A Semantics for the Knowledge Interchange FormatPatrick HayesIHMC, University of West Floridaphayes@ai.uwf.eduChristopher MenzelTexas A&M Universitycmenzel@philebus.tamu.eduWe give a precise semantics for a proposed revised version ofthe Knowledge Interchange Format. We show that quantificationover relations is possible in a first-order logic, but sequencevariables take the language beyond first-order.The Knowledge Interchange Format (KIF) has beenwidely used in the fields of knowledge engineering anda r t i f i c i a l i n t e l l i g e n c e . M o s t n o t a b l y , p e r h a p s , i t i s currently being used actively in the development of theStandard Upper Ontology (SUO) project. There is goodreason for this, as there is need for a rigorous, computer-readable knowledge representation framework like KIFthat is based clearly upon the solid foundations of first-order logic. Due to its growing importance, there is nowa renewed push to make KIF an official internationalstandard. There is, in fact, a draft standard for KIF( G e n e s e r e t h 9 8 ) t h a t w a s d e v e l o p e d b y M i c h a e l Genesereth, who has been KIF�s central developer to thispoint. And it is a good start. However, we feel that theversion of KIF in that document falls short in severalrespects. First, it is not sufficiently �modular�. That is, anumber of features of KIF — notably, metalinguisticfeatures, and number systems — are better off separatedfrom the basic logical apparatus of the language. Second,the grammar of the language needs to be updated to allowf o r s u c h t h i n g s a s a a r b i t r a r y U R I s a n d U n i c o d e characters. And finally, and perhaps most critically, acomprehensive semantics for KIF needs to be developed —this in turn will reflect back on the second task, assemantical considerations will impact the grammaticalstructure of the language. In this short paper, we willfocus on the last of these. That is, we will provide adefinition of the notion of a KIF language (somewhatsimplified for purposes here) and we will then propose asemantics for that language. To avoid confusion, we willrefer to the new version of KIF here proposed as �SKIF�.OverviewBefore giving formal definitions we review the aspects ofSKIF that are of particular interest and chiefly serve todistinguish it from earlier versions of KIF. SKIF followsKIF in many respects. Notably, SKIF uses a LISP-compatible syntax where everywell-formed expression is represented as anSexpression containing its immediate syntacticconstituents as elements (although a SKIF expressionis not assumed to be a LISP datastructure); SKIF allows relations to be variably polyadic — i.e., itallows them to be true of varying numbers ofarguments; A syntactic corollary of the preceding feature is thatSKIF puts no restrictions on the number of terms thatcan follow the term occurring in predicate position inan atomic formula, that is, terms that can occur inpredicate position are not assigned a unique arity. SKIF has a provision for quantifying over finitesequences of arguments, using a special form ofvariable. In SKIF these are called row variables,which generalize the sequence variables in KIF.As we will show, the full use of row variables in facttakes the language beyond first-order expressiveness, butthere is a useful sublanguage which is strictly first-order.However, some aspects of KIF have been omitted.Notably: SKIF has no special provision for stating definitions,since definitions have no semantic content. The semantics of row variables is worked out inmuch greater detail than is the semantics of sequencevariables Most notably, SKIF uses a free syntax, by which wemean that no distinction is made between object constants, function symbols, and relation symbols.There are only , and any term may occur inpredicate position in an atomic sentence, in functionposition in a function term, or in argument position inat atomic sentence or function term.This last difference between KIF and SKIF gives thelanguage a superficial appearance of a higher-order logic.However, as we will show, this syntactic freedom in andof itself (i.e., without the addition of row variables) doesnot take SKIF beyond first-order expressibility. Thepurpose of SKIF�s free syntax is to put as few syntacticburdens as possible on users, and as few parsing burdensas possible on compilers and other syntax processors.SKIF syntaxSKIF is written using character sequences called .For now, we define a word to be any sequence of ASCIIc h a r a c t e r s w h i c h d o e s n o t c o n t a i n q u o t e m a r k s , parentheses or whitespace, and which starts with somecharacter other than an integer or the symbols ? or @. Amore detailed syntax, based on Unicode, will be providedin a fuller account of SKIF. This syntax will be alsoextended in later versions to include such things asd o c u m e n t a t i o n f o r m s , r e s t r i c t e d q u a n t i f i e r s , q u o t e d s t r i n g s , i m p o r t a t i o n c o n v e n t i o n s f o r i n c l u d i n g o n e ontology inside another, and so on. To simplify thestatement of the semantics below, we will ignore theseextensions in this paper.An ontology namespace N consists of a recursive set ofwords.