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1 . I n t r o d u c t i o n 

In t h i s paper we w i l l d iscuss how to r e p r e 
sent and process i n f o r m a t i o n in a computer 
in ways t h a t a re n a t u r a l to people. This 
does not mean doing away complete ly w i t h 
rep resen ta t ions and procedures which com
pu te rs have t r a d i t i o n a l l y used, but adding 
new represen ta t ions and procedures which 
they have not used. 

People o f t e n s t o r e and communicate imprec ise , 
incomple te , and unquan t i f i ed i n f o r m a t i o n ; 
they o f t e n asser t t r u t h o r f a l s i t y i n r e l a 
t i v e terms; and they seldom seem to use 
r i go rous l o g i c i n t h e i r i n f e r e n t i a l processes. 
Because of these c o n d i t i o n s , people seem to 
have an almost i n f i n i t e i n fo rma t i on proces
s ing capac i t y , w i t h in fe rence making and 
problem so l v ing a b i l i t i e s more r e f i n e d and 
f a r more f l e x i b l e than any e x i s t i n g com
puter program. 

How can we study these human c a p a b i l i t i e s in 
order to make our machines show s i m i l a r pe r 
formance? A combinat ion of approaches is 
perhaps bes t . Observat ion of peop le 's be
h a v i o r , i n t r o s p e c t i o n , some exper imen ta t ion , 
p r o t o c o l a n a l y s i s , and synthes is of computer 
programs can a l l be va luab le techn iques. A 
recent paper ( C o l l i n s , C a r b o n e l l and Warnock6) 
d iscusses a technique f o r combining p r o t o c o l 
ana l ys i s w i t h program syn thes is as app l i ed 
to t u t o r i a l d ia logues . The synthes is d i r e c t s 
what to analyze, and the s t r a t e g i e s observed 
in the ana l ys i s a re eva lua ted by s y n t h e s i s , 
in a k i n d of feedback l o o p . We have been 
us ing the SCHOLAR system in t h i s way as a 
v e h i c l e f o r exper imenta t ion w i t h n a t u r a l 
semant ics. 

Before we d iscuss some of the major problems 
i n n a t u r a l semant ics, w e w i l l b r i e f l y des
c r i b e the SCHOLAR system, s ince i t i s the 
environment f o r our research . A word of 
c a u t i o n though: we are o n l y t r y i n g to de
ve lop some i n s i g h t s , w i t h o u t a t tempt ing to 

be exhaus t i ve . More quest ions w i l l be r a i s e d 
than answers p rov ided . There are many ob
servable t h i ngs people do t h a t we do not 
know how to s i m u l a t e . 

2. The Scholar System as an Environment 
to Study Na tu ra l Semantics 

I n t h i s s e c t i o n w e w i l l d i scuss , ve ry 
b r i e f l y , some p e r t i n e n t aspects of SCHOLAR, 
a m i x e d - i n i t i a t i v e i n s t r u c t i o n a l system. 
More d e t a i l e d d iscuss ions are prov ided in 
C a r b o n e l l 2 ' 3 ' 4 and Warnock, Carbone l l , and 
C a r b o n e l l 1 4 . Two data bases are c u r r e n t l y 
being developed: one is about the geography 
of South America, and the o ther is about the 
ARPA network. SCHOLAR'S knowledge about any 
sub jec t mat te r i s in the form o f a s t a t i c 
semantic network of f a c t s , concepts, and 
procedures. Th is is a mod i f ied and extended 
network a la Q u i l l i a n 1 2 and has a r i c h i n 
t e r n a l s t r u c t u r e w i t h a w e l l - d e f i n e d syn tax . 

Dialogue w i t h SCHOLAR takes place in a subset 
of Eng l ish t h a t is l i m i t e d mainly by SCHOL
AR'S c u r r e n t l y p r i m i t i v e s y n t a c t i c c a p a b i l i 
t i e s . I n t u t o r i a l f a s h i o n , the system uses 
i t s semantic network to generate the m a t e r i a l 
i t p resen ts , the ques t ions i t asks, and the 
c o r r e c t i o n s i t makes. At any t ime SCHOLAR 
accepts quest ions and requests from the 
s tuden t , and generates responses based on 
i t s semantic network, making c a l c u l a t i o n s 
and in fe rences o f d i f f e r e n t types t h a t i t 
has been programmed to hand le . The d ia logue 
is u n a n t i c i p a t e d , and is dependent on the 
s tuden t ' s responses, quest ions ,and reques t s . 
F igure 1 presents a sample p r o t o c o l of an 
i n t e r a c t i o n w i t h SCHOLAR; the person types 
a f t e r the a s t e r i s k and re tu rns c o n t r o l t o 
the system w i t h a second a s t e r i s k . 

F igure 1 
A Sample Dialogue Between 

SCHOLAR and a Student 

{Student i n p u t s are enclosed by a s t e r i s k s ) 

WHAT IS THE LANGUAGE OF ARGENTINA? 

♦PROBABLY SPANISH* 

VERY GOOD. 

APPROX WHAT IS THE AREA OF ARGENTINA? 

•TELL ME SOMETHING ABOUT PERU* 

PERU IS A COUNTRY. 
IT IS LOCATED IN SOUTH AMERICA. 
THE CAPITAL OF PERU IS L IMA. 

