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F u z z y E v i d e n t i a l  L o g i c :  A  M o d e l  o f  C a u s a l i t y fo r  C o m m o n s e n s e 

R e a s o n i n g 

Ron Sun 
Honeywel l  SSD C 

Minneapolis ,  M N 5541 8 

Abstrac t 

This paper proposes a fuiiy evidential model for 

commonsense causa l  reasoning .  Afte r  a n analysi s 

of  th e advantage s an d limitation s o f  existin g tic -

count s o f  causality ,  a  generalize d rule-base d mode l 

F EL {Fuzz y Evidentia l  Logic )  i s  propose d tha t  take s 

int o accoun t  th e inexactnes s an d th e cumulativ e 

evidentialit y o f  commonsens e reasoning .  I t  corre -

spond s naturall y t o a  neura l  (connectionist )  net -

work .  Detaile d analyse s ar e performe d regardin g 

h o w th e mode l  handle s commonsens e causa l  rea -

soning . 

Shoham's Causal Theory 

The issue of causality has recently received a lot of 

attention s fro m variou s perspective s (cf .  Shoha m 

1987 ,  Iwasak i  &  Simo n 1986 ,  d e Klee r  &  Brow n 

1986 ,  Pear l  1988 ,  etc.) .  Th e issu e ha s wid e rang -

in g impac t  o n area s suc h a s learning ,  control ,  an d 

recognition .  However ,  mos t  o f  thes e logi c base d 

model s ar e aime d fo r  modelin g trut h functiona l  as -

pect s o f  causa l  knowledge ,  an d the y ten d t o ig -

nor e som e importan t  characteristic s o f  c o m m o n -

sens e causa l  reasoning ,  fo r  example ,  gradenes s o f 

concepts ,  inexac t  causa l  connections ,  evidentialit y 

of  causa l  rules ,  etc. ,  whil e probabilisticall y  moti -

vate d model s ar e mainl y concerne d wit h th e prob -

abilisti c  aspec t  o f  causa l  events ,  an d the y ar e mor e 

computationall y comple x an d oftentim e hav e onl y 

margina l  cognitiv e plausibilit y i n term s o f  mecha -

nism s involved .  Connectionis m provide s a  ne w an d 
differen t  kin d o f  model s tha t  migh t  b e o f  hel p i n 

accountin g fo r  causalit y i n commonsens e reason -

ing ;  thes e model s entertai n a  numbe r  o f  interest -

in g propertie s tha t  othe r  model s lac k (fo r  exam -

ple ,  massiv e parallelism ,  generalization ,  fault/nois e 

tolerence ,  an d adaptability ;  se e Walt z k  Feldma n 

1986 ,  Su n &  Walt z 1991 )  an d presen t  a  ne w per -

spectiv e o f  recisonin g a s a  comple x proces s i n a  dy -

nami c system ;  i t  wil l  b e worthwhil e t o loo k int o th e 

questio n o f  h o w suc h model s ca n dea l  wit h th e issu e 

of  causality . 

Let  u s loo k int o Shoham' s accoun t  o f  causalit y 

(Shoha m 1987) ,  whic h i s  undoubtedl y on e o f  th e 

most  notabl e account s o f  causalit y wit h rule-base d 

formalisms .  Hi s tempora l  moda l  logi c formalis m 

has a  clos e resemblanc e t o Hor n claus e logic ,  an d 

therefor e i s ver y suitabl e fo r  us e i n rule-base d sys -

tems .  Accordin g t o Shoham' s Causa l  Theor y (CT) , 

cause s ar e primar y condition s which ,  togethe r  wit h 

othe r  conditions ,  wil l  brin g abou t  th e effect .  Thes e 

"other "  condition s ar e somewha t  secondary .  I n rea ^ 

soning ,  a s lon g a s w e kno w tha t  th e primar y condi -

tion s {cause s o r  necessar y conditions )  ar e tru e an d 

tha t  ther e i s n o informatio n tha t  th e secondar y con -

dition s {enablin g condition s o r  possibl e conditions ) 

ar e false ,  the n w e ca n deduc e tha t  effect s wil l  fol -

low .  Th e theor y i s  describe d i n term s o f  moda l 

logic ,  wit h on e basi c moda l  operato r  ( •  o r  neces -

sity )  fo r  specifyin g necessar y conditions ,  an d on e 

auxiliw y moda l  operato r  ( O o r  possibility )  fo r  spec -

ifyin g possibl e conditions .  Th e forma l  definitio n i s 

as follows : 

