s a  fixed, 

and preferabl y smal l  numbe r  o f  dynami c lin k types , 

sinc e eac h link-typ e give s ris e t o a n arra y i n th e 

objectiv e function .  O n e solutio n t o thi s proble m i s 

represen t  al l  slot-fillin g relationship s usin g a  singl e 

R E V E N GE ins t 
revl2 7 

M O D EL 
SID E 

IN A 
s = 1 

in a 
s = 1 

A C T OR -» - ins t 

D A TA 
SID E 

Johnl S 

Figur e 2 :  Rectangl e Relationshi p Betwee n in a an d 

inst . 

3-dimensional array called ina. The first two di-

mension s rang e ove r  th e se t  o f  dynamicall y allocat -

abl e fram e instances ,  whil e th e thir d range s fro m 1 

t o S ,  th e m a x i m u m numbe r  o f  slot s i n an y frame . 
Typicall y 5  wil l  b e a  fairl y smal l  number ,  proba -

bl y betwee n 5  an d 10 .  T h e slot s i n eac h fram e ar e 

assigne d integer s i n th e rang e [1,5] .  ina^j, ,  =  1) , 
means tha t  th e s't h slo t  o f  th e j't h fram e instanc e 

i s filled  b y th e j't h fram e instance . 

I n additio n t o in a link s o n th e dat a side ,  an d 

ins t  link s betwee n th e dat a sid e an d th e mode l 

side ,  w e hav e stati c INA ,  ISA ,  an d EQ U link s o n th e 

model  side .  IN A link s expres s slo t  filler  typ e re -

strictions ,  suc h a s th e fac t  tha t  th e initiato r  o f 

a reveng e mus t  b e a n actor .  lUAa,j3, s =  1  mean s 
tha t  an y objec t  tha t  fills  th e s't h slo t  i n a n objec t 

of  th e mode l  a  mus t  b e a n instanc e o f  th e mode l  /? . 

IS A link s o n th e mode l  sid e encod e class-subclas s 

specialization s an d allo w propert y inheritanc e an d 

typ e subsumption .  T h e EQ U link s wil l  b e discusse d 

i n th e nex t  section .  A s note d earlier ,  w e als o allo w 

real-value d slot s (o r  "analo g neurons" )  F,-,, ,  6  [1 ,  •5 ] 

t o b e Eissociate d wit h eac h fram e instanc e i .  Thes e 

ar e describe d i n section s 4  an d 5 . 

We ca n divid e th e variou s constraint s incorpo -

rate d int o ou r  objectiv e functio n int o thos e neces -

sar y t o ensur e th e soundnes s o f  th e inference s m a d e 

i n th e network ,  an d thos e neede d fo r  forwar d chain -
in g an d abductiv e reasoning .  A s explaine d i n Sec -

tio n 5  suc h a  separatio n i s  usefu l  t o contro l  th e 

proliferatio n o f  possibl y correc t  bu t  irrelevan t  in -

ferences . 

4 SOUNDNESS CONSTRAINTS 

Soundness constraints are constraints that force the 

networ k t o settl e o n state s tha t  describ e meaningfu l 

fram e structures .  The y ar e represente d i n th e ob -
jectiv e functio n b y numerica l  equalit y constraint s 

involvin g th e dynami c variables .  Althoug h thes e 

constraint s m a y b e violate d durin g th e optimiza -

tio n process ,  the y mus t  b e satisfie d whe n th e net -

wor k reache s a  fixedpoint.  Ther e i s a  variet y o f  op -

timizatio n technique s tha t  ca n handl e suc h "hard " 

constraints ,  som e o f  whic h hav e bee n use d i n th e 

contex t  o f  neura l  network s [Mjolsnes s e t  ai ,  1988] . 

An importan t  "syntactic "  constrain t  i s tha t  ther e 

be a t  mos t  on e objec t  (i.e. ,  fram e instance )  whic h 

fills  a  give n slo t  o f  an y othe r  fram e instance .  Tha t 

is ,  fo r  an y give n i  an d s ,  a t  mos t  on e inaj j  . ,  =  1 . 