NOW ANSWER THE QUESTION YOU DIDN'T ANSWER 
BEFORE. 
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3. Na tu ra l Semantic I n fo rma t i on 3,3 The Reference Problem and Context 

In t h i s sec t i on we d iscuss some aspects of 
n a t u r a l semantic i n fo rma t i on and i t s r e l a 
t i o n t o a r t i f i c i a l i n t e l l i g e n c e . 

3.1 Imprec is ion or Fuzziness 

Imprecise language is an e s s e n t i a l charac
t e r i s t i c of human communication. As 
Lyons10 says , "Far from be ing a d e f e c t 
as some ph i losophers have suggested, r e f e r 
e n t i a l ' i m p r e c i s e n e s s ' . . . makes language a 
more e f f i c i e n t means of communicat ion." 
Ta lk ing about a t a l l person or a b lue-green 
o b j e c t does not requ i re p rec i se s p e c i f i c a 
t i o n o f he igh t o r s p e c t r a l c h a r a c t e r i s t i c s . 
The imprec is ion may occur e i t h e r in commu
n i c a t i o n or s to rage. I f we say t h a t a 
co l league rece ives a la rge s a l a r y , we may 
or may not know the f i g u r e . 

SCHOLAR c u r r e n t l y s to res areas and popu la
t i o n s i n numer ica l form, but i t can respond 
to the fuzzy quest ion " I s Montevideo l a r g e ? " 
w i t h a p e r t i n e n t answer l i k e : " I t i s not 
one o f the l a r g e s t c i t i e s in South America, 
but i t i s the l a r g e s t c i t y i n Uruguay". 
Here SCHOLAR has found two superpar t s , 
South America and Uruguay, and then com
pared Montevideo to o ther c i t i e s in each 
w i t h respect t o p o p u l a t i o n . 

However, i t is more common f o r people to 
s to re values t h a t are imprec ise o r ' f u z z y ' , 
what Zadeh19 c a l l s ' l i n g u i s t i c ' v a r i a b l e s . 
This i s the case w i t h values l i k e ' l a r g e ' , 
' r e d ' , ' h o t ' , ' r i c h ' , e t c . I t seems t o u s 
t h a t one must be able to s t o r e e i t h e r 
p rec ise values or fuzzy values in te rchange
a b l y . ( In f a c t , SCHOLAR has fuzzy values 
as w e l l as p rec i se values s t o r e d , e . g . , 
t h a t the B r a z i l i a n Highlands has a la rge 
p o p u l a t i o n . ) Furthermore, the procedures 
t h a t ac t upon these values must be f l e x i b l e 
enough to deal w i t h e i t h e r . 

3.2 Incompleteness, Embedding, and 
Relevancy 

Imprecise statements are o f t e n mot iva ted 
by incomplete s p e c i f i c a t i o n . Since a l l 
s p e c i f i c a t i o n s can be r e f i n e d , they are 
e s s e n t i a l l y incomplete. We s to re what is 
necessary, and even if we s t o r e more, we 
o n l y communicate what i s p e r t i n e n t . 
SCHOLAR does t h i s through i t s I - t a g s . I f 
i t i s asked " T e l l me about Pe ru " , i t on l y 
g ives a few s a l i e n t f a c t s . 

Fur ther s p e c i f i c a t i o n can be added by r e 
f i n i n g e x i s t i n g va lues . For example, 
i ns tead of ' b l u e ' , we can have 'Navy b l u e ' , 
o r ' q u i t e dark Navy b l u e ' , e t c . Fur ther 
s p e c i f i c a t i o n can a lso be added by g i v i n g 
new p r o p e r t i e s w i t h a t t r i b u t e s somewhat 
o r thogona l to prev ious ones. An example 
o f t h i s i s ' t a l l man' versus ' t a l l , heavy 
man wear ing g l a s s e s ' . P rope r t i es can be 
s p e c i f i e d to any l e v e l o f d e t a i l by embedding, 
an i nhe ren t q u a l i t y of SCHOLAR-type semantic 
networks. 

Somewhat r e l a t e d to incompleteness and 
re levancy is the reference problem (see 
O l s o n 1 1 ) , Re fe r r i ng to a co l league , we 
may ' d e f i n e ' him as the fa the r of Jack and 
J i l l , o r the author o f t h a t paper on s e l f -
r e f e r e n t i a l s ta tements , o r the t a l l t h i n 
f e l l o w w i t h g lasses . We decide on some 
s p e c i f i c a t i o n depending on the c o n t e x t , 
i n c l u d i n g our assumptions about the person 
we are t a l k i n g t o . People u s u a l l y spec i f y 
on ly to the degree t h a t i s needed. In t h i s 
sense, every p a r t i a l s p e c i f i c a t i o n is a 
• d e f i n i t i o n ' . 

