
INFERENCES IN QUANTIFIED SEMANTIC NETWORKS 

Robe r t F. Simmons & D a n i e l C h e s t e r 
Depar tment o f Computer Sc iences 

U n i v e r s i t y o f Texas 
A u s t i n , Texas 78712 

Abstract 

C o n v e n t i o n s a r e shown f o r r e p r e s e n t i n g 
i n f o r m a t i o n i n s e m a n t i c n e t w o r k s i n a l i n e a r f o rm 
c a l l e d s e m a n t i c case r e l a t i o n s . R e p r e s e n t a t i o n s 
o f v a r i a b l e s , t r u t h f u n c t i o n s , and q u a n t i f i e d 
s t a t e m e n t s a r e p r o v i d e d . Methods f o r a n s w e r i n g 
q u e s t i o n s f r om t h e r e s u l t i n g seman t i c p r e d i c a t e s 
a r e i l l u s t r a t e d and a c o m p u t a t i o n a l p r o c e d u r e f o r 
a n s w e r i n g q u e s t i o n s f r o m q u a n t i f i e d seman t i c 
p r e d i c a t e s i s d e s c r i b e d . 
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Introduction 

I n a r e c e n t c r i t i c i s m , " W h a t ' s i n a L i n k " , 
Woods (1975) n o t e d t h a t w i t h few e x c e p t i o n s , most 
s e m a n t i c n e t w o r k sys tems f o r r e p r e s e n t i n g E n g l i s h 
meanings were i n a d e q u a t e l y d e f i n e d i n s e v e r a l 
ways , a n d , i n p a r t i c u l a r , l a c k e d s u i t a b l e 
c o n v e n t i o n s t o encode t h e f u l l meaning o f 
q u a n t i f i e d s t a t e m e n t s . S e v e r a l r e c e n t p a p e r s , 
( s u c h as t h o s e by Kay 1973, H e n d r i x 1975, 
M y l o p o u l o u s , e t . a l . 1975, S h a p i r o 1976, & 
S c h u b e r t 1975) have c o n t i n u e d t o e x p l o r e 
r e p r e s e n t a t i o n c o n v e n t i o n s and have g e n e r a l l y 
o f f e r e d a t l e a s t m i n i m a l l y a c c e p t a b l e schemes t o 
encode q u a n t i f i c a t i o n a l d a t a . On ly r a r e l y , 
however , i s a n a l g o r i t h m d e s c r i b e d t h a t uses t h o s e 
c o n v e n t i o n s f o r a n s w e r i n g q u a n t i f i e d q u e s t i o n s . 
I n ou r own e x p e r i e n c e , i t i s t h e a l g o r i t h m f o r 
u s i n g r e p r e s e n t a t i o n c o n v e n t i o n s t h a t r e v e a l s t h e 
c o m p u t a t i o n a l c o s t s and o t h e r consequences f o r any 
p a r t i c u l a r e n c o d i n g . 

I n t h e f o l l o w i n g pages we b r i e f l y d e v e l o p a 
q u a n t i f i e d p r e d i c a t e n o t a t i o n f o r seman t i c 
n e t w o r k s , and d e s c r i b e a q u e s t i o n - a n s w e r i n g 
a l g o r i t h m and i t s use f o r f i n d i n g and 
d i s t i n g u i s h i n g t h e meanings t h a t a r e encoded . 

Semantic Networks &nd Relations 

A seman t i c n e t w o r k f o r r e p r e s e n t i n g a s p e c t s 
o f t h e meaning o f E n g l i s h d i s c o u r s e i s compr i sed 
o f a s e t o f nodes t h a t a r e i n t e r c o n n e c t e d by 
d i r e c t e d and l a b e l l e d a r c s . A node i s a s y m b o l i c 
o b j e c t t h a t u s u a l l y r e p r e s e n t s t h e c o n c e p t u a l 
r e f e r e n t o f a n E n g l i s h e x p r e s s i o n , a l t h o u g h i t may 
be a r u l e , t h e name o f a f u n c t i o n or p r o g r a m , or 
some s p e c i a l s y m b o l . A rcs t y p i c a l l y r e p r e s e n t 

deep case r e l a t i o n s (B ruce 1975) t h a t h o l d between 
c o n c e p t u a l r e f e r e n t s , b u t t hey a l s o i n c l u d e 
s p e c i a l q u a n t i f i e r s y m b o l s , and p o i n t e r s t o r u l e s 
a s s o c i a t e d w i t h a g i v e n node . 

I f w e c o n s i d e r t h e example s e n t e n c e , " R u f o l o 
s a i l e d h i s s h i p t o C y p r u s " , t h e f o l l o w i n g ne two rk 
m i g h t r e s u l t f r o m a s e m a n t i c case a n a l y s i s : 

SAIL1 AGT >RUF0L01 . 
| TH »SHIP 14 OWN ' 
I TO »CYPRUS1 

I n t h i s g r a p h t h e c o n v e n t i o n i s f o l l o w e d t h a t a 
word s u f f i x e d by a number, e . g . S A I L 1 , i s a 
u n i q u e l y named o b j e c t t h a t i s a n i n s t a n c e o f t h e 
c o n c e p t a s s o c i a t e d w i t h t h e u n s u b s c r i p t e d w o r d . 
Thus , SAIL1 i s a n INSTance o f S A I L . A l l l e x i c a l 
i n f o r m a t i o n i s a s s o c i a t e d w i t h t h e o o n c e p t ; e . g . , 
SAIL i s a k i n d o f MOVE, i s a v e r b , t a k e s arguments 
of t h e f o r m , AGT, THeme, FROM, TO, and has r u l e s 
t h a t d e f i n e i t s p r e c o n d i t i o n s and r e s u l t s . 

I f w e were t o e x p r e s s t h e meaning o f t h e 
sen tence i n r e l a t i o n a l f o r m , 
(SAIL1 RUF0L01 SHIP1 NIL CYPRUS1) 
(RUF0L01 OWN SHIP1) 
we wou ld depend on o r d e r i n g c o n v e n t i o n s to 
r e c o g n i z e t h a t t h e sou rce o r FROM o f t h e s a i l i n g 
i s NIL o r n o t known, RUF0L01 i s t h e agen t and 
CYPRUS is t h e TO or g o a l . H e n d r i x (1975) shows 
t h a t t h e seman t i c case r e l a t i o n s a r e a v a r i a n t 
r e l a t i o n a l f o rm i n w h i c h t h e e l emen ts o f t h e 
r e l a t i o n a l n - t u p l e a r e i d e n t i f i e d b y t h e i r case 
a r g u m e n t s . The example appears as f o l l o w s : 
(HEAD S A I L 1 , AGT RUF0L01, TH SHIP1 , 

TO CYPRUS1) 
W e f o l l o w t h e c o n v e n t i o n t h a t t h e f i r s t e lemen t o f 
an n - t u p l e i s a lways i t s HEAD and t h u s show t h e 
seman t i c r e l a t i o n b y , 
(SAIL1 AGT RUF0L01 TH SHIP1 TO CYPRUS1) 
(RUF0L01 OWN SHIP1) 

The ph rase " h i s s h i p " c o u l d b e r e p r e s e n t e d 
a s , (0WN1 R1 RUF0L01 R2 SHIP1) , b u t s i n c e OWN is a 
b i n a r y r e l a t i o n , t h e s i m p l e r f o r m , (RUF0L01 OWN 
SHIP1) s u f f i c e s . I t s h o u l d b e n o t i c e d t h a t t h e 
seman t i c case r e l a t i o n f o r m i s a s p e c i a l n o t a t i o n 
f o r a s e t o f b i n a r y r e l a t i o n s , e . g . ( ( S A I L 1 SUP 
S A I L ) ( S A I L 1 AGT RUF0L01) (SAIL1 TH SHIP1)(RUF0L01 
SUP RUFOLO)(RUF0L01 OWN S H I P 1 ) . . . ) Each b i n a r y 
r e l a t i o n c o u l d b e r e p r e s e n t e d u n i f o r m l y a s 
(RELNAME R1 ARG1 R2 ARG2) b u t c o n s i d e r a b l e s a v i n g s 
i n w r i t i n g and i n c o m p u t a t i o n a r e g a i n e d b y use o f 
t h e mixed n o t a t i o n . 

N e s t i n g o f r e l a t i o n s i n a manner ana logous t o 
embedding E n g l i s h r e l a t i v e c l a u s e s i s n a t u r a l i n 
t h i s f o r m , s o : 
(SAIL1 AGT(RUF0L01 OWN SHIP1) 

TH SHIP1 TO CYPRUS1) 
Every a r c has a n i n v e r s e , u s u a l l y s i g n i f i e d b y 
a d d i n g t h e s u f f i x , * , t o i t s s y m b o l . Thus t h e 
f o l l o w i n g seman t i c r e l a t i o n s mean t h e same t h i n g : 
(RUF0L01 AGT»(SAIL1 TH SHIP1 TO CYPRUS1) 

OWN SHIP1) 
(SHIP1 OWN* RUF0L01 

TH*(SAIL1 AGT RUF0L01 TO CYPRRUS1)) 
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(CYPRUS1 TO*(SAIL1 AGT RUFOL01 
TH (SHIP1 OWN* RUFOL01))) 

The l a s t three expressions i f given to a ce r t a i n 
language generator would r e s u l t in the Engl ish 
sentences: 

It was Rufolo who sa i l ed h is ship to Cyprus. 
I t was h is ship tha t Rufolo sa i l ed to Cyprus. 
I t was to Cyprus tha t Rufolo sa i l ed h is sh ip . 

From these examples we can see tha t in expressing 
a network in semantic case r e l a t i o n a l form, the 
conventions f o r nest ing and the fac t that every 
arc has i t s inverse al lows f o r many a l t e r n a t i v e 
equ iva lent r e l a t i o n a l expressions of the same 
network. Each of the expressions when given to a 
semantic network compiler r e s u l t s in exact ly the 
same network, because f o r every node-arc-node, 
N i - a r c - N j , the compiler creates both N i -a rc -N j and 
the inverse , N j - a r c * - N i . 

