Walking through the Semantics ofFrame-Based Description Languages:a Case Study�Roldano Cattoni and Enrico FranconiIRST, I-38050 Povo TN, Italye-mail: cattoni@irst.it - franconi@irst.itABSTRACTStarting from F L-, the first formal language belonging to the Frame-BasedDescription Languages (FDL) family, its expressive power is enhanced by adding newconcept- and role-forming operators. The possibility of giving roles a structure willbe analyzed, allowing conjunction of roles and introducing thereafter functionalroles, which allow a simple form of cardinality as well. Moreover, primitive descrip-tions are discussed for both concepts and roles. The relevant properties of these lan-guages, with respect to increasing expressive power, such as soundness, complete-ness and computational complexity of the subsumption procedure are presented for-mally. Beside these features a meaningful aim of our work is to show a methodologyfor the analysis of an FDL. Therefore in this paper not only the formal properties (thecoherence) of the single languages will be explored, but also the relation of these lan-guages with their effective use in a representational framework (the adequacy). It willbe shown how an FDL can lose its expected intuitive properties by augmenting ex-pressiveness: some solutions to this problem are proposed, following constructivecriteria. This study concludes with a discussion of the language K F L , the formal basisfor the Tbox of a KR system currently in use in a natural language project.1. INTRODUCTIONAll formal FDL�s introduced up to the present in the Knowledge Representation arenahave taken into account the tradeoff between the expressiveness of the language andthe cost of computing subsumption. To manage this tradeoff such languages adopt arestricted expressiveness, making subsumption efficient - e.g. Kandor [Patel-Schneider:84], Krypton [Brachman et al.:85], Classic [Borgida et al.:89], A L E[Donini et al:90]. However the still unresolved question is: how to get the maximumin expressiveness, without falling into the intractability pit? Unfortunately there isnot one all-inclusive answer to this question. There are several distinct ways to en-hance a language while preserving computational tractability of subsumption: thewidespread range of developed languages in the FDL family is an example. Moreover,the computational cliff shifts as the subsumption procedure becomes incomplete, and

� This work was supported in part by the Italian National Research Council (CNR) under theproject �CNR-PNF Sistemi Informatici e Calcolo Parallelo�.This paper appears in: Proceedings of the Fifth International Symposium on Methodologies forIntelligent Systems, Hyatt Regency, Knoxville TN (1990) sometimes it moves very far, depending on the degree of incompleteness, as in LOOM[MacGregor:88] or BACK [Peltason et al.:89]. Another way to push the barrier - to en-rich expressive power and maintain tractability and completeness of deductive proce-dure at the same time - is to adopt a weak semantics [Patel-Schneider:87].The motivating goals must be kept in mind when studying and developing an FDL:the ultimate language does not exist. The choice of which way to go depends on thespecific needs of a particular research project. We agree with [Doyle, Patil:89] whenthey say that �representation systems should be rational agents using the user�sknowledge and purposes to cooperate with the user to accomplish those purposes�.The goal of this work is a language with a tractable and complete subsumption proce-dure, whose expressiveness arises from a particular analysis of the different ways toexpand an FDL. Not only the formal properties (the coherence) of the single lan-guages will be explored, but also the relation of such languages with their effectiveuse in a representational framework (the adequacy). We will show how some con-structs - though extending expressive power and still maintaining tractability - donot give an intuitive behaviour to the language, from the point of view of bothmeaning and calculus. This study concludes with a discussion of the K F L language, theformal basis for the TBOX of a hybrid system - KRAPFEN [Franconi:90] - developed atIRST as the main representation module of the ALFresco natural language system.2. EXTENDING THE EXPRESSIVE POWER OF F L-: F LAF L- is an amply studied FDL [Levesque, Brachman:87]; it was the first attempt to un-derstand the computational cost of expressiveness. In this section we introduce F LA, asimple extension of F L-. The AND-ROLE operator, which allows conjunction ofroles, has been added to F L-. Let us consider the following concepts as an example:a = (AND person (SOME (AND-ROLE child friend))) represents the class of peoplewith the property of having at least one child who is also a friend.b = (AND person (ALL (AND-ROLE child friend) rich)) denotes the set of people suchthat all of their children who are also friends - if they have one - are rich.Note that there is a great difference in meaning between concept a and the following:c = (AND person (SOME child) (SOME friend)); c individuates all people having atleast one child and at least one friend; these are not necessarily the same individual.Analogously concept b is very different from d:d = (AND person (ALL child rich) (ALL friend rich)) denoting the set of people suchthat all of their children and their friends are rich.2 . 1 . Syntax and SemanticsLet T = Tc ¨ Tr be a finite set of atomic concepts and atomic roles, called terminol-ogy1. Let W be an arbitrary non empty set, representing the domain, and let `T be atotal function (the interpretation function) over the terminology such that:`T : Tc fi 2W`T : Tr fi (W fi 2W)Given T and W, the denotation of concept (and role) complex descriptions is ob-tained by extending the definition of the interpretation function `T recursively over