The problem of con tex t pervades n a t u r a l se 
mant i cs . D e f i n i t i o n s and s p e c i f i c a t i o n s , 
anaphoric re fe rences , what and how to answer, 
a l l depend on c o n t e x t . Furthermore, there 
u s u a l l y c o - e x i s t a range of con tex ts from 
o v e r a l l con tex t t o sho r t - t e rm runn ing con
t e x t s . For example, at a g iven t ime, 
SCHOLAR may have the contexts South America, 
Argent ina and Buenos A i r e s , each w i t h some 
dynamica l ly ad jus tab le l i f e . What i s r e l e 
vant at any g iven t ime depends on t h i s con
t e x t u a l h i e r a r c h y , 

A s t a r t toward making re ferences s p e c i f i c to 
the l i s t e n e r is poss ib l e in a SCHOLAR type 
system by us ing I - tags (see C o l l i n s , Car-
b o n e l l and Warnock6) . The l i k e l i h o o d t h a t 
another person w i l l know about any concept 
i s rough ly p r o p o r t i o n a l to the importance o f 
the concept , as measured by the I - t a g s , w i t h 
respect to the o v e r a l l con tex t . There fo re , 
i t i s poss ib l e t o est imate the s o p h i s t i c a t i o n 
of a person based on the l e v e l of tags of the 
concepts he mentions in h i s conve rsa t i on . 
This es t imate than can i n f l uence the des
c r i p t i o n one uses in r e f e r r i n g to some con
cep t . For example, to an unsoph i s t i ca ted 
l i s t e n e r one might r e f e r to the " c a p i t a l 
o f A rgen t i na " r a t h e r than "Buenos A i r e s " , 
because the I - t ags f o r the concepts " c a p i t a l " 
and "Argen t ina" are lower than those f o r 
"Buenos A i r e s " , as measured from a con tex t 
such as geography. 

In the f u t u r e we want to have ad jus tab le con
t e x t s in SCHOLAR, so t h a t i t can t a l k about 
the ARPA network, say, " from a communications 
p o i n t of v iew" to one person and " f rom a p r o 
gramming p o i n t o f v iew" to another person. 
What t h i s e n t a i l s is a temporary a l t e r a t i o n 
o f the r e l a t i v e va lues o f 1-taqs throughout 
the semantic network . Those concepts t h a t 
are r e f e r r e d to under the concept "communi
c a t i o n " (such as message c a p a c i t y , b i t - r a t e , 
e t c . ) should be tempora r i l y increased in im
portance wherever they occur in the data 
base, f o r the person i n t e r e s t e d in communi
c a t i o n . A correspondinq change must be made 
f o r the person i n t e r e s t e d in programming or 
any o the r concept or se t o f concepts . This 
k ind o f s e n s i t i v i t y t o the i n t e r e s t s and 
background of the person, and the k i n d of 
s e n s i t i v i t y (descr ibed above) to the soph i s 
t i c a t i o n of the person may be the two major 
elements in the way people adapt what they 
say to the l i s t e n e r . 
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3.4 Closed verauB Open Worlds 

In some realms of d iscourse such as an a i r 
l i n e rese rva t i ons system (Woods 1 7 ) , a b locks 
wor ld (Winograd 1 5 ) , or a lunar rocks c a t a 
logue (Woods, Kaplan, and Nash-Webber***}, 
there i s a c losed set o f o b j e c t s , a t t r i b u t e s , 
and values to dea l w i t h . However, in most 
r e a l wor ld domains such as those faced by 
SIR (Raphael 1 3 ) , TLC ( Q u i l l i a n 1 2 ) , or 
SCHOLAR (Ca rbone l l 2 ) , there are open sets 
o f o b j e c t s , a t t r i b u t e s , and va lues . I t 
tu rns out t h a t the procedures and even the 
r u l e s of i n fe rence t h a t can be app l ied are 
d i f f e r e n t in c losed and open wor lds . 

The d i s t i n c t i o n between closed and open sets 
is one of exhaust iveness and not one of 
s i z e . For example, the set o f s ta tes ( e . g . , 
Iowa) , which is a c losed se t f o r most 
people, is probably l a r g e r than the set o f 
c a t t l e breeds ( e . g . , H o l s t e i n ) , which is an 
open s e t . However, open sets tend to be 
l a r g e r in genera l than c losed s e t s . 

The d i s t i n c t i o n is impor tant in a v a r i e t y o f 
ways. For example, i f there are no b a s a l t i c 
rocks s tored in a c losed data base, then i t 
makes sense to say "No" to the quest ion 
"Were any b a s a l t i c rocks brought back?" 
But i f no volcanoes are s tored f o r the 
U.S., i t does no t f o l l o w tha t the answer 
should be "No" to the quest ion "Are there 
any volcanoes in the U.S.?" A more appro
p r i a t e answer i s " I d o n ' t know". F u r t h e r 
more, i t makes sense to ask what the smal les t 
b lock in a scene is or the rock w i t h l e a s t 
aluminum c o n c e n t r a t i o n , but i t makes no 
sense to ask what is the smal les t c i t y in 
B r a z i l or the l e a s t famous lawyer in the 
U.S. I t would be an app ro r i a te s t ra tegy 
f o r dec id ing how many f l i g h t s from Boston 
to Chicago are nonstop, to consider each 
f l i g h t and count how many make 0 s tops . 
But i t would no t be an approp r ia te s t r a tegy 
to consider each person s to red in a l i m i t e d 
data base (such as humans h a v e ) , i n order 
to answer the ques t i on "How many people in 
the U.S. are over 30 years o l d ? " Wi th in 
open wor lds there are c losed se t s , so t h a t 
a quest ion l i k e "How many s ta tes are on the 
P a c i f i c ? " makes sense whereas "How many 
c i t i e s are on the P a c i f i c ? " does n o t . 
SCHOLAR deals w i t h t h i s by d i s t i n g u i s h i n g 
exhaust ive sets from non-exhaust ive s e t s . 