Definitio n 1  A  Causa l  T h e o r y i s a  se t  o f  for -

mula s o f  th e followin g for m 

AiOniai{Ui,ti2) Aj Onj6,(t,i,t,2) -^ Oc{tut2) 

wher e ri j  ' s ar e eithe r  - > o r  nothing ,  t- i  >  t a fo r  al l 

i's ,  t a >  tj 2 fo r  al l  j's ,  niOi' s ar e necessar y con -

dition s (causes) ,  an d n j  b i  ' s ar e possibl e condition s 

(enablin g conditions) .  C  i s conclude d if f  al l  7i,a, -  ' s 

ar e tru e an d non e o f  njb j  ' s ar e know n t o b e false . 
1 

From the standpoint of modeling commonsense 

knowledge ,  thi s mode l  ha s som e advantages ,  suc h 

as tha t  i t  provide s a  simpl e an d elegan t  formalis m 

wit h efficien t  inferenc e algorithms ,  tha t  i t  i s  easil y 

representabl e (an d implementable) ,  an d tha t  i t  ha s 

^Thi s proces s i s  formall y describe d b y a  minimizatio n 
principl e i n Shoha m (1987) . 
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compatibilit y  wit h philosophica l  account s o f  causal -

it y (Shoha m 1987) .  O n th e othe r  hand ,  th e mode l 

ignore s o r  discount s m a n y aspect s o f  commonsens c 

causa l  reasoning ;  fo r  example , 

1.  Al l  proposition s i n thi s theor y ar e binary :  cithe r 

tru e o r  false ,  an d ther e i s n o sens e o f  graded -

ness .  Commonsens e knowledg e i s certainl y no t 

limite d t o true/fals e onl y (Su n 1991 ,  Hin k & 

W o o ds 1987) . 

2.  Besid e th e inexactnes s o f  individua l  concepts , 

reasonin g processe s i n realit y ar e als o inexac t  an d 

evidential .  Specifically ,  th e evidentia l  combina -

tio n proces s i s cumulativ e (a s observe d i n proto -

col  data ;  Su n 1991 ,  1991a) ;  tha t  is ,  i t  "add s up " 

variou s piece s o f  evidenc e t o reac h a  conclusion , 

wit h a  confidenc e tha t  i s determine d fro m th e 

"sum "  o f  th e confidence s o f  th e differen t  piece s 

of  evidence .  Moreover ,  differen t  piece s o f  evi -

denc e ar e weighted ,  tha t  is ,  eac h o f  the m m a y 
hav e mor e o r  les s impact ,  dependin g o n it s impor -

tanc e o r  saliency ,  o n th e reasonin g proces s an d 

th e conclusio n reached .  W e hav e t o fin d a  wa y o f 

combinin g evidenc e fro m differen t  source s cumu -

lativel y an d wit h weights ,  withou t  incurrin g to o 

much computationa l  overhea d (suc h a s i n prob -

abilisti c  reasonin g o r  Dempster-Shafe r  calculus ; 

cf .  Pear l  1988) . 

3.  Becaus e o f  th e lac k o f  gradedness ,  th e mode l  wil l 

make projection s to o fa r  alon g a  chai n o f  reason -

in g (o r  to o fa r  int o th e future ;  Su n 1991) .  A n 

exampl e fro m Shoha m (1987) : 

Oalive(to,to) 

a3hoot{t,t) —• a^alive{t -|- l,t -|- 1) 

aalive{t ,  t)0->shoot{t ,  t)0-̂ oikeTwise-killed(i,i ) 

—V nalive{i-i r  1,1+1 ) 

whic h mean s tha t  i f  on e i s aliv e a t  tim e to ,  on e 

wil l  continu e t o b e aliv e a s lon g a a no t  bein g sho t 

or  otherwis e killed .  S o i f  ther e i s nothin g know n 

abou t  "shoot "  an d "otherwise-killed" ,  the n ac -

cordin g t o th e minima l  mode l  approach ,  w e wil l 

predic t  tha t 

Ualive{t,t) where t—• oo 

This is certainly not true. The problem is that, 

alon g a  chai n o f  inferenc e (a s wel l  a s i n tempora l 

projections) ,  th e confidenc e fo r  th e conclusion s 

reache d shoul d weaken .  W e ca n weake n confi -

denc e alon g th e wa y onl y whe n gradednes s i s re -

instate d int o causa l  theories . 