In general any semantic network can be 
t r ans la ted i n t o l i n e a r form by tak ing the s t a r t i n g 
node, N i , as the f i r s t element of a r e l a t i o n , then 
tak ing N i ' s f i r s t arc and the node which is the 
a r c ' s value as the next two elements. If we 
des i re to nest , the procedure is recurs ive ly 
fo l lowed on each value-node. If we wish an 
un-nested form, each node which is the value of an 
arc is put on a l i s t and the procedure is i t e ra ted 
over the members of the l i s t . A l t e r n a t i v e l y , we 
can produce the set of t r i p l e s that represent a 
network by tak ing the f i r s t node and forming a 
t r i p l e w i th each of i t s arcs and tha t a r c ' s 
value-node, and i t e r a t i n g the process fo r the 
value-nodes, u n t i l a l l value-nodes are te rmina ls , 
i . e . produce no new t r i p l e s . 

I t is a lso apparent tha t any set of r e la t i ons 
can be represented by a semantic network. If we 
assume tha t an ord inary ordered n- tup le such as 
(SAIL RUFOLO SHIP NIL CYPRUS) is decoded by means 
of some template such as (ACT AGENT THEME FROM 
TO), then it can be t rans la ted i n t o a semantic 
case expression by pa i r i ng each element of the 
template w i t h the corresponding element of the 
n - tup le . The inverse operat ion can also be used 
to convert from a semantic case expression to the 
simpler n - tup le . 

Semantic Predicates 

If we "add conventions to our semantic 
networks f o r marking t r u t h values and f o r 
represent ing va r i ab les , t r u t h funct ions and 
q u a n t i f i e r s , the heads of semantic case r e l a t i o n s 
become l o g i c a l predicates and we are j u s t i f i e d in 
r e f e r r i n g to them as semantic case pred ica tes , or 
more s imply , semantic pred ica tes . It should be 
noted tha t ours is an omega order l og i c as our 
predicates can be n-ary r e l a t i o n s between other 
pred ica tes . Such "compound" predicates are 
propos i t ions about how the other predicates are 
re la ted and as suoh can have t r u t h values. 

In a network each subscr ipted instance of a 
concept, e .g . SHIP1, represents one or more 
members of i t s Superclass. The expression, (SHIP1 
PLural T) s i g n i f i e s tha t more than one instance of 
the concept, SHIP, is re fe r red t o . The 

expression, (SHIP3 EQUIV SHIP) s i g n i f i e s tha t 
SHIP3 re fe r s to every instance of the concept, 
SHIP. Symbols such as W, X, Y, Z are reserved to 
represent f ree va r i ab les , and o f ten occur in ru les 
such as, 
(IMPLY ANTE (NOT OF (NOT OF X)) CONSE X) . 

A node represent ing a semantic r e l a t i o n can 
be marked True, False or UNDetermined. Two 
conventions are fo l lowed to reduce the amount of 
marking: 

1. I f an unmarked predicate is embedded in 
another ( i . e . i t s node has backl inks 
such as AGT*, TH*, . . . * , i g n o r i n g SUP, 
INST, BEFORE, AFTER, ENABLE, RESULTOF) 
the embedded pred icate is dependent on 
the other and is UNDetermined unless 
there is a ru le or convention tha t a l lows 
True or False to be i n f e r r e d from the 
embedding pred ica te . 

2. Otherwise a pred icate represented by an 
unmarked node is True. 

The previous example, "Rufolo sa i led h is ship to 
Cyprus" 
(SAIL1 AGT RUF0L01 TH SHIP1 TO CYPRUS'!) 
is taken as True. But, "Rufolo wanted to s a i l to 
I t a l y " , 
(WANT1 AGT RUF0L01 

TH (SAIL2 AGT RUF0L01 TO ITALY1)) 
provides an embedded pred ica te , SAIL2. Under the 
f i r s t convent ion, t h i s predicate is read as 
UNDetermined, whi le the embedding p red ica te , WANT! 
is True under the second convent ion. 

The t r u t h func t i ons , AND, OR, NOT, IMPLY are 
genera l ly t reated as compound pred icates . For 
example, "Rufolo bought and sold jewels" is 
encoded: 
(AND1 OF ((BUY1 AGT RUF0L01 TH JEWEL1) 

(SELL1 AGT RUF0L01 TH JEWEL1))) 
(JEWEL1 PL T) 
The object AND1 is an instance of AND, and the 
arc , OF connects i t w i th a l i s t of p red ica tes . 
Generally the Engl ish OR is taken as i nc l us i ve 
even in the f o l l ow ing contex t : 
"Rufolo decided to recoup h is loss or d ie t r y i n g . " 
(DECIDE1 AGT RUF0L01 TH(0R1 0F(REC0UP1 D IED) ) 

(REC0UP1 AGT RUF0L01 THU0SS1 ASSOC RUF0L01)) 
(DIE1 TH RUF0L01 DURING TRY1) 
(TRY1 AGT RUFOLO! TH REC0UP1) 

I t i s possible tha t even i f Rufolo acts on h i s 
dec is ion , he might accomplish e i t h e r , or both the 
acts of recouping and dy ing . As the sentence 
stands, the RECOUP, and DIE, predicates are 
embedded in 0R1. The OR t r u t h func t ion s i g n i f i e s 
t ha t one or both of the predicates is . t rue but 
since we don ' t know which, the two predicates are 
taken as UNDetermined. 0R1 is embedded as the TH 
argument of DECIDE so i t s value is a lso UND. 

If we ask the quest ion, "Did Rufolo d ie?" the 
above statement does not provide an answer; but 
i t i s re levant and the question-answering 
a lgor i thm must f i n d i t and reserve DECIDE1 fo r 
f u r t h e r processing. This w i l l be discussed in the 
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next sec t i on . 

For the sentence, MRufolo decided e i t h e r to 
recoup h is losses or d ie t r y i n g , " the 
representa t ion would be as before exoept tha t X0R1 
would be used in place of 0R1. If we introduce an 
i m p l i c a t i o n r u l e t ha t s ta tes tha t i f X decides to 
do Y, then Y happens, 
(IMPLY 1 ANTE(DECIDE AGT X TH Y) CONSE Y) 
then we could use it to assign a t r u t h value to 
what Rufolo decided to do. DECIDE1 i n s t a n t i a t e s 
the r u l e , RUF0L01 binds to X, and (X0R1 OF 
(REC0UP1 DIED) becomes the value of Y in both 
occurrences of Y in the r u l e . Since the 
ANTEcedent, DECIDE1, is True, the CONSEquent X0R1 
is taken as True. 

I f we es tab l i sh t h a t , "Rufolo didn»t d i e , " 
(N0T1 OF (DIE1 TH RUF0L01)) 
and we have the r u l e , 
(IMPLY2 ANTECAND 0F((N0T OF X)(XOR OF (X Y ) ) ) ) 

CONSE Y) 
which means " I F NOT X AND EITHER X OR Y, THEN Y", 
then by b ind ing DIE1 to X, and REC0UP1 to Y 
throughout the r u l e , we can es tab l i sh tha t Rufolo 
recouped h is losses. 

Although t h i s is a v a l i d argument p a t t e r n , 
un fo r tuna te ly the r u l e IMPLY1 is f a l l a c i o u s on 
semantic grounds. If a person decides to do 
something, then he w i l l t r y to do i t , but i f X 
t r i e s Y, Y s t i l l remains UNDetermined. If we use 
such ru les as IMPLY1 w i th arguments whose t r u t h 
values are UND, we can suggest expectat ions tha t 
may be substant ia ted by f u r t h e r t e x t , but we 
cannot deduce t r u t h . 

Add i t i ona l implementation conventions are 
used to minimize the number of nodes and arcs 
requ i red to represent con junc t ion . F i r s t , the 
value of any argument arc from a pred icate node is 
a l i s t of one or more nodes—an i m p l i c i t 
representa t ion of AND. Second, the set of 
semantic predicates in the network forms an 
i m p l i c i t con junc t ion . The e x p l i c i t AND is only 
recorded when add i t i ona l arguments apply to a l l 
members of the conjunct ion as in the example, 
"Rufolo danced and sang whi le the music p layed . " 
(AND2 OF (DANCE1 SING1) DURING PLAY1) 
(DANCE1 AGT RUF0L01)(SING1 AGT RUFOLO1) 
(PLAY1 TH MUSIC1) 
Representations of OR and NOT are always 
e x p l i c i t l y encoded. 

In a l l the above examples, un iversa l 
q u a n t i f i c a t i o n has been assumed. BUY1, RUFOLO1, 
and JEWEL1 are predicates t rue of p a r t i c u l a r 
instances of t h e i r superset c lasses, BUY, RUFOLO, 
and JEWEL. (BUY1 AGT RUF0L01 TH JEWEL1) asser ts 
t ha t EVERY RUF0L01 BOUGHT EVERY JEWELL 
Add i t i ona l conventions are needed f o r a more 
general treatment o f q u a n t i f i c a t i o n . 

In the example, "Every ship has a cap ta in " 
WRONG:(HAVE1 R1 (SHIP2 EQUIV SHIP) R2 CAPTAIN1) 
we would have a fa l se representa t ion tha t 
s i g n i f i e s tha t every ship has CAPTAIN1 as i t s 
oap ta in . What is meant is tha t each ship has some 
person as i t s capta in and the person is not 
necessar i ly the same f o r every sh ip . 

In a customary pred icate l og i c no ta t ion the 
q u a n t i f i e r symbols (A FORALL, E FORSOME) are 
associated w i th the var iab les in the order in 
which they are to be app l i ed , e . g . , 
A SHIP3 E CAPTAIN1 (HAVE1 R1 SHIP3 R2 CAPTAIN1) 
This convention can eas i l y be adopted f o r semantic 
pred icates w i th the f o l l ow ing n o t a t i o n , 
(HAVE1 R1 SHIP3 R2 CAPTAIN1 Q(A SHIP3, E CAPTAIN1)) 
This no ta t i on i s s u f f i c i e n t to maintain the 
in fo rmat ion about q u a n t i f i e r s and t h e i r o rde r ing . 
The a rc , Q, stands f o r a Quan t i f i e r order ing 
p r e s c r i p t i o n f o r the pred icate node to which i t i s 
a t tached. 