We w i l l d iscuss in Sect ion 4 how SCHOLAR 
begins to deal w i t h open wor ld semant ics. 
The e s s e n t i a l p o i n t here i s t h a t the w e l l -
de f ined procedures t h a t are approp r ia te f o r 
a c losed wor ld s imply do not c a r r y over to 
an open w o r l d . U n f o r t u n a t e l y , most of human 
knowledge is open-ended, and so people have 
complex s t r a t e g i e s f o r dea l ing w i t h uncer
t a i n t y and f a c i n g problems such as how to 
apply new a t t r i b u t e s or values to ob jec t s 
where they h a v e n ' t app l i ed in the pas t . 

3.5 The True-False Dichotomy 
and Q u a n t i f i c a t i o n 

The two-valued l o g i c t h a t u n d e r l i e s the 
p r o p o s i t i o n a l ca l cu lus and r e l a t e d approaches 
to in fe rence cannot encompass n a t u r a l seman
t i c s . The t r o u b l e a r i ses because t r u t h 
v a r i e s i n degree, i n t ime, i n range, i n c e r 
t a i n t y , and in po in t o f view o f the observer, 
when i t i s app l ied t o r e a l - w o r l d o b j e c t s . 
We w i l l b r i e f l y examine some of the i m p l i c a 
t i o n s o f the mu l t i va lued nature o f t r u t h 
f o r n a t u r a l semant ics. 

Symbolic l o g i c uses q u a n t i f i c a t i o n to d i s t i n 
gu ish between the un i ve rsa l and the p a r t i c u 
l a r , e . g . , between " A l l men are m o r t a l " and 
"Some men have w a r t s " . But there is no 
al lowance made f o r the degrees of t r u t h as 
between say "Some men have war ts " and "Some 
men have e a r s " , even though on ly a f r a c t i o n 
have warts and almost a l l have ea rs . People 
w i l l i n f e r t h a t Newton had ears (given no i n 
fo rmat ion to the con t ra ry as w i t h Van Gogh), 
bu t w i l l not i n f e r t h a t Newton had wa r t s . 
The in fe rence in the former case t r e a t s the 
p a r t i c u l a r l i k e the u n i v e r s a l , because almost 
a l l men have ears . The more gene ra l l y t r u e 
a statement i s , the more c e r t a i n t y people 
assign to such an i n fe rence . There j u s t are 
not many u n i v e r s a l t r u t h s to be found ou t in 
the c o l d , c r u e l wo r l d , and so people make 
the bes t o f i t . 

Degree o f t r u t h va r ies not on l y w i t h respect 
to fu2zy v a r i a b l e s (see Sect ion 3.1) and 
q u a n t i f i c a t i o n , but a lso i n o ther respec ts . 
The sky is b l u e , but not a l l the t ime . The 
ye l low of a lemon is less v a r i a b l e than the 
ye l l ow of co rn , which sometimes borders on 
w h i t e . Boston i s co ld i n the w i n t e r , bu t i t 
is no t so co ld from the p o i n t o f view of 
an Eskimo. Nixon t o l d us t h a t he d i d n ' t 
know about the cover-up of Watergate, but 
one is on ly more or l ess c e r t a i n t h a t he 
d i d n ' t know. What these examples are 
designed to show is t h a t people are uncer
t a i n about the t r u t h o f any p r o p o s i t i o n f o r 
a v a r i e t y of reasons. Sometimes people seem 
to merge a l l the many sources of unce r t a i n t y 
toge the r , but sometimes they can d i s t i n g u i s h 
d i f f e r e n t aspects o f t h e i r u n c e r t a i n t y w i t h 
respect to a s i ng l e p r o p o s i t i o n . 

SCHOLAR does not now have any means f o r r e p r e 
sen t ing u n c e r t a i n t y , b u t the n a t u r a l way to 
add such i n fo rma t i on is in tags s tored along 
w i t h the I - t a g s . Just as w i t h I - t a g s , U-tags 
can apply at a l l embedded l e v e l s of the data 
base. Because we have s t a r t e d on programming 
unce r t a i n in ferences (discussed be low) , i t 
has become des i r ab le to represen t the under
l y i n g u n c e r t a i n t y in the data base as w e l l , 
in order to evaluate how c e r t a i n any i n f e r 
ence may be . 
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4. Na tu ra l In fe rences 

We c l a s s i f y human semantic in fe rences i n t o 
four major t ypes : deduc t i ve , nega t i ve , 
f u n c t i o n a l , and i n d u c t i v e i n f e rences . The 
var ious types are d iscussed in somewhat 
g rea te r d e t a i l i n C o l l i n s and Q u i l l i a n 7 

and C o l l i n s , C a r b o n e l l , and Warnock5. We 
do no t argue t h a t these descr ibe a l l the 
i n f e r e n t i a l s t r a t e g i e s t h a t people use, but 
on ly some of the major v a r i e t i e s . Each of 
the d i f f e r e n t s t r a t e g i e s descr ibed i s being 
implemented as a s p e c i f i c subrou t ine in 
SCHOLAR to work on e i t h e r the geography 
data base or the ARPA network data base. 
While we t h i n k t h a t people have a l a rge 
set o f such s t r a t e g i e s , the number is 
probably l ess than one hundred. There fo re , 
desp i te the inelegance of such an approach, 
we do no t regard i t as an endless task to 
encompass the bag of i n f e r e n t i a l t r i c k s a 
person uses. 

