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ABSTRACT 

A framework for representing and reasoning with uncertain information is described. 
A networ k knowledg e structur e i s use d whic h make s th e reason s fo r  believin g o r  no t  be -
lievin g a  propositio n explicit .  Thes e reasons ,  o r  endorsements ,  ar e quantifie d b y a  measur e 
of  belie f  an d certainty .  Heuristic s ar e integrate d wit h th e knowledg e structur e t o collect ,  an d 
evaluat e th e endorsements . 

I. INTRODUCTION 

The research reported in this paper pursues the problem of developing representational and 
inferenc e mechanism s whic h ar e capabl e o f  dealin g wit h incomplete ,  inaccurate ,  an d uncertai n infor -
mation .  Th e directio n take n i s base d o n th e assumptio n tha t  method s whic h dea l  effectivel y wit h un -
certaint y mus t  pla y a n integra l  rol e i n bot h model s o f  huma n reasoning ,  an d flexibl e computationa l 
reasonin g systems . 

Most formal reasoning systems combine both the extent of belief and certainty of belief into a 
singl e trut h value ,  whethe r  binar y o r  multi-value d (McCarth y 19S0 ;  McDermot t  &  Doyl e 1980 :  Reite r 
l"78a ;  Zade h 1983) .  I n man y cases ,  thi s compressio n i s justified ,  bu t  conside r  th e propositio n ric k 
LIKES MATH.  Th e exten t  o f  belie f  i n thi s propositio n ma y b e hig h whethe r  i t  i s quit e certai n (Ric k ha s 
taken ,  an d enjoye d a  wid e rang e o f  mat h courses )  o r  quit e uncertai n (Ric k ha s onl y take n a  singl e mat h 
course) . 

Recently Cohen (1983) has formulated a model of reasoning which maintains that reasons for 
belie\in g o r  disbelievin g proposition s ca n b e collected ,  providin g a  mor e comprehensiv e descriptio n 
of  belief .  Ou r  approac h i s t o emplo y a  knowledg e structur e suc h tha t  thes e reasons ,  o r  endorsements , 
ar e mad e expUcit .  Th e endorsement s fo r  proposition s ca n b e quantifie d b y a  measur e o f  belie f  an d 
certainty .  I n addition ,  a  networ k o f  endorsement s amon g proposition s ma y b e use d to :  (1 )  determin e 
how supportiv e a  bod y o f  evidenc e fo r  a  particula r  hypothesi s i s an d (2 )  represen t  evidentia l  rela -
tionship s suc h a s conflict s betwee n decision s (Craddoc k 1986) . 

The algorithms which compute the belief and certainty of a proposition may be formulated to 
operat e uniforml y o n al l  supportin g knowledge ,  o r  th e algorithm s ma y b e subjec t  t o heuristic s whic h 
emphasiz e th e importanc e o f  selecte d portion s o f  th e supportin g knowledge .  I n th e developmen t  o f 
heuristi c method s w e hav e bee n guide d b y th e approac h take n b y Kahnema n an d Tversk y (1982a ,  b ) 
Thei r  mode l  indicate s tha t  human s emplo y a  se t  o f  basi c heuristic s whic h ai d i n makin g decision s i n 
condition s o f  uncertainty .  Thes e heuristic s enabl e human s t o constrai n proble m domain s suc h tha t  th e 
uncertaint y become s manageabl e bu t  stil l  useful .  I n additio n human s ca n als o emplo y heuristic s t o 
determin e comple x evidentia l  relationship s betwee n differen t  source s o f  evidence . 
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2. BELIEF AND CERTAINTY 