4.  Th e clear-cu t  necessit y an d possibilit y  i s a  prob -

lem ,  becaus e i n realit y ther e i s little ,  i f  any ,  qual -

itativ e differenc e betwee n cause s an d enablin g 

conditions .  Th e differenc e i s mor e quantitativ e 

(a s wil l  b e illustrate d later) ,  an d sometime s th e 

tw o ar e interchangeable ;  fo r  example ,  "H e i s sho t 

dead "  i s expresse d i n C T a s 

Oahool{t,t)AO->wearing-bullet-proof-ve8i(i,t) 

—>Ddecul{t+ l,t+l) 

an d "Hi s failur e t o wea r  th e bullet-proo f  ves t 

cause d hi s tragi c death "  i s expresse d a s 

D-iwearing- bullet-proof-veat(t, t)hOshoat{t, t) 

—*ndead[t-ir l,t+l) 

So on e fac t  ca n b e bot h a  caus e an d a n enablin g 

condition . 

5.  Althoug h th e mode l  doe s distinguis h tw o differ -

ent  type s o f  conditions ,  i t  doe s no t  explai n w h y 

some condition s ar e necessary ,  an d som e condi -

tion s nee d onl y t o b e possible . 

6.  Accordin g t o th e model ,  i t  i s  necessar y t o lis t 

al l  cause s an d al l  enablin g conditions ,  i n orde r 

t o guarante e correc t  results .  Thi s coul d b e har d 

t o do ,  becaus e th e numbe r  o f  enablin g condition s 
coul d b e infinite . 

7.  Th e causa l  connectio n betwee n event s i n th e lef t 

han d sid e o f  a n implicatio n an d event s i n th e 
right-han d sid e o f  th e sam e implicatio n m a y no t 

be deterministic .  I t  coul d b e probabilistic ,  o r 

otherwis e uncertai n (Suppe s 1970) . 

For  review s o f  othe r  account s o f  causality ,  se e Su n 

(1991) . 

Defining FEL 

F EL {Fuzz y Evidentia l  Logic )  i s  aime d a t  resolv -

in g th e problem s inheren t  i n existin g logica l  ac -

count s o f  causality .  Lik e Shoham' s formalism ,  F E L 

i s define d aroun d rules ;  however ,  F E L encode s rule s 

wit h th e weighted-su m computation .  Thi s formal -
is m i s mean t  t o capture ,  a m o n g othe r  things ,  th e 

gradednes s an d evidentialit y  o f  commonsens e rea ^ 

soning ,  i n a  cognitivel y motivate d way .  Forma l  def -

inition s follo w (cf .  Zade h 1988) : 

Definitio n 2  A  Fac t  i s a n ato m o r  it s negation , 

represente d b y a  lette r  (wit h o r  withou t  a  negatio n 
symbol )  an d havin g a  valu e betwee n I  an d u .  Th e 

valu e o f  a n ato m i s relate d t o th e valu e o f  it s nega -

tio n b y a  specifi c  method ,  s o tha t  knowin g th e valu e 

of  a n ato m result s i n immediatel y knowin g th e valu e 

of  it s negation ,  o r  vic e versa .  ' 

N ow w e ca n defin e rule s an d thei r  relate d weightin g 

schemes : 

'W e wil l  adop t  a  generi c confidenc e measur e a s th e valu e 
of  a  fact . 
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Definitio n 3  A  Rul e w  a  structur e compose d o f 

tw o parts :  a  left-han d sid e (LHS) ,  whic h consist s 

of  on e o r  mor e facts ,  an d a  right-han d sid e (RHS) , 

whic h consist s o f  on e fact .  Whe n fact s i n L H S ge t 

assigne d values ,  th e fac t  i n R H S ca n h e assigne d a 

valu e accordin g t o a  weightin g schem e ̂ . 

Definition 4 A Weighting Scheme is a way of 

assignin g a  weigh t  t o eac h fac t  i n L H S o f  a  rule , 

wit h th e tota l  weight s (i.e. ,  th e su m o f  th e abso -

lut e value s o f  al l  th e weights )  les s tha n o r  equa l 

t o 1 ,  an d o f  determinin g th e valu e o f  th e fac t  i n 

R HS o f  a  rul e b y thresholde d (i f  threshold s ar e used ) 

weighted-su m o f  th e value s o f  th e fad s i n L H S (o r 

inner-product s o f  weigh t  vector s an d vector s o f  val -

ues o f  L H S facts) .  Whe n th e rang e o f  value s i s 

continuous ,  the n th e weighted-su m i s passe d o n i f 

it s  absolut e valu e i s greate r  tha n th e threshold ,  o r 

0 i f  otherwise .  Whe n th e rang e o f  value s i s binar y 

(o r  bipolar) ,  the n th e resul t  wil l  h e on e o r  th e othe r 

dependin g o n whethe r  th e weighted-su m (o r  th e ab -

solut e valu e o f  it )  i s  greate r  tha n th e threshol d o r 

not  (usuall y th e resul t  wil l  b e 1  i f  th e weighted-su m 

i s greate r  tha n th e threshold ,  0  o r  - 1 i f  otherwise) . 
4 

Definition 5 A Conclusion in FEL is a value as-

sociate d wit h a  fact ,  calculate d fro m rule s an d fact s 

by doin g th e following : 

