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New Tool s fo r  Cognitiv e Science * 

Leonard Friedman 
Je t  Propulsio n Laboratory , 

Californi a Institut e o f  Technolog y 
Pasadena .  C A 9110 9 

Bot h A I  an d Cognitiv e Scienc e mus t  dea l 
wit h uncertaint y muc h o f  th e time .  T o cop e wit h 
thi s problem ,  ne w system s ar e bein g develope d i n A I 
fo r  representin g an d propagatin g subjective  belie f 
usin g semanti c nets .  I n thes e systems ,  propagatio n 
of  uncertaint y goe s o n whil e logica l  inference s ar e 
drawn .  Cognitiv e scientist s may fin d thes e method s 
usefu l  fo r  application s i n learnin g an d 
problem-solving ,  s o thi s pape r  wil l  describ e th e 
natur e o f  th e tool s an d mentio n som e examples  o f 
applications . 
There is a long history of attempts by 
logician s an d mathematician s t o represen t  huma n 
reasonin g mor e o r  les s realistically .  Tw o basi c 
method s hav e bee n employed .  On e approac h i s th e 
pat h o f  inference ,  th e drawin g o f  conclusion s fro m 
"givens" .  Th e othe r  i s th e pat h o f  likelihood ,  th e 
estimatio n o f  certaint y o n th e basi s o f  experience 
of  som e kind .  Th e firs t  theorie s t o b e solidl y 
founde d hav e bee n forma l  mathematica l  logi c an d th e 
theor y o f  probability .  Unfortunately ,  forma l  logi c 
applie s onl y t o a  narro w clas s o f  situations ,  an d 
most  huma n reasonin g i s outsid e it s scope . 
Similarly ,  t o b e applied ,  probabilit y  ofte n demand s 
knowledg e no t  possesse d b y people .  What  woul d b e 
most  desirabl e woul d b e a  weddin g o f  inferenc e an d 
likelihood ,  s o tha t  degree s o f  ignoranc e coul d b e 
associate d wit h assertion s withou t  requirin g 
unavailabl e knowledge . 
In order to make the contributions of the 
new method s clearer ,  w e shal l  describ e th e natur e 
of  th e modellin g limitation s i n th e olde r 
formalisms .  Logic s suc h a s prepositiona l  calculu s 
and first-orde r  predicat e calculu s deman d certaint y 
of  belie f  i n th e trut h o r  falsit y o f  assertions . 
I n addition ,  the y ar e monotonic ;  i.e. ,  the y ar e 
unabl e t o alte r  belief s onc e established ,  an d als o 
posses s n o representatio n o f  passag e o f  time .  On e 
by on e thes e modellin g limitatation s ar e bein g 
overcome .  A  variet y o f  non-monotoni c logic s hav e 
been develope d whic h permi t  th e alterin g o f 
establishe d beliefs .  The y d o thi s b y representin g 
th e passag e o f  tim e i n successiv e "context "  layers , 
eac h o f  whic h i s a  snapsho t  o f  th e stat e o f  belie f 
i n th e fact s o f  th e univers e o f  discourse .  A s ne w 
evidenc e i s introduced ,  concomitan t  shift s o f 
belie f  ar e permitte d an d propagated . 
Psychologists long ago proved that ordinary 
human reasonin g i s ofte n i n disagreemen t  wit h th e 
dictate s o f  stric t  probabilit y  theory .  Tha t  theor y 
demands knowledg e o f  probabilit y  distributions , 
gathere d i n a  usuall y laboriou s fashion . 
Situation s i n whic h th e probabilit y  o f  a n even t 
depend s conditionall y o n man y othe r  event s ar e 
compute d b y usin g Baye s formula .  Bayesia n 
statistic s require s a  knowledg e o f  a  larg e numbe r 
of  probabilities ,  no t  ofte n know n t o th e 
investigator .  On th e othe r  hand ,  human s may reaso n 
successfull y i n situation s wher e the y ar e uncertai n 
and posses s n o statistica l  o r  probabilisti c 
knowledge . 
The new methods offer the possibility of 
modellin g som e aspect s o f  thi s typ e o f  reasoning . 
The technique s assum e a  genera l  knowledg e o f  fact s 
and interrelationship s whil e no t  requirin g detaile d 
statistics .  The y hav e bee n develope d b y modifyin g 
logi c o n th e on e han d an d Introducin g parameter s 
tha t  replac e probabilit y  o n th e other .  We shal l 

not  mentio n th e numerou s logician s wh o hav e 
contribute d t o wha t  i s calle d confirmatio n theory . 
Zadeh ,  a s earl y a s 1965 ,  bega n th e developmen t  o f 
"Fuzz y Logic "  (Zade h '65) .  Some year s later , 
Shortliff e an d Buchana n develope d a  metho d o f 
representin g degree s o f  subjectiv e belie f  o r 
disbelie f  numericall y (Shortliff e an d Buchana n '75 , 
Shortliff e '76) . 

