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ABSTRACT 

This paper presents a model-dr iven method for 
machine learn ing of inference r u l e s , which involves 
bo th : ' l e a r n i n g by i n d u c t i o n ' and ' l e a r n i n g by 
being t o l d ' . By the use of higher concepts ( l i k e 
t r a n s i t i v i t y and convers i ty ) a t t r i b u t e s of and 
r e l a t i o n s among two-place predicates are discovered 
by i nduc t i on . This new knowledge is represented as 
metafacts which can be transformed i n t o inference 
r u l e s if needed. The r e l a t i o n s among meta fac ts 
are expressed as meta r u l e s . The higher concept of 
support sets correspond to the domains for which 
meta fac ts are t r u e . The process of r e s t r u c t u r i n g 
support sets in order to resolve con t rad i c t i ons 
(and to make inference ru les more prec ise) is 
d iscussed.* 

I INTRODUCTION 

In the area of expert-systems the a c q u i s i t i o n of 
knowledge is known to be a problem - machine 
lea rn ing as a d i s c i p l i n e is one r e s u l t of t h a t . An 
Al-system which models a spec ia l par t of the wor ld 
has to be seen as a knowledge based system. I t s 
implementation presupposes the ana lys is of that 
domain, and in most cases, these domains are not as 
well-known as they should be. So we are deal ing not 
j u s t w i t h a s p e c i f i c problem of expert systems but 
w i t h a general AI problem. 

If we d i v ide knowledge i n to fac ts and r u l e s , the 
process of d iscover ing in fe rence- ru les is the more 
i n t e r e s t i n g one, because these in fe rence- ru les 
express the ways of t h i nk ing in a spec i f i c domain. 

This paper presents a method for machine learn ing 
of in ference ru l es which invo lves both ' l e a r n i n g by 
i n d u c t i o n ' and ' l e a r n i n g by being t o l d ' . Concern 
the l a t t e r , i t i s assumed tha t the genera l i za t ions 
depend on the order ing of the f ac t s t o l d to the 
system (or to a human being) (see sect ion 3 ) . The 
former corresponds to higher concepts which are 
used to s t r uc tu re a new domain described by f a c t s . 

I I LEARNING HIGHER CONCEPTS 

One o f t h e ma in c l a s s e s o f i n f e r e n c e s i s d e f i n e d 

* The w o r k o f t h e f i r s t and t h i r d a u t h o r has been 
s u p p o r t e d by t h e BMFT ( B u n d e s m i n i s t e r i u m f u e r 
Fo rschung und T e c h n o l o g i e ) under g r a n t (PT 1 3 5 . 0 1 ) . 
The second a u t h o r has been s u p p o r t e d by t h e German 
Resea rch F o u n d a t i o n (DFG) . 
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e t c . ) » we introduce an a d d i t i o n a l t h e o r e t i c a l 
concept: Support-Sets. Using t h i s term we are able 
to say: " co lde r - than is t r a n s i t i v e on GEOGRAPHICAL-
OBJECTS (GO's) " . In a more formal way t h i s can be 
described by 

(2) support set ( t r a n s i t i v i t y ( c o l d e r - t h a n ) , GO's) 

w i t h the i n t e r p r e t a t i o n " the r u l e schema of 
is to be appl ied only on GO." 

t rans 

In t h i s paper we concentrate on support se ts ; 
they are the basis for d iscover ing concepts l i k e 
the equator . 

Presupposing the existence of such concepts in 
the human mind we def ine the no t ion " c h a r a c t e r i s t i c 
s i t u a t i o n fo r higher concepts" (CS). We d i s t i n g u i s h 
p o s i t i v e CS's (+CS) (cons ider ing p o s i t i v e evidence) 
and negat ive CS's (-CS) (cons ider ing negat ive 
evidence - counterexamples [ 9 ] ) . 

These CS's correspond to the ru le schemata and 
have to be regarded as emp i r i ca l evidence for the 
existence (or nonexistence) of the t r a n s i t i v i t y of 
p. In case we f i n d pos i t i ve evidence of t h i s s o r t , 
i . e . of i n s t a n t i a t i o n s of +CS's of a higher 
r e l a t i o n a l concept, we may hypothesize t h i s higher 
concept fo r the corresponding p red ica t i ve concept, 
e . g . the t r a n s i t i v i t y of " c o l d e r - t h a n " . Knowledge 
o f t h i s k i n d , i . e . o f the type ' h - c ( p - i ) ' , which i s 
b u i l t up from predicate constants ( p - i ) and 
constants for higher concepts ( h - c ) , c o n s t i t u t e s 
meta fac ts . (S im i la r concepts are used in OMEGA 
[ 4 ] . ) A c q u i s i t i o n of in ferences through the use of 
higher concepts can be in tegra ted in the system in 
the f o l l ow ing way * : 

- searching in the knowledge base for CS's 
- analyzing the support set depending on the 

emp i r i ca l data 
- hypothesiz ing r u l e schemata 
- working w i t h the new ru le schemata. 