(1 )  fo r  eac h rul e havin g tha t  conclusio n i n it s RHS, 

obtai n conclusion s o f  al l  fact s i n it s L H S (i f  an y fac t 

i s unobtainable ,  assum e i t  t o b e zero) ;  an d the n cal -

culat e th e valu e o f  th e conclusio n i n questio n usin g 

th e weightin g scheme ; 

(2 )  tak e th e M A X o f  al l  thes e value s associate d wit h 

tha t  conclusio n calculate d fro m differen t  rule s o r 

give n i n initia l  input . 

Definition 6 A rule set is said to be Hierarchi-

cal ,  i f  th e grap h depictin g th e rul e se t  i s  acyclic ; 
th e grap h i s constructe d b y drawin g a  unidirectiona l 

lin k from ,  eac h fac t  (atom )  i n L H S o f  a  rul e t o th e 

fac t  (atom, )  i n R H S o f  a  rule . 

Making a rule set hierarchical avoids circular rea^ 

soning . 

Now FE L ca n b e define d a s follows : 

Definition 7 A Fuzzy Evidential Logic (FEL) 

i s a  6-iuple :  <  A,R,W,T,I , C > ,  wher e A  i s a 

set  o f  fact s (th e value s o f  whic h ar e assume d t o b e 

zer o initially) ,  R  i s a  se t  o f  rules ,  W i s a  weightin g 

scheme fo r  R ,  T  i s a  se t  o f  threshold s eac h o f  whic h 

i s fo r  on e rule ,  I  i s a  se t  o f  element s o f  th e for m 

(/»v )  (wher e f  i s  a  fact ,  an d v  i s a  valu e associate d 

wit h f) ,  an d C  i s a  procedur e fo r  derivin g conclu -

sion s (i.e .  computin g value s o f  fact s i n R H S o f  a 

rul e i n R ,  base d o n th e initia l  conditio n I) . 

We wan t  differentiat e FE L int o tw o versions :  FEL i 

and FEL i ,  whic h diffe r  i n thei r  respectiv e range s 

fo r  value s associate d wit h facts . 

Definitio n 8  F E L i  i s FE L whe n th e rang e o f  val -

ues i s restricte d t o betwee n 0  an d 1  (i.e .  1= 0 an d 

u=l) ,  an d th e wa y th e valu e o f  a  fac t  i s  relate d t o 

th e valu e o f  it s negatio n is : 

o =  1  — -l O 

fo r  an y fac t  a . 

Definitio n 9  F E L 2 i s FE L whe n th e rang e o f  val -

ues i s restricte d t o betwee n - 1 an d 1  (i.e .  l=- l  an d 

u=l) ,  an d th e wa y th e valu e o f  a  fac t  relate d t o th e 
valu e o f  it s negatio n is : 

a =  —-1 0 

fo r  an y fac t  a . 

As an illustration of its capability and correctness, 

we wan t  t o sho w tha t  FE L ca n implemen t  Hor n 

claus e logi c a s a  specia l  cas e (w e wil l  onl y dea l  wit h 

th e propositiona l  versio n here ,  an d extension s t o 

firs t  orde r  case s i s deal t  wit h i n Su n 1991) .  Le t 

us defin e Hor n claus e logi c firs t  (cf .  Chan g &  Le e 

1973) : 

Definitio n 1 0 Hor n claus e logi c i s a  logi c i n 

whic h al l  formula s ar e i n th e form s o f 

or 
P1P2 P n 

'Whe n th e valu e o f  a  fac t  i n LH S i s unknown ,  assig n a 
zer o a s it s value . 

*Tlu s weightin g schem e ca n b e generalized ,  a s wil l  b e 
discusse d late r  on . 

wher e p  ' s  an d q  ar e propositions . 

Definitio n 1 1 A  Binar y F E L i s a  reduce d ver -

sio n o f  FE L (eithe r  F E L i  o r  FEL2) ,  i n whic h val -

ues associate d wit h fact s ar e binar y (o r  bipolar) ,  to -
ta l  weight s o f  eac h rul e su m t o 1 ,  an d al l  threshold s 

ar e se t  t o 1 . 