For the sake of more e f f e c t i v e computation we 
have found it des i rab le to t r e a t the Q arc as a 
f unc t i on which transforms i t s pred icate i n t o a 
Skolem form as below: 
(HAVE1 RKSHIP3 EQUIV SHIP) R2(CAPTAIN1 SK(SHIP3))) 
These two q u a n t i f i e r forms have the f o l l ow ing 
graphs: 

The second o r l o w e r g r a p h p r o v i d e s t h e s i m p l e s t 
s t r u c t u r e . 

The f i r s t g r a p h i s r e f e r r e d t o a s t h e Q-arc 
f o r m and i t appears t o b e a d e s i r a b l e i n t e r m e d i a t e 
r e p r e s e n t a t i o n t h a t w i l l a l l o w t r a n s f o r m a t i o n s 
i n t o a c a n o n i c a l q u a n t i f i e r f o r m u s i n g q u a n t i f i e r 
t r a n s f o r m a t i o n s such as t h o s e d e s c r i b e d by Quine 
(1959) and Chang and Lee ( 1 9 7 3 ) . The c a n o n i c a l 
f o r m w e have chosen i s one i n w h i c h t h e n e g a t i o n 
i f a n y , i s b r o u g h t t o bear o n t h e p r e d i o a t e b y 
t r a n s f o r m i n g e v e r y nega ted q u a n t i f i e r . The 
f o l l o w i n g examples show how two l o g i c a l l y 
e q u i v a l e n t s t a t e m e n t s become i d e n t i c a l i n 
c a n o n i c a l f o r m : 

E1 Not e v e r y s h i p s a i l s e v e r y ocean . 
E2 Some s h i p d o e s n ' t s a i l some ocean . 

T h e i r Q-arc f o r m s : 
QE1 (SAIL4 INSTR SHIP4 LOC 0CEAN1 

Q (NOT A SHIP4 A 0CEAN1)) 
QE2 (N0T2 OF (SAIL5 INSTR SHIP5 LOC 0CEAN2 

Q (E SHIP5 E 0CEAN2))) 
By p u s h i n g t h e NOT of QE1 t h r o u g h A SHIPU we g e t , 

Q(E SHIP4 NOT A 0CEAN1) 
Then p u s h i n g NOT t h r o u g h A OCEAN1, we g e t , 

Q(E SHIP4 E OCEAN1 NOT) 
The NOT now a p p l i e s to t h e main p r e d i c a t e r a t h e r 
t h a n t o t h e q u a n t i f i e r s , s o w e embed t h e p r e d i c a t e 
i n i t : 
(N0T2 OF (SAILM . . . Q(E SHIP4 E 0CEAN1))) 
w h i c h i s i d e n t i c a l t o t h e f o r m o f QE2. 
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A f t e r t r a n s f o r m a t i o n t o c a n o n i c a l f o r m , t h e 
s t a t e m e n t s a r e b r o u g h t i n t o t h e f o l l o w i n g 
Sko lem ized f o r m ; 
(N0T2 OF (SAIL4 INSTR SHIP4 LOC 0CEAN1)) 

I t i s w o r t h n o t i c i n g t h a t t h i s s i m p l e f o r m i s 
t h e d e f a u l t f o r what o r d i n a r y E n g l i s h s t a t e m e n t s 
such a s " s h i p d i d n ' t s a i l t h e o c e a n " s i g n i f y i n 
q u a n t i f i e d f o r m . I t w i l l b e seen i n t h e n e x t 
s e c t i o n t h a t t h e p r o c e d u r e f o r m a t c h i n g q u a n t i f i e r 
c o n d i t i o n s assumes t h a t a t e r m n o t e x p l i c i t l y 
marked by an SK a r c is n o t dependent on any o t h e r 
q u a n t i f i e d t e r m . 

THE Inference Algorithm 

I n r e s e a r c h o r i e n t e d t owa rd t h e e v e n t u a l 
deve lopment o f a t e x t u n d e r s t a n d i n g sys tem we have 
s t u d i e d and programmed s e v e r a l approaches t o 
a n s w e r i n g q u e s t i o n s f r o m seman t i c n e t w o r k s . These 
approaches reduce l o g i c a l l y t o t h e i d e a t h a t a 
seman t i c n e t w o r k r e p r e s e n t i n g a d i s c o u r s e i s an 
i n t e r c o n n e c t e d s e t o f t r u e s t a t e m e n t s . The 
l e x i c a l p o r t i o n o f t h e ne two rk c o n t a i n s a d d i t i o n a l 
t r u e s t a t e m e n t s and r u l e s f o r f o r m i n g new t r u e 
s t a t e m e n t s f r om e x i s t i n g ones . The q u e s t i o n i s 
t a k e n as a h y p o t h e s i s and t h e i n f e r e n c e a l g o r i t h m 
must a c c o m p l i s h t h e t a s k o f d e t e r m i n i n g whe the r 
t h e q u e s t i o n i s TRUE, FALSE o r UNDetermined w i t h 
r e s p e c t t o t h e seman t i c n e t w o r k . I t i s a l s o 
r e q u i r e d t o r e t u r n a n answer t h a t i n s t a n t i a t e s any 
v a r i a b l e s t h a t a r e i n t h e q u e s t i o n . 

A q u e s t i o n i s u s u a l l y composed o f c l a s s 
s y m b o l s , i . e . u n s u b s c r i p t e d w o r d s , and case 
marke rs and v a r i a b l e s . An answer is e i t h e r a node 
whose a s s o c i a t e d a r c - v a l u e p a i r s i n s t a n t i a t e each 
e lement o f t h e q u e s t i o n o r a g e n e r a l s t a t e m e n t 
whose eve ry e lemen t i s i n s t a n t i a t e d b y e l emen ts o f 
t h e q u e s t i o n . The c o n t e n t te rms o f a q u e s t i o n a r e 
n o t l i m i t e d t o c l a s s symbols and s u b s c r i p t e d te rms 
may be i n c l u d e d . 

T h i s pa rad igm i s n o t t h e o n l y one t h a t i s 
f o l l o w e d i n q u e s t i o n a n s w e r i n g work and some 
c r i t i c i s m s o f i t w i l l b e d i s c u s s e d i n t h e 
c o n c l u d i n g s e c t i o n . L e h n e r t r e p o r t s a n unusua l 
app roach u s i n g s c r i p t s and c o n c e p t u a l dependenc ies 
( L e h n e r t 1 9 7 6 ) . 

The f o l l o w i n g t h r e e examples w i l l h e l p t o 
show t h e e s s e n t i a l o p e r a t i o n o f t h e q u e s t i o n 
a n s w e r i n g p r o c e d u r e . 

Q 1 . D i d R u f o l o s a i l t o Cyprus? 
(SAIL AGT RUFOLO TO CYPRUS) 

Q2. Where d i d R u f o l o go? 
(GO AGT RUFOLO TO X) 

Q3. Why d i d R u f o l o go to Cyprus? 
(GO AGT RUFOLO TO CYPRUS RESULTOF X) 

The f i r s t q u e s t i o n i s answered b y a d i r e c t match 
of a seman t i c p r e d i c a t e , (SAIL1 AGT RUF0L01 TH 
SHIP1 TO CYPRUS1). I t can be n o t i o e d in Q1 t h a t 
t h e te rms i n t h e s e m a n t i c r e p r e s e n t a t i o n a r e n o t 
s u b s c r i p t e d . I t i s t h e r e f o r e p o s s i b l e t o l o o k 
d i r e c t l y i n t o t h e l e x i o o n t o f i n d t h e w o r d , SAIL 
and r e t r i e v e i t s INSTances, S A I L 1 , S A I L 2 , e t c . 

Each i n s t a n c e i s a seman t i c p r e d i c a t e w h i c h i s 
t h e n examined t o d i s c o v e r i f i t i n c l u d e s a l l t h e 
te rms o f t h e q u e s t i o n . 

The second q u e s t i o n r e q u i r e s two m i n i s c u l e 
i n f e r e n c e s ; f i r s t t h a t SAIL i s a n i n s t a n c e o f GO, 
and second t h a t CYPRUS matches X. The f i r s t 
i n f e r e n c e i s accomp l i shed w i t h t h e use o f t h e 
l e x i c a l s t r u c t u r e , (SAIL SUP(MOVE SUP GO) ) . The 
r e l a t i o n SUP has t h e i n v e r s e INST, and SUP and 
INST a re t r a n s i t i v e , so SAIL1 i s an INSTance o f 
GO. Free v a r i a b l e s such as X match a n y t h i n g , so 
once a g a i n , (SAIL1 . . . T O CYPRUS1) i s t h e a n s w e r i n g 
p r e d i c a t e . The s h o r t answer i s t h e e lemen t 
c o r r e s p o n d i n g to X , CYPRUS1). The q u e s t i o n w o r d s , 
w h a t , where , who, e t c . a r e t r e a t e d v e r y much t h e 
same a s f r e e v a r i a b l e s e x c e p t t h a t each can l i m i t 
t h e c a n d i d a t e s i t can match b y a s e m a n t i c c l a s s . 

I n o r d e r t h a t t h e t h i r d q u e s t i o n b e answered , 
a d i s c o u r s e n e t w o r k such as t h e f o l l o w i n g i s 
needed. 
(WANT2 AGT RUFOLO1 TH DOUBLE1 ENABLE AND3) 
(DOUBLE1 AGT RUFOLO1 TH WEALTH1) 
(RUF0L01 OWN WEALTH1) 
(AND3 OF (BUY1 L0AD1) ENABLE SAIL1) 
(BUY1 ) 
(L0AD1 ) 
(SAIL1 AGT RUF0L01 . . . TO CYPRUS1 RESULTOF AND3) 
The two r e l a t i o n s , ENABLE and RESULTOF a r e 
i n v e r s e s and a re t r a n s i t i v e . I f (X ENABLE Y) t h e n 
X p recedes Y and t h e c o n d i t i o n s r e s u l t i n g f r o m X 
i n c l u d e t hose t h a t a r e p r e - r e q u i s i t e t o Y . Rule 
fo rms f o r compu t i ng c a u s a l l i n k s such as ENABLE 
and RESULTOF a r e d e s c r i b e d i n a n o t h e r p a p e r , 
(Simmons 1977 ) . 

