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Abst ract 

An extension of the concept description lan
guage ACC used in KL-ONE-like terminological 
reasoning is presented. The extension includes 
multi-modal operators that can either stand for 
the usual role quantifications or for modalities 
such as belief, time etc. The modal operators 
can be used at all levels of the concept terms, 
and they can be used to modify both concepts 
and roles. This is an instance of a new kind of 
combination of modal logics where the modal 
operators of one logic may operate directly on 
the operators of the other logic. 

1 In t roduc t ion 

Knowledge representation languages in the style of KL-
ONE [3], so-called terminological KR languages, can be 
used to define the relevant concepts of a problem do
main and the interaction between these concepts. To 
this purpose, complex concepts are constructed out of 
atomic concepts (i.e., unary predicates) and roles (i.e., 
binary predicates) with the help of the language con
structs provided by the particular terminological lan
guage. Various such languages have been considered 
in the literature and are used in KR systems (see, e.g., 
[12, 14, 13, 15, 6, 1, 4, 17]). 

They have in common that they are only suitable for 
representing objective, time-independent facts about the 
world. Notions like belief, intentions, time—which are 
essential for systems that model aspects of intelligent 
agents—can only be represented in a very limited way. 
Suppose that a terminological system should represent-
that the agent John believes that new cars have catalytic 
converters whereas Tom believes that they don't. One 
possibility—which has, e.g., been used in SB-ONE [10]— 
is that the system keeps two separate terminologies, one 
for John's belief context and one for Tom's belief context: 

Th ings become more complex i f the appl icat ion re
quires the use of modal i t ies inside of concept expressions 
as well Assume tha t we want to express tha t a potent ia l 
customer (for a car salesman) is an adu l t who eventu
al ly wants to own a car. In a t rad i t i ona l terminologica l 
language a def in i t ion of this concept could be 

where eventually-wants-own is a new role different to the 
roles own and wants-own. Bu t then there would be no in 
teract ion between these roles, whereas one would expect 
tha t wants-own impl ies eventually-wants-own. Aga in , 
moda l operators w i t h an appropr ia te moda l theory of 
t ime and belief can be used to capture such interact ions. 
In our example, we get the def in i t ion 

In tu i t i ve ly , the role-fi l lers for own now also depend on the 
po in t in t ime and on the in ten t iona l wo r l d , and not only 
on the object . The prefix [want] means tha t one takes 
only those objects tha t are role-f i l lers in al l accessible 
in tent iona l wor lds, and the pref ix ( future) says tha t th is 
has to be evaluated at some fu ture t ime po in t . 

In this example, the moda l operators mod i f y the own-
role. Of course, there are also cases where one would l ike 
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1 The standard modal operators are usually writ ten and 
In a multi-modal logic with different modal operators 

referring to different accessibility relations we write [p] and 
(p) for the parameterized box and diamond operators. These 
operators can be interpreted as 'believes,' 'knows,' 'wants,' 
'always' (in the future or past) and the like. 
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to mod i f y concepts in th is way. In the def in i t ion 2 Syntax and Semantics of M-ACC 

an env i ronment freak is defined as a person tha t wants 
to own on ly th ings tha t are believed to be environment 
f r iendly. In th is case the [belief]-operator modifies the 
concept en vironmen t-friendly. 

We have mot i va ted by examples tha t it, is desirable 
to extend termino log ica l languages by various types of 
moda l operators (for t ime , belief, want , etc.), which 
should be appl icable to definit ions as well as inside of 
concept terms, and there to mod i fy both concepts and 
roles. Our approach to achieve this goal is based on an 
observat ion by Schild [15] tha t the terminological lan
guage ACC is j us t a syntact ic var iant of the mu l t i -moda l 
logic Km [5], where m is the number of different box op
erators. The reason is tha t quant i f icat ions over roles can 
jus t be seen as appl icat ions of parametr ized modal op
erators to concepts. Thus we propose to treat roles and 
modal i t ies in a symmet r ic way by using a mu l t i -moda l 
logic where bo th role names and modal i t ies such as belief 
can be used as parameters in boxes and diamonds. To 
dist inguish between roles, which operate on objects, and 
modal i t ies opera t ing , e.g., on t ime points or intent ional 
worlds, we shall equip each modal operator w i th a type 
(or d imension) such as 'ob jec t , " t ime-po in t 'e tc . . 

However, the requirement tha t it should be possible 
to mod i f y roles by moda l operators is not yet captured 
by this approach. Un t i l now, the parametr ized modal 
operators are atomic in the sense that, the boxes and d i 
amonds may only contain parameter names like own, fu
ture, or belief. A p p l y i n g modal operators to roles means 
tha t one obtains complex terms inside boxes and dia
monds. For example, in the def in i t ion of environrncnt-
fre&k we thus get the modal prefix [[want]own] where 
the complex (role) te rm [want]own occurs inside a box-
operator. 