Her e i s th e theore m fo r  th e equivalenc e (se e Su n 

1991 fo r  proofs) : 

Theore m 1  Th e binar y FE L i s soun d an d com -

plet e wit h respec t  t o Hor n claus e logic . 

We want to show that FEL can simulate Shobam's 

Causal  Theory ,  t o furthe r  explor e th e logica l  cei -

pabilit y  o f  FEL .  (W e wil l  onl y conside r  a  non -

tempora l  versio n o f  C T ,  tha t  is ,  w e stri p awa y al l 

1136 



tempora l  notations. )  W e hav e t o fin d a  mappin g 

betwee n trut h value s o f  formula s i n Causa l  Theor y 

and value s o f  fact s i n P E L .  Sinc e i n C T an d i n PEL , 

ther e i s n o logica l  O R an d ther e i s onl y a  (implicit ) 

logica l  A N D i n th e L H S o f  a  rule ,  whic h ca n b e 

take n car e o f  b y a  weightin g schem e a s wil l  b e dis -

cusse d later ,  w e d o no t  hav e t o worr y abou t  thes e 

tw o connective s i n th e mappin g now .  Therefore , 

we ca n us e a  mappin g a s follows ,  whic h ca n b e eeis -

il y  verifie d t o b e consisten t  wit h regar d t o logica l 

equivalenc e (withou t  A N D an d O R ;  fo r  example ,  D 

a =  -lO- i  a ,  etc.) : 

(1 )  M ( a = tru e )  =  'a=l ' 

(2 )  M(- i  a = true )  =  'a=-l ' 

(3 )  M ( a a = true )  =  'a=l ' 

(4 )  M ( D ^  a = true )  =  'a=-l ' 

(5 )  M ( 0 a = true )  =  'a=0 ' 

(6 )  M ( 0 - .  a = true )  =  'a=0 ' 

(7 )  M(-i a a = true )  =  'a=0 ' 

(8 )  M(-.a- .  a = true )  =  'a=0 ' 

(9 )  M(-n O a = true )  =  'a=-l ' 

(10 )  M(-.0- .  a = true )  =  'a=l ' 

Wit h th e mappin g i n hand ,  w e ca n procee d t o fin d a 

weightin g schem e t o enabl e P E L t o simulat e Causa l 

Theory .  Th e proble m i s tha t  i n P E L w e hav e node s 
onl y fo r  atom s suc h a s a ,  b ,  m ,  n ,  etc .  bu t  no t  fo r 

Oa o r  O b ,  etc .  W e hav e tw o way s o f  dealin g wit h 

this : 

1.  Extendin g an d makin g mor e comple x th e weight -
in g scheme , 

2.  Addin g node s tha t  ca n b e use d t o represen t 

atom s wit h moda l  operators . 

We wil l  eidop t  th e firs t  approac h her e (th e secon d 
approac h wil l  als o wor k — th e differenc e i s insignif -

icant) .  Po r  a  formul a i n Causa l  Theor y 

AiDniOi Aj Orijbj —• One 

we can assign arbitrary weights to atoms: Oi's and 

bj' s  (i f  ther e i s a  negation ,  th e correspondin g weigh t 

i s  negative ;  otherwise ,  weight s ar e positive) ,  a s lon g 
as thei r  absolut e value s s u m t o 1 .  However ,  fo r  bj's , 

we wil l  als o appl y th e followin g functio n t o th e lin k 
betwee n 6 j  an d c : 

/;(bi )  = 

1 : 1 

i f  b j  =  1 
i f  b j  =  0  an d ri j  ̂  

i f  b j  =  0  an d ri j  = 

i f  6 ,  = - 1 

We wil l  cal l  thi s functio n th e elevatio n functio n be -

caus e i t  turn s al l  O' s int o I' s  o r  -I's .  W e hav e thresh -

old s equa l  t o 1  fo r  al l  rules .  W e restric t  th e possibl e 

value s o f  fact s t o - 1 o r  1 . 

N ow i t  i s  eas y t o verif y tha t  a  rul e i n P E L wit h thi s 

specifi c  weightin g schem e an d threshold s i s equiva -

len t  t o a  correspondin g formul a i n Causa l  Theory : 

e.g. ,  suppos e w e hav e th e followin g formul a i n C T : 

OaDbOaOb —• De 

It can be translated into PEL as follows: 

abc'd ' (ii;iu;2t«3UJ4 ) 

wher e d  =  fe{c )  an d d '  =  fdid )  an d J^ j  tW i  =  1 ,  an d 

th e threshol d equa l  t o 1  fo r  th e rule .  Th e equiva -

lenc e ca n b e verifie d cas e b y ceise . 