1 We follow the FDL formalism introduced by [Levesque, Brachman:87]. Differently from[Nebel:89] we do not introduce names for descriptions here, because the problem of naming goesbeyond the scope of this paper. We call the set of non-expandable atomic concepts and rolesterminology, whereas [Nebel:89] associates this set with the empty terminology.

such descriptions:<concept> ::=<atomic-concept> |(AND <concept>+ ) |(SOME <role>) |(ALL <role> <concept>)<role> ::=<atomic-role> |(AND-ROLE <role>+ )`T [(AND <concept>1..<concept>h)] = ˙i˚£˚h `T [<concept>i]`T [(SOME <role>)] = { x ˛ W : `T [<role>] (x) „ ˘ }`T [(ALL <role> <concept>)] = { x ˛ W : `T [<role>] (x) ˝ `T [<concept>] }`T [(AND-ROLE <role>1..<role>h)] = ~: Wfi2W | "x (~(x) = ˙i˚£˚h`T [<role>i](x) )2 . 2 . The clash of intuitionsGiven two concepts c1 and c2, c1 subsumes c2, iff: "W "`T (`T [c1] ˚ `T [c2] ). Wenow show some theorems that characterize the subsumption relation in F LA.THEOREM 12. Let ci be the concept (SOME (AND-ROLE r1 ..ri));if m £ n then cm subsumes cn.THEOREM 2. Let ci be the concept (ALL (AND-ROLE r1..ri) d);if m ‡ n then cm subsumes cn.THEOREM 3. Let ci be the concept (AND(SOME (AND-ROLE r1..ri))(ALL (AND-ROLE r1..ri) d));" n „ m neither cm subsumes cn, nor cn subsumes cm.oIt is possible to infer subsumptions between concepts where SOME and ALL opera-tors occur separately, as for F L-. From the above examples it follows that concept csubsumes concept a (Theorem 1): looking at the meaning of the concepts, thismatches our intuitions.According to Theorem 2, concept b subsumes concept d. However, this is just theopposite of the relation expected between b and d: common sense implies that b spe-cializes d. Intuition suggests that the extension is reduced by increasing the numberof constraints. Instead, the extension of the concept (ALL (AND-ROLE r1..ri) c) in-creases by augmenting the number of roles: this derives from the fact that the set offillers of the complex role can have an arbitrary cardinality, including zero (there aremore individuals that do not satisfy the universal condition on fillers).Theorem 3 shows that nothing can be said about subsumption when we have two con-cepts, in each of which both SOME and ALL operators occur taking as argument thesame role expression. On this matter let us consider the following example:e = (AND(SOME (AND-ROLE relative friend))(ALL (AND-ROLE relative friend) female))f = (AND (SOME relative) (ALL relative female)).Concept e individuates everybody having relative friends (at least one) who are fe-male; f represents everybody having relatives (at least one) who are female. Commonsense would lead one to say that concept f is a generalization of concept e. However,this is not true according to the semantics of this language, as shown in Theorem 3.