The m a t c h i n g o p e r a t i o n f o r Q 3 i s s i m i l a r t o 
t h a t f o r Q2, and i t i s a l s o matched b y (SAIL1 . . . 
RESULTOF AND3). S i nc e (WANT2 ENABLE AND3), AND3 
has t h e b a c k l i n k , RESULTOF WANT2. A comp le te 
answer to a WHY q u e s t i o n appears to be t h e e n t i r e 
c a u s a l c h a i n , WANT2 ENABLE AND3 ENABLE SAIL1 
ENABLE. . . I n a n s w e r i n g t h e why o f a n a g e n t i v e a c t 
such as (GO AGT RUFOLO...) i t i s p r o b a b l y 
d e s i r a b l e t o seek backward o n t h e c a u s a l c h a i n f o r 
a m o t i v e such as (WANT AGT RUFOLO...) and f o r w a r d 
to some c o r r e s p o n d i n g outcome such as (SELL AGT 
RUFOLO...FOR PROFIT). We have b u t l i t t l e 
e x p e r i e n c e w i t h WHY-ques t ions , b u t r e f e r t h e 
i n t e r e s t e d r e a d e r t o a n e x c e l l e n t d i s c u s s i o n b y 
L e h n e r t ( 1 9 7 6 ) . Q u e s t i o n s c o n c e r n i n g HOW MANY a r e 
t r e a t e d most t h o r o u g h l y i n Woods ( 1 9 6 9 ) . 

So f a r we have seen e s s e n t i a l l y a m a t c h i n g 
p r o c e s s s u p p o r t e d b y t h e l i m i t e d i n f e r e n c e s 
a s s o c i a t e d w i t h t h e p r o p e r t i e s , INVERSE and 
TRANSITIVE. A more g e n e r a l app roach to i n f e r e n c e 
i s g i v e n b y a n a b b r e v i a t i o n o f t h e IMPLY s t r u c t u r e 
i n t h e f o r m o f CONSEQUENT r u l e s such a s t h e 
f o l l o w i n g : 

( ( X LOC Z ) (Y PARTOF 2 ) ( X LOC Y ) ) 
I f a q u e s t i o n matches t h e f i r s t e lemen t o f t h e 
r u l e , e . g . (RUFOLO LOC ITALY) t h e n t h e e l emen ts 
o f t h e q u e s t i o n c o r r e s p o n d i n g t o t h e v a r i a b l e s X 
and Z a r e bound to t h e s e v a r i a b l e s t h r o u g h o u t t h e 
r u l e , 
((RUFOLO LOC ITALY) (Y PARTOF ITALY)(RUFOLO LOC Y ) ) . 
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The f i r s t element of the r u l e is then detached and 
the remainder is then subs t i t u ted as a new set of 
questions which i f success fu l l y answered prove the 
f i r s t element is t r u e . Thus i f the semantic data 
base conta ins , 

(RUFOLO LOC RAVELLO) (RAVELLO PARTOF ITALY) 
then, (RUFOLO LOC ITALY) is True. 
A more complicated example i s : 

((GO AGT X TO Y INSTR Z) 
(WANT AGT X TH(Y LOC* X)) 

(X LOC Z) (CONTROL AGT X TH Z)) 
This r u l e might be used to answer the quest ion, 
"How can Rufolo go to Cyprus?" Rufolo can go to 
Cyprus by sh ip , if he wants to be located at 
Cyprus, is located at a sh ip , and i f he cont ro ls 
the sh ip . 

This is the form of consequent r u l e described 
by Fischer Black in 1964. Since then THANTES, 
THCONSES, and ru le - fo rms fo r es tab l i sh ing pre- and 
postcondi t ions have occurred f requent ly in AI 
l i t e r a t u r e . 

We can now describe the question-answering 
procedure in the f o l l ow ing steps, 

1. For each quest ion obta in a set of nodes 
tha t are candidates f o r answers: 

a. Candidates are nodes tha t are in 
EQUIV, INST, or SUP re l a t i ons to the 
content terms of the quest ion. 

b . I f t h e f i r s t t e rm o f t h e q u e s t i o n i s 
a v a r i a b l e , t r a n s f o r m t h e q u e s t i o n so 
t h e f i r s t t e rm i s a w o r d . I f t h e r e 
a r e o n l y v a r i a b l e s i n t h e q u e s t i o n 
r e f u s e i t . 

s a t i s f i e d o n l y i f t h e C V 
c o r r e s p o n d i n g to A has no SK a r c , 
s i g n i f y i n g a f r e e v a r i a b l e , o r has a n 
SK a r c whose v a l u e is an o r d e r e d 
s u b s e t o f t h e v a l u e o f A ' s S k v a l u e . 

3 . Save t h e 
a n s w e r s . 

s u r v i v i n g c a n d i d a t e s a s 

M. For each q u e s t i o n g e t e v e r y i n f e r e n c e 
r u l e a s s o c i a t e d w i t h i t s f i r s t t e r m and 
b i n d t h e c o r r e s p o n d i n g e l e m e n t s o f t h e 
q u e s t i o n w i t h t h e v a r i a b l e s i n t h e r u l e . 

5 . For e v e r y bound r u l e , d e t a c h t h e f i r s t 
p r e d i c a t e e x p r e s s i o n , and r e p e a t s t e p s 1 
t h r o u g h 5 on t h e r e m a i n i n g p r e d i c a t e 
e x p r e s s i o n s . 

T h i s p r o c e d u r e , a d i r e c t descenden t o f 
F i s c h e r B l a c k ' s and o f Schwarz , Bu rge r and 
Simmons, f i n d s a l l answers t o a s e t o f q u e s t i o n s . 
I t can b e n o t i c e d t h a t i f t h e sys tem had i n f e r e n c e 
r u l e s a s s o c i a t e d w i t h e v e r y node , i t wou ld n o t 
t e r m i n a t e . A l s o c e r t a i n c l a s s e s o f r u l e s can 
e s t a b l i s h i n f i n i t e r e c u r s i o n s (see B l a c k 1969 ) . 
A l t h o u g h t h e s e e v e n t s can b e a v o i d e d i n o t h e r 
ways , t h e p r o c e d u r e can be p r o t e c t e d i n s t e p s 2 
and 3 by l i m i t i n g t h e number o f q u e s t i o n s and 
answers t h a t i t i s a l l o w e d t o a c c u m u l a t e . The 
f u n c t i o n QIMPLY i s i n c o m p l e t e b y d e s i g n . I t uses 
o n l y SUPerse t , I N S t a n c e , and EQUIValence a r c s t o 
i n f e r t h e match o f a q u e s t i o n t e r m w i t h a 
c a n d i d a t e word and does n o t a p p l y g e n e r a l IMPLY 
r u l e s . E x p e r i e n c e w i l l show i f t h e p r o p o r t i o n o f 
answers i t m isses i s ou twe ighed b y t h e i r r e l e v a n t 
c o m p u t a t i o n s i t e l i m i n a t e s . 

For each c a n d i d a t e , f o r each a r c - v a l u e 
p a i r i n t h e q u e s t i o n , match t h e a r c - v a l u e 
p a i r i n t h e c a n d i d a t e . R e j e c t any 
c a n d i d a t e t h a t does n o t match e v e r y 
a r c - v a l u e p a i r o f t h e q u e s t i o n . 

a. Two arc-va lue pa i rs match if the 
arcs are i d e n t i c a l and i f the 
candidate value QIMPLIES the quest ion 
va lue, i . e . (QIMPLY CV QV). 

b. QIMPLY CV QV is t rue i f : CV=QV, CV 
is a v a r i a b l e , or QV is a v a r i a b l e , 
or if CV is an INSTance or EQUIV to 
QV, or if CV is a SUPerset of QV or 
o f i t s EQUIVs. 

c. I f QIMPLY f a i l s and the arc is 
t r a n s i t i v e and the CV is connected by 
an i d e n t i c a l arc to some C V , then 
QIMPLY CV1 and QV. 

d . I f the arc in the quest ion is an 
EQUIV* or SKolem it s i g n i f i e s a 
q u a n t i f i c a t i o n cond i t i on on the 
quest ion . (A EQUIV* B) is s a t i s f i e d 
only if the CV corresponding to A is 
EQUIV or SUP to B. (A SK B) is 

Truth funct ions and t r u t h values are 
i n v i s i b l e to t h i s procedure. I f a semantic 
pred icate is QIMPLYed by a candidate answer, the 
candidate is returned as re levant to the quest ion. 
A higher l e v e l f unc t i on examines the t r u t h 
func t ions on both the quest ion and i t s re levant 
candidates to mark each candidate as True, False 
or UNDetermined w i t h respect to the quest ion. I f 
no candidate matches, the n u l l answer is taken as 
unknown, and the t r u t h value of the quest ion is 
UNDetermined. 

Our cur rent system is implemented in about 
twenty concise LISP func t ions . Three funct ions of 
great u t i l i t y are FORI, FORSET, and FORALL. These 
are mapping funct ions of three arguments; a 
v a r i a b l e , a se t , and a func t ion w i th i t s arguments 
(usua l l y i nc lud ing the v a r i a b l e ) . The var iab le is 
assigned to the f i r s t member of the se t , and the 
func t i on i s then evaluated. FORI i s s a t i s f i e d i f 
one member of the set causes the func t ion to 
r e tu rn a non -n i l value; FORALL requi res every 
member of the set to cause the func t i on to re tu rn 
n o n - n i l ; and FORSET goes through the e n t i r e set 
and re turns the set of non -n i l va lues. These 
func t ions are patterned a f t e r the q u a n t i f i e r 
func t ions tha t were used by Woods (1969) in h i s 
a i r l i n e s data base work. 
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The system is organized in a d e p t h - f i r s t 
search, but a b e s t - f i r s t search is eas i l y arranged 
by apply ing an appropr ia te order ing func t ion to 
the sets of candidate nodes. For a r e l a t i v e l y 
smal l data base, the overhead f o r computing 
b e s t - f i r s t i s probably too great t o J u s t i f y i t s 
use. A swi tch ca l led MODE is provided to 
s u b s t i t u t e FORI f o r c e r t a i n c a l l s to FORSET, thus 
p rov id ing a s ing le answer mode. 

