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Abst ract 

Termino log ica l Knowledge Representation Sys
tems (TKRSs ) are tools for designing and us
ing knowledge bases tha t make use of te rmino
logical languages (or concept languages). The 
T K R S we consider in this paper is of pract i 
cal interest since it goes beyond the capabi l 
it ies of presently avai lable T K R S s . F i rs t , our 
T K R S is equipped w i th a h ighly expressive con
cept, language, called ALCNR, inc lud ing gen
eral complements of concepts, number restric-
t ions and role con junct ion . Second, i t allows 
one to express inclusion statements between 
general concepts, in par t icu lar to express ter
minolog ica l cycles. We provide a sound, com
plete and te rm ina t i ng calculus for reasoning in 
A L C N R - k n o w l e d g e bases based on the general 
technique of constraint systems. 

1 In t roduc t ion 

A general characterist ic of many proposed Termino log
ical Knowledge Representat ion Systems (TKRSs) such 
a s B A C K , L O O M , C L A S S I C , K R I S , [Rich, 1991: Woods 
and Schmolze, 1992] is tha t they are made up of two 
different components. In fo rma l l y speaking, the first is 
a general schema concerning the classes of ind iv iduals 
to be represented, their general propert ies and mutua l 
relat ionships, whi le the second is a (par t ia l ) instant ia
t ion of this schema, conta in ing assertions re lat ing either 
ind iv idua ls to classes, or ind iv idua ls to each other. 

Ret r iev ing i n fo rma t ion in actual knowledge bases 
(KBs) bu i l t up using one of these systems is a deduc
t ive process invo lv ing bo th the schema (TBox ) and its 
ins tant ia t ion ( A B o x ) . 

D u r i n g the real izat ion and use of a K B . a T K R S 
should provide a mechanical so lut ion for at least the fol-
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lowing problems ( f rom now on , we use the word concepts 
to refer to classes): 

1. Concept Sat isf iabi l i ty : given a KB and a concept 
C, does there exist at least one model of the KB 
assigning a nonempty extension to C? 

2 Subsumption. given a KB and two concepts C and 
D, is C more general than D in any model of the 
KB? 

3. KB-sai isf t abi l i ty , are an ABox and a T B o x consis-
tent w i th each other? 

4. Instance Checking: given a K B , an ind iv idua l a and 
a concept C, is a an instance of C in any model of 
the K B 7 

Up to now, al l the proposed systems (except for 
K R I S ) give incomplete procedures for solv ing the above 
problems 1 4. T h a t is, some inferences are missed, in 
some cases w i thou t a precise semant ical characteriza
t ion of which ones are. If the designer or the user needs 
a (more) complete reasoning, she/he must either wr i te 
programs in a sui table p rog ramming language, or de
fine appropr ia te inference rules comple t ing the inference 
capabi l i t ies of the system (as in BACK, LOOM, and C L A S 
S I C ) . 

In our op in ion incomplete procedures are j us t a pro
visional answer to the p rob lem—the best possible up to 
now. In order to improve on such an answer, a theoret
ical analysis of the general problems 1-4 must be done. 
But most impo r tan t l y , theoret ical analysis is needed for 
mak ing cyclic def in i t ions of concepts (see [Nebel, 1990, 
Chapter 5]) fu l l y available in T K R S s . Such a feature 
is of undoubtab le pract ica l interest, yet present T K R S s 
can only approx imate cycles, by using fo rward inference 
rules. 

Previous results do not deal w i t h the problems 1-
4 in their fu l l general i ty. The problems are studied 
in [Nebel, 1990, Chapter 4], bu t on ly incomplete pro-
cedures are given, and cycles are not considered. In 
[Donin i et a/., 1992] the complex i ty of instance check
ing has been analyzed, bu t only K B s w i t h o u t a T B o x 
are t reated. Previous theoret ical work on cycles was 
done in [Baader, 1990b; Baader, 1990a; Nebel , 1990; 
Nebel, 1991; Schi ld, 1991], but on ly KBs fo rmed by the 
I Box alone are considered. Moreover, these approaches 
do not deal w i t h number restr ict ions (except for [Nebel, 



1990, Section 5.3.5]), which const i tute a basic feature 
already provided by many T K R S s , and the techniques 
used do not seem easily extensible to reasoning w i th 
A Boxes. 