2 The proofs of the theorems are omitted: see [Cattoni:89].

For the above example let us consider as domain the set W = {John, Jacqueline,Marylin, Bob}. Let us suppose that the interpretation of the concept �female� is thedomain subset {Jacqueline, Marylin}, and that of the roles �relative� and �friend� isrespectively {<John, Jacqueline>, <John, Bob>} and {<John, Jacqueline>, <John,Marylin>}. From semantics it follows that the interpretation of concept e is the set{John}, because Jacqueline is simultaneously relative and friend of John and she is afemale; the interpretation of f is instead the empty set, because not all relatives ofJohn are females (as for Bob). Therefore it does not hold that f subsumes e.3. MORE STRUCTURE TO ROLES: F LA+In F LA+ a new syntactic type is introduced, called functional role (or attribute). Thedifference between a functional role and the aforesaid relational roles is in the cardi-nality: through a relational role an element of the domain can have any number of ele-ments associated to it; instead a functional role maps every element to at most oneelement.To clarify the difference between relational and functional role let us consider theconcepts (AND person (SOME child)), and (AND person (SOME mother)). The firstconcept represents people having at least one child, while the latter denotes the setof people having at least one mother. Each person can have any number of children;on the other hand we want to represent the fact that one and only one mother corre-sponds to each person. While �child� is a relational role without particular restric-tions, the role �mother� has the feature of filler singleness. This difference can becaptured within F LA+: (AND person (SOME (SINGLE-VALUED mother))).It is known that a language is computationally intractable if it has both the cardinal-ity general operators, AT-LEAST and AT-MOST, and the AND-ROLE operator at thesame time [Nebel:88]. In F LA+ the cardinality of the set of fillers of a role r can rangeonly between the values (0,¥), (0,1), (1,1), (1,¥), while preserving tractability of thesubsumption procedure.This new type of role is introduced to avoid the problem seen in the analysis of F LA inthe previous section: some deductions, which were true by common sense, were notsound with respect to the semantics (Theorem 3). The expressiveness is enhanced byintroducing functional roles, and, still maintaining the conjunction of roles, the ex-pected deductions are captured, as will be shown below.3 . 1 . Syntax and SemanticsWith the introduction of functional roles, the interpretation function `T is extendedover the terminology T^r:3`T : T^r fi (W fi W);4 where T = Tc ¨ Tr ¨ T^r and Tr ˙ T^r = ˘.

3 An <atomic-relational-role> will be referred to as r, whereas an expression of the type(SINGLE-VALUED <atomic-functional-role>) will be referred to as ^r.4 We could also define `T as:`T : T^r fi (W fi 2W),where the codomain 2W is constrained into the range of the singletons (that is, the cardinality of theelements of the range is one). We should also notice the different uses of ^ (bottom) and ˘ in thedefinitions below. If we define the function associated to a (functional) role as a total function~:˚(W fi 2W), the elements x0 ˛ W where the role is supposed to have no values, are mapped intothe empty set ˘ (that is ~(x0) = ˘); whereas if we define a functional role as a partial function ~:(W fi W), ~ is not defined over such elements x0, and ~(x0) = ^.