Figure 1 is a b r i e f d e f i n i t i o n of a set of 
LISP funct ions tha t o u t l i n e the t o p - l e v e l 
o rgan iza t ion of the inference system. 

Discussion 

In previous sect ions we have introduced 
conventions f o r represent ing va r iab les , t r u t h 
func t ions and q u a n t i f i c a t i o n in our form of 
semantic r e l a t i o n s and taken t h i s as j u s t i f i c a t i o n 
f o r using the term, semantic pred ica tes . The 
quest ion answering procedure was described as an 
inference method tha t is computat ional ly 
e f f e c t i v e . The i n ten t was not to argue tha t 
answering a l l Engl ish questions is simply a 
theorem proving opera t ion , but ra ther to show tha t 
deductive quest ion answering is one aspect of 
quest ioning a t ex tua l data base tha t can be 
c l e a r l y de f ined. 

We not ioed in Section I I I that a statement 
w i t h an UNDetermined t r u t h value, may nonetheless 
be re levant to a quest ion and conceivably 
p a r t i c i p a t e in f u r t h e r computations to es tab l i sh 
an answer. In that sect ion i t was also apparent 
t ha t i t i s easy to w r i t e p laus ib le ru les o f 
in ference tha t are in f a c t , f a l s e . General ly our 
experience w i th inference ru les on Engl ish 
meanings ind ica tes that they suggest p o s s i b i l i t i e s 
tha t may be va l ida ted by the preceding or oncoming 
t e x t . Along w i th several others in the f i e l d , we 
doubt tha t ord inary Engl ish tex t is organized or 
understandable in purely deductive fash ion . 
Instead of es tab l i sh ing deductive chains, ord inary 
discourse creates p laus ib le c o n n e c t i v i t i e s . For 
example, " Rufolo was a wealthy man. He wanted to 
double h i s weal th . He bought a sh ip , loaded it 
w i t h goods tha t he paid f o r h imse l f , and sa i l ed to 
Cyprus." What w i l l he do in Cyprus? What w i l l he 
do w i th the goods? How w i l l he double h i s wealth? 
These and others are questions f o r which the t e x t 
suggests possib le answers tha t can be obtained by 
the use of ru le- forms tha t look l i k e deductive 
in ference ru les but which w i l l es tab l i sh only 
p laus ib le outcomes. 

The tex t provides a d d i t i o n a l sentences, such 
as: w Rufolo a r r i ved in Cyprus, he discovered 
many ships ca r ry ing the same goods. He was forced 
to s e l l at a l o s s . In f ac t he was r u i n e d . " The 
new statements support previous p laus ib le 
inferences tha t Rufolo was on a t rad ing voyage, 
t ha t h i s i n t e n t i o n was to double h i s wealth by 
s e l l i n g goods and tha t beoause of compet i t ion he 
l o s t h i s wea l th . So ord inary na r ra t i ve discourse 
suggests many p laus ib le connect ions, 
con t inua t ions , causal and purposive chains which 
must be tested against the d e f i n i t e f ac t s of the 

na r ra t i ve as they emerge. This is where ru les f o r 
causal organ izat ion (Simmons 1977) and s c r i p t s 
(Schank 1975) are app l ied to augment the t ex t w i t h 
what we expect is the au thor ' s i n t e n t i o n . 

On the other hand, some deductive Inferences 
are poss ib le . I f Rufolo bought the goods, he paid 
f o r them. If he paid f o r goods, he bought them. 
Goods are merchandise. If he loads a ship w i t h 
goods, the goods are on the sh ip . If he wants to 
double h is wealth he w i l l e i t h e r succeed or f a i l 
to do so. If he is a wealthy man, he is a man. 

Our po in t of view is to accept deductive 
l o g i c as one mode of thought needed f o r 
understanding language and a primary method f o r 
es tab l i sh ing tha t two statements may mean the same 
t h i n g . Deductions are a necessary par t of any 
more soph is t i ca ted system f o r p laus ib le in fe rence . 
And in apply ing ru les of p laus ib le in fe rence , 
var iab les must s t i l l be bound and simple questions 
must be answered from the discourse content w i th 
the use of deductive inferences tha t preserve 
whatever t r u t h values inhere . 
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(ANSQ(LAMBDA(QSET) 
(FORALL Q QSET (QANS Q)) )) 

(QANS (LAMBDA(Q) (PROG (ANS QI) 
(SETQ ANS 

(FORSET QI (CANDS (CAR Q)) (ASK Q QI) )) 
(RETURN (APPEND ANS 

(FORSET QI(GET(CAR Q)"TRULE)(ANSQ(BIND Q Q I ) ) ) ) ) ) ) ) 
(ASK(LAMBDA(Q QI) 

(FORALL PAIR (CDR Q) (MATCHPAIR PAIR Q I ) ) )) 
(MATCHPAIR (LAMBDA(PR QI) 

(CONDUNULL (SETQ J (GETPAIR QI (CAR P R ) ) ) ) N IL ) 
(T(QIMPLY J (CADR PR) ) ) ) ) ) 

(CANDS (LAMBDA(WD) 
(APPENDdNSTANS WD) (APPEND (EQUIVS WDMSUPSETS WD))) )) 

N o t e s : Three m a p f u n c t i o n s FORI, FORSET, FORALL b i n d t h e i r 1 s t 
a rgument t o each member o f t h e s e t w h i c h i s t h e second 
a rgumen t , and t h e n e v a l u a t e t h e i r 3 r d a rgumen t . FORI i s 
s a t i s f i e d w i t h one v a l u e , FORSET w i t h any number o f v a l u e s 
g r e a t e r t h a n z e r o , and FORALL r e q u i r e s t h a t eve ry member 
o f t h e s e t have a n o n - n i l v a l u e . 

F i g u r e 1 . T o p - L e v e l O r g a n i z a t i o n o f t h e I n f e r e n c e System 

KnowleHjr«» R e p r . - 5 : S i m m o n s 
273 



be t rue of the p a t i e n t . I f a r u l e is 
s a t i s f i e d , (by some set of ISPECs 
associated w i th the source node), i t then 
s p e c i f i e s the c r e a t i o n of an ISPEC fo r the 
ta rge t node ( the node on the " f a r " side of 
the l i n k ) . The r e s u l t of propagat ion 
across a l i n k is a set of ISPECs for the 
t a rge t node, each one produced by a 
s a t i s f i e d r u l e . 

2.4 Propagation 

When an ISPEC is generated fo r a node, 
a l l the l i n k s emanating from tha t node are 
p o t e n t i a l candidates fo r propagat ing the 
e f f e c t s of tha t ISPEC to ne ighbor ing 
nodes. Only those l i n k s which have an 
associated dec is ion tab le can a c t u a l l y 
support p ropagat ion . For each such l i n k , 
the dec is ion tab le is eva lua ted , and the 
ISPECs produced are added to the ISPECs 
l i s t fo r the node at the fa r end of the 
l i n k . The process then repeats 
r e c u r s i v e l y , p o t e n t i a l l y producing a wave 
of propagat ion across the semantic ne t . 
Each new ISPEC is l i k e a d rop le t which, 
when added to our pool of knowledge, 
causes a r i p p l e which can propagate any 
d is tance through the poo l . 

2.5. Cones 

C o n s i d e r a s e m a n t i c n e t n o d e 
r e p r e s e n t i n g a d i s e a s e , a n d a s e t o f n o d e s 
r e p r e s e n t i n g t h e s y m p t o m s o f t h a t d i s e a s e . 
W h e n e v e r a n I S P E C i s p r o d u c e d f o r o n e o f 
t h e s y m p t o m n o d e s , t h e t r u t h - s t a t u s o f t h e 
d i s e a s e n o d e may b e a f f e c t e d . 
F u r t h e r m o r e , t h e s e e f f e c t s a r e g e n e r a l l y 
n o t i n d e p e n d e n t . W h a t w e n e e d i n t h i s 
s i t u a t i o n i s a way f o r t h e s y m p t o m n o d e s 
t o i n t e r a c t i n p r o p a g a t i o n t o t h e d i s e a s e 
n o d e . 

I n I R I S , t h i s i s a c c o m p l i s h e d b y 
a s s o c i a t i n g t h e same d e c i s i o n t a b l e w i t h 
a l l t h e l i n k s f r o m s y m p t o m n o d e s t o t h e 
d i s e a s e n o d e . W e c a l l s u c h a 
c o n f i g u r a t i o n a p r o p a g a t i o n c o n e . I t i s 
u s u a l l y v i s u a l i z e d w i t h t h e d i s e a s e n o d e 
a t t h e a p e x , a n d t h e o t h e r n o d e s o c c u p y i n g 
t h e c o n e ' s base. 

Cones can also be created in which the 
d i r e c t i o n of propagat ion is from the apex 
to the base. In t h i s case, a s i ng le 
dec is ion tab le i s associated w i th a l l the 
apex to base l i n k s . We then have a 
s t r u c t u r e which can be charac te r i zed as a 
" s c a t t e r cone". 

A simple semantic net l i n k connects two 
nodes. Propagat ion is def ined by the 
dec is ion tab le associated w i th tha t l i n k . 
A cone is a g e n e r a l i z a t i o n of t h i s basic 
s t r u c t u r e . With cones, there can be a set 
of nodes ra the r than a s ing le node on one 
side of the s t r u c t u r e . 

2.6. QUESTIONS 

A l l o f IR IS ' s s p e c i f i c medical 
knowledge must u l t i m a t e l y be based on 
i n fo rma t i on provided by the user. There 
is noth ing we can conclude about a 
s p e c i f i c p a t i e n t a p r i o r i . Accord ing ly , 
we need a mechanism by which s p e c i f i c 
medical knowledge can be entered. 
OUESTIONs prov ide such a f a c i l i t y . 

An IRIS QUESTION cons is t s of the 
f o l l o w i n g : a set of s t r i n g s to output to 
the user, a set of checking func t i ons to 
ensure tha t the use r ' s input is in the 
proper form, and a set of mappings from 
permiss ib le user inpu ts to the var ious 
ac t ions IRIS can take . These ac t ions 
inc lude s e t t i n g system v a r i a b l e s , 
s p e c i f y i n g quest ions to be asked nex t , and 
genera t ing ISPECs. The set of ISPECs 
produced in t h i s way comprises tha t par t 
of IR IS ' s s p e c i f i c medical knowledge 
obtained d i r e c t l y from the user. 