(Some words, e.g. the quantifier names, �and�, �or�and �not�, and variable names, are reserved for use inSKIF and cannot be included in a namespace.) Theelements of this namespace are constant names that referto the distinguished individuals, properties, classes, andr e l a t i o n s i n t h e o n t o l o g y . T h e r e a r e t w o k i n d s o f variables; a word prefixed with ? is an object variable; aword prefixed by @ is a row variable.The syntax for SKIF expressions is:<term> ::= <objterm>|<rowvariable><objterm> ::= <objvariable>| <constant> |<fnterm><fnterm> ::= (<objterm> <term>*)<sentence> ::= <atomsent> |<boolsent>|<quantsent>| <equalsent><equalsent> ::= (=<objterm> <objterm>)<atomsent> ::= (<objterm> <term>*)<boolsent> ::= (not <sentence>)| ({and|or} <sentence>*)| ({=>|<=>} <sentence> <sentence>)<quantsent> ::=({forall|exists}({<objvar>|<rowvar>}+) <sentence>)The SKIF lN generated by the namespace N issimply the set of expressions generated by the above BNFwhen N is the set of all <constant>s. In particular, theexpressions generated by <sentence>, <constant>,<term>, <objterm>, and <fnterm> are known as the, constants, , object terms, and functionterms of lN , respectively.SKIF SemanticsWe begin with an informal discussion of the semantics ofSKIF. There are two particularly important features ofKIF’s proposed syntax that deserve attention: (i) its freesyntax and its semantics, and (ii) the semantics of rowvariables.SKIF’s Free Syntax and Its SemanticsThe model theory for SKIF is very close to a conventionalmodel theory for first-order logic, but has a few unusualfeatures which arise from the need to cope its free syntax.In particular, since any name can be used as a function ora relation name, the semantics must assign a truth-value toexpressions even if their function or relation symbol doesnot denote a function or relation, and it must make senseof terms whose function name refers to a relation which isnot functional. It must also be able to handle self-application (i.e., an expression where the same name isused to refer to a relation or function as to one of itsarguments.)To handle all these issues, SKIF utilizes a basic semanticdevice which associates an extension with every object inthe domain. The extension of an object is a set of n-tuples.The extensions of individuals are always empty.Structurally, therefore, in a given model, individuals areindistinguishable from relations with empty extensions;they are individuals rather than relations with emptyextensions in the model simply in virtue of having beendeclared to be individuals.The basic semantic rule is that an atomic sentence of theform (t0 t1 ... tn) is interpreted as true just when extension associated with the denotation of 0 contains then-tuple consisting of the denotations of t1, ..., tn,respectively. Sentences whose interpretation wouldviolate the �normal� interpretation rules (such as the useof an individual name in a relation position) simply turnout to be false, since the relevant extensions fail to supplysuitable values to make them true.

Since relations are distinguished from their extensions,the extension of a relation may contain the relation itself(or an n-tuple which contains it). This provides a way todescribe self-application without violating the axiom off o u n d a t i o n . ( A l t h o u g h t h e m o d e l t h e o r y i s i n f a c t c o m p l e t e l y a g n o s t i c a b o u t w h e t h e r r e l a t i o n s a n d extensions are distinct. The association could be identity,a l t h o u g h i n t h a t c a s e t h e m o d e l s w o u l d h a v e b e understood relative to some non-well-founded set theory,in general. We discuss this issue in more detail below.)Notice that while a SKIF interpretation must provide adenotation for every term in the language, and hence anextension for every term used as a relation or function,there is no presumption that the interpretation mustcontain any particular universe of relations. In contrast,classical higher-order logic requires that every domaincontain all relations over the domain of individuals;higher-order syntax with the Henkin semantics, whileexpressively only first-order, requires that they contain alldefinable relations. This is why SKIF is not in any sense ahigher-order logic. In fact, as we will show, SKIF withoutrow variables is really only a notational variation ofconventional first-order logic.O n e o t h e r c o m p l i c a t i o n n e e d s a t t e n t i o n . S i n c e t h e syntactic specification of the classes <atomsent> ofatomic sentences and <fnterm> of function terms areidentical, expressions of the form (<pred>˚<term>*) canbe used both to refer to an object (and hence take on theguise of function term in an atomic sentence) and tomake an assertion (and hence themselves occur as anatomic sentence). For instance, suppose that �father-of�d e n o t e s a 2 - p l a c e r e l a t i o n , i . e . , s o m e t h i n g w h o s e associated extension contains only pairs. If we want toattribute some property to Cain�s father, it is convenientto use functional notation:(gardener (father-of cain)).But simply to indicate that Cain’s father is Adam, anatomic sentence is preferable:(father-of cain adam).SKIF follows KIF 3 in allowing both forms. However,since SKIF does not declare symbols to be relational orfunctional, there are two potentially troublesome cases toconsider: when a function is used inappropriately in anatomic sentence, and when a term denoting a non-functional relation is used in a function term. For aninstance of the first, what if we assert(exists (?x) (father-of ?x))?The answer is straightforward: taken as a sentence (as itmust be here), since � expresses a 2-place(functional) relation, �(father-of ?x)� is simplyfalse for all values of � — father-of is not a ofany single thing — and hence the quantified sentenceabove evaluates to false as well.The second potentially problematic case arises if anexpression denoting a non-total function or a non-function(i.e., a relation which is not functional, or a non-relation)is used in a function position in a function term ( t1 � tn).In such cases, the term in question will not have a�natural� denotation for at least some values of t1 � tn.For instance, if � denotes the father-ofrelation in a model of the Genesis myth, then�(father-of adam)� is undefined, as Adam had nobiological father. This is problematic, as undefined termsare not permitted in classical logic. Hence, in such cases,an arbitrary value is value is assigned to the function termwhen it occurs in an atomic sentence — we will choose thedenotation of the term occurring in function position.This choice could lead to some odd side-effects — forinstance, �((father-of adam) cain adam)� and�(exists (?x) (= plus (plus ?x ?x))� turnout true. However, such side-effects are either innocuous,or can be rendered innocuous in an ontology simply byrestricting the quantifiers in axioms carefully to ensurethat one is only talking things that are �genuinely� in therange of the function in question. (The things that aregenuinely in the range of a function are simply thosethings b such that Æa1,�,an,b ext() for some a1,�,an.These objects can be identified in SKIF by means of rowvariables: (forall (?r ?y) (=> (relation ?r) (<=> (in-range ?y ?r) (exists (@args) (?r @args ?y))))).The functionality of a relation can be expressed asfollows:(forall (?r) (=> (relation ?r) (<=> (functional ?r) (forall (@args ?y ?z) (=> (and (?r @args ?y) (?r @args ?z)) (= ?y ?z))))))These two axioms together, then, enable one to identifythe objects in the range of a function (i.e., functionalrelation) and talk about them alone in axioms involvingterms that denote that function.

The semantics of row variablesAs noted, like KIF, SKIF allows relations and functions tobe v a r i a b l y p o l y a d i c . Hence, to capture this factsyntactically, the same symbol can legitimately occur inpredicate position in different atomic sentences withd i f f e r e n t n u m b e r s o f a r g u m e n t s . T o s t a t e g e n e r a l properties of such relations, one needs to be able toquantify over a variable number of things at once. InKIF, this was achieved by assuming that expressions wereLISP list structures and allowing a form of quantificationover the ’tails’ (CDRs) of these expressions. SKIF uses asimilar but somewhat more abstract device by allowingquantification over arbitrary n-tuples of objects. Such a n-tuple corresponds to a row of symbols in an expression,such as the row of three symbols �a b c� in theexpression �(R a b c d)�. A row variable has suchrows of terms as instances in exactly the same way as anobject variable has single terms as instances, so that theabove expression would be an instance of �(R @x d)Row variables provide a mechanism for talking about theseries of objects indicated by arbitrary rows of terms,without actually putting those series of objects themselvesin the universe of discourse. Thus, quantification of rowvariables provides roughly the same expressive power inthe language as is often achieved informally in themetalanguage by the use of three dots to indicate amissing sequence of arbitrary length.Rows can be thought of simply as a special category of n-tuples. Several distinctive properties of rows should behighlighted here, however. First, they are finite. Sincefiniteness is not first-order expressible, one might expectthat