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2 PAUL JOHN KINGof the paper. However, the reader should not be lulled into thinking thatthis paper is easy to read. Far from it. Truth is a profound and subtlematter, and a woolly characterisation of truth o�ers merely a utility thatis severely curtailed and a comprehensibility that is largely illusory. Mycharacterisation is anything but woolly. It is rigorous enough to avoidomission, imprecision and contradiction. But such rigour demands muchnot only of the author but also of the reader. This paper is not lightbedtime reading. 1. IntroductionCharacterising truth in the HPSG of (Pollard and Sag, 1994) is far moredi�cult than most HPSGians realise, and a critical review of 1994 vintageHPSG is necessary before embarking upon a characterisation proper.A notable hallmark of (Pollard and Sag, 1994) is the indispensable roleit confers upon mathematical models in interpreting theories.In any mathematical theory about an empirical domain, the phe-nomena of interest aremodelled by mathematical structures, certainaspects of which are conventionally understood as corresponding toobservables of the domain. The theory itself does not talk directlyabout the empirical phenomena; instead, it talks about, or is in-terpreted by, the modelling structures. Thus the predictive powerof the theory arises from the conventional correspondence betweenthe model and the empirical domain.An informal theory is one that talks about the model in naturallanguage, say a technical dialect of English, German, or Japanese.But as theories become more complicated and their empirical conse-quences less straightforwardly apparent, the need for formalizationarises. In cases of extreme formalization, of course, the empiricalhypotheses are cast as a set of axioms in a logical language, wherethe modelling structures serve as the intended interpretations ofexpressions in the logic. (Pollard and Sag, 1994, page 6)Armed with this methodological assumption, (Pollard and Sag, 1994)goes on to consider the relationship between a linguistic theory (or gram-mar) and a natural language.In our view, a linguistic theory should bear exactly the same re-lation to the empirical domain of natural language, namely, theuniverse of possible linguistic objects, as a mathematical theory ofcelestial mechanics bears to the possible motions of n-body systems.Thus we insist on being explicit as to what sorts of constructs are



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 3assumed (i.e. what ontological categories of linguistic objects wesuppose to populate the empirical domain) and on being mathe-matically rigorous as to what structures are used to model them.Moreover, we require that the theory itself actually count as a the-ory in the technical sense of precisely characterizing those modellingstructures that are regarded as admissible or well-formed (i.e. cor-responding to those imaginable linguistic objects that are actuallypredicted to be possible ones). This does not mean that the empir-ical hypotheses must be rendered in a formal logic as long as theircontent can be made clear and unambiguous in natural language(the same holds true in mathematical physics), but in principlethey must be capable of being so rendered. Unless these criteria aresatis�ed, an enterprise purporting to be a theory cannot have anydeterminate empirical consequences. Thus we emphatically rejectthe currently widespread view which holds that linguistic theoryneed not be formalized. Rather, our position is the same as the oneadvocated by Chomsky (1957: 5):Precisely constructed models for linguistic structure can play animportant role, both negative and positive, in the process of dis-covery itself. By pushing a precise but inadequate formulation toan unacceptable conclusion, we can often expose the exact sourceof this inadequacy and, consequently, gain a deeper understandingof the linguistic data. More positively, a formalized theory may au-tomatically provide solutions for many problems other than thosefor which it was explicitly designed. Obscure and intuition-boundnotions can neither lead to absurd conclusions nor provide new andcorrect ones, and hence they fail to be useful in two important re-spects. I think that some of those linguists who have questionedthe value of precise and technical development of linguistic theoryhave failed to recognize the productive potential in the methodof rigorously stating a proposed theory and applying it strictly tolinguistic material with no attempt to avoid unacceptable conclu-sions by ad hoc adjustments or loose formulation.In HPSG, the modelling domain|the analog of the physicist's
ows|is a system of sorted feature structures (Moshier 1988; Pol-lard and Moshier 19901), that are intended to stand in a one-to-onerelation with types of natural language expressions and their sub-parts. The role of the linguistic theory is to give a precise speci�ca-tion of which feature structures are to be considered admissible; the1I cite this as (Pollard and Moshier, 1994).



4 PAUL JOHN KINGtypes of linguistic entities that correspond to the admissible featurestructures constitute the predictions of the theory.Just as in other empirical domains, linguistic theory has becomesu�ciently modular, complex, and deductive that a need for formal-ization has become apparent, especially to researchers concernedwith the computational implementation of current theories. Thusin the past few years, a number of specialized `feature logics' havebeen proposed (Kasper and Rounds 1986; Johnson 1988, 1991; Gaz-dar et al. 1988) for specifying constraints on the feature structuresused in linguistic analysis. At the same time, theoretical computerscientists have proposed various constraint languages for program-ming language description (e.g. Moshier 1988) and knowledge rep-resentation (e.g. H�ohfeld and Smolka 1988; Ait-Kaci and Nasr 1986)that are easily adapted to this end. A very recent integration ofthese lines of work is the development of feature logics appropriatefor the formalization of linguistic theories, languages whose formu-las serve as the linguist's analog of the space physicist's di�erentialequations (see Carpenter 1990; Carpenter et al. 1991; Carpenterand Pollard 1991; King 1989; Pollard, n.d.2; Pollard and Carpenter1990; and Carpenter 1992). The last-mentioned work in particularsets forth a logic very close to the one that we assume will underliea fully formalized version of our theory. In very general terms, thiscan be characterized as a sorted variant of Kasper and Rounds's(1986) logic augmented with path inequalities, de�nite relations,and set values. (Pollard and Sag, 1994, pages 7 and 8)Truth appears entirely straightforward on this account. A grammar isa set of formulae drawn from an augmented Kasper and Rounds logic; agrammar deems a feature structure admissible or inadmissible; the featurestructures stand in a one-to-one correspondence with the linguistic types;a grammar predicts a linguistic type i� (if, and only if) the grammaradmits the feature structure that corresponds to the linguistic type; anda grammar of a natural language is true only if the grammar predictsall and only the linguistic types in the natural language. However, adeeper consideration of the nature of a linguistic type casts doubt uponthis characterisation.(Pollard and Sag, 1994) discusses linguistic types in two particularlyrevealing passages. In the �rst, (Pollard and Sag, 1994) claims to have2I cite this as (Pollard, 1989).



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 5accepted the conventional wisdom that linguistic theory must ac-count for linguistic knowledge (a recursively de�nable system oflinguistic types) but not necessarily for processes by which thatknowledge is brought to bear in the case of individual linguistic to-kens. Indeed, we take it to be the central goal of linguistic theoryto characterize what it is that every linguistically mature humanbeing knows by virtue of being a linguistic creature, namely, univer-sal grammar. And a theory of a particular language|a grammar|characterizes what linguistic knowledge (beyond universal gram-mar) is shared by the community of speakers of that language.Indeed, from the linguist's point of view, that is what the languageis. But what does language consist of? One thing that it certainlydoes not consist of is individual linguistic events or utterance to-kens, for knowledge of these is not what is shared among the mem-bers of a linguistic community. Instead, what is known in com-mon, that makes communication possible, is the system of linguis-tic types. For example, the type of the sentence I'm sleepy is partof that system, but no individual token of it is.Just what sorts of things these linguistic types are is anotherquestion. Indeed, the precise ontological status of linguistic types isthe subject of a very long-standing debate among various schools ofconceptualists (e.g. Ferdinand de Saussure, Noam Chomsky), whotake them to be mental objects, and realists (e.g. Leonard Bloom-�eld, Jerrold Katz, Paul Postal, Jon Barwise), who consider themto belong to extramental reality. Thus we might identify linguistictypes with such psychological entities as Saussure's signs or withcertain presumably nonmental objects of situation theory (situationtypes or perhaps infons). For our part, we doubt that the questionof whether objects of knowledge are mental or extramental is anempirical one. Fortunately, as Rich Thomason has pointed out,a successful science does not have to have solved its foundationalproblems: the interminable philosophical debate over the meaningof quantum mechanics has failed to diminish its predictive power.Our concern in this book will be with the internal architecture ofthe system that the linguistic types form, not with that system'sultimate ontological status. (Pollard and Sag, 1994, page 14)Thus, linguistic types are emphatically not linguistic tokens, though somerelationship between the two nonetheless exists. This relationship is ap-parently the usual relationship between types and tokens: a token is an



6 PAUL JOHN KINGindividual instance, a type is a class of tokens, and a type abstracts a to-ken (equivalently, the token instances the type) i� the token is a memberof the type.The relationship between linguistic types and linguistic knowledge ap-pears more intimate. Indeed, it seems that linguistic knowledge is asystem of linguistic types. However, the second passage reveals a lesssimplistic relationship.Modelling types of conceivable linguistic entities as rooted labelledgraphs of a special kind|totally well-typed, sort-resolved featurestructures|we formulate universal grammar and grammars of par-ticular languages as a system of constraints on those feature struc-tures. Only those feature structures that satisfy the constraintsare taken to model (types of) grammatically well-formed linguis-tic entities. The distinction between the system of constraints andthe collection of linguistic entities that satis�es it can be viewedas corresponding both to Chomsky's (1986a3) distinction betweenI-language and E-language and to Saussure's ((1916) 1959) distinc-tion between langue and parole. Though only the latter is directlyobservable, only the former can be embodied as a mental compu-tational system shared by members of a linguistic community.(Pollard and Sag, 1994, pages 57 and 58)Thus emerges a tripartite ontology in which linguistic tokens are indi-vidual instances of natural language use, linguistic types are classes oflinguistic tokens, and linguistic knowledge is a mental faculty that admitsonly certain linguistic types.That (Pollard and Sag, 1994) characterises truth entirely in terms oflinguistic types calls the characterisation into question. Almost all lin-guistic tokens are partly empirical. Linguistic communication would bealmost impossible otherwise. But to what extent are linguistic types em-pirical? Is it an empirical matter whether a linguistic type is part of anatural language? To recast this seemingly innocuous question in a moreconcrete and discom�ting form, suppose that t1 and t2 are distinct tokensin a natural language L, and that two HPSG grammars of L apportionthe linguistic tokens of L into two collections of linguistic types such thatthe �rst grammar admits a linguistic type that contains both t1 and t2but the second grammar admits no such linguistic type. Are there anyempirical grounds to prefer one grammar over the other?3I cite this as (Chomsky, 1986).