T o fin d a  ful l  correspondenc e betwee n P E L an d 

Causa l  Theory ,  w e als o nee d a  proo f  procedur e tha t 

enable s th e derivatio n o f  al l  correc t  result s (theo -

rems) .  Her e i s a  proo f  procedur e fo r  C T : 

Give n a  Causa l  Theor y C T ,  an d a  se t  o f  initia l  condi -
tion s (tru e events )  I : 

— Fo r  al l  a  €  I ,  infe r  a ,  Oa ,  an d Oa . 
— Repeat : 
fo r  AiOma i  A j  Onjb j  —•  Oc wher e riiat' t  ar e in -

ferred ,  an d -<njbj' s  ar e non-inferable ,  * 
infe r  c ,  Dc ,  an d Oc . 

It is easy to see the correctness of this procedure 

(se e Su n 199 1 fo r  al l  th e proofs) : 

Theorem 2 The above proof procedure is sound 

and complet e fo r  Causa l  Theor y a s define d above . 

We can have a similar proof procedure for PEL: 

Give n a  P E L theory ,  an d a  se t  o f  initia l  condition s 
(tru e facts )  I : 

— Fo r  al l  (a,Va )  G  I ,  infe r  a  wit h Va -
— Repeat : 
fo r  Aima i  — •  c  wher e eac h ma i  i s  inferre d wit h a 

certai n value ,  o r  i s  non-inferabl e (an d therefor e 
a valu e zer o i s  assumed) ,  ̂  

infe r  c  wit h Vc ,  wher e Wj  i s calculate d accordin g t o 
th e weightin g schem e used . 

It is easy to see the correctness of this procedure 

fo r  P E L ,  an d th e correspondenc e betwee n th e tw o 

proo f  procedures : 

Theorem 3 The above proof procedure is sound 
and complet e fo r  hierarchica l  F E L 

'The y ar e no t  i n th e R H S o f  an y rul e an d no t  i n I ,  o r 
i n orde r  t o infe r  it ,  w e hav e t o us e a  rul e whic h ha s a  fac t 
as a  necessar y conditio n i n it s L H S tha t  i s  no t  inferable . 
Sinc e C T i s hierarchical ,  thi s i s eas y t o detect .  W e ca n pre -
construc t  a  "dependenc y graph "  whic h depict s inferabilit y 
relations . 

'Accordin g t o th e weightin g schem e use d t o simulat e CT , 
i f  a  fac t  i s  inferred ,  i t  mus t  b e inferre d wit h a  valu e 1  o r  -1 ; 
i f  a  fac t  i s  non-inferable ,  the n it s valu e i s 0 .  Whe n othe r 
weightin g scheme s ar e used ,  th e result s wil l  b e different . 
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Theo re m 4  Th e proo f  procedur e fo r  FE L come * 

out  ezacil y th e proo f  procedur e fo r  Causa l  Theor y 

when Causa l  Theor y i s implemente d i n FE L i n th e 

aforementione d way . 

Therefore, 

Theorem 5 For every hierarchical, non-temporal 

Causal  Theory ,  ther e i s a  FE L suc h tha t  CT :  w  ^ 

a if f  FEL :  c  ̂  'o=/' ,  wher e w  i s a  se t  o f  initia l 

condition s fo r  Causa l  Theor y CT ,  an d c  i s th e se t 

of  initia l  condiiioj u fo r  FE L mappe d ove r  fro m w 

i n CT . 

Accounting for Commonsense 

Causalit y 

Now w e ar e read y t o sho w tha t  FE L extend s justifi -
abl y Shoham' s Causa l  Theor y an d solve s th e prob -
lems identifie d earlier .  T o exten d th e FE L versio n 
of  Shoham' s Causa l  Theory ,  w e first  notic e tha t  th e 

cause s nee d no t  b e know n wit h absolut e certainty , 

i.e .  w e shoul d allo w a  confidenc e measur e associ -

ate d wit h eac h nece«5ar y fac t  (i.e .  th e on e wit h O) , 

becaus e o f  th e gradedness ,  uncertaint y an d fuzzi -

ness o f  ou r  knowledge .  B y th e sam e token ,  th e 

conclusion s nee d no t  b e binar y either ,  s o tha t  un -

certai n cause s ca n generat e uncertai n effects .  More -

over ,  eve n fact s (causes )  o f  absolutel y certaint y ma y 

not  guarfinte e th e expecte d effect s (i.e .  th e ide a 
of  uncertai n causality ;  Suppe s 1970) .  Therefore , 