The development of our reasoning system requires the definition of a network containing nodes 
whic h ar e proposition s wit h associate d behe f  an d certainties .  Interconnection s i n th e networ k repre -
sent  th e suppor t  tha t  on e propositio n offer s another .  First ,  le t  P  b e a  se t  o f  cognitiv e unit s 
P =  {n ^  .. .  n„} .  Eac h o f  thes e cognitiv e unit s ma y represen t  a  propositio n suc h a s i  lik e mat h o r  rela -
tionship s amon g object s o r  concepts .  Eac h n ,  ha s associate d wit h i t  a  belie f  strengt h b, ,  whic h i s a 
measur e o f  th e exten t  t o whic h th e cognitiv e uni t  i s  believable .  Th e believabilit y  o f  « ;  i s  a  measur e o f 
th e strengt h o f  th e supportin g evidenc e fo r  h, ,  no t  a  measur e o f  it s  incidenc e o f  occurrenc e o r  it s 
possibiHt y o f  occurrence .  Th e belie f  strengt h b ,  ca n b e define d a s follows :  A  cognitiv e uni t  n ,  i s 
believabl e i f  ther e i s a n endorsemen t  fo r  n ,  o r  i f  th e endorsement s supportin g /; ,  ar e stronge r  tha n thos e 
agains t  it .  A s - 1 <  ft,  <  1 ,  w e ma y vie w th e cognitiv e unit s a s statement s i n fuzz y prepositiona l  logi c i n 
whic h a  belie f  o f  - 1 indicate s n ,  i s  fals e an d a  belie f  o f  ̂ 1 indicate s « ,  i s  true . 

In addition, each n, has associated with it a certainty, c, of the assignment of the value b,, where 
0 <  c ,  <  1 .  Th e certaint y o f  a  belie f  valu e i s define d a s a  measur e o f  th e rehabilit y  o r  trustworthines s 
of  th e evidenc e whic h wa s use d t o calculat e a  particula r  belie f  (Hamburger ,  I9S5) .  Thu s eac h cognitiv e 
uni t  represent s tw o distinc t  aspect s o f  th e Rationa l  R,  =  (b „  c, )  o f  n, . 

Any cognitive unit may endorse another. For example, a cognitive unit representing i like com-
putin g ma y b e endorse d b y i  lik e algebra ,  i  lik e physics ,  an d th e negativ e endorsemen t  i  hav e troubl e 
WITH TECHNICAL MANUALS.  Eac h endorsemen t  ha s associate d wit h i t  a  numeri c valu e correspondin g t o 
th e exten t  o f  th e suppor t  betwee n th e units .  I f  n ,  endorse s Hj  the n th e suppor t  nod e s, ^  i s th e suppor t  fo r 
th e endorsemen t  wher e - 1 <  i, ^  <  1 -  I f  - 1 <  5, ^  <  0  the n th e endorsemen t  n .  fo r  n ^  i s sai d t o b e inhibitor y 
and i f  0  <  s. j  <  1  the n i t  i s  sai d t o b e excitatory .  A  diagrammati c versio n i s supplie d i n figur e 1 .  Th e 
suppor t  node s fo r  th e endorsement ,  s, .  ma y b e endorse d b y othe r  cognitiv e units .  Fo r  example :  i  lik e 
PSYCHOLOGY ma y endors e i  lik e co.mpiting ,  bu t  th e suppor t  fo r  th e endorsemen t  ma y b e contingen t  o n 
COMPUTATION MAY MODEL COGNITION,  (se e figur e 2) .  I f  th e belie f  i n computatio n may mode l  cognitio n i s 
fals e the n th e suppor t  fo r  th e endorsemen t  wil l  decrease . 

If we consider P = {n^ ... n„} as the set of propositional nodes of the network, then we can define 
5'  =  {s,j \  n „  n ^  G  P ,  s, j  *  0 }  a s a  subse t  o f  suppor t  node s suc h tha t  n ,  endorse s n ^  wit h suppor t  s,j ,  an d 
T =  {ts ^  I  s, j  6  S' ,  Wfc G  P }  a s th e othe r  subse t  o f  suppor t  node s suc h tha t  n ^  endorse s s, j  wit h suppor t  r,̂ . 
We ca n the n defin e th e networ k N = <P ,  S > wher e S  =  S'\j T i s a  fini t  se t  o f  suppor t  node s repre -
sentin g th e arc s an d P  i s a  fini t  se t  o f  propositions . 