In F igure 3 we have inc luded excerpts from 
tape-recorded d ia logues between human t u t o r s 
and s tudents to i l l u s t r a t e some of the more 
compl icated s t r a t e g i e s people use, and the 
ways they combine t oge the r . We w i l l d i s 
cuss the examples i n d i v i d u a l l y below. 

4 .1 Deduct ive In ferences 

There are severa l t r a n s i t i v e r e l a t i o n s t h a t 
people use f r e q u e n t l y to i n f e r t h a t a p rop 
e r t y of one t h i n g may be a p roper ty of the 
o t h e r . These inc lude supero rd ina te , super-
p a r t , s i m i l a r i t y , p r o x i m i t y , subord ina te , 
and subpart r e l a t i o n s . 

Of the above types SCHOLAR now handles on l y 
superord ina te and superpar t i n f e r e n c e s , 
which are the most common. For example, 
i f asked "Does the Llanos have a r a i n y 
season?", SCHOLAR w i l l f i r s t look under 
Llanos and f a i l i n g to f i n d the i n f o r m a t i o n 
t h e r e , w i l l look under L lanos ' SUPERC { f o r 
s u p e r o r d i n a t e ) , which i s savanna, and i t s 
SUPERP ( f o r s u p e r p a r t ) , which is Venezuela 
and Colombia. A r a i n y season is a p rope r t y 
of savannas and so the superord ina te i n f e r 
ence prov ides the answer. The superpar t 
i n fe rence i s less genera l because i t i s r e 
s t r i c t e d to c e r t a i n a t t r i b u t e s such as 
c l i m a t e , language, and topography. One 
would not want to conclude t h a t the c a p i t a l 
o f Massachusetts i s Washington D.C., j u s t 
because Massachusetts is p a r t o f the Un i ted 
S ta tes . Because most p r o p e r t i e s of a super
o rd i na te o r superpar t are o n l y g e n e r a l l y 
t r u e , and not u n i v e r s a l l y t r u e , except ions 
must be s to red to prec lude an i n c o r r e c t 
i n fe rence (Raphae l 1 3 ) . 

S i m i l a r i t y and p r o x i m i t y in fe rences p a r a l l e l 
the superord ina te and superpar t i n f e r e n c e s , 
bu t they ca r r y l ess c e r t a i n t y . An example 
of a person us ing a p r o x i m i t y i n fe rence 
i s shown i n the l a t t e r p a r t o f the t u t o r ' s 
response in Example 1 of F igure 3. The t u t o r 
f i r s t sa id t h a t a savanna cou ld not be used 

f o r growing c o f f e e , b u t then he backed o f f 
t h i s conc lus ion because o f the p r o x i m i t y 
o f the l a rge B r a z i l i a n savanna to the c o f f e e -
growing reg ion t h e r e . To i l l u s t r a t e a 
s i m i l a r i t y i n f e r e n c e : i f one knows a wal laby 
is l i k e a kangaroo, o n l y sma l l e r , then one 
w i l l i n f e r t h a t a wa l laby probably has a 
pouch. We p lan to add s i m i l a r i t y i n fo rma t i on 
to SCHOLAR in the near f u t u r e , because i t 
w i l l a l so be u s e f u l i n making f u n c t i o n a l 
ana log ies which are d iscussed below. The 
r e c e n t l y added map f a c i l i t y (Warnock, Car
b o n e l l , and Ca rbone l l 1 4 ) which t i e s together 
v i s u a l and semantic r e p r e s e n t a t i o n s , makes 
p r o x i m i t y in fe rences p o s s i b l e , b u t they are 
s t i l l a way o f f . 

F igure 3 
Tu to r -S tuden t Dialogue Excerpts 

(T) There is some jung le in here (po in ts to 
Venezuela) bu t t h i s breaks i n t o a 
savanna around the Or inoco. 

(S) Oh r i g h t , t h a t is where they grow the 
co f fee up there? 

(T) I d o n ' t t h i n k t h a t the savanna is used 
f o r growing c o f f e e . The t r o u b l e is the 
savanna has a r a i n y season and you c a n ' t 
count on r a i n in g e n e r a l . But I d o n ' t 
know. This area around Sao Paulo is 
co f fee r e g i o n , and i t i s s o r t o f g e t t i n g 
i n t o the savanna reg ion t h e r e . 

(S) Are there any o ther areas where o i l is 
found o the r than Venezuela? 

(T) Not p a r t i c u l a r l y . There is some o i l 
o f f s h o r e there bu t i n genera l o i l comes 
from Venezuela. Venezuela is the on l y 
one t h a t ' s making any money in o i l . 

(S) Is the Chaco the c a t t l e country? I 
know the c a t t l e count ry is down t h e r e . 

(T) I think i t ' s more sheep country. I t ' s 
l i k e western Texas so in some sense 
I guess i t ' s ca t t l e country. 

(T) And the no r t he rn p a r t of Argent ina has 
a l a rge s o r t o f sem i -a r i d p l a i n t h a t 
extends i n t o Paraguay. And t h a t ' s a 
p l a i n s area t h a t i s r e l a t i v e l y u n 
popu la ted . 

(S) why? 

(T) Because i t ' s p r e t t y d r y . 



Subordinate and subpart in fe rences f o l l o w a 
somewhat d i f f e r e n t p a t t e r n from the o the rs 
d iscussed. I f asked whether South America 
produces any o i l , a person w i l l answer "Yes" 
because Venezuela, which is p a r t of South 
America, produces o i l . But one does not 
want to conclude t h a t South America is hot 
because the Amazon jung le i s . We haven ' t 
worked ou t the d e t a i l s o f the r e s t r i c t i o n s 
on these in fe rences as y e t . 