introducing a quantifier which ranges over finiteentities will take the logical language beyond first-orderexpressiveness, and indeed this is the case. Second, asingleton row is indistinguishable from its sole element.Third, there is no way to include one row as a single itemin another row: rows have no nested structure, unlike lists,sets, or logical terms.Formally SpeakingRowsFirst, some definitions. For any set A, let An be the set ofsequences of length n of members of A, i.e. functionsfrom the set {0, 1, �, n-1} of ordinals <n into A. (Itfollows that A0 = {˘} since the set of ordinals < 0 isempty.) We call the members of An n-tuples over A. Wewill write the n-tuple {Æ0,a0æ, Æ1,a1æ, �, Æn-1,an-1æ} asÆa0,a1,�,an-1æ. In particular, we will sometimes refer to ˘as �Ææ� when thinking of it as a 0-tuple. Let A* be the setof all n-tuples over A, for all n, i.e., A* = ~n<wAn. We willcall the members of A* tuples over A. We want toconsider n-tuples in which there is no distinction between1-tuple and its (sole) member, so we define anequivalence relation » on A¨A* by : Æxæ » x, and let A**be the set of equivalence classes on A¨A* under ». Wecall the members of A** rows over A or A-rows. Noticethat any element of A constitutes a singleton row (thismakes the technical statement of the model theorysomewhat simpler). If s1, �, sn are rows, then cc(s1,�,sn)is the concatenation of those rows; that is, the row whoselength is the sum of the component rows and whichconsists of the elements of those rows in consecutiveorder. Notice that a concatenation of objects is simply therow of those objects, so that cc is also the row-formingfunction. We define the value of cc on an empty list ofarguments to be the 0-tuple Ææ.These conventions have some consequences for thesemantics. In particular, if a SKIF object expression coulddenote a row, the language would be ambiguous; so weimpose a semantic restriction that a SKIF domain cannotcontain the rows that are used in the semantic definition.(It may contain isomorphic structures, but they cannot be.) If this restriction is felt to be onerous, we cansimply declare rows to be a special category of structuresdeclared by fiat to be isomorphic to the rows describedhere, but not defined to be identical to their set-theoreticdescription.InterpretationsNow, let N be an ontology namespace, and let l be thelanguage generated by N. An interpretation of l is atriple ÆD,ext,Væ such that D = is a nonempty set, where isempty. ext is a function on D such that, for all r in ,ext(r) ˝ D**, and for all e in E, ext(e) = ^. is a function that maps the constants and objectvariables of l into D1 and the row variables oflN into D**.Intuitively, is the set of relations in an ontology(functions are a particular kind of relation, and propertiescan be thought of as 1-place relations), and is the set ofindividuals. Thus, maps each relation r to itsextension, i.e., to a set of rows of elements of D. Noticethat the lengths of the rows in the extension of a relationneedn�t be identical; relations, that is to say, can bevariably polyadic. For convenience, individuals are assigned an empty extension. Finally, is the semanticalmapping from the terms into entities of an appropriatesort. Specifically, maps constants and object variablesto objects in the domain of discourse D, and row variablesinto rows, i.e., n-tuples of objects in D. Since D D**,i.e., single objects are identical to their singleton rows, Vcan be said to map all terms to rows of objects.Truth under an InterpretationSeveral more definitions will be helpful for defining truth.First, for an interpretation I = ÆD,ext, and for anyvariables 1, �, nn, say that an interpretation I =ÆD,ext is an I-variant 1, �, nn if differs from Vat most in what it assigns to one or more of 1, �, nn.Second, define a relation r to be 1, �, enæjust in case there is exactly one object in the domain ofdiscourse D such that 1, �, en is in the extensionext(r) of r.Now let j be an expression of l. We have alreadydefined (j) when j is a name or a variable. But we alsoneed to define it for the case when j is a functional term.This will be included in the following general definitionof truth for lN. If j is a functional term (F t1 ... tn), then there aretwo cases to consider. If V() is functional, thenV(j) is the unique such that (V(t1),�,V(tn),e) (V()); otherwise, V(j) = (V()). This latterchoice is arbitrary, as noted above. If j is an atomic sentence ( t1 ... tn), then j istrue under I , just in case (V(t1),�,V(tn)) ˛ext(V(P)). If j is (= t1 t2), then j is true under I just incase V(t1) = V(t2). If j is ( ), then j is true under I just incase y is not true under I. If j is (and y1 � yn), n‡0, then j is true underI just in case, for all positive integers £n, yi istrue under I. If j is (or y1 � yn), n‡0, then j is true underI just in case, for some positive integer i£n, yi