3. COMPUTING BELIEF AND CERTAINTY VALUES 

We wish to develop ways of computing the values of Rational Rj for a proposition «^ on the basis 
of  th e endorsement s availabl e fo r  tha t  node .  Th e firs t  importan t  observatio n i s tha t  th e strengt h o f 
endorsemen t  betwee n tw o node s n ,  an d n ^  i s no t  onl y dependen t  o n s,j .  Thi s strengt h mus t  b e compute d 
wit h consideratio n o f  b, .  W e ca n comput e thi s endorsemen t  strengt h a s e, j  =  ft,j,^.  Th e secon d obser -
vatio n i s tha t  th e belie f  strengt h o f  a  nod e ma y b e compute d fro m th e belief s an d certaintie s o f  it s 
endorsements .  Node s whic h d o no t  hav e endorsements ,  an d i n fac t  an y nod e i n th e system ,  ca n b e 
provide d wit h a n Intuitio n represente d a s [ ,  =  (b\c',) .  Thi s structur e appear s muc h th e sam e a s th e 
Rationa l  structur e excep t  tha t  it s  value s ar e neve r  computed ,  bu t  the y remai n availabl e t o tak e par t  i n 
th e computatio n o f  othe r  beliefs .  Intuitiv e value s correspon d t o th e usua l  direc t  assignmen t  o f  belie f 
and certaint y t o a  propositio n fro m whic h othe r  behef s an d certaintie s ar e t o b e determined . 
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n, 

R,  =  (b „  Ci )  R ,  =  (b̂ ,  c p 

Figur e 1 .  :  Node s o f  a  networ k representin g cognitiv e unit s wit h belief ,  certainty ,  an d 

endorsemen t  structure . 

The computation of a belief value for a node is largely dependent on the manner in which its 

endorsement s interact .  Fo r  example ,  th e fina l  beUe f  i n a  nod e i s a  functio n o f  th e summar y o f  th e 

evidenc e an d arguments .  I n suc h instances ,  belie f  depend s on :  (1 )  measurin g th e varyin g contribution s 

of  th e individua l  endorsement s an d (2 )  measurin g th e effect s o f  interactio n amon g th e differen t 

endorsements .  Thi s interactio n amon g a  se t  o f  endorsement s {ii i  .. .  n„, }  fo r  / /  depend s o n th e relativ e 

importanc e o f  eac h endorsemen t  define d a s 

and th e relativ e certaint y define d a s 

k=\ 

[2 ] 
c 

where c' is max {c, ... c„}. In this manner we can define a measure of belief using a formula such as 

m 

bj  =  S'-C/ c X  r/̂ j  X  b k [3 ] 
/r= l 

The endorsements with the greatest relative importance and greatest relative certainty have the most 

impac t  o n th e fina l  belief .  Th e interactio n o f  endorsement s i s analogou s t o a  tug-of-wa r  wher e th e 

differen t  endorsement s tu g an d pul l  agains t  on e anothe r  unti l  a n equilibriu m i s reached . 

Since the support of an endorsement can be endorsed we can also deal with situations in which 

onl y on e o f  severa l  endorsement s i s adequat e t o allo w a  cognitiv e uni t  t o b e believed .  Fo r  example ,  th e 

statemen t  i  ca n tak e a  graduat e cours e i n computin g i s endorse d b y i  a m a  computin g graduate ,  o r  i  a m a n 

ELECTRICAL ENGINEERING GRADUATE,  Or  1  A M A  COMPUTING UNDERGRADUATE WIT H GOOD MARKS Th e thre e 

endorsement s ar e mutuall y exclusive ;  onl y on e o f  the m nee d b e true .  I n thi s exampl e a  cognitiv e uni t 

n̂  endorse d b y {n ^  .. .  n„ }  wil l  b e give n a n endorsemen t  o f  b's;̂ ^  wher e b '  =  ma x {b ^  .. .  b„} .  Th e nod e 

n,^  wil l  inhibi t  al l  th e othe r  endorsement s b y givin g a n inhibitor y endorsemen t  t o thei r  respectiv e sup -

port s fo r  th e endorsement .  A  mor e complet e descriptio n i s availabl e i n Craddock .  (1986) . 