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 7The only possible basis for claiming that a linguistic type is part ofa natural language is that the linguistic knowledge of an ordinary userof the natural language distinguishes that particular class of linguistictokens. However, it is far from certain that linguistic knowledge doesdistinguish particular classes of linguistic tokens. And even if it doesthen the extent to which linguistic types are empirical cannot exceedthe extent to which linguistic knowledge is empirical. Now, linguisticknowledge is certainly empirical in part. It has long been possible tosurmise some linguistic knowledge from linguistic tokens, since linguisticknowledge must determine linguistic tokens to some degree. And recenttechnological advances make some mental processes directly observable.Nonetheless, the observation of linguistic knowledge itself is currentlyvery limited and usually indirect.4 Thus, (Pollard and Sag, 1994) literallycharacterises truth in such a manner that the veracity of a HPSG grammarof a natural language is immune { possibly in principle, and certainly incurrent practise { to experimental assessment. HPSGians must eithercontent themselves with writing untestable theories and hoping for theappropriate advances in cognitive technology, or characterise truth anewin a fashion that is susceptible to currently available means of empiricalappraisal. The latter course is clearly preferable, but how might it bepursued?An obvious and appealing suggestion is to explicate the relationship be-tween the linguistic types and the linguistic tokens in a natural language.A HPSG grammar of a natural language would then acquire empiricalweight through this relationship just as, say, a theory of quantum chromo-dynamics acquires empirical weight through the relationship between thewholly metempirical quarks and gluons and the partly empirical hadrons,leptons and photons. Indeed, it could be argued that (Pollard and Sag,1994) itself occasionally exploits some tacit such relationship. For exam-ple,5 the English sentence \Adam thought Bill had crashed his car" hastwo readings, one in which Adam thought Bill had crashed Adam's car,and one in which Adam thought Bill had crashed Bill's car. For (Pollardand Sag, 1994), the distinction between these two readings rests upon thedistinction between the linguistic types represented by feature structuresF and G, where �gure 1 very schematically depicts F , �gure 2 depictsG, A and B are distinct but isomorphic substructures of F and G, and4This is not a criticism of cognitive linguists but a respectful recognition of themagnitude of their undertaking.5I assume throughout this example that the reader is familiar with the (Pollardand Sag, 1994) feature structures.
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A B�bill ,Figure 2. \Adam thought Bill had crashed his [Bill's] car"�adam, �bill and �his are paths from the root nodes of F and G to A or B.The single di�erence between F and G is that �adam and �his re-enter {that is, lead to one and the same substructure { in F , whereas �bill and�his re-enter in G. What di�erence between the linguistic types repre-sented by F and G does this di�erence between F and G signify? Sinceit is inconceivable that isomorphic feature structures such as A and Bcan represent distinct linguistic types, it cannot be that F represents the



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 9linguistic type in which �adam and �his lead to one and the same linguistictype while �bill leads to a di�erent linguistic type, whereas G representsthe linguistic type in which �bill and �his lead to one and the same linguistictype while �adam leads to a di�erent linguistic type. Rather, F representsthe linguistic type in each token of which �adam and �his lead to one andthe same linguistic token while �bill leads to a di�erent linguistic tokenof the same type, whereas G represents the linguistic type in each tokenof which �bill and �his lead to one and the same linguistic token while�adam leads to a di�erent linguistic token of the same type. Re-entrancyin feature structures represents not identity of linguistic types but iden-tity of linguistic tokens. On re
ection, this assertion is uncontroversial,obvious even. Yet it unquestionably demonstrates that (Pollard and Sag,1994) not only allows but actually uses an implicit relationship betweenlinguistic types and linguistic tokens.However, I have three objections to extending the (Pollard and Sag,1994) characterisation of truth to incorporate an explicit relationship be-tween linguistic types and linguistic tokens. Firstly, such an extensionmight violate the principle of ontological parsimony, a principle (Pollardand Sag, 1994) shares and nicely summarises asinsofar as it is possible without doing violence to the simplicityand elegance of the theory, we do not posit constructs that do notcorrespond to observables of the empirical domain.(Pollard and Sag, 1994, page 9)In light of the wholly metempirical nature of linguistic types, this prin-ciple entails that a characterisation of truth should avoid linguistic typesunless to do so compromises the simplicity and elegance of HPSG gram-mars. Indeed, parsimony suggests that feature structures also be avoidedwhere possible. Though (Pollard and Sag, 1994) insists that a theory ofan empirical domain must be interpreted by a mathematical structurethat models the domain, most scientists hold that the domain is itself amathematical structure that directly interprets the theory. Thus, a the-ory of relativistic cosmology is interpreted not by a Riemannian geometrythat models the space-time continuum, but rather by the Riemannian ge-ometry that is the space-time continuum. There are numerous examplesof well-known theories that are invariably interpreted directly. Euclid'saxioms of geometry, Peano's axioms of arithmetic, Zermelo and Fraenkel'saxioms of set theory: all are interpreted without the mediation of mathe-matical structures to model points, lines, planes, numbers or sets. Indeed,set theory completely undermines the (Pollard and Sag, 1994) position.What mathematical structure can model a set? In summary, much of



10 PAUL JOHN KINGthe formal machinery that (Pollard and Sag, 1994) puts in place to char-acterise truth is super
uous and { all other things being equal { bestdispensed with.Secondly, the (Pollard and Sag, 1994) characterisation is poorly de-�ned. Consider feature structures. (Pollard and Sag, 1994) is clear aboutsome aspects of feature structures, but not others. We are unequivocallytold that feature structures are both totally well-typed and sort resolved.But whether, to use the terminology of (Moshier, 1988), a feature struc-ture is concrete { an individual graph { or abstract { an isomorphismclass of graphs { is unclear. Both forms occur extensively in the feature-structure literature (Pollard and Sag, 1994) habitually cites. Indeed, bothforms occur in (Pollard and Sag, 1987), the predecessor to (Pollard andSag, 1994). To be sure, in a footnote discussing lexical entries, (Pol-lard and Sag, 1994, footnote, 61, page 53) says of a certain formula \(upto structural isomorphism) there is only one (totally well-typed, sort-resolved) feature structure that satis�es it." This strongly suggests thatfeature structures are concrete. Yet this same footnote mistakenly speaksof feature structures modelling linguistic tokens, and this is perhaps sig-ni�cant. While it is credible that two distinct linguistic tokens could bemodelled by distinct but isomorphic concrete feature structures, it is be-yond credibility that two distinct linguistic types could be so modelled.Also, (Pollard and Sag, 1994) nowhere states whether feature structuresare necessarily �nite or possibly in�nite. Finite feature structures cer-tainly predominate in the feature-structure literature (Pollard and Sag,1994) cites, yet (Carpenter, 1992) clearly explicates the tensions that ariseif feature structures are both totally well-typed and �nite. In light of theequivocation or silence of (Pollard and Sag, 1994) on these matters, a fullde�nition of a feature structure rests upon: an o�-hand remark buried ina footnote that 
atly contradicts the (Pollard and Sag, 1994) ontology;the readers intuitions about the nature of a linguistic type; the unstatedpreferences of (Pollard and Sag, 1994) within a diverse feature-structureliterature; and the likelihood that (Pollard and Sag, 1994) recognises andresolves the tensions (Carpenter, 1992) discloses. This is anything butexact.Or consider the formal language for admitting feature structures. (Pol-lard and Sag, 1994) de�nes no formal language of its own, but instead citesseveral feature logics and singles out the augmented Kasper and Roundslogic of (Carpenter, 1992) as \very close to the one that we assume willunderlie a fully formalized version of our theory." A Kasper and Rounds



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 11logic uses feature structures to represent partial information, and (Car-penter, 1992) upholds this tradition.In this monograph we motivate and provide theoretical foundationsfor the speci�cation and implementation of systems employing datastructures which have come to be known as feature structures. Fea-ture structures provide a record-like data structure for representingpartial information that can be expressed in terms of features orattributes and their values. (Carpenter, 1992, page 1)However, this concern with partial information calls into question thesuitability of the logic of (Carpenter, 1992) for the HPSG of (Pollardand Sag, 1994). Though the earlier HPSG of (Pollard and Sag, 1987)uses feature structures as models of partial information about linguisticentities, the later HPSG of (Pollard and Sag, 1994) uses feature structuresas models of the linguistic entities themselves.A common source of confusion is that feature structures themselvescan be used as descriptions of other feature structures. Since fea-ture structures that are not totally well-typed and sort-resolvedcan be arranged into a partial ordering relation (called the sub-sumption relation; see Shieber 1986 or P&S-876, Chapter 2), anyfeature structure can be thought of as partially describing any of thefeature structures that it subsumes. Similarly, a feature structurecan be taken as a partial description of any of the well-typed (ortotally well-typed, or totally well-typed and sort-resolved) featurestructures that it subsumes. We choose to eliminate this possiblesource of confusion by using only totally well-typed, sort-resolvedfeature structures as (total) models of linguistic entities and AVMdiagrams (not feature structures) as descriptions.(Pollard and Sag, 1994, page 21)This is no mere ontological quibble. In a Kasper and Rounds logic, manyfeature structures can satisfy a formula, but among the satis�ers is aso-called most general satis�er or set of satis�ers, and each formula istaken to indicate the partial information represented by its most generalsatis�er or set of satis�ers. (Moshier and Rounds, 1987) shows that if aKasper and Rounds logic is augmented with unrestricted classical implica-tion then some formulae have no most general satis�er or set of satis�ers,and so fail to indicate a piece of partial information. Consequently, everyKasper and Rounds logic with implication employs either a nonclassical6I cite this as (Pollard and Sag, 1987).