There are o the r t r a n s i t i v e r e l a t i o n s t h a t are 
used to make deduct ive in fe rences bu t they 
are n o t as p r e v a l e n t as the ones o u t l i n e d 
here . 

4.2 Negat ive In ferences 

Negat ive i n f o r m a t i o n , such as the f a c t t h a t 
men do not have wheels, is not usua l l y 
s to red bu t r a t h e r i n f e r r e d . In a c losed 
wor ld t h i s presents no problem; i t i s 
reasonable to assume t h a t i f something i s 
no t s t o r e d , then i t i s not t r u e . I n f a c t , 
SCHOLAR c u r r e n t l y would say "No" if asked 
" I s o i l a product o f B r a z i l ? " j u s t because 
o i l i s n ' t s to red f o r B r a z i l . But i n the 
r e a l w o r l d , the f a c t t h a t something i s not 
s to red does not necessa r i l y mean t h a t i t i s 
not t r u e . People seem to have complex 
s t r a t e g i e s f o r dec id ing when to say "No" 
and when to say "I d o n ' t know". We are 
c u r r e n t l y t r y i n g to develop these in SCHOLAR. 

One k i n d of negat ive i n fe rence now in SCHO
LAR is a s imple c o n t r a d i c t i o n procedure. I t 
r e l i e s on c o n t r a d i c t o r y values s to red w i t h 
var ious concepts : f o r example, barren con
t r a d i c t s f e r t i l e , and demoncracy c o n t r a d i c t s 
d i c t a t o r s h i p . Suppose SCHOLAR is asked " I s 
the Pampas bar ren?" I t would f i n d the s o i l 
o f the Pampas is f e r t i l e , and s ince f e r t i l e 
c o n t r a d i c t s b a r r e n , i t would say "No, The 
s o i l o f the Pampas i s f e r t i l e . " 

There is an impor tan t c lass o f c o n t r a d i c 
t i o n s t h a t are no t subsumed under the p roce
dure above. For example, cons ider the 
ques t ion " I s Buenos A i res a c i t y in B r a z i l ? " 
The f a c t t h a t Buenos A i res is n o t among the 
c i t i e s of B r a z i l is no reason to say "No", 
because there are c i t i e s i n B r a z i l , such 
as Corumba, which are no t s t o r e d . But 
there are th ree f a c t s t h a t together make a 
c o n t r a d i c t i o n p o s s i b l e : (1) Buenos A i res is 
l oca ted in A rgen t i na , (2) c i t i e s on l y have 
one l o c a t i o n , and (3) Argent ina and B r a z i l 
are mutua l l y e x c l u s i v e . We can i l l u s t r a t e 
the necess i t y f o r cond i t i ons (2) and ( 3 ) : 
(2) even though Portuguese is the languaqe 
o f P o r t u g a l , i t i s a lso the language o f 
B r a z i l ( i . e . , language can have more than 
one l o c a t i o n ) ; (3) even though Sao Paulo 
i s i n South America, i t i s a l so i n B r a z i l 
( i . e . , South America and B r a z i l are no t 

mu tua l l y e x c l u s i v e ) . Making an i n c o r r e c t 
nega t i ve i n fe rence about c i t i e s w i t h more 
than one l o c a t i o n ( e . g . , Kansas C i t y ) or 
d i f f e r e n t c i t i e s w i t h the same name (Rome, 
New York and Rome, I t a l y ) is prec luded by 

s t o r i n g both l o c a t i o n s s p e c i f i c a l l y , j u s t as 
w i t h deduct ive i n fe rences . The s t r a tegy we 
have worked ou t in f l ow char t form to f i n d 
d i f f e r e n t c o n t r a d i c t i o n s o f t h i s k ind i s 
f a i r l y complex. 

F a i l u r e to f i n d a c o n t r a d i c t i o n leads to 
another k i n d o f negat ive in ference people 
use which we c a l l the lack-of -knowledge i n 
ference ( C o l l i n s , Carbonel l and Warnock5) . 
Example 2 of F igure 3 shows the t u t o r using 
t h i s s t r a t e g y . The bas is o f the t u t o r ' s i n 
ference is t h i s : s ince he knows as much 
about o ther South American coun t r i es as he 
knows about Venezuela, i t is a p l a u s i b l e but 
unce r ta in in fe rence t h a t i f o ther coun t r i es 
produced o i l , he would know about i t . (His 
conc lus ion was at l e a s t somewhat wrong, 
because the re are in f a c t severa l o ther 
coun t r i es i n South America t h a t produce o i l , 
though f o r those coun t r i es o i l i s not near l y 
so impor tan t as i t i s f o r Venezuela.) 