The certainty of a belief is calculated as a function of the agreement of the individual endorsement 

strength s wit h th e fina l  belie f  valu e calculate d fro m them .  Thus ,  belie f  mus t  b e calculate d befor e cer -

tainty .  Th e importanc e o f  th e agreemen t  i s onc e agai n measure d a s a  functio n o f  th e relativ e suppor t 

of  th e individua l  endorsement s an d thei r  relativ e certainties .  A s thes e value s increas e s o doe s th e un -

certaint y associate d wit h disagreement .  Wher e {rt i  .. .  ti„ }  ar e th e endorsin g node s fo r  n̂ ,  thi s effec t  ca n 

be modelle d i n formula s suc h as : 
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I  LIK E PSYCHOLOGY 

R,  =  {b „  c, ) 

I  LIK E COMPUTING 

Rj  =  ib, ,  c p 

C O M P U T A T I ON M A Y M O D EL 

COGNITION 

Rk =  (̂ .  ĉ ) 

Figure 2. : An example of an endorsement which influences the strength of endorsement be-

twee n tw o othe r  nodes . 

c,  =  l - [4 ] 

4.  CONTRADICTIONS 

Rational contradictions among endorsements are defined as follows: If A is compelling evidence 

agains t  n ,  bu t  B  i s equall y compellin g evidenc e fo r  n .  the n th e endorsement s fo r  n .  ar e inconsistent .  I n 

additio n t o a  rationa l  contractio n a n intuitiv e contradictio n ca n als o b e defined :  I f  th e intuitiv e belief , 

b' ,  i s no t  equa l  t o th e rationa l  belief ,  b .  the n th e tw o belief s ar e inconsistent .  I f  w e defin e a  threshol d 

of  intuitiv e contradiction ,  7 ^  the n (1 )  i f  \b',-b, \  >  T ,  the n assig n £» ,  t o f ,  an d recalculat e th e rationa l 

belief s o f  al l  th e node s endorse d b y n .  suc h tha t  j ^  =  0  o r  (2 )  i f  \I ,  -  R, \  < T j  the n assum e a  stat e o f 

equilibriu m ha s bee n reache d an d d o no t  recalculat e th e rationa l  belief s o f  an y o f  th e node s endorse d 

by«, . 

Intuitive contradictions are useful for recognizing changes in belief through a knowledge base 

when endorsement s ar e adde d an d removed .  I n additio n the y ca n b e use d t o contro l  cycle s whic h ma y 

forc e mor e globa l  interpretation s o n inpu t  propositions .  W h e n cycle s exis t  withi n a  networ k 

1 LIK E T E C H N I C A L W R I T I N G 
'̂ i 

W 
1 LIK E COMPUTER SCIENC E 

R,  =  (0.8 ,  c, ) R,  =  (ft ,  S ) 

Figur e 3 .  :  A n exampl e o f  a n endorsemen t  whic h ma y hav e ne t  positiv e o r  ne t  negativ e sup -

port . 
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N=<P,S>, belief and certainty values will only be calculated for nodes in a partial network 
AT =  F ,  5' ,  wher e F C P ,  an d S' C Sn(PXF) ,  wher e ther e exist s a  nod e /; ,  €  P  -  p -  suc h tha t  ther e i s 

an elementar y pat h betwee n n ,  t o F  an d \I ,  -  R, \  >T, . 