12 PAUL JOHN KINGimplication as in (Moshier and Rounds, 1987) or a restricted classical im-plication as in (Carpenter, 1992). However, all of the constraints (Pollardand Sag, 1994) imposes on feature structures are classical implications,and some have a complexity that is di�cult if not impossible to expresswithin the strictures (Carpenter, 1992) imposes. This is not to criticise(Carpenter, 1992), which provides a logic perfectly adequate to the taskit undertakes. But it is to criticise (Pollard and Sag, 1994), which speci�-cally chooses from among the many feature logics it cites one that assumesfeature structures model not linguistic entities but rather partial informa-tion about linguistic entities, and that expresses some HPSG constraintswith di�culty if at all.The two objections I have raised so far against extending the (Pollardand Sag, 1994) characterisation are not insurmountable: the ontologicalsuper
uities could surely be eliminated or indulged, and the de�nitionalshortcomings recti�ed. Indeed, (Pollard, 1999) goes far to doing both.However, my third { and I believe insuperable { objection leads me toabandon any attempt to repair and extend the (Pollard and Sag, 1994)characterisation. A de�nition must be not only well-de�ned but also ac-curate, in the sense that the de�nition must faithfully and demonstrablycapture the intuitive concept it is intended to express. To illustrate theimportance of accuracy, consider a grammarian formulating within the(Pollard and Sag, 1994) HPSG paradigm a grammar of a natural language.The grammarian must construct a grammar that admits all and only thelinguistic types in the natural language. Presumably, the grammarian hasintuitions about linguistic types, and constructs their grammar in accordwith those intuitions. However, the grammar is formally interpreted viathe (Pollard and Sag, 1994) characterisation of truth. Thus, the grammarre
ects the intuitions of the grammarian only to the extent that (i) theintuitions of the grammarian are commensurate with those that underliethe (Pollard and Sag, 1994) characterisation, and (ii) the (Pollard andSag, 1994) formal machinery faithfully expresses those underlying intu-itions. My gravest concern over the (Pollard and Sag, 1994) characterisa-tion is that (Pollard and Sag, 1994) (and (Pollard, 1999)) barely mentionswhat those underlying intuitions are, far less demonstrates that the for-mal machinery faithfully expresses them. Nor can we rely on a consensualintuition shared generally by linguists. The fundamental ontological no-tion of the (Pollard and Sag, 1994) characterisation, the linguistic type,is an amorphous, arti�cial notion that linguists can and do construe ina variety of ways to suit their particular purposes. Witness the di�erentways members of the same collection of speech events are divided into



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 13types as the concerns of a linguist are phonetic or phonological. Rather,(Pollard and Sag, 1994) provides any grammarian wishing to use HPSGwith a certain amount of formal machinery from which the grammarianmust in e�ect attempt to surmise what intuitions inform the machineryand how well the machinery captures those intuitions. Not only is thisan unreasonable, unpleasant and perverse imposition on the grammarian,but two factors severely hinder any grammarian in the attempt.Firstly, I have already shown that (Pollard and Sag, 1994) is ambigu-ous, silent or contradictory about certain aspects of its formal machinery,and some of these aspects have a direct bearing on what intuitions themachinery expresses. For a somewhat contrived but nonetheless strikingexample, consider the in�nite string �1, where�1 = \Adam thinks that Adam thinks that Adam thinks that : : : ".Is �1 a grammatical English sentence? More to the point, does (Pollardand Sag, 1994) judge �1 grammatical? (Pollard and Sag, 1994) doesnot say whether in�nite linguistic types are legitimate. Nor is there aconsensus on the matter among linguists. Certainly, �1 could neverbe uttered or parsed, but many strings that could never be uttered orparsed are usually judged grammatical. After all, most grammarians {HPSGians included { hold that a grammar should express the knowledgeof an ideal language user, and any English user can readily grasp �1. Ina straw poll of my grammarian colleagues, roughly half claimed to have noreliable intuitions regarding the grammaticality of �1. Of the others, asmall majority found �1 ungrammatical and a signi�cant minority found�1 grammatical. Clearly, there is no consensus here. Of course, though(Pollard and Sag, 1994) says nothing directly about the legitimacy ofin�nite linguistic types, we do have recourse to the feature structures. Ifin�nite feature structures are forbidden then �1 cannot be grammatical,but if in�nite feature structures are allowed then I know of no existingHPSG grammar of English that deems grammatical each of\Adam thinks"\Adam thinks that Adam thinks"\Adam thinks that Adam thinks that Adam thinks"...yet deems �1 ungrammatical. Unfortunately, (Pollard and Sag, 1994)does not say whether feature structures must be necessarily �nite or canbe possibly in�nite. Thus, whether the (Pollard and Sag, 1994) charac-terisation supports or rejects the intuition that �1 is grammatical rests



14 PAUL JOHN KINGupon a technical decision in the de�nition of a feature structure { whetherto allow or forbid in�nite feature structures { that must be taken with noguidance from (Pollard and Sag, 1994).In�nite sentences are perhaps so bizarre that the above example couldbe dismissed as a mere curiosity, interesting but insigni�cant. However,the second hindering factor is, if anything, even more pernicious than the�rst. Simply put, those aspects of the (Pollard and Sag, 1994) formalmachinery that are well-de�ned are formulated at too far a remove fromintuitions regarding linguistic types for any grammarian to be sure thatthey have correctly divined the intuitions that inform even those aspects.For example, consider the stipulation that feature structures be totallywell-typed. (Pollard and Sag, 1994) justify this stipulation by appealingto an intuition regarding the relationship between feature structures andlinguistic entities. Any given grammarian might well share this intuition.That same grammarian might well also have the intuition that in�nite lin-guistic types do not exist and feature structures must perforce be �nite.However, (Carpenter, 1992) points out that requiring feature structuresto be simultaneously �nite and totally well-typed can have problematicconsequences, and these consequences could easily con
ict with other ofthe grammarian's intuitions. The source of this con
ict need not be thatthe grammarian has inconsistent intuitions. Rather, the stipulation thatall feature structures be sort-resolved and totally well-typed carries rathermore intuitive `baggage' than (Pollard and Sag, 1994) either realises oradmits, `baggage' that our hypothetical grammarian may well not bear.Unfortunately, discovering this extra `baggage' is far from straightfor-ward. Thus, even considering only those aspects of the (Pollard and Sag,1994) formal machinery that are well-de�ned, it is nigh impossible for agrammarian to be certain of what intuitions they are implicitly agreeingto if they choose to use HPSG.The foregoing objections cast serious doubt upon the utility, the desir-ability and even the possibility of extending the (Pollard and Sag, 1994)characterisation of truth to include linguistic tokens. Instead, I departradically from the approach of (Pollard and Sag, 1994) and reformulatethe characterisation afresh from �rst principles. Motivated by considera-tions of ontological simplicity, together with the conviction that much ofwhat (Pollard and Sag, 1994) says concerning linguistic types is in factbetter understood as concerning linguistic tokens, I give a construal of anatural language as a system of linguistic tokens. I then use this construalto formulate an alternative characterisation of truth with a parsimonious



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 15ontology, clearly stated intuitions and well-de�ned and demonstrably cor-rect formal mechanisms. 2. OntologyA complete account of the nature of a HPSG linguistic token wouldrequire a solution to one of the major open problems of philosophy, thenature of existence. Fortunately, my characterisation of truth needs noth-ing as elaborate as a full explication of tokenhood. It su�ces that a tokenis an individual or particular. A token can be an object such as my com-puter, an event such as my typing these words at my computer keyboard,a state such as my being at work, a location such as the space occupiedby my computer, or a complex such as the contents of the �le system ofmy computer. There may well be other kinds of entity that should becalled tokens, but this short list su�ces for the present.The notion of a linguistic token requires however two modi�cationsto this naive concept. Firstly, the notion of a token usually implies theactual existence of the token. However, every mature English user wouldjudge any of the in�nitely many strings\Adam thinks"\Adam thinks that Adam thinks"\Adam thinks that Adam thinks that Adam thinks"...legitimate English sentences, though only �nitely many of them couldever occur in English speech tokens. The intuition here is that a gram-mar of a natural language should account for the linguistic knowledge ofmature users of the natural language, but not for the biological, physicaland psychological limitations the universe imposes upon the exercise ofthat knowledge. I share this intuition, but maintain that a scienti�callyworthwhile account of linguistic knowledge can presently only be givenlargely in terms of linguistic behaviour. In order to reconcile this appar-ent antithesis, I endorse the notion of nonactual tokens { tokens that couldexist in some universe but happen not to in ours { and assume that thelinguistic knowledge of each mature user of a natural language determineswhich tokens { actual and nonactual { are tokens of the natural language.A grammar of a natural language is then true only if the grammar de-limits the collection comprising all and only those tokens { actual andnonactual { that the linguistic knowledge of mature users of the naturallanguage would deem tokens of the natural language. Note, my appeal



16 PAUL JOHN KINGto linguistic knowledge as an arbiter of the acceptability or otherwise oftokens avoids my criticisms of the (Pollard and Sag, 1994) characterisa-tion of truth. I deny neither the existence of linguistic knowledge nor itsrole in determining linguistic behaviour. I deny only the ability to subjecttheoretical claims about linguistic knowledge to signi�cant empirical ex-amination other than by experimentally testing consequent claims aboutlinguistic behaviour.The second modi�cation concerns idealisation. The linguistic knowl-edge of di�erent mature users of a natural language will almost certainlynot judge exactly the same tokens to be tokens of the natural language.Also, mature users of a natural language can, and often do, successfullyparticipate in tokens of the natural language that, on measured re
ection,all participants agree are not proper tokens of the natural language. Asmy notion of a token and construal of a natural language stand, a naturallanguage is therefore a family of collections of tokens, and each collectioncontains improper tokens. This reduces linguistics to the study of ideolectand impropriety. To avoid this reduction, I appeal to the Chomskyan no-tion of an `ideal speaker-hearer' or ideal user of a natural language, a�ctional 
awless representative of the entire community of mature usersof the natural language. A token is then of a natural language i� thelinguistic knowledge of an ideal user of the natural language deems it tobe thus.Concerning the HPSG speci�c anatomy of a linguistic token, two pas-sages in particular from (Pollard and Sag, 1994) are illuminating. Firstly,(Pollard and Sag, 1994) points out thatthe feature structures employed in HPSG are sorted. This meanssimply that each node is labelled with a sort symbol that tells whattype of object the structure is modelling; that is, there is one sortsymbol for each basic type (ontological category) of construct : : : .The (�nite) set of all sort symbols is assumed to be partially or-dered, with sort symbols corresponding to more inclusive typeslower in the ordering. For example, the sort sign is ordered be-low the sort phrase or word because signs include both phrasesand words; we say, for example, that word is a subsort of sign andaccusative is a subsort of case .(Pollard and Sag, 1994, pages 17 and 18)Secondly, in a very detailed appendix, (Pollard and Sag, 1994) tells usthat the �nal version of the English grammar employed in the �rst eightchapters of (Pollard and Sag, 1994)



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 17consists of a sort hierarchy and a set of principles. The sort hierar-chy is presented as a taxonomic tree, with the root labelled object(the sort of all linguistic entities with which the grammar deals).For each local tree in the hierarchy, the sorts �1; : : : ; �n, which labelthe daughters, partition the sort �, which labels the mother; thatis, they are necessarily disjoint subsorts of � that exhaust �. Fortwo sorts � and � , � is a subsort of � if and only if it is dominatedby �; sorts that label terminal nodes are called maximal (in thesense of maximally informative or maximally speci�c). A featuredeclaration of the form � : 24 F1 �1: : :Fn �n 35where �; �1; : : : ; �n are sorts and F1; : : : ;Fn are feature labels, sig-ni�es that for each i = 1; : : : ; n, (1) the feature Fi is appropriatefor all objects of sort �, and (2) for any such object, the value ofthe Fi feature must be an object of sort �i.If sorts �1 and �2 bear declarations [F �1] and [F �2] for the samefeature F and �2 is a subsort of �1, then �2 must be a subsort of�1. A sort inherits the feature declarations of its supersorts; henceany feature that is de�ned for a given sort is de�ned for all of thatsort's subsorts. By convention, the features that are declared fora maximal sort (including those inherited from its supersorts) arethe only features de�ned for that sort. A special case is that ofatomic sorts or simply atoms, maximal sorts for which no featuresare de�ned. (Pollard and Sag, 1994, pages 395 and 396)There is clearly some scope for interpreting these passages. It must alsobe borne in mind that (Pollard and Sag, 1994) takes a linguistic entityto be a linguistic type, not a linguistic token. Nonetheless, I stronglybelieve that (Pollard and Sag, 1994) is exploiting a tacit relationshipbetween linguistic types and linguistic tokens in these passages. Indeed,the second passage immediately goes on to sayFeature structures, which serve as our mathematical models of to-ken linguistic objects [my emphasis], and which are the entities con-strained by the grammar, are required to be sort-resolved and totallywell-typed. (Pollard and Sag, 1994, page 396)I therefore hold that these passages yield a reasonable reading that revealsmuch about the structure of a HPSG linguistic token.