istrue under I. If j is ( ), then j is true under I just incase y is not true under I or q is true under I. If j is (<=> ), then j is true under I just incase either both and are true under I orneither is. If j is (forall (n1 n) ), then j is trueunder I just in case is true under all I-variantson n1, �, nn.10. If j is (exists (n1 n) ), then j is trueunder I just in case is true under some I-variant on n1, �, nn.Most of the above is standard; all the originality is in thefirst two clauses. The complexity of the clause for objectterms arises from the need to specify a semantic value forthe functional term when it has no intuitively correctvalue, as discussed earlier. Both clauses use the notion ofa concatenation of rows to form the appropriate n-tuple ofarguments which is supplied to the function or relation.For conventional first-order logical syntax this would beneedlessly complicated (although correct), but the use ofrow variables requires this much care. Notice that thisdefinition extends to empty rows, so that an atomicsentence of the form () will be true just in case theempty sequence Ææ ext(r). Note also that as special casesof clauses 5 and 6, is vacuously false, and vacuously true, under any interpretation.Extensional and intensional interpretationsThis semantics makes a conceptual distinction betweenrelations and their extensions. This has a number oftechnical advantages, notably that of giving a denotationto expressions involving circular applications, such as (inthe most extreme case)(R R)This is true under I just in case I(R) denotes and e ˛ext(e) , which of course is quite an unexceptionalcondition. However, if we were to insist that relationswere identical to their extensions, this would amount tothe requirement that e , in direct contradiction withthe axiom of foundation. There are several possibleresponses to this observation, and the authors do not agreeon which is preferable. They do agree, however, that amerit of the SKIF model theory is that it is entirelyagnostic about which stance to take.On one view, to distinguish between relations and theirextensions is philosophically proper, and so nothing moreneeds to be said; particularly as the SKIF model theorycan be derived from a more conventional Tarskianinterpretation of a sublanguage, as we show below.

On another view, it is proper to think of relations in afirst-order model theory as being identical with theirextensions. This can be partly expressed by an axiom ofextensionality:(forall (?r ?s) (=> (forall (@x)(<=>(?r @x)(?s @x))) (= ?r ?s)))which asserts, in effect, that is 1:1; call this a weaklyextensional interpretation, and an interpretation in whichext is identity a extensional interpretation. Thereis no way in SKIF to write an axiom which guaranteesstrong extensionality, but on the other hand any weaklyextensional interpretation defines a strongly extensionalone in which every sentence has the same truth value, soif strong extensionality is considered desirable, it may beimposed by stipulation. The cost, of course, is that onehas then to understand the entire semantic descriptionrelative to a ’non-well-founded’ set theory which rejectsthe axiom of foundation, such as that described by PeterAczel (1988). This makes no difference to the actualmodel theory as stated, but some may find the conceptualburden too onerous.T o s u m u p , t h e r e a r e t h r e e o p t i o n s r e g a r d i n g t h e i n t e r p r e t a t i o n o f t h e s e m a n t i c s . A n o n e x t e n s i o n a l interpretation, or weak extensionality, are always options;if one wishes to impose strict extensionality, and if thelanguage being considered uses circular application, thenone must interpret the model theory relative to a non-well-founded set theory. The formal properties of SKIFand its model theory work the same way in all three cases.Extensions to SKIFThe SKIF language described here is a minimal language;we envision that the final form of SKIF will containseveral syntactic extensions designed for ease of use. Acomplete version of the language will be given elsewhere,but currently proposed extensions include, but are notlimited to, the following. Only the last one changes theessential logical character of the language.Documentation wrappersT h e l a n g u a g e w i l l h a v e s p e c i a l s y n t a c t i c f o r m s f o r a t t a c h i n g d o c u m e n t a t i o n s t r i n g s a n d o t h e r ’ t a g s ’ t o expressions and assertions. (Although logically trivial,this complicates the syntax since such strings may containotherwise ’illegal’ characters.) We also expect to definethe language to allow Unicode character strings in theU C S - 2 s u b s e t , m a k i n g i t m o r e a p p r o p r i a t e f o r international use.Restricted quantificationRestrictions on quantifiers can be written inside thequantifier syntax, so that for example one can