2.7 Vines 

Once a c o n s u l t a t i o n system has come to 
a set of conclus ions about a p a t i e n t , i t 
must be able to communicate them to the 
user. IRIS does t h i s by genera t ing an 
eng l i sh language s t r i n g f o r each semantic 
net node which represents a conc lus ion . 
This s t r i n g expresses how the concept 
represented by the node is t rue of the 
p a t i e n t . We r e f e r to these s t r i n g s as 
" v i n e s " because they can be v i s u a l i z e d as 
fes toon ing the semantic ne t . 

There are two ways to generate a vine 
f o r a node. The d e f a u l t ( taken when the 
node c a r r i e s no e x p l i c i t s p e c i f i c a t i o n fo r 
v ine generat ion) is to create a v ine for 
the node using a standard procedure. This 
procedure produces a s t r i n g of the form: 
{ m o d i f i e r s , t ime , node-name, s t reng th of 
b e l i e f } . An example would be: "severe 
sudden past increased i n t r a o c u l a r pressure 
[SB = . 8 5 ] " . A l t e r n a t i v e l y , we can 
assoc ia te a dec is ion tab le w i th a node. 
This dec is ion tab le can then spec i fy 
d i f f e r e n t ways of generat ing the v i n e , or 
d i f f e r e n t p re -s to red v i nes . The choice 
among the var ious p o s s i b i l i t i e s can be 
based on the t r u t h - s t a t u s of any node or 
set of nodes. 

1.5 Explanation A c l i n i c a l c o n s u l t a t i o n system must be 
able to exp la in o r j u s t i f y i t s dec is ions 
in terms acceptable to exper ts in i t s 
a p p l i c a t i o n domain. Systems tha t lack 
t h i s a b i l i t y have not gained wide 
acceptance even when they a t ta ined a 
s a t i s f a c t o r y l e v e l o f cor rectness i n t h e i r 
dec i s i ons . Such an exp lanat ion should 
r e f e r to the general medical knowledge on 
which the dec is ion was based. 
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I n I R I S , t h i s i s e a s i l y d o n e . Suppose 
t h a t t h e r e a r e two s e m a n t i c n e t n o d e s , 
" i n j u r y " and " p a i n " , w h i c h a r e c o n n e c t e d 
b y a " c a u s e s " l i n k ( i . e . " i n j u r y causes 
p a i n " ) w h i c h has a n a s s o c i a t e d d e c i s i o n 
t a b l e . I f I R I S i s t o l d t h a t t h e p a t i e n t 
has a n i n j u r y , i t can t h e n c o n c l u d e ( v i a 
p r o p a g a t i o n ) t h a t t h e p a t i e n t i s i n p a i n . 
When asked t o e x p l a i n t h i s r e a s o n i n g , I R I S 
can r e p l y : " I c o n c l u d e t h a t p a i n i s 
p r e s e n t because I know t h a t t h e r e i s an 
i n j u r y , and I know t h a t i n j u r y causes 
p a i n . " 

3. ISPECS 

As s t a t e d a b o v e , an ISPEC is an 
a s s e r t i o n t h a t t h e c o n c e p t r e p r e s e n t e d b y 
a s e m a n t i c n e t node i s t r u e o f a p a t i e n t , 
o r o f t h e c l i n i c a l s i t u a t i o n . ISPECs a r e 
I R I S ' s o n l y r e p r e s e n t a t i o n f o r s p e c i f i c 
m e d i c a l k n o w l e d g e . The re a r e s l o t s i n 
each ISPEC f o r s p e c i f y i n g d e t a i l s a b o u t 
how t h e c o n c e p t r e p r e s e n t e d by a node is 
t r u e . W e w i l l now d e s c r i b e t h e s e s l o t s , 
and t h e c u r r e n t l y i m p l e m e n t e d d a t a 
s t r u c t u r e s t h a t f i l l t hem. 

3.1 Node 

The NODE s l o t of an ISPEC s p e c i f i e s 
w h i c h s e m a n t i c n e t node i t i s a n ISPEC 
f o r . T h i s s l o t i s u s u a l l y n o t n e c e s s a r y , 
b u t i s needed f o r p r o p a g a t i o n i n s c a t t e r 
cones ( s e e s e c t i o n 2 . 5 ) , and f o r c o n t e x t 
d e p e n d e n t d e c i s i o n t a b l e s ( s e e s e c t i o n 
4 . 2 ) . 

1.2. S t renght o f B e l i e f 

The s t r e n g t h o f b e l i e f (SB) s l o t o f a n 
ISPEC s p e c i f i e s how much I R I S b e l i e v e s t h e 
a s s e r t i o n r e p r e s e n t e d b y t h a t ISPEC. The 
p o s s i b l e r ange i s f r om f u l l b e l i e f t o f u l l 
d i s b e l i e f . I R I S has been d e s i g n e d s o t h a t 
t h e mechanisms f o r m a n i p u l a t i n g n u m e r i c a l 
s t r e n g t h o f b e l i e f measures a r e e a s i l y 
changed o r r e p l a c e d . C u r r e n t l y , I R I S uses 
t h e s t r e n g t h o f b e l i e f r e p r e s e n t a t i o n 
d e v e l o p e d b y S h o r t l i f f e f o r MYCIN 
( S h o r t l i f f e , 1 9 7 4 ) . T h i s i s d e s c r i b e d i n 
g r e a t e r d e t a i l i n ( T r i g o b o f f , 1 9 7 7 ) . 

T h i s r e p r e s e n t a t i o n f o r s t r e n g t h o f 
b e l i e f c o n s i s t s o f two n u m b e r s : a measure 
o f b e l i e f ( M B ) , and a measure o f d i s b e l i e f 
(MD) . Each of t h e s e can r a n g e f r om 0 to 1 
w i t h 0 r e p r e s e n t i n g no ( d i s ) b e l i e f , and 1 
r e p r e s e n t i n g f u l l ( d i s ) b e l i e f . The M D i s 
s u b t r a c t e d f r o m t h e M B t o o b t a i n t h e 
c e r t a i n t y f a c t o r ( C F ) . The CF r a n g e s f rom 
- 1 ( f u l l d i s b e l i e f ) t h r o u g h 0 (no o p i n i o n ) 
t o 1 ( f u l l b e l i e f ) . The S B s l o t o f each 
ISPEC i s f i l l e d w i t h a t w o - e l e m e n t l i s t o f 
t h e f o rm (MB MD). T h u s , I R I S ' s s t r e n g t h 
o f b e l i e f i n a n ISPEC i s d e r i v e d b y u s i n g 
t h e c o n t e n t s o f i t s S B s l o t t o g e n e r a t e a 
CF. 

3.3 SIDE 

The human body i s b i l a t e r a l l y 
s y m m e t r i c a l , and c o n t a i n s many p a i r e d 
s t r u c t u r e s . An a s s e r t i o n a b o u t any such 
s t r u c t u r e must t h e r e f o r e s p e c i f y w h i c h one 
i t r e f e r s t o . S i n c e I R I S i s t o p e r f o r m a s 
a n o p h t h a l m o l o g i c a l c o n s u l t a n t , i t needs 
t h e a b i l i t y t o d e a l w i t h t h i s i s s u e . 

There a r e b a s i c a l l y two ways t o 
a p p r o a c h t h i s p r o b l e m . E i t h e r we can have 
s e m a n t i c n e t nodes t h a t r e p r e s e n t " p a i n i n 
t h e l e f t e y e " and " p a i n i n t h e r i g h t e y e " , 
or we can have one node r e p r e s e n t i n g " p a i n 
i n t h e e y e " and r e l y o n some n o t a t i o n i n 
t h e ISPECs t o t e l l u s w h e t h e r i t i s t h e 
l e f t o r t h e r i g h t e y e . I n I R I S , w e have 
chosen t h e second c o u r s e , a v o i d i n g a n 
o t h e r w i s e u n n e c e s s a r y d u p l i c a t i o n o f 
s e m a n t i c n e t n o d e s . Each ISPEC has a SIDE 
s l o t w h i c h can c o n t a i n e i t h e r LEFT, RIGHT, 
o r N I L . 

Not e v e r y node i n t h e s e m a n t i c n e t 
r e f e r s t o a d u p l i c a t e d s t r u c t u r e . 
" D i a b e t e s " i s a c o n c e p t w h i c h i s n o t 
s i d e - r e l a t e d . Nodes o f t h i s s o r t a r e 
marked as SINGLE n o d e s . Any ISPEC f o r a 
SINGLE node must have a SIDE s l o t v a l u e of 
N I L . C o n v e r s e l y , any ISPEC f o r a 
non-SINGLE node must have a SIDE s l o t 
v a l u e o f e i t h e r LEFT o r RIGHT. 

3.4 Time 

C l i n i c a l s i t u a t i o n s e v o l v e t h r o u g h 
t i m e , and t h e c o n f i g u r a t i o n o f a s s e r t i o n s 
d e s c r i b i n g a p a t i e n t changes as new e v e n t s 
become known t o t h e c o n s u l t a t i o n s y s t e m . 
Any a s s e r t i o n must t h e r e f o r e be a s s o c i a t e d 
w i t h a s p e c i f i c a t i o n o f t h e t i m e i n t e r v a l 
i t a p p l i e s t o . I n I R I S , each ISPEC has a 
TIME s l o t . TIME s l o t s a r e f i l l e d w i t h a 
l i s t o f two d a t e s o f t h e f o rm ( f r o m t o ) . 
The f i r s t i s t h e d a t e t h e ISPEC i n i t i a l l y 
became t r u e o f t h e p a t i e n t , and t h e second 
i s t h e f i n a l d a t e t h e ISPEC was t r u e . 