5. CONCLUSIONS 

The model discussed in this paper seeks to develop representational and inference mechanisms 

capabl e o f  dealin g wit h incomplete ,  inaccurate ,  an d uncertai n information .  T o thi s end ,  a  connectionis t 

model  i s propose d an d heuristic s ar e develope d t o collec t  an d evaluat e th e endorsement s fo r  prop -

osition s i n th e networ k o f  beliefs .  A t  th e sam e tim e i t  i s  intende d tha t  th e mode l  represen t  a t  leas t 

some o f  th e processe s use d i n huma n reasoning . 

As the model is intended to represent belief maintenance with uncertainty it differs from existing 

connectionis t  model s (Anderso n 1982 ;  Rumelhar t  an d McClellan d 1982 ;  McClellan d an d Rumelhar t 

1983)  i n severa l  importan t  respects .  First ,  th e uncertaint y o f  a  propositio n i s represente d numerically , 

as th e value s o f  R, ,  an d no n numerically ,  a s th e structur e o f  endorsements .  Second ,  onc e th e 

endorsement s hav e bee n collecte d the y ar e subjec t  t o reasonin g an d natura l  heuristic s t o comput e 

numeri c value s a s depicte d i n formula e [1 ]  t o [4] . 

Kahneman and Tversky (1982a, b) have shown that their heuristics; availability, 

representativeness ,  an d adjustmen t  an d anchoring ,  ca n hel p describ e huma n decisio n makin g unde r 

condition s o f  uncertainty .  Onc e thes e heuristic s ar e recognize d a s par t  o f  huma n reasonin g i t  n o longe r 

appear s illogica l  i n th e sens e o f  bein g erratic ,  bu t  rathe r  mor e pragmati c an d difficul t  t o specif y i n term s 

of  th e logi c inferenc e mechanism s o f  traditiona l  logic .  Kahnema n an d Tversk y (ibid. )  provid e numer -

ous example s i n whic h subject s reac h decision s whic h ru n counte r  t o thos e reache d b y mathematica l 

theories .  Whil e th e heuristic s propose d i n thi s pape r  ar e b y n o mean s a s exhaustiv e no r  th e formula e 

necessaril y  optimal ,  the y d o illustrat e ho w heuristic s migh t  b e incorporate d int o th e decisio n makin g 

model  i n a  straigh t  forwar d fashio n (Craddoc k 1986) . 

In contrast, most connectionist models ignore, or do not explicitly deal with the non-numeric 

representatio n o f  uncertainty ,  dependin g o n numeri c value s alon e whic h provid e n o evidenc e a s t o ho w 

the y wer e calculated ,  wha t  the y actuall y represent ,  o r  ho w reliabl e the y are .  O f  majo r  issu e i s th e belie f 

tha t  numerica l  values ,  blindl y tallied ,  ar e a n inadequat e representatio n o f  reasoning .  Symboli c struc -

ture s o f  suppor t  ar e necessar y t o specif y ho w an d wh y numeri c belief s ar e calculated .  Th e availabiUt y 

of  a n endorsemen t  structur e allow s th e mode l  t o no t  onl y provid e numerica l  informatio n bu t  als o a 

descriptio n o f  it s  ow n reasonin g process .  Th e advantage s o f  havin g a  mode l  whos e reasonin g ca n b e 

readil y understoo d ar e numerou s an d imperativ e i f  th e justification s fo r  a  decisio n ar e t o b e mad e clear . 

A further difference is that the proposed model can represent varying degrees of interaction be-

twee n source s o f  evidenc e whil e model s suc h a s M Y C I N (ShortcUffe ,  1975 )  mus t  mak e th e assumptio n 

tha t  al l  evidenc e i s conditionall y independen t  an d tha t  hypothese s ar e mutuall y exclusive .  Fo r  example , 

th e dynami c strength s o f  endorsemen t  (se e figur e 2 )  allo w u s t o represen t  evidenc e whic h i s disjunctive , 

tha t  is ,  stron g belie f  ma y b e propagate d o n th e basi s o f  onl y on e o f  man y supports . 
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