18 PAUL JOHN KINGThe informal presentation in these passages of the algebraic propertiesof the sorts can be a little confusing. For example, one passage says \thesort sign is ordered below the sort phrase or word because signs includeboth phrases and words; we say, for example, that word is a subsort ofsign", suggesting that subsorts are higher than supersorts in the partialorder of sorts. However, the other passage says \For two sorts � and � ,� is a subsort of � if and only if it is dominated by �", suggesting thatsubsorts are lower than supersorts in the partial order of sorts. WritingSort for the set of sorts, and writing &1 � &2 for sort &1 is a subsort ofsort &2, the algebraic properties of the sorts can be unambiguously givenas Sort is a �nite set,for each & 2 Sort, & � & ,for each &1 2 Sort, for each &2 2 Sort,if &1 � &2 and &2 � &1 then &1 = &2,for each &1 2 Sort, for each &2 2 Sort, for each &3 2 Sort,if &1 � &2 and &2 � &3 then &1 � &3,for each &1 2 Sort, for each &2 2 Sort, for each &3 2 Sort,if &1 � &2 and &1 � &3 then &2 � &3 or &3 � &2,object 2 Sort,for each & 2 Sort, & � object ,for each &1 2 Sort, for each &2 2 Sort,&1 is a daughter of &2i� &1 � &2,&1 6= &2, andfor each & 2 Sort,if &1 � & and & � &2 then &1 = & or & = &2, andfor each & 2 Sort,& is maximal i� for each & 0 2 Sort, if & 0 � & then & 0 = & .I write Daug(&) for the set of daughters of sort & .The passages explain the semantic properties of the sorts less clearlythan they explain the algebraic properties. Presumably, (Pollard andSag, 1994) intends the terms \entities" and \objects" to refer to types.However, (Pollard and Sag, 1994) relies upon an implicit relationshipbetween types and tokens in these locutions, and the terms \entities" and\objects" can more sensibly be taken to refer to tokens than to types.



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 19Thus, sorts are symbols that denote collections of tokens. Writing Univfor the universe of linguistic tokens (the collection of \all linguistic entitieswith which the grammar deals"), and writing [[& ]] for the collection oftokens that sort & denotes, the semantic properties of the sorts can beformally expressed as[[object ]] = Univ, andfor each nonmaximal & 2 Sort,for each & 0 2 Daug(&), for each � 2 [[& 0]], � 2 [[& ]], andfor each � 2 [[& ]], for some unique & 0 2 Daug(&), � 2 [[& 0]].Features are also symbols, but they denote partial functions from Univto Univ, and the feature declarations encode conditions on the domainsand ranges of the denoted functions. Writing Feat for the set of features,and writing [[']] for the partial function that feature ' denotes, the featuredeclaration& : 264 '1 &1... ...'n &n 375encodes the condition thatfor each i 2 f1; : : : ; ng, for each � 2 [[& ]],[['i]](�) is de�ned and [['i]](�) 2 [[&i]].The algebraic properties of the features { namely \If sorts �1 and �2 beardeclarations [F �1] and [F �2] for the same feature F and �2 is a subsortof �1, then �2 must be a subsort of �1" and \A sort inherits the featuredeclarations of its supersorts; hence any feature that is de�ned for a givensort is de�ned for all of that sort's subsorts" { accord naturally with thesemantic properties of the sorts and features.Note that feature declaration& : 264 '1 &1... ...'n &n 375encodes not the condition thatfor each ' 2 Feat n f'1; : : : ; 'ng, for each � 2 [[& ]],[[']](�) is unde�ned,but rather the condition thatfor each ' 2 Feat n f'1; : : : ; 'ng, for some � 2 [[& ]],[[']](�) is unde�ned.



20 PAUL JOHN KINGThus, for each & 2 Sort, for each ' 2 Feat, there exist three possibilities:[[']] is de�ned on all tokens in [[& ]],[[']] is de�ned on some but not all tokens in [[& ]], and[[']] is de�ned on no tokens in [[& ]].For example, in (Pollard and Sag, 1994),[[phonology]] is de�ned on all tokens in [[sign ]],[[daughters]] is de�ned on some but not all tokens in [[sign ]], and[[local]] is de�ned on no tokens in [[sign ]].The feature declaration for & distinguishes the �rst possibility from thesecond and third, but does not distinguish between the second and thirdpossibilities. However, I read the statement \By convention, the featuresthat are declared for a maximal sort (including those inherited from itssupersorts) are the only features de�ned for that sort" to mean that if& is maximal then the second possibility is disallowed: for each maximal& 2 Sort, for each ' 2 Feat,if & bears a declaration of the form [' & 0]then [[']] is de�ned on each token in [[& ]], andif & bears no declaration of the form [' & 0]then [[']] is de�ned on no token in [[& ]].3. FormalismI mentioned earlier that (Pollard and Sag, 1994) envisages using anaugmented Kasper and Rounds logic to formally express its HPSG gram-mars, but that such logics are poorly suited to the task since they assumethat features structures represent partial information about entities, andmoreover this assumption renders the expression in these logics of certainHPSG principles di�cult and counterintuitive if not impossible. I there-fore turn elsewhere for a formal language with which to express HPSGgrammars.The logics of (Johnson, 1988), (Smolka, 1988) and (King, 1989) allprovide formal languages with unrestricted classical implication and for-mulae that denote sets of entities. All three fail in one respect to providethe formal language (Pollard and Sag, 1994) envisages: the formulae ineach denote sets of entities, not sets of feature structure representationsof entities. However, this may well be an ontological advantage. Of thethree, I choose the SRL (Speciate Re-entrant Logic) of (King, 1989) be-cause it is the only one of the three expressly designed for HPSG, and so



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 21contains several HPSG speci�c mechanisms the others do not. ThoughSRL is equipped with a sound, complete and decidable logic, I need andprimarily discuss here only the syntax and semantics of SRL. Please notethat I generalise some of the de�nitions and change some of the notationand terminology of (King, 1989) to better suit the present paper, andinclude a few notions that have entered SRL subsequent to (King, 1989).Underlying a conventional interpretable logic is the intuition that anassertion is a �nite and syntactically well-formed string of symbols thatis either true or false when interpreted. Underlying SRL is the intuitionthat a description is a �nite and syntactically well-formed string of sym-bols that is either true or false of an entity when interpreted. For example,the English sentence \it is black" is a description that is true of a sootparticle but false of a snow 
ake when interpreted. To capture this intu-ition, SRL provides a class of formal languages. Each formal language isfounded upon a signature and a class of interpretations. The signatureprovides the nonlogical symbols from which the descriptions are syntacti-cally constructed. Each interpretation provides a universe of entities, andassigns each nonlogical symbol in the signature a meaning. A descriptionis a �nite and well-formed string of logical symbols and symbols from thesignature, and a theory is a set of descriptions. Each interpretation deter-mines a description denotation function and a theory denotation function.The former assigns each description the set of entities in the interpreta-tion of which the description is true, and the latter assigns each theorythe set of entities in the interpretation of which each description in thetheory is true.A signature is a triple � = (S;F;A) such thatS is a set,F is a set, andA is a total function from S� F to Pow (S).I call each member of S a species in �, each member of F a featurein �, and A the appropriateness function in �. For convenience, Ihenceforth assume that none of the symbols :, �, �, :, ^, _,!, [ and ] is aspecies or a feature. For each signature � = (S;F;A), an interpretationof � is a triple I = (U ;S ;F ) such thatU is a set,S is a total function from U to S,F is a total function from F to the set of partial functions from U toU , and



22 PAUL JOHN KINGfor each ' 2 F, for each � 2 U ,F (')(�) is de�ned i� A(S (�); ') 6= ;, andif F (')(�) is de�ned then S (F (')(�)) 2 A(S (�); ').I call U the universe in I , and each member of U an entity in I .I sometimes write � 2 I for � 2 U . I call I trivial i� U is empty.Each species denotes a set of entities such that the denotations of thespecies partition U . S assigns each entity the unique species that denotesthe set to which the entity belongs. Thus, species � denotes set f� 2U j S (�) = �g of entities. I write entity � is in species � to mean thatS (�) = �. Each feature denotes a partial function from U to U . F assignseach feature the partial function it denotes. I write feature ' is de�nedon entity � and maps � to entity �0 to mean that F (')(�) is de�nedand F (')(�) = �0. The appropriateness function encodes { and the lastclause in the de�nition of an interpretation enforces { a strict relationshipbetween the denotations of species and features: if A(�; ') = ; thenfeature ' is de�ned on no entity in species �, but if A(�; ') 6= ; thenfeature ' is de�ned on each entity in species � and maps each entity in �to an entity in some species in A(�; ').For each signature � = (S;F;A), T� and D� are the smallest sets suchthat: 2 T�,for each � 2 T�, for each ' 2 F, �' 2 T�,for each �1 2 T�, for each �2 2 T�, �1 � �2 2 D�,for each � 2 T�, for each � 2 S, � � � 2 D�,for each � 2 D�, :� 2 D�,for each �1 2 D�, for each �2 2 D�, [�1 ^ �2] 2 D�,for each �1 2 D�, for each �2 2 D�, [�1 _ �2] 2 D�, andfor each �1 2 D�, for each �2 2 D�, [�1 ! �2] 2 D�.I call each member of T� a term in �, each member of D� a descrip-tion in �, and each subset of D� a theory in �. For each signature� = (S;F;A), for each interpretation I = (U ;S ;F ) of �, TI is the totalfunction from T� to the set of partial functions from U to U , DI is thetotal function from D� to Pow (U ), and �I is the total function fromPow (D�) to Pow (U ) such thatfor each � 2 U ,TI (:)(�) is de�ned and TI (:)(�) = �,