Thi s ca n b e expresse d as :  " ^ 

V i ,  s  ( 1 -  ̂  ina,J,, )  ̂  ina,j, ,  =  0 (1 ) 

T h e meanin g o f  IN A describe d i n th e previou s sec -

tio n ca n b e expresse d a s 

Va,/?, i,j, s s.t. mXa.p.s 

instc i  ina,,j, ,  ( 1 -  inst^j )  =  0  (2 ) 

This says that if there is an INA-link between a and 

/ ? fo r  slo t  s ,  the n wheneve r  an y i  i s a n instanc e o f  a , 

an d th e s't h slo t  o f  i  is_; ,  the n j  mus t  b e a n instanc e 
of/3 .  T h e combinatio n o f  th e ( 1 — inst ^  j )  ter m o n 

th e lef t  han d side ,  equate d t o 0  o n th e right ,  i s a n 

idio m tha t  mean s th e ter m inst^ j  mus t  b e 1 . 

Usually ,  definition s o f  frame s wil l  als o contai n 

equalit y constraints .  Fo r  instance ,  w e m a y requir e 

tha t  th e sam e objec t  shoul d fill  tw o differen t  slot s 

of  th e sam e frame .  Sinc e slot-filler s themselve s 
ar e fram e instances ,  suc h equalit y relation s m a y 

be nested .  Fo r  example ,  th e definitio n o f  reveng e 

give n i n Sectio n 3  require s tha t  thwarter(gte- l ) 

^Eac h constrain t  consist s o f  a  generativ e portio n 
and th e actua l  constraint .  Th e generativ e portio n 
i s universall y quantifie d ove r  a  se t  o f  variable s an d 
may contai n restriction s o n the m expresse d i n term s o f 
model-sid e link s (wher e fo r  conciseness ,  w e hav e use d 
r  an d -> x t o represen t  x  =  1  an d x  =  0  respectively) . 
The constrain t  ma y b e a  hard-constrain t  o f  th e for m 
h{dynamic-links )  =  0 ,  o r  a  ter m (soft-constraint )  o f  th e 
for m f{dynamic-links )  tha t  i s include d i n th e objectiv e 
functio n t o b e minimized . 
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-  aggressor .  Equalit y constraint s ca n b e ex -

presse d a s predicat e caJculu s assertio n b y treatin g 

slot s a s function s o f  thei r  framesiCharniak ,  1988] . 

The y hav e th e followin g generji l  form : 

Vi e a t{s{i)) = u(t) 

This represents the assertion that the ssime object 

(o r  fram e instance )  tha t  fill s  slo t  t  o f  slo t  s  o f  an y 

instanc e i  o f  mode l  a  mus t  fill  slo t  u  o f  t  a s well . 

We ca n denot e thi s i n term s o f  a n EQU matri x a s 

EQUa,,_f_ u =  1 -  Equalitie s Jir e the n expresse d b y 

constraint s o f  th e form : 

^i,j,k,a,P,y,s,t,u s.t. 

lVka,p, ,  A  IIA/j,̂ , t  A  IHA ,̂̂ , „  A  EQU„.,,,, „ 

insta. i  inajj, ,  (inaj,it. t  -  ina,,fc,„ )  =  0  (3 ) 

Equadity constraints between two sibling slots of 

a frami e instainc e ca m als o b e expressed .  Equalit y 

constraint s betwee n slot s tha t  ar e deepl y neste d 

i n compositiona J hierarchie s cau i  b e transforme d 

int o a  se t  o f  equalit y constraint s non e o f  whic h in -

volv e nestin g o f  dept h greate r  tha n 2 ,  a s i n Equa -

tio n 3  Thi s transformatio n involve s introducin g ad -

ditiona l  "dummy "  slot s fo r  eac h o f  th e intervenin g 

frame s aui d "copying "  th e slo t  o f  a  chil d fram e in -

staoic e int o it s pairen t  fram e instance .  Th e cop y 

mechanis m i s itsel f  expressibl e a s a n equadit y con -

stradnt . 

As note d i n Sectio n 2 ,  IS A link s allo w frame s t o 

be orgauiize d int o a  specializatio n hierarchy .  Thu s 

ISAo, ^  =  1  mean s tha t  mode l  / ? i s a  specializatio n 

of  o .  A  mode l  i s allowe d t o b e a  specializatio n 

of  multipl e "higher-level "  models ,  s o th e special -

izatio n hierarch y form s a  directe d acycli c graph . 