The c r e a t i o n o f ISPECs i s c o n t r o l l e d b y 
means o f c r e a t e - e x p r e s s i o n s w h i c h s p e c i f y 
c h a r a c t e r i s t i c s f o r t h e ISPEC t o b e 
c r e a t e d . V a l u e s f o r t h e TIME s l o t a r e 
g e n e r a l l y s p e c i f i e d i n c r e a t e - e x p r e s s i o n s 
a s one o f t h e f o l l o w i n g : p a s t , p r e s e n t , 
p a s t - o r - p r e s e n t , f u t u r e . When an ISPEC i s 
c r e a t e d f r om a c r e a t e - e x p r e s s i o n , t h e 
c u r r e n t d a t e ( o b t a i n e d f r om t h e s y s t e m ) i s 
used t o t r a n s l a t e t h e s e s p e c i f i c a t i o n s 
i n t o I R I S ' s i n t e r n a l t i m e r e p r e s e n t a t i o n 
( t h e l i s t o f two d a t e s ) . 

The t i m e r e p r e s e n t a t i o n i s p a r t o f t h e 
mechanism f o r d e a l i n g w i t h m u l t i p l e - v i s i t 
c a s e s . Most o f t h e d e c i s i o n r u l e s ( i . e . 
d e c i s i o n t a b l e c o l u m n s ) i n I R I S r e q u i r e 
t h a t s o m e t h i n g b e t r u e o f t h e p a t i e n t i n a 
s p e c i f i e d t i m e p e r i o d . A g a i n , t h e s e 
s p e c i f i e r s a r e g e n e r a l l y chosen f r o m : 
p a s t , p r e s e n t , p a s t - o r - p r e s e n t , f u t u r e . 

I f a n ISPEC i s c r e a t e d u s i n g a 
c r e a t e - e x p r e s s i o n t h a t s p e c i f i e s a t i m e o f 
p r e s e n t , i t s TIME s l o t w i l l c o n t a i n t h e 
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d a t e i t was c r e a t e d o n . I t w i l l t h e r e f o r e 
b e a b l e t o s a t i s f y d e c i s i o n r u l e s t h a t 
s p e c i f y a t i m e o f p r e s e n t . A t a 
s u b s e q u e n t v i s i t , t h i s ISPEC w i l l n o 
l o n g e r s a t i s f y t h o s e d e c i s i o n r u l e s . 
I n s t e a d , i t w i l l now s a t i s f y ones t h a t 
s p e c i f y p a s t - o r - p r e s e n t o r p a s t . 

3.5 Modifiers 

The SB and TIME s l o t s a r e n e c e s s a r y f o r 
a l l ISPECs. The SIDE s l o t i s needed i n a 
h i g h p e r c e n t a g e a s w e l l ( r e l a t i v e l y few 
nodes i n I R I S ' s s e m a n t i c n e t a r e S INGLE) . 
The re a r e o t h e r s l o t s w h i c h we need o n l y 
o c c a s i o n a l l y . For e x a m p l e , ISPECs f o r t h e 
node r e p r e s e n t i n g " i n t r a o c u l a r p r e s s u r e " 
need a VALUE s l o t , so t h a t when we measure 
a p a t i e n t ' s i n t r a o c u l a r p r e s s u r e , we can 
e x p r e s s t h a t measurement w i t h a n ISPEC. 
T h u s , an i n t r a o c u l a r p r e s s u r e o f 35 w o u l d 
r e s u l t i n an ISPEC w i t h a VALUE s l o t v a l u e 
o f 3 5 . 

I t wou ld b e w a s t e f u l t o a l l o c a t e a 
VALUE s l o t i n a l l ISPECs, s i n c e o n l y a few 
nodes r e q u i r e i t i n t h e i r ISPECs. DEGREE, 
COLOR, and WIDTH a r e o t h e r such 
o c c a s i o n a l l y - n e e d e d s l o t s . We have d e a l t 
w i t h t h i s i n I R I S b y i m p l e m e n t i n g a 
m o d i f i e r s (MODS) s l o t i n t h e ISPEC. The 
f o r m a t o f t h e v a l u e o f t h e MODS s l o t i s 
( p r o p e r t y l v a l u e l p r o p e r t y 2 v a l u e 2 . . . ) . 
T h u s , i n t h e example a b o v e , t h e s e m a n t i c 
n e t node " i n t r a o c u l a r p r e s s u r e " wou ld g e t 
an ISPEC w i t h a MODS s l o t v a l u e of 
(VALUE 3 5 ) . T h i s a l l o w s u s t o s p e c i f y any 
s l o t we d e s i r e i n any ISPEC w i t h o u t t h e 
o v e r h e a d i n v o l v e d i n e x p l i c i t l y d e f i n i n g 
t h a t s l o t f o r a l l ISPECs. 

We do n o t have a s e m a n t i c n e t node 
r e p r e s e n t i n g " s e v e r e l y i n c r e a s e d i n t r a 
o c u l a r p r e s s u r e " . ISPECs r e p r e s e n t i n g 
s e v e r e l y i n c r e a s e d i n t r a o c u l a r p r e s s u r e 
a r e a c t u a l l y ISPECS f o r t h e node 
" i n c r e a s e d i n t r a o c u l a r p r e s s u r e " w h i c h 
have a MODS s l o t v a l u e of (DEGREE SEVERE). 
The MODS s l o t t h u s a l l o w s ISPECS to 
f u r t h e r s p e c i f y t h e c o n c e p t s r e p r e s e n t e d 
by n o d e s . 

I f t h i s were n o t t h e c a s e , t h e r e wou ld 
b e a l i m i t t o t h e r e s o l u t i o n o f I R I S ' s 
r e p r e s e n t a t i o n f o r s p e c i f i c m e d i c a l 
k n o w l e d g e . I f " i n c r e a s e d i n t r a o c u l a r 
p r e s s u r e " were t h e h i g h e s t r e s o l u t i o n node 
a v a i l a b l e , t h e n ISPECs w i t h o u t a MODS s l o t 
wou ld p r o v i d e us w i t h no way o f 
r e p r e s e n t i n g " s e v e r e l y i n c r e a s e d 
i n t r a o c u l a r p r e s s u r e " . The MODS s l o t t h u s 
a l l o w s u s t o a c h i e v e any l e v e l o f 
r e s o l u t i o n w e d e s i r e i n ou r r e p r e s e n t a t i o n 
o f s p e c i f i c m e d i c a l k n o w l e d g e . 

3.6 

Each ISPEC has a TYPE s l o t . The v a l u e 
o f t h i s s l o t s p e c i f i e s t h e way i n w h i c h 
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s i d e r a b l e power . There i s n o 
t h e number o f ISPEC t y p e s t h a t 
f i n e d . 
t l y , I R I S has seven ISPEC t y p e s . 
: N I L , FAMILYHISTORY, PTHISTORY, 

COVEREDBY, SUBSUMEDBY, and 
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ISPECs. COVEREDBY ISPECs 

f rom CHOSEN d i s e a s e nodes to 
nodes t h a t t h e d i s e a s e can 

T h i s i s p a r t o f I R I S ' s mechanism 
ng w h e t h e r any symptoms r e m a i n 
e d . 

t r e a t m e n t node is g i v e n a CHOSEN 
t can t h e n cause p r o p a g a t i o n o f 
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A_u Mc ia i f i n l&klej& 

i t s ISPEC i s t o b e 
i n t e r p r e t e d . T h i s i s a 
p r o v i d e s I R I S ' s know ledge 

s e m a n t i c a l l y 
f e a t u r e w h i c h 
r e p r e s e n t a t i o n 
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I R I S ' s d e c i s i o n t a b l e s 
p r o p a g a t i o n o f ISPECs a l o n g t h 
t h e s e m a n t i c n e t . A d e c i s i o n t a 
t h o u g h t o f f u n c t i o n a l l y a s a s e t 
b u t t h e a c t u a l mechanisms o f 
based o n d e c i s i o n t a b l e s d i f f e 
f r o m t h o s e o f a r u l e based s y s t e 

A d e c i s i o n t a b l e i n I R I S cons 
s e t o f c o n d i t i o n s , and a s e t o 
Each c o n d i t i o n is a p r e d i c a t e wh 
w h e t h e r t h e f a c t ( o r f a c t s ) i t 
i s t r u e o f t h e p a t i e n t . Columns 

- 5 : T r l f t o b o f f 

c o n t r o l 
e l i n k s o f 
b l e can be 

o f r u l e s , 
a sys tem 

r somewhat 
m. 
i s t s o f a 
f c o l u m n s . 
i c h t e s t s 

s p e c i f i e s 
f u n c t i o n 



a s i n d e p e n d e n t d e c i s i o n r u l e s . Each 
co lumn t e s t s f o r a s p e c i f i e d p a t t e r n o f 
t r u t h - v a l u e s f o r a s u b s e t o f t h e 
c o n d i t i o n s . A co lumn i s s a i d t o b e t r u e 
i f t h e t r u t h - v a l u e s o f t h e c o n d i t i o n s 
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t i o n p r o c e s s i s d e s i g n e d t o 
r a l and f l e x i b l e . We want a 
a n a u t o m a t i c a l l y make a l l 
f e r e n c e s f r om a g i v e n s e t o f 
e s p e c t t o a g i v e n m o d e l . 
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t h e s e m a n t i c n e t . T h e s e I S P E C s h a v e b e e n 
p r o d u c e d d i r e c t l y f r o m a n s w e r s t o 
q u e s t i o n s , o r i n d i r e c t l y a s t h e r e s u l t o f 
p r o p a g a t i o n . Any d i s e a s e w h i c h h a s 
c o l l e c t e d a s u f f i c i e n t l y h i g h C F v i a 
p r o p a g a t i o n w i l l i n t u r n h a v e p r o p a g a t e d 
a n I S P E C t o " p o s s i b l e d i a g n o s e s ' " . 