we wil l  associat e a  confidenc e meaisur e wit h eac h 

of  th e cause s (i.e .  th e fact s i n LH S o f  a  rule )  be -

twee n - 1 cin d 1 ,  an d a  confidenc e measur e als o wit h 

th e effec t  (i.e .  th e fac t  i n R H S o f  a  rule) .  W e ca n 

use weight s t o creat e a  mappin g betwee n confidenc e 

measure s o f  cause s (i.e .  value s o f  th e correspondin g 

facts )  an d confidenc e measure s o f  effect s (i.e .  val -

ues o f  th e correspondin g facts) ,  s o fro m a  se t  o f 

cause s an d thei r  confidenc e mecisure s (i.e .  a  se t  o f 

fact s an d thei r  values )  w e ca n deduc e a  confidenc e 

measur e fo r  a n effec t  (o r  a  valu e fo r  a  fac t  i n RHS) . 

Moreover ,  th e se t  o f  weight s associate d wit h fact s 

i n LH S o f  a  rul e shoul d reflec t  thei r  relativ e impor -

tance :  mor e importan t  cause s shoul d hav e a  large r 

weigh t  associate d wit h them ,  an d sinc e th e tota l 

weight s su m t o 1 ,  th e valu e o f  a  weigh t  fo r  a  partic -

ula r  fac t  (condition )  reflect s it s relativ e importanc e 

agains t  a  backgroun d o f  al l  othe r  conditions . 

Anothe r  issu e t o conside r  i s ho w t o handl e possibl e 

conditio n fact s (i.e .  thos e wit h O ) .  A s explaine d 

before ,  ther e i s a  specia l  functio n associate d wit h 

them ,  whic h elevate s 0  t o 1  o r  -1 ,  accordin g t o 

whethe r  positiv e o r  negativ e form s appea r  i n th e 

causa l  rule .  Sinc e w e no w exten d th e binar y (o r 

bipolar )  spac e fo r  trut h value s int o a  graded ,  con -

tinuou s space ,  ther e i s n o mor e nee d fo r  tha t  eleva ^ 

tio n function .  I t  follow s fro m th e fac t  tha t  whe n a 

possibl e conditio n fac t  i s unknow n (i.e .  it s  valu e i s 

0) ,  th e conclusio n ca n stil l  b e reached ,  albei t  wit h 

a smalle r  valu e (i n confidenc e level) .  No w tha t  w e 

no longe r  requir e a  binar y (o r  bipolar )  outcome ,  i t 

i s  fine  t o hav e a  smalle r  valu e fo r  a  conclusio n whe n 

some enablin g condition s ar e unknown .  Whe n on e 

of  thes e enablin g condition s becom e known ,  th e 

valu e wil l  becom e higher ;  tha t  is ,  w e wil l  hav e 

more confidenc e i n th e conclusion .  Normall y th e 

weight s associate d wit h thos e enablin g condition s 

wil l  b e relativel y smal l  anyway ,  becaus e the y ar e 

non-essentia l  an d clos e t o '̂ don' t  care "  conditions . 

So i t  i s advantageou s t o remov e th e elevatio n func -

tion s i n th e FE L versio n o f  Shoham' s Causa l  The -

or y an d assig n weight s instead . 

An alternativ e perspectiv e o f  viewin g th e extensio n 

i s tha t  o f  "fuzzifying "  th e necessit y functio n an d 

th e possibilit y  function .  Onc e fuzzified ,  thes e ne w 

function s win d u p t o b e identit y functions .  There -

fore ,  combinin g th e abov e tw o perspectives ,  cause s 

ar e thos e condition s tha t  hav e hig h weights ,  an d 

enablin g condition s ar e thos e condition s tha t  hav e 

lo w weights . 

We ca n no w easWy ma p th e FE L terminolog y int o 

th e causa l  terminolog y a s follows : 

Event s ar e fact s i n FEL . 

Causa l  Statement s ar e rule s i n FEL . 

Cause s ar e thos e condition s o f  a  rul e tha t  hav e 

hig h weight s associate d wit h the m accordin g 

t o som e particula r  weightin g scheme . 

Enablin g Condition s ar e thos e condition s o f 

a rul e tha t  hav e lo w weight s associate d wit h 

them,  accordin g t o som. e particula r  weight -

in g scheme . 

Effect s ar e fad s i n th e R H S o f  a  rule . 

Let  u s g o bac k t o th e issue s w e raise d before : 

•  Th e gradednes s i s readil y take n car e o f  i n FE L b y 

th e confidenc e value s associate d wit h eac h fact . 