Given the new syntax of roles, over such descriptions the semantics become:<role> ::=<functional-role> |<relational-role><functional-role> ::=(SINGLE-VALUED <atomic-functional-role>) |(AND-ROLE <functional-role>+)<relational-role> ::=<atomic-relational-role>`T [ (AND-ROLE ^r1..^rh) ]5 = ^g: W fi W | "x (^g(x) = ^~1(x) =...= ^~h(x)) � (^g(x) = ^)`T [ (SOME ^r) ] = { x ˛ W | $ y ( ^~(x) = y )}`T [ (ALL ^r <concept>) ] ={ x ˛ W | " y (y = ^~(x)˚�˚y ˛ `T [<concept>] )} ={ x ˛ W | ^~(x) = ^ � ^~(x) ˛ `T [<concept>] }63 . 2 . The clash of intuitions revisitedTHEOREM 4. Let ci be the concept (SOME (AND-ROLE ^r1..^ri));if m £ n then cm subsumes cn.THEOREM 5. Let ci be the concept (ALL (AND-ROLE ^r1..^ri) d);if m ‡ n then cm subsumes cn.THEOREM 6. Let ci be the concept (AND(SOME (AND-ROLE ^r1..^ri))(ALL (AND-ROLE ^r1..^ri) d));if m £ n then cm subsumes cn.oWhile Theorems 4 and 5 simply generalize Theorems 1 and 2, Theorem 6 says that itis possible to deduce a subsumption relation between two concepts where both theSOME and ALL operators occur, if they include only functional roles. This resolvesthe potential confusion generated by Theorem 3. Let us for example definec = (AND(SOME (AND-ROLE(SINGLE-VALUED mother)(SINGLE-VALUED best-friend)))(ALL (AND-ROLE(SINGLE-VALUED mother)(SINGLE-VALUED best-friend)) rich));d = (AND (SOME (SINGLE-VALUED mother )) (ALL (SINGLE-VALUED mother) rich)).The concept c represents everybody having mother as best friend, who is rich; d in-dividuates everybody having a rich mother. According to our common sense we wouldsay that concept d is a generalization of concept c. This fact is captured by the se-mantics of this language, as shown in Theorem 6, so that d subsumes c.4. THE FORMAL LANGUAGE FOR KRAPFEN: K F L The SOME and ALL operators do not appear in K F L , while the operator EVERY is in-troduced. Its meaning is clarified considering, for example, the concept (AND person(EVERY child rich)), which represents all persons having at least one child, each ofwhich is rich. As specified in the semantics EVERY is equivalent to the conjunctionof SOME and ALL operators of the previous languages; indeed we could express thesame concept in F L- as (AND person (SOME child) (ALL child rich)).

5 Let us adopt the conventions: ~i (x) = `T [ri] (x) and ^~i (x) = `T [^ri] (x).6 Remember that ^ ˇ W.

The expressive power of K F L from this point of view is less than that of F LA+; in fact,the concepts defined by EVERY operator can be expressed by means of the conjunc-tion of SOME and ALL, but not vice versa. The reason for this choice follows. Let usconsider for example the concept (AND person (ALL child rich)), which representseverybody whose children, if he has children, are all rich. Still this definition in-cludes people who have NO children at all, for example a catholic priest. In our opin-ion, to fully capture their expected meaning, the properties defining a concept shouldbe used as the slots of a frame (i.e. the concept must have the property defined by theslot). Moreover the EVERY operator, as explained in the next section, cancels, in away, the clash of intuitions generated by Theorems 2 and 5. That is why in K F L wecannot express a relation having minimum cardinality equal to zero: the cardinality ofthe set of fillers of a role can range only between the values (1,¥) or (1,1).On the other hand there is no loss of expressiveness with regard to the SOME opera-tor; it is easy to verify the equivalence between the F LA+ expression (SOME r) and theK F L concept (EVERY r ANYTHING). The concept ANYTHING individuates the entireset of elements in the domain. Among other things it represents the top of the taxon-omy induced by subsumption relation: every concept is a (direct or indirect) specifica-tion of ANYTHING.4 . 1 . Syntax and Semantics<concept> ::=<atomic-concept> |ANYTHING |(AND <concept>+ ) |(EVERY <role> <concept>) |(PRIMITIVE <concept> <index>)<role> ::=<functional-role> |<relational-role> |(PRIMITIVE <role> <index>)<functional-role> ::=(SINGLE-VALUED <atomic-functional-role>) |(AND-ROLE <functional-role>+)<relational-role> ::=<atomic-relational-role>`T [ ANYTHING ] = W`T [ (PRIMITIVE <concept> <index>) ] ˝ `T [<concept>]`T [ (PRIMITIVE r <index>) ] = ~: W fi 2W | "x (~(x) ˝ `T [r])`T [ (PRIMITIVE ^r <index>) ] = ^~: W fi W | "x (^~(x) = `T [^r]) � (^~(x) = ^)`T [ (EVERY r <concept>) ] = { x ˛ W : ˘ „ ~(x) ˝ `T [<concept>] }`T [ (EVERY ^r <concept>) ] = { x ˛ W : ^~(x) ˛ `T [<concept>]} ={ x ˛ W : $y (y = ^~(x)) � "y (y = ^~(x)˚�˚y ˛ `T [<concept>])}.4 . 2 . Towards a rational representation languageTHEOREM 7. Let ci be the concept (EVERY (AND-ROLE ^r1..^ri) d);if m £ n then cm subsumes cn.THEOREM 8. If r is a <role>, the following concepts are equivalent:c1 = (AND (EVERY r a) (EVERY r b))c2 = (EVERY r (AND a b)).