I l l A LEARNING PROTOCOL 

In t h i s example fac t s are given to the system 
( r e l a t i o n s among geographical ob jec ts (cp . F i g . 2) 
of North and South America) in order to demonstrate 
i t s c a p a b i l i t y o f d iscover ing re levan t a t t r i b u t e s 
o f the r e l a t i o n s . 

A Alaska Arg Argentina B-C B r i t . Columb. 
Bol B o l i v i a C C a l i f o r n i a C_H Cape Horn 

E Ecuador H Honduras M Mexico 
0 Oregon Pan Panama Par Paraguay 

F i g . 2: The Geographical Constants 

Figure 3 l i s t s f ac t s i nvo l v i ng geographical 
r e l a t i o n s g iven to the system in a f i r s t s tep . I t s 
task is to l ea rn the concepts ' n o r t h - o f and 
' s o u t h - o f . The p o s i t i v e instances for 

* The basic mechanisms and the a rch i t ec tu re of a 
system based on the ideas sketched above are 
descr ibed i n more d e t a i l i n [ 3 ] . 

* DIRECT r e f e r s to data which the system knows by 
d i r e c t i n s t r u c t i o n . The other subtypes of 
support ing data correspond to I n f e r r ed knowledge: 
TRANS to ' t r a n s ( n o r ) ' , CONV to 'conv (no r , s o u ) ' , 
and CONV&TRANS to convers i t y and ' t r a n s ( s o u ) ' . 



W. Emde et al. 457 

The a d d i t i o n a l metafacts general ized on the basis 
of the previous knowledge and the fac ts of step 2 
are l i s t e d together w i th the sources in the next 
tab le ( F i g . 6 ) . The pa ra l l e l i sm of ' n o r ' and 'war ' 
and of ' s o u ' and ' c o l ' as we l l as the convers i ty 
between ' n o r ' and 'war ' and between ' s o u ' and ' c o l ' 
are induced by the new f a c t s . The t r a n s i t i v i t y 
hypotheses of ' c o l ' and 'war ' is i n fe r red by 
metarules (cp . F i g . 6 ) . 

By the use of the inference ru les produced out of 
the ru le schemata w i th the help of the metafacts, 
a d d i t i o n a l data can be i n f e r r e d . 

IV ANALYSES AND RESTRUCTURING OF SUPPORT SETS 

At t h i s stage, a l l the knowledge is cons i s ten t , 
because we of fered only-a specia l subset: instances 
of meteoro logical r e l a t i o n s from the northern 
hemisphere. Up to now t h i s d i s t i n c t i o n is unknown 
to the system, so for the countr ies from the 
southern hemisphere i t s t i l l i n f e r s that the 
c l imate is warmer in the south. Now the system is 
g iven a f i r s t set of counterexamples ( 3 . a ) : 

co l (C__H,Arg) war (Bol ,Arg) 
and a second set of counterexamples ( 3 . b ) : 

war (Par,C__H) co l (Arg,Par) co l (Par ,Bol ) 
F i g . 7: The I n s t r u c t i o n a l Data - Step 3: 

Counterexamples 

These new i n s t r u c t i o n s v i o l a t e the pa ra l l e l i sm 
between ' n o r ' and ' c o l ' or ' s o u ' and 'war ' , 
r e s p e c t i v e l y , i . e . they are incons is tent w i t h mf4 
to mf7, but cons is tent w i th mf8 and mf9. Thus the 
support sets of these metafacts (up to now the 
whole set GO) have to be changed. In the beginning 
the counterexamples are t reated simply as 
exceptions and thus the support set s t ra tegy Sssl 
(cp . F i g . 8) is used * . 

Sss l : If there are exceptions ( not empty Ex-Set) 
then reduce the support se t : 

Sup-Set(mf. i ,new) - Sup-Set (mf . i ,o ld ) \ 
Ex-Set(mf. i ,new) 

Sss2: I f the Ex-Set is large (or re levant ) then t r y 
to f i n d r e g u l a r i t i e s in Ex-Set. I f poss ib le , 
reanalyse the support se t , probably w i t h 
respect to other or new m f . j ' s : 
Sup-Set (mf . i ,o ld ) - JOIN(SUP-SET(mf.i.new), 

Sup-Set .2(mf . j ,new), 
Ex-Set(mf . i ,new)) 

F i g . 8: St ra teg ies for r e s t r u c t u r i n g the support 
set 

* 'Ex-Set ( mf4, 3.a )' means ' t he Exception-Set of 
the metafact mf4 a f t e r i n s t r u c t i o n step 3 . a ' . The 
other formulas have to be i n te rp re ted analogously. 
In the f o l l ow ing we discuss only mf4 (as example); 
v i a convers i t y and some of the other mf 's the 
counterexamples and thus mf5 and mf7 are t reated in 
the same way. 
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(and n o t c o n t i n g e n t ) t h e n I t wou ld b e n i c e t o 
g i v e a name t o t h i s a r e a . S ince I t I s s i t u a t e d 
near Ecuado r , ' e c u a d o r - a r e a ' wou ld be a n i c e 
name, w o u l d n ' t I t ? * 

And h e r e w i t h an A l - s y s t e m has d i s c o v e r e d the 
concep t ' e q u a t o r ' * * . ( I t s h o u l d b e ducked now!) 
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