write(forall (?x (human ?x)) (bipedal ?x))in place of(forall (?x)(=>(human ?x)(bipedalClass heirarchies and sortingS K I F f o l l o w s n o r m a l l o g i c a l p r a c t i c e i n t r e a t i n g properties as unary relations, but deviates from the usualfirst-order logical tradition by also treating them asobjects. Other languages treat properties as classes1, ands o m e l o g i c a l l a n g u a g e s a l l o w c e r t a i n c l a s s e s t o b e distinguished as ’sorts’(where sort membership can bec h e c k e d b y t h e p a r s e r w i t h o u t p e r f o r m i n g g e n e r a l inference.) Much of this can be axiomatized within SKIF asdescribed here, but a fuller version of SKIF will provides y n t a c t i c d e v i c e s t o a l l o w t h e u s e r t o s p e c i f y s o r t information in a uniform framework.Namespaces and importationW e w i l l p r o v i d e s y n t a c t i c m a c h i n e r y f o r d e c l a r i n g n a m e s p a c e s , m a i n t a i n i n g n a m e s p a c e s e p a r a t i o n , a n d importing ontologies from remote sources (such as websites or external files). None of these change the basicl o g i c a l p r o p e r t i e s o f t h e l a n g u a g e . H o w e v e r , s o m e extensions are proposed which do give the languagesignificantly greater expressive power, particularly ameta-extension:This will provide syntactic machinery for describing andquantifying over linguistic expressions, including those ofthe language itself, and for asserting the truth of suchexpressions. We expect to use the �wtr� predicate fromKIF as a suitable truth predicate to avoid the well-knownparadoxes. 1 We here use �class� as the term is used in the descriptionlogic literature; cf. (McGuinness & Patel-Schneider 1998)not in the sense of �proper class� from set theory.

Mapping SKIF into conventional logicSKIF can be mapped into a more conventional logicallanguage in two stages. We first describe an embeddingfrom SKIF into a restricted SKIF language which has aconventional clear distinction betwen object, function andrelation symbols of fixed arity, and then give a furthertruth-preserving mapping from SKIF into a similar logicw i t h o u t r o w v a r i a b l e s . T h e s e m a p p i n g s p r o v i d e a n intuitively useful account of SKIF, establish its basicl o g i c a l p r o p e r t i e s , a n d i l l u s t r a t e h o w t h e s e m a n t i c complexities (notably the relation/extension distinctionand the central use of row-concatenation) arise.Holding and applyingTo �tidy up� the free syntax of SKIF we utilize a familiartrick for writing �higher-order� syntax into a first-ordernotation, which makes use of a denumerable set of specialr e l a t i o n s H o l d s - 0 , H o l d s - 1 , ... and functionsymbols App-0,App-1,... (one for each naturalnumber), and, for a given sentence j we simply rewriteevery term occurrence of an expression of the form (t0 t1 ... tn)as (App-n t0 t1 ... tn)and every sentential occurrence as n t0 t1 ... tn),with these translations applied recursively to everysubexpression in the obvious way. If (or l ) is anexpression (or a language on N), let H() (or H(l) ) bethe expression (or language) defined by the abovetranslation; we will call this the holds expression(language) corresponding to q (lN) .In any holds language, all the symbols of the originalSKIF language have become individual names; all thefunction, relation and individual names are distinct, andeach function symbol and relation symbol has a uniquearity; and no variables or nonatomic terms occur in therelation or function position. Apart from the presence ofrow variables, therefore, a holds language is aconventional first-order language. To prove this, it caneasily be shown that any interpretation I of an SKIFlanguage can be transformed into a standard first-orderinterpretation I* of the corresponding holds language in atruth preserving way (i.e., sentences of SKIF have thesame truth value in I that their counterparts under H havein I*).SKIF and Infinitary LogicAs noted, row variables extend SKIF�s expressive powerbeyond that of simple first-order logic. Specifically, theygive it the expressive power of an infinitary sublanguageof the infinitary logic Lw1. In this section we make thisexplicit.To keep the exposition simple, we will first define a truth-preserving mapping from SKIF to an infinitary logicwithout row variables. The resulting language retains theother odd features of SKIF, such as variable polyadicity,so is not strictly a sublanguage of Lw1, but if thismapping is composed with the transformation Hdescribed in the previous section, the result is strictlywithin Lw1. We will call this mapping K; the mappingsH and K commute.The intuitive idea of the K mapping is that any instance ofa row variable @x is also a row of instances of a row ofobject variables n1 ... n, so the effect of universallyquantifying