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 23for each � 2 T�, for each ' 2 F, for each � 2 U ,TI (�')(�) is de�ned i� TI (�)(�) and F (')(TI (�)(�)) are de�ned,andif TI (�')(�) is de�ned then TI (�')(�) = F (')(TI (�)(�)),for each �1 2 T�, for each �2 2 T�,DI (�1 � �2) = 8<:� 2 U ������TI (�1)(�) is de�ned,TI (�2)(�) is de�ned, andTI (�1)(�) = TI (�2)(�) 9=;,for each � 2 T�, for each � 2 S,DI (� � �) = �� 2 U ����TI (�)(�) is de�ned andS (TI (�)(�)) = � �,for each � 2 D�, DI (:�) = U nDI (�),for each �1 2 D�, for each �2 2 D�, DI ([�1 ^ �2]) = DI (�1) \ DI (�2),for each �1 2 D�, for each �2 2 D�, DI ([�1 _ �2]) = DI (�1) [ DI (�2),for each �1 2 D�, for each �2 2 D�,DI ([�1 ! �2]) = (U nDI (�1)) [ DI (�2), andfor each � � D�, �I (�) = �� 2 U �� for each � 2 �, � 2 DI (�) 	.Each term denotes the composition of the denotations of its componentfeatures, applied in left to right order. TI assigns each term the partialfunction it denotes. I write term � is de�ned on entity � and maps� to entity �0 to mean that TI (�)(�) is de�ned and TI (�)(�) = �0. Adescription is either true or false of an entity. Description �1 � �2 is trueof entity � i� �1 and �2 map � to the same entity, description � � � istrue of entity � i� � maps � to an entity in �, description :� is true ofentity � i� � is false of �, description [�1 ^ �2] is true of entity � i� �1 istrue of � and �2 is true of �, description [�1 _ �2] is true of entity � i� �1is true of � or �2 is true of � (or both), and description [�1 ! �2] is trueof entity � i� �2 is true of � whenever �1 is true of �. DI assigns eachdescription the set of entities of which the description is true. A theoryis either true or false of an entity. Theory � is true of entity � i� eachdescription in � is true of �. �I assigns each theory the set of entities ofwhich the theory is true.For each signature �, for each interpretation I of �, for each � � D�,I satis�es � in � i� for some � 2 I , � 2 �I (�), andI models � in � i� for each � 2 I , � 2 �I (�).Notice that, in SRL, an interpretation may satisfy a theory yet not modelit, or may model a theory yet not satisfy it. For each signature �, foreach � � D�, for each � 2 D�,



24 PAUL JOHN KING� entails � in � i� for each interpretation I of �, �I (�) � DI (�).For an extended example of the syntax and semantics of SRL at workin a simple and transparent setting, consider the following soap-operaticscenario:Anne and Adam are a married couple, as are Beth and Bill, butCath and Carl are unmarried. Anne and Adam are best friends,as are Cath and Carl, but Beth's best friend is Carl and Bill's bestfriend is Anne.I now construct one among many SRL formal languages that can generateand interpret terms, descriptions and theories about this scenario. LetS = fsingle;wife ; husbandg,F = fspouse; friendg,A be the total function from S� F to Pow (S) such thatA(single ; spouse) = ;,A(single ; friend) = fsingle ;wife ; husbandg,A(wife ; spouse) = fhusbandg,A(wife ; friend) = fsingle; husbandg,A(husband ; spouse) = fwifeg, andA(husband ; friend) = fsingle ;wifeg, and� = (S;F;A).� is a signature. It provides the species single , wife and husband , thefeatures spouse and friend, and encodes several restrictions on howthese symbols may be interpreted. Informally stated, these restrictionsare no single has a spouse,each single has a friend that is a single , a wife or a husband ,each wife has a spouse that is a husband ,each wife has a friend that is a single or a husband ,each husband has a spouse that is a wife , andeach husband has a friend that is a single or a wife .However, while � encodes restrictions on how the species and features itprovides may be interpreted, it does not itself provide an interpretationof those symbols. Rather, to enable the terms, descriptions and theoriesgenerated from � to refer to the scenario, the scenario must be construedas an interpretation of �. To begin, suppose that the entities in theinterpretation are the people in the scenario. Therefore, let U be the set



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 25fAnne;Adam;Beth;Bill;Cath;Carlg.An entity in U could be in many di�erent species { English person, mar-ried person, unemployed person, etc. { and nothing prevents the assign-ment to species single , wife and husband of any denotations whatsoever,provided the denotations partition U . Fortunately, if single , wife andhusband are assigned their natural denotations { single denotes all theunmarried people in U , wife denotes all the married women in U , andhusband denotes all the married men in U { then their denotations dopartition U . Therefore, let S be the total function from U to S such thatS (Anne) = wife ,S (Adam) = husband ,S (Beth) = wife ,S (Bill) = husband ,S (Cath) = single , andS (Carl) = single .Equally, an entity in U could have many di�erent features { mother,best friend, �rst lover, etc. { and features spouse and friend could beassigned any partial functions at all, provided the domains and ranges ofthose partial functions obey the restrictions encoded in �. Fortunatelyagain, if spouse and friend are assigned their natural denotations {spouse denotes the partial function that maps each person in U to theirmarital partner, and friend denotes the partial function that maps eachperson in U to their best friend { then their denotations do obey therestrictions encoded in �. Therefore, let F be the total function from Fto the set of partial functions from U to U such thatF (spouse) is the partial function from U to U such thatF (spouse)(Anne) = Adam,F (spouse)(Adam) = Anne,F (spouse)(Beth) = Bill,F (spouse)(Bill) = Beth,F (spouse)(Cath) is unde�ned, andF (spouse)(Carl) is unde�ned, andF (friend) is the partial function from U to U such thatF (friend)(Anne) = Adam,F (friend)(Adam) = Anne,F (friend)(Beth) = Carl,



26 PAUL JOHN KINGF (friend)(Bill) = Anne,F (friend)(Cath) = Carl, andF (friend)(Carl) = Cath.Let I = (U ;S ;F ). I is an interpretation of �, and terms, descriptions andtheories concerning the characters in the scenario can now be generatedfrom � and interpreted by I . For example,terms: is a term that maps Bill to Bill,:spouse is a term that maps Bill to Beth, since Beth is Bill'sspouse,:spouse friend is a term that maps Bill to Carl, since Carl isBeth's best friend, and:spouse friend spouse is a term that is unde�ned on Bill, sinceCarl has no spouse;descriptions:spouse friend � wife is a description that is true only of Anneand Beth, since only Anne and Beth have spouses whose bestfriends are married women,::spouse � :friend is a description that is true only of Beth,Bill, Cath and Carl, since only Beth, Bill, Cath and Carl are notmarried to their best friends, and[:spouse friend � wife ^ ::spouse � :friend] is a descriptionthat is true only of Beth, since only Beth (i) has a spouse whosebest friend is a married women, and (ii) is not married to herbest friend; andtheoriesf:spouse friend � wife ;::spouse � :friendg is a theory thatis true only of Beth, since only Beth (i) has a spouse whose bestfriend is a married women, and (ii) is not married to her bestfriend.The last two examples illustrate a minor fact: a �nite theory is seman-tically equivalent to the conjunction of its members. However, theoriesare not semantically redundant, since a theory can have in�nitely manymembers whereas a conjunction can have only �nitely many conjuncts.Finally, suppose that � is the theory f: � wifeg. I certainly satis�es �in �, since � is true of Anne and Beth. However, I does not model � in�, since � is false of Adam, Bill, Cath and Carl. In fact, no nontrivial



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 27interpretation of � models � in �. Suppose that I 0 is an interpretation of�, � is an entity in I 0, and I 0 models � in �. Then � is true of �. Thus, �is in wife . Thus, feature spouse is de�ned on � and maps � to an entity�0 in husband . Thus, � is false of �0. Thus, I 0 does not model � in �.Since this contradicts the starting supposition, the starting suppositionmust be false. Hence, no nontrivial interpretation of � can model � in �.My characterisation of truth does not use the logic of SRL, so I do notpresent the logic in this paper. However, for those readers interested inlogical issues, I give here a brief survey of the logical properties of SRLand references to lengthier expositions. Other readers can safely omit thisparagraph. For each signature � = (S;F;A), I say that� is limited i� S is �nite,� is computable i� S is �nite, F is countable and A is recursive, and� is �nite i� S is �nite and F is �nite.Notice that each �nite signature is computable, and each computablesignature is limited. (King, 1989) furnishes each limited signature witha Hilbert and Ackermann style calculus, and proves that the inferencerelation this calculus determines is sound and complete with respect toentailment: for each limited signature �, for each � � D�, for each � 2 D�,� entails � in � i� � infers � in �.For each limited signature �, for each � 2 �,� is a theorem in � i� ; infers � in �.An immediate consequence of the soundness and completeness of inferenceis that for each limited signature �, for each � 2 �,� is a theorem in � i� no interpretation of � satis�es f:�g in �.(Kepser, 1994) shows that satis�ability is decidable in all computablesignatures: for each computable signature �,�� 2 D� ��some interpretation of � satis�es f�g in � 	 is total recur-sive.Thus, SRL is decidable in all computable signatures: for each computablesignature �,�� 2 D� ��� is a theorem in � 	 is total recursive.However, (King et al., 1999) shows that nontrivial modellability is unde-cidable, even in some �nite signatures: for some �nite signature �,�� 2 D� ��some nontrivial interpretation of � models f�g in � 	 is�01-complete.