THEOREM 9. If (S1 ˙ S2) „ ˘ then the following concepts are equivalent7:c1 = (AND (EVERY (AND-ROLE S1) a) (EVERY (AND-ROLE S2) b)),c2 = (EVERY (AND-ROLE (S1 ¨ S2)) (AND a b)).THEOREM 10. Let r be a <role>, a „ ANYTHING, and c1 and c2 the concepts:c1 = (EVERY r a),c2 = (EVERY (PRIMITIVE r) a);if r is a functional role then c1 subsumes c2,otherwise neither c1 subsumes c2 nor c2 subsumes c1.oTheorem 7 claims that the extension of (EVERY (AND-ROLE ^r1..^ri) c) is reduced byincreasing the number of roles, as intuition suggests, whereas that of (ALL (AND-ROLE ^r1..^ri) c) grows. It is possible to infer subsumption between two concepts, in-cluding the EVERY operator, when roles are not disjoint, as long as these are func-tional; the most interesting case concerns concepts including EVERY operators ap-plied to subsuming role sets. Let us consider for instance:a = (AND person (EVERY (SINGLE-VALUED father) rich)),b = (AND person (EVERY (AND-ROLE(SINGLE-VALUED best-friend)(SINGLE-VALUED father)) rich));Concept a represents everybody whose father is rich, whereas concept b refers to ev-erybody whose father is his best friend and is also rich. According to common senseone would assume that everybody whose own father and best friend is rich must neces-sarily have a rich father. Thus a subsumes b; this fact is captured by Theorem 7.The PRIMITIVE operator for concepts (and roles) is introduced to account, semanti-cally, for the incompleteness of a definition [Israel:83]. A primitive concept is de-fined by means of necessary (but not sufficient) conditions. For example8(AND(EVERY living-in Sicily)(PRIMITIVE (ANDbird (EVERY has-color (AND yellow light-color)))))denotes a specific (even if not explicitly given) subset of the light yellow birds (e.g.a canary or a goldfinch) living in Sicily. Without the specification of being primi-tive, that concept would represent the class of all light yellow birds living in Sicily.It is easy to verify that the concept representing anything having a light colour(EVERY has-color light-color) subsumes the former concept.The extension of an EVERY expression is reduced by increasing the number of con-straints (like primitiveness) on its role, only if it is a functional role; the same ex-planation given above and in section 2.2 applies here. From Theorem 10 it follows,for example, that (EVERY friend rich) does not subsume the concept (EVERY(PRIMITIVE friend) rich); whereas the concept (EVERY (SINGLE-VALUED best-friend) rich) subsumes (EVERY (PRIMITIVE (SINGLE-VALUED best-friend)) rich).It is provable that there are sound, complete and tractable - O(n3) - algorithms forcomputing subsumption between concepts and between roles in K F L [Cattoni:89].Theorems 8 and 9 guarantee the soundness of the flat type conversion step in the sub-sumption algorithm. It is worth noting that the languages described so far cannot rep-resent incoherent concepts (or roles): there exist always at least a non-empty inter-pretation of a concept. This fact leads to a simplification of the computational effort