I f  fram e instanc e t  i s  a n insttmtiatio n o f  mode l  a , 

the n i t  mus t  b e a n instantiatio n o f  exactl y on e o f 

th e specialization s o f  a ,  unles s a  i s a  lea f  nod e i n 

th e specializatio n hierarchy .  Thi s i s expresse d as : 

Vi, a s.t. a is not a leaf 

insta,, -  — ^  inst̂ ,, -  =  0  (4 ) 

^s.t .  ISA„,; j 

Thi s rul e implement s bot h inheritanc e u p th e typ e 

hierarchy ,  becaus e i n ins t  lin k t o mode l  / ? tend s 

t o tur n o n ins t  link s t o th e ISA-parent s o f  /3 ;  an d 

subsumption ,  o r  discriminatio n dow n th e typ e hi -

erarchy ,  becaus e a n ins t  lin k t o a  tend s t o tur n 

on a n ins t  lin k t o on e o f  a' s  ISA-children .  Th e 

constraint s associate d wit h th e childre n wil l  rul e 

out  inconsisten t  specializations .  Mor e specialize d 

fraune s mus t  us e th e sam e slot-numberin g conven -

tion s a s thei r  parents .  I n thi s paper ,  w e d o no t 

addres s th e issu e o f  exception s (Derthick ,  1988] . 

Finally ,  th e requiremen t  tha t  ins t  an d in a link s 

ar e boolean-value d ca n b e expresse d as : 

Wi, a inst a j  ( 1 — insta,i )  =  0 

Vi,j, « inajj, ,  ( 1 -  ina,j,, )  =  0 

5 INFERENTIAL CONTROL 

(5 ) 

We suppos e tha t  a  reasonin g proble m i s pose d t o a 

Framevill e networ k b y establishin g a n initia l  data ^ 

sid e grap h structure ;  arra y element s describin g thi s 

grap h ar e "clamped "  t o a  valu e o f  1 ,  s o th e networ k 

must  settl e int o a  stat e whic h i s minima l  subjec t  t o 

th e restrictio n tha t  th e inpu t  i s a  subgrap h o f  th e 

final  graph .  Th e constraint s describe d i n th e pre -

viou s sectio n rul e ou t  certai n type s o f  meaningles s 

networ k states ,  bu t  the y b y n o mean s completel y 

determin e th e behavio r  o f  a  network .  Fo r  instance , 

i f  th e dat a onl y constrai n ins t  an d F  variables ,  a 

consisten t  solutio n i s t o se t  al l  in a variable s t o zero ; 

many vairiation s o f  thi s trivia l  solutio n ar e possible . 

Furthermore ,  ou r  fram e languag e i s ric h enoug h t o 

allo w a  variet y o f  inferences ,  which ,  i f  applie d willy -

nilly ,  wil l  rapidl y us e u p th e suppl y o f  dynamicall y 

allocatabl e fram e instance s aui d links ,  withou t  nec -

essaril y  drawin g an y interestin g conclusions .  Tw o 

particularl y "dangerous "  type s o f  inferenc e ma y b e 

terme d recognitio n an d slot-filling . 

By slot-fillin g w e mea n th e allocatio n o f  ne w 

fram e instance s t o fill  unfille d slot s o f  existin g 

frames ,  o r  usin g existin g instance s i f  the y ar e con -

sisten t  wit h th e constraint s o n th e slot .  Fo r  ex -

ample ,  i f  th e dat a say s ther e i s a  revenge ,  w e ca n 

creat e instance s fo r  th e initiator ,  th e avenger , 

th e gte- 1 an d th e gte-2 ,  an d establis h th e appro -

priat e relationship s betwee n them .  Thi s i s a  legit -

imat e inferentia l  step ,  sinc e i f  th e reveng e exists , 

th e slo t  fillers  mus t  exist .  Alternatively ,  w e coul d 

put  a n existin g instanc e o f  th e appropriat e typ e -

JohnlT ,  sa y -  int o th e aggresso r  slot .  Thi s woul d 

be a  plausibl e bu t  no t  necessair y inference .  Whe n 

new instance s ar e create d t o fill  slots ,  th e slo t  fillers 

may requir e thei r  ow n slot s t o b e filled,  leadin g t o 

an explosio n o f  allocatio n unti l  th e capacit y o f  th e 

networ k i s exhausted . 