Such a s t r a tegy is c u r r e n t l y be ing implemented 
in SCHOLAR in the f o l l o w i n g way: I f asked a 
ques t ion l i k e " I s o i l a product o f Uruguay?" 
where no o i l is s t o r e d , SCHOLAR can look f o r 
o i l under s i m i l a r ob jec ts ( e . q . , Venezuela 
or B r a z i l ) or ob jec ts w i t h the same SUPERC 
and SUPERP. I f SCHOLAR f i nds o i l s to red w i t h 
Venezuela (say w i t h an I - t a g of 3) and i f i t 
has enough i n fo rma t i on s tored about Uruguay 
(up to an I - t a g of 8, say) to know about o i l 
i f i t were a t a l l impor tan t , then i t can 
i n f e r t h a t Uruguay probably has no o i l . The 
degree of c e r t a i n t y expressed in the answer 
should depend on the d i f f e r e n c e in I - tags 
between the depth of what i t knows about 
Uruguay and the l e v e l a t which o i l i s s tored 
w i t h s i m i l a r o b j e c t s . I f SCHOLAR can f i n d 
no s i m i l a r ob jec t s t h a t have the p roper ty in 
ques t i on , as w i t h " I s sand a product of 
Uruguay?" the app rop r i a te answer is something 
l i k e " I d o n ' t know whether sand is a product 
of any country in South Amer ica" . The l a c k -
of-knowledge in fe rence is based on the 
assumption t h a t the e x t e n t o f one 's knowledge 
i s f a i r l y un i fo rm f o r s i m i l a r o b j e c t s . 

4.3 Func t i ona l In fe rences 

Func t i ona l in fe rences are common in the 
d ia logues we c o l l e c t e d ( C o l l i n s , Carbone l l 
and Warnock6 ) . Examples 1, 3, and 4 in 
F igure 3 i l l u s t r a t e the three d i f f e r e n t 
ways we have seen people use f u n c t i o n a l 
knowledge: i n q u a s i - c a l c u l a t i o n s , i n ana lo 
g i e s , and in answer to "why" ques t i ons . 

Func t iona l knowledge, which inc ludes knowledge 
about f u n c t i o n a l determinants and t h e i r i n t e r 
a c t i o n s , i s l ea rned , j u s t as i s f a c t u a l know
ledge , and t h e r e f o r e is s to red in SCHOLAR'S 
data base under concepts such as c l ima te or 
a g r i c u l t u r a l p r o d u c t s . We would argue t h a t 
the rep resen ta t i on o f f u n c t i o n a l knowledge 
should be in a form t h a t d i f f e r e n t procedures 
can use. One problem is to f i n d a way to 
represen t such knowledge in SCHOLAR so t h a t 
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i t can be more or leas p r e c i s e , and s t i l l be 
access ib le t o d i f f e r e n t subrout ines t h a t 
i n f e r answers to quest ions o r t h a t descr ibe 
the f u n c t i o n a l r e l a t i o n t o s t uden t s . 

Func t iona l c a l c u l a t i o n s can be used in bo th 
a p o s i t i v e and negat i ve way. One simple 
p o s i t i v e f u n c t i o n now in SCHOLAR c a l c u l a t e s 
the c l i m a t e o f a p lace i f the i n f o rma t i on i s 
not s t o r e d . Based on the f u n c t i o n a l d e t e r 
minants o f c l i m a t e , which are a l t i t u d e , l a t i 
tude , and d is tance from the sea, SCHOLAR 
w i l l i n f e r whether the c l ima te i s t r o p i c a l , 
s u b - t r o p i c a l , temperate, or c o l d / p o l a r . A 
negat ive use of c a l c u l a t i o n based on the 
a g r i c u l t u r a l products f u n c t i o n is shown 
i n the f i r s t p a r t o f the t u t o r ' s answer i n 
Example 1. The f u n c t i o n a l determinants of 
a g r i c u l t u r a l products i nc lude the c l i m a t e , 
s o i l , and r a i n f a l l . The t u t o r p icked the 
lack of r a i n as a basis f o r a t e n t a t i v e 
"No" . Negative c a l c u l a t i o n s do no t r equ i r e 
as p rec i se knowledge as p o s i t i v e c a l c u l a t i o n s . 
They usua l l y on ly r e q u i r e t h a t one of the 
f u n c t i o n a l determinants have an i n a p p r o p r i a t e 
va lue . 

L ike f u n c t i o n a l c a l c u l a t i o n s , f u n c t i o n a l 
analog ies can be p o s i t i v e or nega t i ve . 
Example 3 shows the t u t o r making a p o s i t i v e 
f u n c t i o n a l analogy, again w i t h the a g r i c u l 
t u r a l products f u n c t i o n . There he thought 
of a r e g i o n , western Texas, t h a t matched 
the Chaco in terms of c l ima te and r a i n f a l l , 
the f u n c t i o n a l determinants o f c a t t l e r a i s 
i n g . Since he knew t h a t western Texas was 
c a t t l e country he i n f e r r e d t h a t the Chaco 
might be as w e l l . A negat i ve f u n c t i o n a l 
analogy might have occurred i f the s tudent 
had asked whether the Chaco produced 
rubber . Since the Amazon j u n g l e and I ndo 
nes ia produce rubber , the t u t o r cou ld have 
sa id "No" on the bas is of the mismatch 
between the Chaco and those r e g i o n s , w i t h 
respect to c l ima te and r a i n f a l l . 