28 PAUL JOHN KINGTurning from logic to linguistics, recall that a HPSG grammar \consistsof a sort hierarchy and a set of principles." A sort hierarchy can beexpressed as a signature. I write Maxi(&) for the set of maximal subsortsof sort & , that is,for each & 2 Sort, Maxi(&) = �� 2 Sort ��� is maximal and � � & 	.Let S = �� 2 Sort ��� is maximal 	,F = Feat,A be the total function from S� F to Pow (S) such thatfor each � 2 S, for each ' 2 F,A(�; ') =8<: Maxi(&) if � bears a declarationof the form [' & ]; otherwise� = (S;F;A),U = Univ,S be the total function from U to S such thatfor each � 2 U , � 2 [[S (�)]],F be the total function from F to the set of partial functions from Uto U such thatfor each ' 2 F, F (') = [[']], andI = (U ;S ;F ).� is obviously a signature. Less obvious are two other facts. Firstly, I isan interpretation of �. Secondly, though a signature lacks much of thestructure of a sort hierarchy { a signature has no notion of subsort forexample { the only important information encoded in a sort hierarchyconcerns the denotations of sorts and features, and all of this informationcan be easily inferred from the corresponding signature. Both facts followfrom the observation that for each & 2 Sort,for each � 2 Maxi(&), for each � 2 [[�]], � 2 [[& ]], andfor each � 2 [[& ]], for some unique � 2 Maxi(&), � 2 [[�]].Firstly, [[object ]] = Univ and Maxi(object) = S. Thus, for each � 2 Univ,for some unique � 2 S, � 2 [[�]]. Thus, S is well-de�ned. Secondly,the set of entities denoted by a sort is fully determined by the sets ofentities denoted by the maximal subsorts of the sort, and the domain andrange of the partial function denoted by a feature is fully determined bythe feature declarations of the maximal sorts. In short, the nonmaximal



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 29sorts of a sort hierarachy, their denotations, their feature declarations andtheir subsort relationships are super
uous. A signature can express theessential information encoded in a sort hierarchy without the super
uity.A nonmaximal sort becomes merely a symbol that represents a set ofmaximal sorts, and the only necessary addition to SRL is the followingmetasyntactic convention: for each � 2 T�, for each nonmaximal & 2Sort,if & represents the set f�1; : : : ; �ng of maximal sortsthen I write � � & for [� � �1 _ : : : _ � � �n].Viewing nonmaximal sorts as symbols that represent sets of maximalsorts also confers another subtle advantage on a signature over a sort hi-erarchy. HPSGians occasionally use the notion of `multiple inheritance'in which one sort is a daughter of two distinct mother sorts. In partic-ular, a lexical hierarchy (see (Pollard and Sag, 1994, pages 36, 37 and395)) is usually presented as a sort hierarchy with multiple inheritance.Unfortunately, the (Pollard and Sag, 1994) de�nition of a sort hierarchydoubly precludes multiple inheritance. Firstly, (Pollard and Sag, 1994)insists that \The sort hierarchy is presented as a taxonomic tree, withthe root labelled object (the sort of all linguistic entities with which thegrammar deals)." Secondly, even if this �rst stipulation is relaxed to al-low multiple inheritance, (Pollard and Sag, 1994) also requires that \Foreach local tree in the hierarchy, the sorts �1; : : : ; �n, which label thedaughters, partition the sort �, which labels the mother; that is, they arenecessarily disjoint subsorts of � that exhaust �." This prevents multipleinheritance in any meaningful sense, since any sort that is the daughterof two distinct mother sorts must perforce denote the empty set. More-over, to relax this second requirement would be to seriously compromiseother information encoded in a sort hierarchy regarding the domains andranges of the denotations of features. A signature, on the other hand,can allow multiple inheritance while maintaining all of the feature deno-tation information encoded in a sort hierarchy. For example, introducinginto our earlier example the sorts married , non-wife , non-husband andperson { where married represents fwife ; husbandg, non-wife representsfsingle ; husbandg, non-husband represents fsingle ;wifeg and person rep-resents fsingle ;wife ; husbandg { in no way weakens the information en-coded in the signature concerning the domains and ranges of featuresspouse and friend. Yet sort single has distinct mother sorts non-wifeand non-husband as well as a nonempty denotation.



30 PAUL JOHN KINGA set of principles can be expressed as a theory. This is best illustratedwith examples.7 A simple example is one of the most important of the(Pollard and Sag, 1994) principles, the head feature principle:In a headed phrase, the values of synsem j local j categoryj head and daughters j head-daughter j synsem j local jcategory j head are token-identical(Pollard and Sag, 1994, page 399)where \a headed phrase is a phrase whose daughters value is of sortheaded-structure." This principle can be simply and directly expressed inSRL as24 � : � phrase ^ :daughters � headed-structure �! :synsem local category head � :daughtershead-daughter synsem local category head 35.A more complicated example is the equally important subcategorizationprinciple:In a headed phrase, the list value of daughters j head-daughterj synsem j local j category j subcat is the concatenation of thelist value of synsem j local j category j subcat with the listconsisting of the synsem values (in order) of the elements of thelist value of daughters j complement-daughters.(Pollard and Sag, 1994, page 399)One could imagine expressing the subcategorization principle in SRL as266664 � : � phrase ^ :daughters � headed-structure �! concat0BB@ :daughters head-daughter synsem localcategory subcat;:synsem local category subcat;extract(:daughters complement-daughters) 1CCA 377775,where extract is a function that maps each list of signs to a list com-prising the synsem values (in order) of the members of the list of signs,and concat is a relation that holds of three lists i� the �rst list is theconcatenation of the second and the third. However, this principle seemsto be beyond the expressive ambit of SRL, since its expression seemsto require a function and a relation that are neither sorts nor features.Indeed, functions and relations such as extract and concat strictly lieoutside the syntax and semantics of any feature logic. To deal with suchfunctions and relations, a feature logic is typically augmented with a smallrepertoire of function and relation symbols that can be embedded within7I assume throughout this illustration that the reader is familiar with the (Pollardand Sag, 1994) principles.



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 31the formulae proper of the feature logic. The interpretation of these addi-tional symbols is �xed independently of the feature logic, and any model-or proof-theoretic properties of the feature logic do not necessarily carryover to the augmented language. However, it is perhaps surprising thatSRL can express the subcategorization principle without augmentation,albeit inelegantly, via a so-called `junk slot' encoding. Some readers mightwish to omit the following paragraph.A junk slot encoding uses `junk' features to construct entities withrecursive structures. Suppose that � = (S;F;A) is the signature corre-sponding to the (Pollard and Sag, 1994) sort hierarchy. Then each of thesorts empty-list , nonempty-list(sign), nonempty-list(synsem) and phraseis a species in �. LetS0 = S [ fjunk ; stopg,F0 = F [ fjunk;result; left;rightg,A0 extend A such thatA(phrase ; junk) = fjunkg,A(junk ; junk) = fjunk ; stopg,A(junk ;result) = fempty-list ;nonempty-list(synsem)g,A(junk ; left) = fempty-list ;nonempty-list(synsem)g,A(junk ;right) = fempty-list ;nonempty-list(sign)g, andA(�; ') = ; for all other (�; ') 2 (S0 � F0) n (S� F), and�0 = (S0;F0;A0).�0 is a signature. Let�1 = 2666666664 � : � phrase ^ :daughters � headed-structure �! 26666664 :junk � junk ^:junk result � :daughters head-daughtersynsem local category subcat ^:junk left � :synsem local category subcat ^:junk right � :daughterscomplement-daughters
37777775 3777777775,�2 = 24 � : � junk ^ :left � empty-list ^ :right � empty-list �! � :junk � stop ^:result � :right � 35,



32 PAUL JOHN KING�3 = 266666666664
� : � junk ^ :left � empty-list^ :right � nonempty-list(sign) �! 26666664 :junk � junk ^:junk result � :result rest ^:junk left � :left^:junk right � :right rest^:result � nonempty-list(synsem) ^:result first � :right first synsem

37777775
377777777775, and

�4 = 2666666664 � : � junk ^ :left � nonempty-list(synsem) �! 26666664 :junk � junk ^:junk result � :result rest ^:junk left � :left rest ^:junk right � :right^:result � nonempty-list(synsem) ^:result first � :left first
37777775 3777777775.A little e�ort shows that for each entity �0 in junk ,if left maps �0 to a list (x1; : : : ; xm) of entities in synsem ,right maps �0 to a list (y1; : : : ; yn) of entities in sign ,for each i 2 f1; : : : ; ng, synsem maps yi to an entity zi in synsem,and�2, �3 and �4 are true of �0then result maps �0 to the list (x1; : : : ; xm; z1; : : : ; zn) of entities insynsem.Thus, for each headed phrase �,if junk maps � to an entity �0 in junk ,:synsem local category subcat maps � to a list (x1; : : : ; xm)of entities in synsem,:daughters complement-daughters maps � to a list(y1; : : : ; yn) of entities in sign ,for each i 2 f1; : : : ; ng, synsem maps yi to an entity zi in synsem,�1 is true of �, and�2, �3 and �4 are true of �0then :daughters head-daughter synsem local category sub-cat maps � to the list (x1; : : : ; xm; z1; : : : ; zn) of entities insynsem.Thus, theory f�1; �2; �3; �4g expresses the subcategorization principle.88While this example demonstrates that SRL can express the subcategorization prin-ciple and similar using junk slot encodings, it also demonstrates abundantly that such



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 33By means of junk slot encodings and other technical devices, a theorycan express most, if not all, of the (Pollard and Sag, 1994) principles.Additionally, SRL can express or emulate many aspects of a HPSG gram-mar that are formulated at best loosely in (Pollard and Sag, 1994) andelsewhere in the HPSG literature. I brie
y mention here the four exam-ples I am most familiar with. Firstly, many HPSGians maintain that theconstruction of a lexicon requires the construction of a lexical hierarchy,a 
orid sort hierarchy comprising lexical sorts and equipped with multi-ple inheritance. I think this approach to the lexicon is misguided. Thesupporters of the approach point out that (Pollard and Sag, 1994) claimsthe logic of (Carpenter, 1992) to be \very close to the one that we as-sume will underlie a fully formalized version of our theory", and that therestricted classical implication of (Carpenter, 1992) necessitates a lexicalhierarchy in order to formulate constraints on words. However, I havealready voiced my contention that { notwithstanding the merits of the(Carpenter, 1992) logic { (Pollard and Sag, 1994) is wrong to base itsHPSG on this particular logic. Nonetheless, I have shown above that asignature (unlike a sort hierarchy) can emulate multiple inheritance, thusmaking possible the construction of lexical hierarchies. Secondly, manyHPSG accounts of the lexicon employ the informal notion of lexical rules,which the HPSG orthodoxy claimsmay be interpreted as rules of inference that derive lexical entries ofin
ected, derived, or compound words from those of simpler words(Pollard and Sag, 1994, page 37)However, all attempts to formalise this notion yield little or nothing.(Meurers and Minnen, 1997) challenges this orthodoxy, and argues thatthe goals set for lexical rules can be better achieved by constraints thatencodings are extremely ad hoc, cumbersome and counterintuitive. Moreover, whileevery reasonable HPSG function and relation I have so far examined in detail can beexpressed in SRL using junk-slot encodings, it is unclear exactly which functions andrelations can be so encoded, which not, and whether those that can be encoded su�cefor HPSG. Clearly, a SRL-like language equipped with a native mechanism for express-ing functions and relations such as extract and concat would be a great improvementon SRL. To this end, Frank Richter and Manfred Sailer have conceived RSRL (Rela-tional Speciate Re-entrant Language), an extension of the syntax and semantics of SRLwith a perspicuous interpretation of relations and functions formulated speci�cally tomeet the practical needs of the HPSGian. See (Richter, 1999) and (Richter et al., 1999)for details. However, the expressive bene�ts of RSRL over SRL exact a price. Unlikefor SRL, there can be no sound and complete logic for RSRL. Nonetheless, many ofthe ideas presented in the present paper transfer mutatis mutandis to RSRL, and anumber of RSRL counterparts of important results pertinent to the present paper havealready been proved in ongoing work.