I n Frameville ,  slot-fillin g i s achieve d b y minimiz -

in g "penalt y terms "  i n th e objectiv e functio n (a s 

oppose d t o th e us e o f  "hard "  constraints ,  whic h 
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must  b e satisfied) .  Cor respond in g t o ever y slo t  o f 

ever y frame-definition ,  w e hav e a n additiv e te r m i n 

th e objectiv e functio n o f  th e form : 

Va,/?,»,s s.t. IHAa,^,, 

(insta, ,  -  ^  ina,,j, ,  i ns t ^ , , ) ^  (6 ) 

i 

T h e lowes t  energ y stat e o f  th e network ,  w h i c h i s 

zero ,  wil l  b e achieve d i f  a n d onl y i f  al l  th e slot s 

of  eac h instanc e o f  a  f r a m e ar e properl y filled.  B y 

themselves ,  thes e te rm s wil l  ten d t o p roduc e th e 

explosio n men t i one d above .  T o counterac t  thi s ten -

dency ,  w e a d d a n additiona l  term ,  czdle d a  parsi -

m o ny term ,  w h i c h penalize s th e ne twor k fo r  th e 

creatio n o f  n e w f rames : 

a s.t . 

E E 
i  a  i s a  lea f 

ins t O)' (7 ) 

One consequenc e o f  thi s parsimon y ter m i s tha t  th e 

networ k wil l  prefe r  usin g existin g fram e instance s 
t o fill  unfille d slot s ove r  creatin g ne w ones. 

Recognitio n mean s creatin g a n instanc e o f  a 

fram e whe n w e observ e a  se t  o f  fram e instance s tha t 

satisf y th e constraint s o n th e frame s definition .  Fo r 
example ,  i f  w e se e tw o goa l  thwartin g event s wher e 

th e thwarter s an d victim s ar e reversed ,  w e ca n cre -

at e a  revenge .  Pur e recognitio n i s no t  dangerous :  i t 

inevitabl y terminate s an d i s no t  typicall y explosive . 

However ,  partia l  recognition ,  i n whic h th e fram e 

definitio n i s partiall y  bu t  no t  completel y satsfied , 

i s  a  usefu l  varian t  o f  pur e recognitio n i n a  worl d 

wher e th e inpu t  dat a i s incomplete ,  an d partia l 

recognitio n tend s t o b e explosiv e an d potentiall y 

nonterminating . 

Recognitio n i s als o achieve d b y minimization . 

The term s correspondin g t o recognitio n ar e o f  th e 

for m 

Va,i,y 9 s.t .  IHA„,^, . 

(8 ) 

Thi s rul e ha s th e followin g interpretation .  I f  a n in -

stanc e j  o f  mode l  / ? i s appropriat e t o fill  slo t  s  o f 

frame s o f  typ e a  ,  the n a n instanc e i  o f  a  m a y b e 

create d an d th e appropriat e slot-fille r  bindin g es -

tablished .  Thi s kin d o f  mechanis m i s ofte n use d t o 

propos e hypothese s i n abductiv e inferenc e [Char -

niak ,  1988] .  Thi s rul e als o tend s t o penaliz e th e 

occurenc e o f  multipl e instance s o f  th e sam e fram e 

typ e havin g identica l  fillers  fo r  a  give n slot .  I n 

fram e system s i t  i s  usuall y desirabl e t o preven t  th e 

occurrenc e o f  distinc t  frame s havin g identica l  fillers 

i n al l  slots .  A  direc t  expressio n o f  thi s constrain t 

give s ris e t o a  ver y hig h orde r  {0{S) )  energ y func -

tion ,  whic h i s expensiv e t o implemen t  i n a  network . 

T h e recognitio n ter m abov e i s a  limite d attemp t  t o 

achiev e a  simila r  effect . 

6 REAL-VALUED PARAMETERS 

In addition to the machinery for requiring struc-

tura l  correspondence s betwee n dat a an d m o d e k , 

Framevill e allow s numeri c slot s constraine d b y 

model-specifi c  objectiv e functio n term s whos e al -

gebrai c for m wil l  depen d o n th e model s involved . 