a row variable can be obtained by conjoiningan infinite series of expressions representing all thepossible universal quantifications of those rows usingobject variables; and similarly , of course, by disjoiningsuch a series for an existential quantifier. An expressionof the form(forall (@x)(foo @x))thus will map into an infinite conjunction of the form(and (foo) (forall (?x1)(foo ?x1)) (forall (?x1 ?x2)(foo ?x1 ?x2)) (forall (?x1 ?x2 ?x3)(foo ?x1 ?x2...)To state this formally it is convenient to assume that rowquantifiers are treated separately, with each quantifierbinding only a single row variable. Obviously everyexpression has an equivalent expression in this row-separated form.Let l be a SKIF language in row-separated form. Wewill map l into an infinitary language N over the samevocabulary. The complex formulas of will be as usualfor such a language; specifically, allows countableconjunctions and disjunctions (but only finite quantifier strings). Given a countable set S of formulas of , wewill indicate their conjunction by �S and their disjunctionby �S. If S is indexed by the finite ordinals, we willindicate the conjunction of the members of S by �i<wS andtheir disjunction by �i<wS.For any SKIF expression and for any row variable r andobject variables n1, �, , let [r/n1 � ] be the resultof replacing every occurrence of r in with the row n1� . (Notice that this refers to all occurrences of r ,even those inside quantifiers.) Then the translationscheme K from l into N is defined recursively asfollows:• If j is any word, then K[j] = j.• if r is a row variable and j is (forall (r)y), then K[j] =�m<w{(forall (n1 � nm) K[ y[r/n1 �nm])] }, where, for each m<w, n1, �, nm are them alphabetically earliest object variables that donot occur in y.• If r is a row variable and j is (exists (r)y), then K[j] =�m<w{(exists (n1 � nm) K[y[r/n1 �nm])]} , where, for each m<w, n1, �, nm are them alphabetically earliest object variables that donot occur in y. Otherwise, K[j] is the expression got byapplying K to every well-formed immediatesubexpression of j. It is easy to see that K is truth-preserving: the statement ofthe truth-conditions for universal row quantification referto all finite rows, which can be transcribed directly intothe truth-conditions for the infinitary conjunction, each ofwhose conjuncts states the analogous condition for one ofthe possible finite lengths of the row; and similarly for theexistential case.It is almost equally clear that the full meaning of the rowquantifier could not be captured by any finitesubexpression, since any such expression would omitsome case that might falsify the infinite conjunction.Hence the row quantifiers take the language beyond strictfirst-order definability. We have not yet fully investigatedthe extent to which this extra expressiveness may take thelanguage, but some facts are clear.Given any SKIF language, applying both the mappings Kand H (in either order) yields a sublanguage of the well-known infinitary logic L1. However, these mappingsonly utilize a sublanguage of Lw1 , which we will callSKIFw1, rather than the full language, and there is somehope that this sublanguage may be computationally moretractable than full Lw1w.Lw1 allows arbitrarily complex conjunctions anddisjunctions, while SKIFw1 only uses a highlysimplified subcase in which each component can begenerated from the previous one by a simple addition ofone new variable. We have not yet fully investigated thetractability of the SKIF1 sublanguage relative to Lw1w,but there is some hope that computationally usefulproperties may be obtained. L1 itself is among themore tractable infinitary languages, and for exampleadmits a completeness theorem from countable sets ofpremises. To illustrate the problems, however, we notethat skolemisation is not possible in general for rowquantifiers, as can easily be seen by applying the Kmapping to a sentence containing an existential rowquantifier inside the scope of a universal row quantifier.A useful sublanguage and its limitations.The fact that SKIF (and indeed KIF, as may be easilychecked by considering a similar mapping from sequencevariables into Lw1) is not first-order, may be reasonablyconsidered to be Bad News. Moreover, the generalizationof KIF sequence variables to SKIF row variables,although theoretically cleaner, has some computationaldisadvantages, since the use of row variables in generalposition makes unification very difficult: because row-concatenation is associative, simple pairs of expressions,such as (r a @x) and (r @x a), may have infinitelymany most general unifiers. However, there is a restrictedsublanguage of SKIF which avoids most of thesedifficulties and but may still be of general utility, whichwe will call ’schema form’ since it corresponds to the useof schemas in first-order logic.An SKIF sentence is in schema form if row variables