In th is paper, we propose a T K R S equipped w i th a 
h ighly expressive language of pract ical significance, and 
prove the decidabi l i ty of problems 1-4. In part icular , our 
system makes use of the language ALCNR., which sup
ports general complements of concepts, number restric
t ions and role con junct ion. Moreover, the system allows 
one to express inclusion statements between general con
cepts and, as a par t icu lar case, terminological cycles We 
prove decidabi l i ty by means of a suitable calculus, which 
is developed w i t h i n the qui te well established frame-
work of constraint systems (see [Donin i et al., 1991a: 
Schmidt-SchauB and Smolka, 1991]) thus explo i t ing a 
un i fo rm approach to reasoning in TKRSs . Moreover, our 
calculus can easily be turned in to a decision procedure. 

The paper is organized as fol lows. In Section 2 we in
troduce the language, and we give it a Tarski-style exten-
sional semantics, which is the most commonly used In 
Section 3 we provide a calculus, and show its correctness 
and te rm ina t i on . In Section 4 we consider a refinement 
of our calculus, work ing in exponential space. In See 
t ion 5 we establish the equivalence of general inclusion 
statements and general concept definit ions using the de
scr ipt ive semantics. F ina l ly , we discuss in detail several 
pract ical impacts of our results in Section 6 For the 
sake of brev i ty proofs are om i t t ed . They can be found 
in [Buchheit et al . , 1993]. 

2 Prel iminar ies 

In concept languages, concepts represent the classes of 
objects in the domain of interest, whi le roles represent 
binary relat ions between objects. Complex concepts and 
roles can be defined by means of suitable constructors ap
pl ied to p r im i t i ve concepts and p r im i t i ve roles. In par
t icu lar , concepts and roles in ALCN'R can be formed 
by means of the fo l lowing syntax (A denotes a p r im i 
t ive concept, Pi (i = 1, . . . , m) denotes a pr im i t i ve role. 
C and D denote arb i t ra ry concepts and R an arb i t rary 
role). 

A KB bu i l t by means of concept languages is formed 
by two components: The intenstonal one, called the 
TBox , and the extensional one, called the ABox . 

We first t u rn our a t tent ion to the T B o x . As we said 
before, the intensional level specifies the propert ies of the 
concepts of interest in a par t icu lar appl icat ion. Syntact i 
cally, such propert ies are expressed in terms of so-called 
inclusion statements (see [Nebel, 1990, Chapter 3]). An 
inclusion statement (or s imply inclusion) has the fo rm 
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6 Discussion 

In th is paper we have proved the decidabi l i ty of the main 
inference services of a T K R S based on the concept lan
guage ALCNR. We believe that this result is not only 
of theoret ical impor tance, but has the fo l lowing impacts 
on exist ing T K R S s . 

Fi rs t of a l l , a complete procedure work ing in expo
nent ia l space can be easily devised f rom the calculus 
provided in Sections 3 and 4. From this procedure, one 
can bu i ld more efficient (but s t i l l complete) ones by rip-
p l y ing op t im iza t i on techniques. Such procedures might 
work well in pract ical cases, despite their worst case in
t rac tab i l i t y . 

Secondly, a complete procedure (possibly opt imized) 
offers a benchmark for compar ing incomplete prore-
dures, not only in terms of performance, but also in 
terms of missed inferences. In fact, incomplete proce
dures can be meaningfu l ly compared only if missed in
ferences are considered. However, to recognize missed 
inferences over large examples, one needs exactly a com
plete procedure—even if not an efficient one like ours 

Th i r d l y , new incomplete procedures can be obtained 
f rom the calculus by mod i f y ing some of the propagation 
rules. Since the rules bui ld up a model , modif icat ions to 
them have a semantical counterpart which give* a pre
cise account, of the incomplete procedures obtained. For 
instance, define the depth of a variable x as the num
ber of variables which are predecessors of x Then, an 
incomplete calculus could be devised, which generates 
variables only to a given depth—say, linear depth in the 
size of the K B . Th is calculus would miss contradict ions 
(and hence inferences, by refutat ion) occurr ing in vari
ables which are "far away" f rom the known individuals 
of the K B , and this is a meaningful explanat ion of the 
incompleteness, even for a non-expert user. From a com 
pu ta t iona l po in t of v iew, an immediate consequence of 
the complex i ty analysis carried over in this paper is that 
such an incomplete procedure would run in polynomial 
space. 
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