Thes e term s m a y b e idiosyncrati c function s o f  bot h 

numerica l  an d frame-value d slots ,  bu t  fo r  eas e o f 

exposition ,  w e restric t  ou r  attentio n t o numerica l 

slot s here : 

Va,/3,t,j,s s.t. IWAa,^,, 

inst^ i  inaij, ,  instp j  H°-'{Fi,fj )  (9 ) 

where Ft = (Fji,F,-2,...) represents the vector of 

numerica l  parameter s o f  i .  T h i s constrain t  relate s 

th e numerica l  parameter s o f  t w o f r a m e instances , 

o n e a  slot-fille r  o f  th e other .  Simila r  model-specifi c 

te rm s ca n b e use d t o expres s relationship s b e t w e e n 

numerica l  parameter s o f  th e fillers  o f  siblin g slot s o f 

a f r a m e instance .  T h e H" ' *  function s give n a b o v e 

ar e specifi c t o a  m o d e l  a  a n d m a y expres s coordi -

nat e sys te m invarian t  relationship s b e t w e e n th e pa r 

rameter s o f  a  f r a m e instanc e a n d thos e o f  it s  fillers. 

B y doin g so ,  w e eliminat e th e nee d fo r  explicitl y 

storin g th e transformatio n matrice s b e t w e e n th e 

coordinat e sys te m o f  a n objec t  a n d thos e o f  it s 

parts .  If ,  however ,  i t  i s  usefu l  t o explicitl y  h a v e 
suc h a  transformatio n matr ix ,  i t  c a n als o b e repre -

sente d usin g numer ica l  slots . 

T h e propagat io n o f  constraint s a m o n g numer i c 

slo t  value s ca n b e expresse d eithe r  b y ha r d con -

straint s (i.e. ,  b y requirin g tha t  th e expressio n i n 

Equa t i o n 9  b e zero )  o r  a s penalt y t e rm s i n th e 
objectiv e function .  I n th e latte r  case ,  the y affec t 

inferentia l  contro l  i n a  model-specifi c  w a y .  O u r  ap -

proac h als o hji s th e advan tag e tha t  i t  i s  no t  neces -

sar y t o separat e th e c o m p u t a t i o n o f  th e numer ica l 

parameter s o f  a  high-leve l  objec t  f r o m th e recog -

nitio n o f  th e objec t  itself .  T h e optimizatio n pro -

ces s simultaneousl y determine s th e objec t  identit y 

a n d bes t  choic e o f  objec t  pa ramete r s t o fit  th e 

data .  W h e n higher-leve l  informatio n i s  available , 
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top-dow n propagatio n o f  tha t  informatio n i s als o 

achieve d b y th e sam e optimizatio n process .  Model -

specifi c  consteint s ma y als o b e incorporate d int o 

frame-value d slots ,  thereb y biasin g th e likelihoo d 

tha t  particula r  slot s wil l  b e filled  o r  tha t  particu -

la r  type s wil l  trigge r  recognition .  Suc h constant s 

may provid e a  basi s fo r  implementin g certjunt y o r 

probability-lik e mechanisms . 

Each typ e o f  penalt y ter m describe d i n thi s sec -

tio n get s adde d int o th e overal l  objectiv e func -

tion ,  bu t  wit h possibl y differen t  multiplicativ e co -

efficients .  I t  i s  th e relativ e value s o f  thes e coef -

ficients  tha t  determine s th e competitio n betwee n 

pairsimon y o n th e on e han d an d forward-inferencin g 

amd abductiv e "guessing "  o n th e other .  Appropri -

at e value s o f  thes e coefficient s ma y b e determine d 

experimentally ,  o r  the y ma y b e se t  dynamicall y b y 

externzi l  mechauiism s tha t  contro l  th e Framevill e 

network . 