are1. restricted to universal quantifiers at the top level of anyassertion (i.e., not within the scope of any expressionother than a universal quantifier), and2. only occur in the final position of any atomic sentenceor relational termand 3. if the sentence is used only as an assertion, andnever posed as a theorem to be proved.The second restriction makes row variables similar inusage to sequence variables in KIF, i.e., they alwaysintuitively refer to the ’tails’ of argument lists. In practicethis is not usually felt to be an onerous restriction, although it does sometimes force axioms to be written in amore complex style. It has the merit of guaranteeing thatu n i f i c a t i o n p a t t e r n s t h a t c r e a t e t h e a b o v e - m e n t i o n e d difficulties cannot arise. (There may be less restrictiveconditions which also supply such a guarantee: we havenot investigated this in detail.)The first restriction is rather more dramatic, in that itmakes this sublanguage first-order expressible. To seet h i s , n o t i c e t h a t a n y s u c h ’ t o p - l e v e l ’ u n i v e r s a l quantifications can be mapped by K into a top-levelinfinitary conjunction, which in turn is equivalent to aninfinite set of first-order sentences. By the compactnesst h e o r e m , a n y c o n s e q u e n c e o f t h i s s e t i s a l s o a consequence of some finite subset of them, so this infiniteset can be treated as strictly first-order, when used as anassertion. (Notice however that this argument wouldbreak down if the sentence were posed as a theorem, sinceit could only be proved from an infinite number ofpremises.) Since free variables in assertions are taken tobe universally quantified, an assertion in schema formmay be thought of as having only free row variables.N o t i c e a l s o t h a t s k o l e m i s a t i o n c a n b e a p p l i e d t o expressions in schema form, uisng a polyadic skolemfunction: (forall (@r) (exists (?x)(...?x...)can be transformed into(forall (@r) (... (f @r) ...)All this amounts to the observation that a first-orderschema does not extend the language beyond first order ifit used solely as a ’source’ of axioms, standing in place ofa recursively infinite set of assumptions. Schema formp r o v i d e s a g e n e r a l - p u r p o s e n o t a t i o n f o r w r i t i n g computationally tractable first-order schemas in thissense, and also makes clear their expressive limitations.In particular, notice that there is no way to describe theintegers, or to guarantee finiteness, using such a schema.For example, since rows are defined to be finite, onemight think that one could use unary arithmetic to defineintegers, using a row of length n as a numeral to representthe number n. It is indeed easy to write the relevantaxioms in SKIF:(equinum 0)(forall (@r ?x ?y)(<=> (equinum (succ ?x) ?y @r) (equinum ?x @r)))(<=> (finite ?x) (exists (@r)(equinum?x @r)))but, as is easily checkable, the final biconditional cannotbe put into schema form.In general, the common use of ’recursive’ definitions inSKIF (and KIF), as in the second axiom above, is alwayshostage to the expressive limitations of the language. Ifr o w q u a n t i f i c a t i o n i s c o n s i d e r e d t o b e p a r t o f t h e language, then finiteness is expressible and such recursivedefinitions can be considered to be fully specified; but ifthe language is restricted to first-order, then the languagecannot possibly express their full import. Just as withschemas, they can be considered to be ’generators’ of aninfinite set of first-order axioms, but this only provides alower bound on their first-order models, and cannot ruleout nonstandard models in which quantification over the’recursively defined’ constructs (integers, in the abovecase) also range over nonstandard elements which wouldbe excluded by a least-fixed-point semantics or by theexpressive power of an infinitary logic. So for example,the definition of lists in KIF (reference KIF3 manual) is infact incomplete, in that it fails to restrict the models toonly the finite lists.This work arose from a group effort to create a revisedversion of KIF and has benefitted from input from ourcolleagues in the group.The extensionality axiom wasprovided by Bill Andersen.Hayes recognises the partial support of DARPA undercontract # F30602-00-2-0577.ReferencesAczel, P. (1988) "Non-well-founded Sets", CSLI LectureNotes, number 14Bell, J. (2000) "Infinitary Logic", Stanford Encyclopediaof Philosophy, infinitary.htmlGenesereth, M. et. al. (1998), �Knowledge InterchangeFormat,� draft proposed American National Standard(dpANS), NCITS.T2/98-004,http://logic.stanford.edu/kif/dpans.htmlMcGuinness, D. L. and Patel-Schneider, P. F. (1998)� U s a b i l i t y I s s u e s i n D e s c r i p t i o n L o g i c S y s t e m s ,� Proceedings of the Fifteenth National Conference onArtificial Intelligence, Madison, Wisconsin.