A p o s i t i v e and negat i ve analogy subrou t ine 
f o r SCHOLAR has r e c e n t l y been completed. 
I t i s a f a l l b a c k s t r a tegy to be used i f 
t he re is not enough i n f o rma t i on s to red to 
c a l c u l a t e the f u n c t i o n a l r e l a t i o n s h i p . 
For a f u n c t i o n a l analogy i t i s on l y neces
sary to know the f u n c t i o n a l l y r e l evan t 
a t t r i b u t e s and t h e i r r e l a t i v e importance. 
Then SCHOLAR looks to see i f i t knows any 
s i m i l a r ob jec ts where the p roper ty in 
ques t ion i s i n f a c t s t o r e d . I t t r i e s t o 
f i n d a match or a mismatch by comparing the 
g iven o b j e c t and the s i m i l a r o b j e c t w i t h 
respec t to t h e i r va lues on the f u n c t i o n a l l y 
r e l e v a n t a t t r i b u t e s . People f r e q u e n t l y 
use such ana log i ca l reason ing , probably 
because o f the i l l - d e f i n e d na tu re o f t h e i r 
knowledge about f u n c t i o n a l r e l a t i o n s . 

The l a s t example in F igure 3 shows the use of 
a f u n c t i o n a l r e l a t i o n to answer a "Why" ques
t i o n . The popu la t i on dens i t y of a p lace 
depends on an i n d e f i n i t e se t of f u n c t i o n a l 
de terminants : c l i m a t e , s o i l , and r a i n f a l l 

are major ones b u t d i s tance from the sea, 
the p a r t i c u l a r c o n t i n e n t , presence o f 
va luab le m ine ra l s , a l l c o n t r i b u t e i n d i f 
f e r e n t ways. The t u t o r p icked one d e t e r m i 
nant t h a t had a va lue i napp rop r i a te f o r a 
l a rge popu la t i on dens i t y and gave t h a t as 
a reason. By c o n t r a s t a geographer cou ld 
probably w r i t e a whole t r e a t i s e on why the 
Chaco has a low popu la t i on d e n s i t y . What 
we asp i re f o r SCHOLAR to do is what the t u t o r 
d i d , t h a t i s , to p i ck one o r two o f the major 
determinants w i t h app rop r i a te values and g i ve 
those as a reason. 

4.4 I n d u c t i v e In fe rences 

We mention i n d u c t i v e in fe rences here on ly 
because they are a major c lass of human 
i n f e r e n c e . We have n o t y e t t r i e d to p r o 
gram them in SCHOLAR s ince they occur 
most ly i n s t o r i n g r a t h e r than r e t r i e v i n g 
i n f o r m a t i o n . The g e n e r a l i z a t i o n and d i s 
c r i m i n a t i o n processes unde r l y i ng i n d u c t i o n 
have been discussed in d e t a i l elsewhere 
(Becker1 ; W ins ton 1 6 ; C o l l i n s and Q u i l l i a n 7 ) . 

4- 5 Combining In ferences and Accumulating; 
Uncer ta in t y 

The i n f e r e n t i a l processes descr ibed can com
b ine in a v a r i e t y o f ways. For i ns tance , 
c o n t r a d i c t i o n s can combine w i t h deduct ive 
i n f e rences . SCHOLAR w i l l answer a ques t ion 
l i k e " I s the A t l a n t i c orange?" w i t h "No, i t 
i s b l u e " , because i t f i n d s b lue i s s to red 
w i t h the SUPERC, ocean. Also one f u n c t i o n a l 
i n fe rence may c a l l another . I f the a g r i c u l 
t u r a l products f u n c t i o n needs a va lue f o r 
the c l ima te o f some r e g i o n , i t cou ld c a l l 
the c l i m a t e f u n c t i o n t o compute i t . 

A more impor tan t way t h a t in fe rences combine 
shows up when d i f f e r e n t s t r a t e g i e s reach 
independent conc lus ions about the same 
q u e s t i o n . A good example is Example 1 in 
F igure 3. There a negat i ve f u n c t i o n a l 
i n f e rence , w i t h an i m p l i c i t lack-o f -knowledge 
i n f e r e n c e , f i r s t l e d to a t e n t a t i v e "No" 
answer, b u t then a p r o x i m i t y in fe rence p r o 
duced a poss ib le "Yes" answer, and so the 
t u t o r backed o f f h i s e a r l i e r "No". When 
severa l in fe rences combine to y i e l d the same 
conc lus i on , they increase the c e r t a i n t y o f 
the answer, and when they produce oppos i te 
conc lus ions , they decrease the c e r t a i n t y . 

There are a number of sources of u n c e r t a i n t y 
i n i n f e r e n t i a l procedures. Unce r ta in t y can 
d e r i v e from the s i z e o f the d i f f e r e n c e 
between I - t ags i n the lack-o f -knowladge i n 
fe rence , i t can d e r i v e from the degree o f 
match or mismatch in a f u n c t i o n a l analogy, 
i t can de r i ve from the degree o f p r e d i c t i v e -
ness of the f u n c t i o n a l de te rminan ts , and as 
we discussed e a r l i e r , i t can de r i ve from the 
degree o f c e r t a i n t y about the i n f o r m a t i o n 
s t o r e d . These sources of u n c e r t a i n t y may 
be combined to produce an o v e r a l l u n c e r t a i n t y 
(see f o r example K l i n g 9 ) . This o v e r a l l 

u n c e r t a i n t y i s impor tan t so t h a t l o n g . 
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tenuous chains of reasoning are no t pursued 
to t h e i r p o i n t l e s s end, and so t h a t the 
degree of u n c e r t a i n t y in the answer can be 
i n d i c a t e d t o the s tuden t . 

5. Conclusions 

What we have t r i e d to show in th is paper is 
the fuzzy, i l l - d e f i n e d , uncertain nature of 
much of human knowledge and th ink ing. We 
want SCHOLAR to be jus t as fuzzy-thinking 
as we are. 
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