34 PAUL JOHN KINGderive not lexical entries from lexical entries but rather lexical entitiesfrom lexical entities. These lexical constraints are then little di�erent inkind from conventional principles, and as such can be readily expressed astheories. Thirdly, (Pollard and Sag, 1994) treats phonology very naively,being content to gloss phonological entities as lists of phoneme strings.(H�ohle, 1999), on the other hand, presents a detailed SRL-compatible ar-chitecture for the expression of accounts of phonology. Moreover, the un-avoidable interaction between phonology and the physical universe leads(H�ohle, 1999) to propose an ontology of tokens that is far more sophis-ticated than mine. Among the highlights of this delightful ontology is arelationship between linguistic entities and possible physical events thatis determinable solely by an adequately rich theory of the physical per-formance of phonological gestures. Finally, HPSG is one of a number oflinguistic paradigms that adopts a looser relationship between constituentstructure and word order than the Chomskyan paradigms usually adopt.Several papers propose dedicated list-handling mechanisms to constrainword order. These mechanisms are very much like extract and concat,in that they are extralogical additions to the syntax and semantics of anunderlying feature logic. However, there is good evidence that SRL canexpress word-order constraints without such additional mechanisms. Byextensive use of junk slots, (Richter and Sailer, 1995) formulates withinSRL a broad, thorough and sophisticated account of word order in theGerman Mittelfeld, a domain known to be problematic for conventionalapproaches to specifying word order.In summation, a HPSG grammar can be expressed in very large part,if not in entirety, as a SRL grammar, where a SRL grammar is a pair(�; �) such that � is a signature and � � D�.4. TruthEquipped with an ontology and a formalism, I now characterise truth inHPSG by formulating a strong and well-de�ned necessary condition for aHPSG grammar to be true of a natural language. I proceed by presentinga succession of interim theses regarding truth in HPSG, �nding fault anddispensing with each in turn until I arrive at a satisfactory thesis. Eachthesis embodies a number of intuitions concerning truth in HPSG, andthe process of rejecting and reformulating the theses can be seen as theprocess of criticising and re�ning those intuitions.In section 1 of this paper, I argued for linguistic tokens as suitable me-dia for characterising truth in HPSG. In section 2, I outlined a particularconstrual of a HPSG linguistic token based largely upon the structure a



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 35(Pollard and Sag, 1994) sort hierarchy imposes upon such a token. Insection 3, I demonstrated that a SRL signature more e�ciently imposesupon a linguistic token the entirety of the structure a (Pollard and Sag,1994) sort hierarchy imposes upon it. My �rst interim thesis encapsulatesall of this work by formalising a simple intuition: a grammar is true ofa natural language only if the natural language can be construed as asystem of linguistic tokens meeting the conditions imposed upon them bythe signature component of the grammar.Interim Thesis 1. For each grammar � = (�; �), for each natural lan-guage I ,if � is true of Ithen I is an interpretation of �.Unfortunately, under interim thesis 1, the theory component of a gram-mar plays no role in determining whether the grammar is true of a nat-ural language. This is clearly absurd, and while I maintain that interimthesis 1 is true, I also concede that merely being an interpretation of asignature is far too weak a necessary condition for linguistic truth. Tostrengthen this condition, I observe that each (Pollard and Sag, 1994)linguistic principle is an implicational description, and for good reason. Ifa HPSGian wishes to assert that a regularity holds of certain entities in anatural language then the HPSGian expresses the assertion as a linguisticprinciple `if A then C', where the consequent C is a description that ex-presses the regularity, and the antecedent A is a description that denotesthe collection of entities of which the regularity is claimed to hold. If aHPSGian asserts that a regularity holds of certain entities in a naturallanguage and expresses the assertion as an implicational description thenthe HPSGian is asserting that the description is true of each entity in thenatural language, since, for each entity in the natural language, eitherthe antecedent of the description is false of the entity, in which case thedescription is true of the entity, or the antecedent of the description istrue of the entity, in which case the HPSGian asserts that the consequentof the description is true of the entity and hence that the description istrue of the entity. I accordingly reformulate interim thesis 1 to includethe simple intuition that a grammar is true of a natural language only ifeach description in the theory component of the grammar is true of eachentity in the natural language.Interim Thesis 2. For each grammar � = (�; �), for each natural lan-guage I ,



36 PAUL JOHN KINGif � is true of Ithen I is an interpretation of �, andI models � in �.Though the consequent of interim thesis 2 is certainly a stronger neces-sary condition for linguistic truth than the consequent of interim thesis 1,it is nonetheless still too weak. For example, the empty theory claims ab-solutely nothing of the entities in a natural language, and so a grammarcomprising a signature and the empty theory cannot be true of a naturallanguage other than vacuously. Yet interim thesis 2 may well judge sucha grammar true of a natural language, since each interpretation modelsthe empty theory. What the consequent of interim thesis 2 lacks is a re-lationship between a true grammar of a natural language and the entitiesnot in the natural language. To illustrate this point, suppose that I isthe English language, I 0 is I with every instance of the word \logic" andits derivatives (\logical", \logically", \logician", \logicism", \illogic", \il-logical", \choplogic", etc.) systematically expunged, and � = (�; �) is atrue grammar of I . Then, by interim thesis 2, I is an interpretation of �and models � in �. Thus, I 0 also is an interpretation of � and models �in �. Thus, by interim thesis 2, � is true also of I 0. However, intuitionsays that � must be false of I 0, and the basis of that intuition is clear: �is true of some instances of the word \logic", yet no instances of the word\logic" are entities in I 0. � is intuitively false of I 0 because � is true ofsome linguistic token not in I 0. A �rst reformulation of interim thesis 2might therefore include the intuition that a grammar is true of a naturallanguage only if the theory component of the grammar is false of eachentity not in the natural language.Interim Thesis 3. For each grammar � = (�; �), for each natural lan-guage I ,if � is true of Ithen I is an interpretation of �,I models � in �, andfor each interpretation I 0 of �, for each �0 2 I 0,if �0 2 �I 0(�) then �0 2 I .However, the consequent of interim thesis 3 is so much stronger thanthe consequent of its predecessor that the new thesis is false. Supposethat � = (�; �) is a SRL expression of the (Pollard and Sag, 1994) HPSGgrammar of English, entity � is the quasi-English sentence \Kim walks



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 37�loc j cat �head 4subcat h i�������� C1Kim
@@@@@@H�loc j cat �head 4subcat h 1 i��������� H�loc j cat �head 4 verb [�n ]subcat h 1 np[nom ][3rd;sing]; 3 np[acc] i��walks

ZZZZZZZC1 2Sandy
HHHHHHHHHHHC2 3FidoFigure 3. \Kim walks Sandy Fido"Sandy Fido" with the structure partially depicted in �gure 3,9 and entity�0 is the head daughter of �, the quasi-English verb phrase \walks SandyFido". Each principle in the (Pollard and Sag, 1994) grammar of Englishis true of �, but the subcategorization principle is false of �0. Thus, underinterim thesis 3,� is true of English=) English contains � and does not contain �0=) English contains �0 and does not contain �0=) contradiction.Now, � may indeed be false of English, but this alleged proof of its false-ness is absurd. It therefore follows that a better reformulation of interimthesis 2 might include the intuition that a grammar is true of a naturallanguage only if the theory component of the grammar is false of someconstituent of each entity not in the natural language. For each signa-ture �, for each interpretation I of �, CI is the total function from U toPow (U ) such that9I use the abbreviatory conventions of (Pollard and Sag, 1994, pages 27, 28, 32and 33) to depict the structure.



38 PAUL JOHN KINGfor each � 2 I , CI (�) = 8<:�0 2 I ������ for some � 2 T�,TI (�)(�) is de�ned, andTI (�)(�) = �0 9=;.I call each member of CI (�) a constituent of � in I . Notice that thisnotion of constituency is more general than the traditional linguistic no-tion in that a �rst entity can be a constituent of a second regardless ofwhether either is a sign.Interim Thesis 4. For each grammar � = (�; �), for each natural lan-guage I ,if � is true of Ithen I is an interpretation of �,I models � in �, andfor each interpretation I 0 of �, for each �0 2 I 0,if CI 0 (�0) � �I 0(�) then �0 2 I .The consequent of interim thesis 4 is su�ciently weaker than the con-sequent of interim thesis 3 that the new thesis does not su�er from theabsurdity of the old: interim thesis 4 does not falsify the (Pollard andSag, 1994) grammar of English on the basis of \Kim walks Sandy Fi-do". However, the consequent of interim thesis 4 overlooks the possibilitythat the constituents of an object can be di�erently con�gured in dif-ferent interpretations, that is, it overlooks the possibility that entity �has exactly the same constituents in interpretations I1 = (U1;S1;F1) andI2 = (U2;S2;F2) of signature � yet for some � 2 T�,TI1(�)(�) is de�ned but TI2(�)(�) is unde�ned, orTI1(�)(�) 6= TI2 (�)(�), orS1(TI1(�)(�)) 6= S2(TI2 (�)(�)).Consequently, it can fail to judge a patently false grammar of a naturallanguage false. For example, the English sentence \Adam thought Billhad crashed his car" is ambiguous, and so has several kinds of instance.In one kind of instance, Adam thought Bill had crashed Adam's car. Inanother, Adam thought Bill had crashed Bill's car. Suppose that I is theEnglish language and � = (�; �) is a true grammar of I . Under interimthesis 4,I is an interpretation,� is true of each entity in I , and� is false of some constituent of each entity not in I .