Drawing on the work of the confirmation 
theorist s i n logic ,  Shortliff e an d Buchana n foun d a 
formulatio n b y whic h the y coul d fulfil l  certai n 
criteri a establishe d b y thes e worker s an d a t  th e 
same tim e dra w "reasonable "  inference s wit h whic h 
the y associate d numerica l  degree s o f  certainty . 
Thei r  wor k wa s limite d t o a  narro w clas s o f 
expression s i n th e propositiona l  calculus .  Th e 
implementatio n wa s monotonic ;  i.e. ,  belie f  i n a 
fac t  coul d onl y gro w a s ne w supportin g evidenc e wa s 
adduced .  Contrar y evidenc e als o permitte d 
disbelie f  t o gro w whe n tha t  wa s appropriate . 
Evidenc e fo r  an d agains t  a  hypothesi s wa s weighe d 
by takin g th e difference  betwee n belie f  an d 
disbelief .  I n th e MYCI N system ,  the y applie d a 
singl e mod e o f  inference ,  confirmation ,  t o medica l 
diagnosis ,  an d calle d i t  inexac t  reasoning .  Thei r 
significan t  contributio n wa s t o provid e a  mean s fo r 
makin g logica l  inference s base d o n subjectiv e 
certainties .  Exac t  formula s wer e give n fo r  th e 
propagatio n o f  subjectiv e belief .  Th e formula s 
depende d o n a n initia l  assignmen t  o f 
belief-transfe r  coefficient s b y a  huma n "expert" . 

My own work has been concerned with 
generalizin g th e method s an d refinin g th e formula s 
t o appl y t o arbitrar y expression s o f  th e 
propositiona l  calculus ,  employin g fou r  rule s o f 
inferenc e (ponens ,  tollens ,  confirmation ,  an d 
denial )  rathe r  tha n th e singl e confirmatio n rule . 
Also ,  th e implementatio n i s a  non-monotoni c logic , 
thu s permittin g bot h belie f  an d disbelie f  t o 
fluctuat e accordin g t o th e evidence .  Th e se t  o f 
logica l  rule s i s calle d plausibl e inferenc e an d th e 
implementatio n i s name d th e P I  syste m (Friedma n 
'80a ,  '81) .  I t  i s  a  genera l  logica l  system , 
reasonin g i n eithe r  direction ,  unlik e r̂YCI N whic h 
was limite d t o backwar d chainin g o f  expression s i n 
a simpl e form .  I t  als o ha s th e ability ,  o n th e 
basi s o f  ne w evidence ,  t o mak e it s ow n dynami c 
assignment s o f  belief-transfe r  coefficient s i n 
certai n situations .  Thi s abilit y  i s  essentia l  fo r 
learning ,  a s th e coefficient s ar e u  measur e o f  th e 
relevanc e o f  on e fac t  t o another .  Th e P I  syste m 
has bee n applie d t o faul t  diagnosi s o f  a  spacecraf t 
(Friedma n '80b) . 