7 If S = {^r1..^ri} we write (AND-ROLE S) instead of (AND-ROLE ^r1..^ri).8 For simplicity, every occurrence of the expression (PRIMITIVE˚<x>) will be consideredequivalent to the expression (PRIMITIVE <x> index), where index is always a freshly generatedindex. This means that the possibility to refer to an already generated primitive concept (or role),without using an explicit name for such a description does not exist [Franconi et al.:90].

for the subsumption procedure.5. CONCLUSIONSThis paper gives a methodology for the analysis and the development of a particularkind of representational service - a frame-based description language. We were inter-ested in both theoretical and functional aspects: we believe this is only a startingpoint for arriving at a rational representation system, in the sense of [Doyle,Patil:89]. Thus the relationships between expressiveness, functional adequacy andformal properties of the deductive procedure have been analyzed. We have pointed outstrong interrelations between the expressive power of a language and its effective usein a representational framework: expressiveness should not be compared only withcompleteness and tractability of subsumption. In conclusion, we propose a languagein which there is a proper compromise between these three aspects.REFERENCESBorgida A., Brachman R.J., McGuiness D.L., Resnick L.A.: CLASSIC: A StructuralData Model for Objects. Proceedings of ACM SIGMOD, Portland, Oregon, 1989.Brachman R.J., Gilbert V.P., Levesque H.J.: An essential hybrid reasoning system:knowledge and symbol level accounts of Krypton. Proceedings of IJCAI-85, LosAngeles CA, 1985, pages 532-539.Cattoni R.: Rappresentazione di concetti ed interazione con l�utente in Krapfen.Thesis - Computer Science Dept., University of Milan, Italy, 1989.Donini F. M., Lenzerini M. and Nardi D.: An Efficient Method for Hybrid Deduction.Proceedings of ECAI-90, Stockholm, Sweden, 1990.Doyle J., Patil R.S.: Two dogmas of knowledge representation: language restrictions,taxonomic classification, and the utility of representation services. TechnicalMemo MIT/LCS/TM-387.b, MIT Laboratory for Computer Science, September1989.Franconi E.: The YAK (Yet Another Krapfen) manual. IRST - Internal Report 9003-01, Trento, Italy, 1990.Franconi E., Magnini B., Stock O.: Primitive Descriptions and Prototypes inConceptual Hierarchies. Submitted to Comp. & Maths. with Appls., Special Issue:SEMANTIC NETWORKS, 1990.Israel I.J.: Interpreting Network Formalisms. Comp. & Maths. with Appls., Vol. 9,No. 1, 1983, pages 1-13.Levesque H.J., Brachman R.J.: Expressiveness and tractability in knowledge repre-sentation and reasoning. Computational Intelligence 3 (1987), pages 78-93.MacGregor R.: A Deductive Pattern Matcher. Proceedings of AAAI-88, St.Paul MINN,1988, pages 403-408.Nebel B.: Computational Complexity of Terminological Reasoning in BACK.Artificial Intelligence 34 (1988), pages 371-383.Nebel B.: Terminological Reasoning is Inherently Intractable. Artificial Intelligence43 (1990), pages 235-249.Patel-Schneider P.F.: Small can be Beautiful in Knowledge Representation. FairchildTech. Rep. Number 660, October 1984.Patel-Schneider P.F.: A hybrid, decidable, logic-based knowledge representation sys-tem. Computational Intelligence 3 (1987), pages 64-77.Peltason C., Schmiedel A., Kindermann C., Quantz J.: The BACK System Revisited.Report TU-Berlin Project KIT-BACK 75, 1989.