Our new approach for in tegrat ing modal i t ies into ter
minologica l KR languages, called M-ACC in the fol low
ing, thus extends the proto typ ica l terminological lan
guage ACC in two respects. F i rs t , 'roles' may have dif
ferent types tha t express in what dimension (e.g., object-
d imension, t ime-po in t -d imens ion) they operate. In ad
d i t i on , one can apply role quant i f icat ion not only to con
cepts bu t also to roles, which provides for a very expres
sive language for bu i ld ing role terms. The expressive 
power of th is language is, for example, demonstrated by 
the fact t ha t general concept equations (see, e.g., [15]) 
can be expressed, even if one has only one dimension. 
Th is shows tha t the impo r tan t inference problems (such 
as sat is f iab i l i ty of concept terms) must be of very high 
complex i ty for our language.2 For this reason we shall 
impose add i t iona l restr ict ions on the syntactic fo rm of 
certain role terms to get a pract ical a lgor i thm for satis
f iabi l i ty of concept terms. 

2Satisfiability modulo concept equations is known to be 
exp-time complete; this is an easy consequence of a result by 
Fischer and Ladner [7]. 
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Figure 1: T rans fo rmat ion rules of the sat is f iabi l i ty a lgo r i t hm for M-ACC. 

In [2] it is shown tha t for constra int systems generated 
by the a lgo r i t hm the depth func t ion is always uniquely 
defined (i .e., independent of the selection func t ion) . In 
add i t i on , the depth of al l po ints and labels is bounded 
by a posit ive integer M ( c ) , which depends l inear ly on 
the size of the i npu t te rm c. I t should be noted tha t 
bo th propert ies st rongly depend on our restr ic t ion tha t 
[ . . . ]-operators are not al lowed at the role te rm level. The 
fact tha t labels are of bounded depth plays an impo r tan t 
role in the proof of t e rm ina t i on . 

T h e o r e m 3.4 The satisfiability algorithm described 
above terminates for all restricted serial M -ACC concept 
terms. If tt returns unsatisfiable then the input term is 
in fact unsatisfiable. 

A proof can be found in [2]. Un for tuna te ly , we d id 
not succeed in showing the opposite d i rect ion of the 
second statement , bu t we s t rongly conjecture tha t i t 
holds. Since subsumpt ion is reduced to unsat is f iabi l i ty 
th is means tha t we have presented a sound (bu t possibly 
incomplete) a lgo r i t hm for subsumpt ion in M-ACC. 

The semantics of M-ACC al lows for a s t ra igh t fo rward 
t rans la t ion of concept terms in to f i rst -order predicate 
logic. Bu t the t ranslated versions of even smal l concept 
terms may already become very compl ica ted. The for
mulae one gets do not seem to fa l l i n to one of the known 
decidable subclasses of f irst-order logic. Th i s is in con
t rast to ACC where concept terms can be t ranslated in to 
formulae of the Godel class. Dec idab i l i t y of the satisfia
b i l i t y p rob lem in M-ACC is s t i l l an open prob lem. 
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4 Summary and Open Problems 
The present paper is a first invest igat ion of a new k ind 
of mu l t i -d imens iona l moda l logic. The logic M - A C C is 
a combina t ion of moda l logics K m , but the combinat ion 
is of an unusual type. The moda l operators of the com
ponent logics do not only operate on the formulae in the 
combined logic, bu t also di rect ly on the operators of the 
other logics. As we have seen, this gives rise to qui te 
compl icated interact ions between the component logics. 
Th is k ind of logic was mot iva ted by appl icat ions in the 
area of KL-ONE-like knowledge representation systems, 
and in par t icu lar by the need of model l ing the knowl
edge of inte l l igent agents. 

In th is paper, we have only worked out the basic 
f ramework , and have defined a calculus based on the 
idea of label led deduct ive systems. There are various 
interest ing questions tha t remain open. 

F i rs t , of course, is the question whether the a lgor i thm 
is also complete for unsat isf iabi l i ty. If the answer is yes, 
this wou ld show decidabi l i ty of the sat isf iabi l i ty problem 
for restr icted serial M - A C C terms. I f the answer is no, 
dec idabi l i ty remains an open question. 

More generally, one can ask whether the methods de
scribed above can be adapted to the case where arb i t rary 
[ . . ] -operators are allowed at the role term level. Related 
is the question whether sat isf iabi l i ty for arb i t rary M-
A C C terms is decidable7 

An adequate representation of modal i t ies such as 
know, belief, or t ime require component logics that are 
stronger than Km; for example S4.3 for knowledge, l in 
ear structures for t ime etc. More generally, one can ask 
whether i t is possible to modi fy the sat isf iabi l i ty algo
r i t h m such tha t i t can take addi t ional modal axioms 
in to account. A possible way of at tacking this prob
lem could be to t ranslate the modal ax iom schemas into 
propert ies of the accessibility relations (see [9]) Com
plex correlat ions between different modal operators can 
thus be invest igated, and turned into addi t ional rules of 
the sat is f iabi l i ty a lgo r i thm However, w i thou t addi t ional 
restr ict ions, the rule set one thus obtains w i l l usually not 
be t e rm ina t i ng . 

As already ment ioned, a f lexible t reatment of T -Box 
axioms would be desirable. Can such axioms be handled 
by a sat is f iab i l i ty a lgor i thm? Also, the interact ion w i t h 
A-Boxes has not yet been considered. In this context, 
is i t possible to parameterize the role terms w i th A-Box 
elements or concept terms, e.g., by w r i t i ng [know(John)] 
or [believe(car-salesmen)]? 
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