•  Becaus e o f  th e introductio n o f  th e greidednes s 

and uncertai n rule s (i.e .  tota l  weight s su m t o 

les s tha n 1) ,  th e confidenc e w e hav e i n th e con -

clusion s wil l  weake n alon g th e wa y i n a  chaining . 

For  example ,  her e i s a  FE L rul e statin g tha t  i f 

one i s aliv e a t  tim e t ,  on e wil l  b e aliv e a t  tim e 

t  +  1 : 
alive{t )  — •  alive{ t  +  1 ) 

Suppos e th e weigh t  i s equa l  t o 0.99 ,  the n i f 

give n alive(0)=l ,  w e wil l  hav e alive(l)=0.99 , 

alive(2)=0.98 ,  alive(3)=0.97 ,  an d s o on . 

•  Ther e i s n o mor e nee d t o tel l  exactl y whic h con -

ditio n i s necessar y an d whic h conditio n i s possi -
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ble :  the y ar e grade d an d th e difTerenc e i s onl y 

quantitative . 

•  Ther e i s n o mor e nee d t o lis t  al l  condition s (th e 

tota l  numbe r  o f  whic h migh t  b e infinite) ,  a s lon g 

as w e leav e roo m i n th e weigh t  distributio n (b y 

keepin g tota l  weight s les s tha n 1) .  W e ca n lis t 

onl y thos e condition s tha t  w e car e about ,  an d b y 

doin g so ,  th e su m o f  weight s wil l  the n b e les s tha n 

1,  accommodatin g possibl e role s o f  othe r  unliste d 
condition s i n determinin g th e causa l  outcome . 

•  Th e indeterminat e o r  probabilisti c  natur e o f 

causalit y i s readil y capture d i n th e weightin g 

scheme:  th e weight s d o no t  hav e t o su m t o 1 , 

and no t  al l  condition s hav e t o b e know n fo r  cer -

tai n i n orde r  t o deduc e a  plausibl e conclusion . 

Let us look back to the shooting example. Instead 

of  havin g tw o separat e causa l  statement s i n C T a s 

before , 

03hoot{t, t) A 0-iwearing-hullei-froof-vest(t,t). 

ndead(t+l,t+l ) 

and 

a-iwearing-bvllet-proof-veatftii )  A  Oahootit ,  t) . 

—•ndeod(t+l,t+l) 

we wil l  hav e i n FE L on e singl e causa l  statemen t  fo r 

al l  th e situations : 

-iwearing-bullet-proof-vesi A shoot 

-*  dea d (101,102 ,  ) 

and weight s ar e assigne d t o eac h fac t  i n LH S (Su n 

1991) .  W e assum e th e value s o f  th e unknow n fact s 

ar e zer o an d calculat e th e valu e o f  th e conclusio n 

by inner-product s o f  th e weight s an d th e value s o f 

th e fact s i n th e LH S o f  th e rule . 

The Neural Net Connection 

An implementation of FEL is a network of elements 

connecte d vi a links ,  wher e eac h elemen t  represent s 
an ato m an d it s negatio n an d link s represen t  rules , 

goin g fro m element s representin g fact s i n LH S o f 

a rul e t o element s representin g fact s i n R H S o f  a 

rule ;  a n elemen t  i s a  structur e tha t  ha s multipl e 

site s eac h o f  whic h receive s a  grou p o f  link s tha t 
represent s on e singl e rule ,  an d th e weighted-su m 

computatio n i s carrie d ou t  fo r  computin g an d prop -

agatin g activations .  Thi s implementatio n o f  FE L i s 

clearl y a  connectionis t  networ k (Su n 1989 ,  1992) . 

Concludin g R e m a r k s 

I n thi s paper ,  Shoham' s moda l  logi c formalis m fo r 
causa l  reasonin g i s criticall y analyzed ;  knowin g it s 

weaknes s i n expressin g grade d concept s an d othe r 

problem s resultin g fro m this ,  w e procee d t o defin e 

a differen t  formalism ,  FEL ,  tha t  utilize s weighted -

su m computatio n an d correspond s directl y t o neu -

ra l  ne t  models .  W e prov e tha t  FE L ca n imple -

ment  Shoham' s logi c a s a  specia l  cas e a s wel l  a s 

Hor n claus e logic ,  an d furthermor e tha t  FE L i s a 

justifie d extensio n o f  Shoham' s logic .  Thi s wor k 

serve s t o justif y a  particula r  connectionis t  archi -

tectur e propose d b y th e author ,  C O N S Y D E R R,  i n 

it s capabilitie s fo r  codin g rule s an d fo r  performin g 

commonsense causa l  reasonin g (Su n 1991a) . 
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