I R I S now c h o o s e s a d i a g n o s i s . E a c h 
d i s e a s e n o d e w h i c h h a s p r o p a g a t e d a n I S P E C 
t o " p o s s i b l e d i a g n o s e s " i s t a k e n i n t u r n 
a n d g i v e n a n I S P E C o f t y p e CHOSEN. T h i s 
c a u s e s COVEREDBY I S P E C s t o p r o p a g a t e f r o m 
t h a t d i s e a s e n o d e t o a l l s y m p t o m s w h o s e 
p r e s e n c e t h e d i s e a s e c a n e x p l a i n . S y m p t o m 
n o d e s w i t h COVEREDBY I S P E C s d o n o t 
p r o p a g a t e t o " u n e x p l a i n e d s y m p t o m s " . A t 
t h i s p o i n t t h e n u m b e r o f s y m p t o m n o d e s 
s t i l l p r o p a g a t i n g t o " u n e x p l a i n e d 
s y m p t o m s " i s n o t e d . C o m p a r i n g t h i s t o t h e 
n u m b e r t h a t p r o p a g a t e d t o " u n e x p l a i n e d 
s y m p t o m s " b e f o r e t h e d i s e a s e w a s " c h o s e n " 
g i v e s u s a m e a s u r e o f t h e d i s e a s e ' s 
a b i l i t y t o e x p l a i n t h e o b s e r v e d s y m p t o m s . 
T h e CHOSEN I S P E C i s t h e n r e m o v e d f r o m t h e 
d i s e a s e n o d e . 

B y d o i n g t h i s f o r e a c h n o d e t h a t 
p r o p a g a t e d t o " p o s s i b l e d i a g n o s e s " , w e g e t 
a c o m p a r a t i v e m e a s u r e o f how t h e 
a l t e r n a t i v e d i a g n o s t i c c h o i c e s p e r f o r m i n 
e x p l a i n i n g t h e o b s e r v e d s y m p t o m s . T h i s 
m e a s u r e o f p e r f o r m a n c e , a l o n g w i t h t h e 
s t r e n g t h o f b e l i e f w h i c h h a s p r o p a g a t e d t o 
t h e d i s e a s e n o d e a r e t h e c r i t e r i a I R I S 
u s e s i n c h o o s i n g a d i a g n o s i s . O n c e t h e 
d i a g n o s i s n o d e h a s b e e n c h o s e n , i t i s 
a g a i n g i v e n a CHOSEN I S P E C ( p e r m a n e n t l y , 
t h i s t i m e ) . I f t h e r e a r e s t i l l 
" u n e x p l a i n e d s y m p t o m s " , t h e p r o c e s s t h e n 
r e p e a t s . A t t h e e n d , some s e t o f d i s e a s e 
n o d e s w i l l h a v e b e e n c h o s e n , a n d e a c h o f 
t h e s e w i l l h a v e p r o p a g a t e d a n I S P E C t o 
" c h o s e n d i a g n o s e s " . 

T h e p o s s i b l e t r e a t m e n t s f o r a d i s e a s e 
a r e r e p r e s e n t e d b y n o d e s w h i c h a r e l i n k e d 
t o t h e d i s e a s e n o d e b y " t r e a t m e n t f o r " 
l i n k s . P r o p a g a t i o n t o t h e t r e a t m e n t n o d e s 
a l o n g t h e s e l i n k s t a k e s p l a c e o n l y w h e n 
t h e d i s e a s e n o d e i s c h o s e n . A n y t r e a t m e n t 
n o d e w h i c h h a s a c c u m u l a t e d a s u f f i c i e n t l y 
h i g h s t r e n g t h o f b e l i e f i n t h i s way w i l l 
p r o p a g a t e t o " p o s s i b l e t r e a t m e n t s " j u s t a s 
d i s e a s e s d o t o " p o s s i b l e d i a g n o s e s " . 

I R I S d e c i d e s o n t r e a t m e n t s u s i n g 
b a s i c a l l y t h e same c h o i c e a l g o r i t h m i t 
u s e s f o r d i a g n o s t i c d e c i s i o n s . E a c h 
t r e a t m e n t n o d e w h i c h h a s p r o p a g a t e d t o 
" p o s s i b l e t r e a t m e n t s " i s i n t u r n g i v e n a 
CHOSEN I S P E C . T h i s c a u s e s TREATEDBY 
I S P E C s t o p r o p a g a t e f r o m t h e t r e a t m e n t 
n o d e t o a l l n o d e s r e p r e s e n t i n g c o n d i t i o n s 
t h i s t r e a t m e n t c a n a f f e c t . T h e y , u p o n 
r e c e i v i n g s u c h I S P E C s , c e a s e p r o p a g a t i n g 
t o " u n t r e a t e d p a t h o l o g y " . F r o m t h i s 
p r o c e s s w e g e t a m e a s u r e o f t h e 
a l t e r n a t i v e t r e a t m e n t s ' s u i t a b i l i t y f o r 
t h e p a t i e n t . W e t h e n c a n c h o o s e o n e w h i c h 
g e t s a CHOSEN I S P E C p e r m a n e n t l y . 
T r e a t m e n t n o d e s w i t h CHOSEN I S P E C s 
p r o p a g a t e t o " c h o s e n t r e a t m e n t s " . 

W e w i l l i l l u s t r a t e t h i s p r o c e s s i n 
o p e r a t i o n u s i n g a s i m p l i f i e d ( f r o m a 
m e d i c a l s t a n d p o i n t ) e x a m p l e . I n f i g u r e 
6 . 1 , t h e n o d e s " a n g l e c l o s u r e " , " i n c r e a s e d 
i n t r a o c u l a r p r e s s u r e " , a n d " v i s u a l f i e l d 
l o s s " h a v e r e c e i v e d I S P E C s a s a r e s u l t o f 
u s e r - s u p p l i e d i n f o r m a t i o n . A s a r e s u l t , 
p r o p a g a t i o n ( s o l i d a r r o w s ) t a k e s p l a c e 
f r o m t h e t h r e e s y m p t o m n o d e s t o " a n g l e 
c l o s u r e g l a u c o m a " , " u n e x p l a i n e d s y m p t o m s " , 
a n d " u n t r e a t e d p a t h o l o g y " . P r o p a g a t i o n 
t h e n t a k e s p l a c e f r o m " a n g l e c l o s u r e 
g l a u c o m a " t o " p o s s i b l e d i a g n o s e s " . I n 
f i g u r e 6 . 2 , " a n g l e c l o s u r e g l a u c o m a " h a s 
r e c e i v e d a CHOSEN I S P E C . P r o p a g a t i o n t o 
" p o s s i b l e d i a g n o s e s " c e a s e s ( b r o k e n 
a r r o w ) , a n d p r o p a g a t i o n now t a k e s p l a c e t o 
" c h o s e n d i a g n o s e s " a n d " s u r g e r y " . 
COVEREDBY I S P E C s p r o p a g a t e f r o m " a n g l e 
c l o s u r e g l a u c o m a " t o e a c h o f t h e t h r e e 
s y m p t o m n o d e s , " s u r g e r y " p r o p a g a t e s t o 
" p o s s i b l e t r e a t m e n t s " , a n d p r o p a g a t i o n 
f r o m t h e t h r e e s y m p t o m n o d e s t o 
" u n e x p l a i n e d s y m p t o m s " c e a s e s ( a r e s u l t o f 
t h e COVEREDBY I S P E C s ) . I n f i g u r e 6 . 3 , 
" s u r g e r y " i s g i v e n a CHOSEN I S P E C , c a u s i n g 
c e s s a t i o n o f p r o p a g a t i o n t o " p o s s i b l e 
t r e a t m e n t s " , p r o p a g a t i o n t o " c h o s e n 
t r e a t m e n t s " , a n d p r o p a g a t i o n o f TREATEDBY 
I S P E C s t o t h e t h r e e s y m p t o m n o d e s . 
P r o p a g a t i o n t o " u n t r e a t e d p a t h o l o g y " f r o m 
t h e t h r e e s y m p t o m n o d e s t h e n c e a s e s 
( c a u s e d b y t h e TREATEDBY I S P E C s ) . 

T h i s a p p r o a c h t o c l i n i c a l s t r a t e g y 
e n a b l e s u s t o r e s t r i c t t h e p o i n t s o f 
c o n t a c t b e t w e e n t h e s e m a n t i c n e t / d e c i s i o n 
t a b l e k n o w l e d g e b a s e a n d t h e p r o g r a m t h a t 
u s e s i t . O n l y t h e s i x n o d e s m e n t i o n e d a t 
t h e b e g i n n i n g o f t h i s s e c t i o n a r e k n o w n t o 
t h e p r o g r a m . I R I S ' s c l i n i c a l s t r a t e g y c a n 
b e s u m m a r i z e d a s : 1 ) g i v e CHOSEN I S P E C s 
t o n o d e s t h a t p r o p a g a t e t o " p o s s i b l e 
d i a g n o s e s " i n s u c h a way a s t o m i n i m i z e 
p r o p a g a t i o n t o " u n e x p l a i n e d s y m p t o m s " ; 
2 ) g i v e CHOSEN I S P E C s t o n o d e s t h a t 
p r o p a g a t e t o " p o s s i b l e t r e a t m e n t s " i n s u c h 
a way a s t o m i n i m i z e p r o p a g a t i o n t o 
" u n t r e a t e d p a t h o l o g y " ; 3 ) a t t h e e n d o f a 
s e s s i o n , p r o d u c e o u t p u t b a s e d o n t h e 
I S P E C s o f n o d e s t h a t a r e c u r r e n t l y 
p r o p a g a t i n g t o " c h o s e n d i a g n o s e s " a n d 
" c h o s e n t r e a t m e n t s " . 

T h e a d v a n t a g e o f s u c h a r e s t r i c t e d a r e a 
o f c o n t a c t b e t w e e n t h e p r o g r a m a n d i t s 
k n o w l e d g e b a s e i s t h a t t h e k n o w l e d g e b a s e 
c a n b e e x t e n s i v e l y a l t e r e d w i t h o u t 
r e q u i r i n g c h a n g e s i n t h e p r o g r a m . T h e 
p r o g r a m o n l y r e q u i r e s o f i t s k n o w l e d g e 
b a s e t h a t t h e s i x n o d e s b e p r e s e n t , a n d 
t h a t g i v i n g CHOSEN I S P E C s t o d i s e a s e a n d 
t r e a t m e n t n o d e s w i l l h a v e e f f e c t s o n 
p r o p a g a t i o n t o " u n e x p l a i n e d s y m p t o m s " a n d 
" u n t r e a t e d p a t h o l o g y " . T h e e x a c t 
m e c h a n i s m o f t h e s e e f f e c t s i s u n k n o w n t o 
a n d i r r e l e v a n t t o t h e p r o g r a m . I t n e e d 
n o t b e d o n e v i a COVEREDBY a n d TREATEDBY 
I S P E C s . 
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