While this line of development was taking 
place ,  tw o mathematicians ,  Dempste r  an d hi s pupi l 
Shafer ,  wer e independentl y developin g a 
mathematica l  theor y o f  evidenc e (Shafe r  '76) .  Thi s 
theor y tackle d th e proble m o f  representin g th e 
degre e o f  ignoranc e an d calculatin g th e likelihoo d 
of  evidenc e whethe r  base d o n objectiv e o r 
subjectiv e considerations .  B y objectiv e w e mea n 
base d o n forma l  probability .  The y showe d tha t 
measure s coul d b e devise d i n a  ver y genera l  wa y t o 
* This paper incorporates the results of research 
carrie d ou t  a t  th e Je t  Prtpulsio n Laboratory , 
Californi a Institut e o f  Technology ,  unde r  contrac t 
NAS-700 ,  sponsore d b y th e Nationa l  Aeronautic s an d 
Space Administration . 
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calculat e subjectiv e likelihoods .  Their  formula s 
had a s limitin g case s th e result s o f  probabilit y 
theory .  Barret t  ha s show n tha t  fo r  certai n 
condition s tha t  appl y t o ou r  representation , 
Dempster' s genera l  combinin g formul a fo r  th e 
calculatio n o f  likelihoo d o r  certaint y reduce s t o 
tha t  employe d b y Shortliff e an d Buchanan ,  an d b y 
mysel f  i n plausibl e inferenc e (Barnet t  '81) . 
However ,  Shortliff e an d Buchanan' s basi c 
formulatio n wa s a n a d ho c attemp t  t o fi t  certai n 
logica l  criteria ,  s o bot h thei r  rule s an d thos e o f 
plausibl e inferenc e lac k a  soli d mathematica l 
foundatio n i n th e computatio n o f  belief .  Shafer' s 
work show s tha t  th e presen t  rule s o f  plausibl e 
inferenc e ar e applicabl e onl y fo r  a  restricte d se t 
of  cases ,  bu t  als o provide s th e informatio n tha t 
makes i t  possibl e t o augmen t  th e rule s s o tha t  i t 
i s  applicabl e t o mos t  case s o f  interest ,  an d 
solidl y founded . 
For his thesis, a doctoral candidate in AI, 
John Lowrance ,  i s applyin g Dempste r  an d Shafer' s 
work t o a  proble m i n vision .  Recentl y h e an d 
severa l  co-worker s hav e drafte d a  pape r  tha t 
applie s th e Dempste r  an d Shafe r  rule s t o a 
differen t  proble m (Garvey ,  Lowranc e an d Fischle r 
'81) .  The y ar e estimatin g th e sourc e o f  a  give n 
set  o f  nois y measurement s whe n th e origi n o f  thos e 
measurement s come s fro m on e o f  a  know n se t  o f 
emitters .  Th e measurement s ar e combine d t o giv e 
th e degre e o f  suppor t  an d th e uncertaint y 
associate d wit h th e evidenc e fo r  eac h emitte r 
befor e tha t  belie f  i s  propagate d t o other 
assertion s vi a inference . 

Such quantities are exactly what is needed. 
i n completel y automate d diagnosti c o r 
decision-makin g inferenc e system s tha t  mus t  dea l 
wit h uncertainty .  Th e measurin g device s woul d fee d 
degre e o f  belie f  int o assertion s linke d int o a 
knowledg e base ,  an d b y plausibl e inferenc e th e 
knowledg e bas e coul d dra w conclusion s abou t  wha t  t o 
do o r  wha t  wen t  wrong .  Garvey ,  Lowranc e an d 
Fischle r  als o poin t  ou t  th e possibilit y  o f 
constructin g a n evidentia l  prepositiona l  calculu s 
simila r  Co plausibl e inference ,  an d sugges t 
couplin g th e measure d estimate s base d o n Dempster' s 
rul e wit h suc h a n inferenc e system . 
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Summing up ,  extension s t o bot h forma l  logi c 
and likelihoo d theor y ar e converging .  Th e 
representatio n an d propagatio n o f  subjectiv e 
uncertaint y i n a  knowledg e bas e hav e bee n reduce d 
t o a  se t  o f  logica l  an d computationa l  procedure s 
whic h hav e prepositiona l  calculu s a s a  limitin g 
case .  Earlie r  attempt s i n cognitiv e scienc e t o 
model  suc h phenomen a includ e Colby' s mode l  o f 
paranoi a implemente d i n PARKY (Colb y '73) ,  an d 
Rieger' s us e o f  inferenc e t o mode l  languag e 
understandin g (Riege r  '76) .  Th e ne w method s hav e 
alread y bee n applie d t o a  variet y o f  problem s i n 
diagnosis ,  visio n analysis ,  an d nois y measurement . 
Thei r  applicatio n t o learnin g a s a  proble m solvin g 
activit y appear s attractive .  Furthe r  development s 
i n th e theor y may b e possibl e suc h a s a 
modificatio n o f  firs t  orde r  predicat e calculu s tha t 
represent s uncertainty . 
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