7 RELATIONSHIP TO OTHER 
C O N N E C T I O N I ST F R A M E 

S Y S T E MS 

Our approach resembles Derthick's /iKLONE sys-
te m [Derthick ,  1988 ]  i n severe d ways ,  notabl y i n ou r 

genere d metho d fo r  translatin g logica l  assertion s 

int o objectiv e function s an d numerica l  constrsunts , 

and i n ou r  us e o f  a  stati c model-bas e tha t  i s  use d b y 

a compile r  whos e outpu t  i s a  networ k designe d fo r 

optimization .  (Not e tha t  thi s separatio n o f  knowl -

edge int o "data "  an d "models "  i s als o presen t  i n 

Shastri' s  approac h [Shastri ,  1987]. )  However ,  w e 

hav e introduce d a  mechanis m fo r  variable-bindin g 

whic h greatl y increase s th e expressiv e an d inferen -

tia l  powe r  o f  th e system ,  an d tha t  deal s wit h real -

value d parameter s an d wit h constraint s involvin g 

suc h parameters .  I n particular ,  ou r  variabl e bind -

in g mechanism ,  i n combinatio n wit h th e separatio n 

of  fram e type s fro m frame-instances ,  allow s u s t o 

hav e multipl e instance s o f  a  frame ,  an d t o dynami -

call y creat e ne w instance s an d relationship s amon g 

them .  W e shar e wit h Dola n an d Dye r  [Dola n aui d 

Dyer ,  1988 ]  th e advantag e o f  bein g abl e t o perfor m 

chain s o f  inference s i n parallel ,  edthoug h i n bot h 

our  cases ,  considerabl e experimenta l  wor k need s t o 

be don e befor e a  complet e evaluatio n ca n b e made . 

Our  approac h differ s fro m tha t  o f  Dola n an d Dye r 

(a s wel l  fro m tha t  o f  Touretzky ,  e i  al .  [Touretzk y 

and Geva ,  1987] )  i n som e fundamenta l  ways :  first 

our  us e o f  objectiv e function s a s a  specificatio n lan -

guag e allow s u s t o specif y th e desire d propertie s 

of  th e networ k -  namel y it s fixedpoints  -  an d al -

low s u s t o perfor m algebrai c fixedpoint-preserving 

transformation s tha t  ca n lea d t o efficien t  networks . 

Second ,  th e sam e methodolog y als o allow s th e mod -

ula r  an d incrementa l  desig n o f  th e syste m (prio r  t o 

any algebrai c transformations) .  On e mor e distinc -

tion :  whil e i n man y o f  thes e existin g system s (in -

cludin g / iKLONE )  microfeature-base d coars e cod -

in g mechanism s ar e use d t o represen t  th e similarit y 

of  concepts ,  ou r  us e o f  a  data-beis e o f  model-specifi c 

distanc e metric s H"'' ,  indexe d b y th e IS A links , 

point s t o a  fundamentall y ne w approac h t o th e de -

sig n o f  connectionis t  fram e systems . 

8 CONCLUSIONS 

We have presented a connectionist frame system 
calle d Frameville ,  whic h ca n represen t  dynami -

call y varyin g grap h structure s an d thereb y ca n in -

heri t  som e o f  th e representationa l  an d reasonin g 

power  o f  symboli c fram e systems .  I n particular , 

we hav e describe d machiner y t o dynamicall y in -

stantiat e frame s an d perfor m variable-binding .  Al l 

of  thi s ha s bee n don e withi n th e peiradig m o f  ob -

jectiv e functio n minimization ,  whic h i s use d bot h 

as a  prograuimiin g languag e an d a  neured-networ k 

specificatio n language .  Ou r  approac h als o extend s 

th e traditiona l  us e o f  distanc e metric s b y allowin g 

us t o systematicall y integrat e constraint s involv -

in g pointer s an d real-value d variable s int o a  singl e 

objectiv e function ,  an d b y edlowin g u s t o utiliz e a 

datarbeis e o f  model-specifi c  distanc e metrics .  Thi s 

wor k i s a n extensio n o f  previou s wor k describe d i n 

[Mjolsnes s e t  al. ,  1989] ,  wher e preliminar y exper -

iment s ar e als o reported .  Th e presen t  pape r  ha s 

lai d ou t  th e theoretica l  groun d wor k necessar y t o 

perfor m ne w experiments ,  an d w e expec t  tha t  fur -

the r  refinement s o f  ou r  theor y wil l  b e shape d b y 

thes e experiments . 
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