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 39Suppose further that I 0 is I with the constituents of each instance of\Adam thought Bill had crashed his car" in which Adam thought Billhad crashed Adam's car recon�gured into an instance of \Adam thoughtBill had crashed his car" in which Adam thought Bill had crashed Bill'scar. � is intuitively false of I 0, since I 0 has no instances of the sentence\Adam thought Bill had crashed his car" in which Adam thought Billhad crashed Adam's car. Yet interim thesis 4 fails to judge � false of I 0,sinceI 0 is an interpretation,� is true of each entity in I 0, and� is false of some constituent of each entity not in I 0.An even better reformulation of interim thesis 2 than interim thesis 4might therefore include the intuition that a grammar is true of a naturallanguage only if the theory component of the grammar is false of someconstituent of each entity with a constituent con�guration not in the nat-ural language. For each signature � = (S;F;A), for each interpretationI1 = (U1;S1;F1) of �, for each interpretation I2 = (U2;S2;F2) of �, foreach �,I1 and I2 share � in �i� � 2 U1,� 2 U2,CI1(�) = CI2 (�),for each �0 2 CI1 (�), S1(�0) = S2(�0), andfor each �0 2 CI1 (�), for each ' 2 F,F1(')(�0) is de�ned i� F2(')(�0) is de�ned, andif F1(')(�0) is de�ned then F1(')(�0) = F2(')(�0).Interim Thesis 5. For each grammar � = (�; �), for each natural lan-guage I ,if � is true of Ithen I is an interpretation of �,I models � in �, andfor each interpretation I 0 of �, for each �0 2 I 0,if CI 0 (�0) � �I 0(�) then I and I 0 share �0 in �.Interim thesis 5 seems all well and good, yet I still call it an interimthesis, and do so because it and its two predecessors have two simple



40 PAUL JOHN KINGshortcomings that easily escape notice. Firstly, if a grammar is true of anatural language under interim theses 3, 4 or 5 then the natural languagemust be either empty or a proper class. This shortcoming is an annoyingbut perhaps tolerable technicality. Unfortunately, the second shortcomingcannot be so lightly tolerated. If a grammar is true of a natural languageunder interim theses 3, 4 or 5 and the theory component of the grammar istrue of each constituent of an entity in some interpretation then the entitymust also be in the natural language. However, I later show in corollary 1that if a nontrivial interpretation models a theory then a nontrivial in-terpretation consisting entirely of mathematical { hence nonlinguistic {entities also models the theory. Thus, if a grammar is true of a naturallanguage under interim theses 3, 4 or 5 then the natural language musteither be empty or contain nonlinguistic entities. An obvious circumven-tion of the second { though not perhaps the �rst { shortcoming mighttherefore seem to be a reformulation of interim thesis 2 that includes theintuition that a grammar is true of a natural language only if the theorycomponent of the grammar is false of some constituent of each linguisticentity with a constituent con�guration not in the natural language.Interim Thesis 6. For each grammar � = (�; �), for each natural lan-guage I ,if � is true of Ithen I is an interpretation of �,I models � in �, andfor each interpretation I 0 of �, for each linguistic �0 2 I 0,if CI 0 (�0) � �I 0(�) then I and I 0 share �0 in �.Unfortunately, this apparent circumvention is fundamentally and irre-trievably 
awed. At present, there can be no formal de�nition of whatit is for an entity to be linguistic. Therefore, the consequent of interimthesis 6 is a necessary condition for linguistic truth that currently cannotbe well-de�ned. I propose the following somewhat unusual escape fromthis predicament. I �rst present a formal de�nition of possibly distinctentities in possibly distinct interpretations being `identical twins' in thatthe constituents of the identical twins within their respective interpreta-tions are isomorphically con�gured. I then reformulate interim thesis 2to include the intuition that a grammar is true of a natural language onlyif the theory component of the grammar is false of some constituent ofeach entity without an identical twin in the natural language. For each



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 41signature � = (S;F;A), for each interpretation I1 = (U1;S1;F1) of �, foreach interpretation I2 = (U2;S2;F2) of �, for each �1, for each �2,(�1; I1) and (�2; I2) are congruent in �i� �1 2 U1,�2 2 U2, andfor some bijection � from CI1(�1) to CI2(�2),�(�1) = �2,for each �0 2 CI1(�1), S1(�0) = S2(�(�0)), andfor each �0 2 CI1(�1), for each ' 2 F,F1(')(�0) is de�ned i� F2(')(�(�0)) is de�ned, andif F1(')(�0) is de�ned then �(F1(')(�0)) = F2(')(�(�0)).Thesis 1. For each grammar � = (�; �), for each natural language I ,if � is true of Ithen I is an interpretation of �,I models � in �, andfor each interpretation I 0 of �, for each �0 2 I 0,if CI 0 (�0) � �I 0(�)then for some � 2 I , (�; I ) and (�0; I 0) are congruent in �.Thesis 1 is my preferred thesis. It formally expresses exactly threeintuitions concerning the content of a grammar. A grammar (�; �) is trueof a natural language only ifthe natural language can be construed as a system of linguistic tokensmeeting the conditions imposed on them by �,each description in � is true of each entity in the natural language,andsome description in � is false of some constituent of each entity forwhich no entity in the natural language has isomorphically con�guredconstituents.The extent to which a HPSGian shares these intuitions is exactly theextent to which thesis 1 captures the content of their grammars.The form of thesis 1 is rather ugly and cumbersome. A better formturns upon an elegant equivalent of the congruence relation. For eachsignature �, for each interpretation I1 of �, for each interpretation I2 of�, for each �1 2 I1, for each �2 2 I2,



42 PAUL JOHN KING(�1; I1) and (�2; I2) are indiscernible in �i� for each � 2 D�,�1 2 DI1(�) i� �2 2 DI2(�).Proposition 1. For each signature �, for each interpretation I1 of �,for each interpretation I2 of �, for each �1 2 I1, for each �2 2 I2,(�1; I1) and (�2; I2) are congruent in �i� (�1; I1) and (�2; I2) are indiscernible in �.For each signature �, for each interpretation I1 of �, for each interpre-tation I2 of �,I1 simulates I2 in �i� for each �2 2 I2, for some �1 2 I1,(�1; I1) and (�2; I2) are indiscernible in �.For each signature �, for each � � D�, for each interpretation I of �,I exhaustively models � in �i� I models � in �, andfor each interpretation I 0 of �,if I 0 models � in � then I simulates I 0 in �.Proposition 2. For each signature �, for each � � D�, for each inter-pretation I of �,I exhaustively models � in �i� I models � in �, andfor each interpretation I 0 of �, for each �0 2 I 0,if CI 0(�0) � �I 0(�)then for some � 2 I , (�; I ) and (�0; I 0) are congruent in �.I can now form a thesis that is equivalent to thesis 1 yet replaces thecomplex notions of constituency and congruence with the simpler notionof an exhaustive model.Thesis 2. For each grammar � = (�; �), for each natural language I ,if � is true of Ithen I is an interpretation of � andI exhaustively models � in �.



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 43Two issues remain outstanding. The consequent of interim thesis 5 istoo strong in two respects. If a grammar is true of a nonempty naturallanguage under the interim thesis thenthe natural language must be a proper class, andthe natural language must contain nonlinguistic entities.Now, congruence is weaker than sharing. If interpretations I1 and I2share entity � in signature � then (�; I1) and (�; I2) are congruent in�. Therefore, the consequent of thesis 1, and hence the consequent ofthesis 2, is weaker than the consequent of interim thesis 5. Indeed, it issu�ciently weak to avoid the second shortcoming of the consequent ofthe interim thesis. But is it su�ciently weak to avoid the �rst? And isit still su�ciently strong to be linguistically useful? I address the secondissue when I characterise veri�cation in a later paper, but I conclude thepresent paper by addressing the �rst. I prescribe for each theory theconstruction of an exhaustive model. From this immediately follows thetheorem that each theory has an exhaustive model. Since some theorieshave nontrivial models it immediately follows that some theories havenontrivial exhaustive models. Thus, if a grammar is true of a nonemptynatural language under thesis 1 or thesis 2 then the natural languageneed not be a proper class. The construction of the exhaustive model isilluminating but somewhat technical, and some readers might prefer toturn directly to the statement of theorem 1 on page 48.Central to my construction of an exhaustive model of a theory is thenotion of a morph.10 I write X� for the set of �nite strings comprisingmembers of set X . For each signature � = (S;F;A), a morph in � is atriple (�; �; �) such that� is a nonempty subset of F�,for each ! 2 F�, for each ' 2 F, if !' 2 � then ! 2 �,� is an equivalence relation over �,for each !1 2 F�, for each !2 2 F�, for each ' 2 F,if !1' 2 � and (!1; !2) 2 � then (!1'; !2') 2 �,� is a total function from � to S,for each !1 2 F�, for each !2 2 F�, if (!1; !2) 2 � then �(!1) = �(!2),for each ! 2 F�, for each ' 2 F,if !' 2 � then �(!') 2 A(�(!); '), and10(King, 1989) called morphs descriptors.



44 PAUL JOHN KINGfor each ' 2 F, for each ! 2 F�,if ! 2 � and A(�(!); ') 6= ; then !' 2 �.I write M� for the set of morphs in �. The de�nition of a morph is ratherlong and technical, so I turn to automata theory to form a more intuitivepicture of a morph. (Nerode, 1958) gives an elegant and well-knownabstract representation of an automaton. The Nerode representationof an automaton � with an input alphabet I is a pair (�; �) such that� = �! 2 I� ��� transits from its initial node on input ! 	, and� = 8>>>><>>>>:(!1; !2) 2 I� � I� ���������� for some node � in �,� transits from its initial node to �on input !1, and� transits from its initial node to �on input !2 9>>>>=>>>>;.(Moore, 1956) o�ers an augmented notion of an automaton. A Mooreautomaton is an automaton that outputs a symbol from an output al-phabet at each of its nodes. (Moshier, 1988) extends Nerode representa-tion to an abstract representation of a Moore automaton. The Moshierrepresentation of a Moore automaton � with an input alphabet I andan output alphabet O is a triple (�; �; �) such that(�; �) is the Nerode representation of �, and� = 8>><>>:(!; o) 2 I� �O �������� for some node � in �,� transits from its initial node to �on input !, and� outputs o at � 9>>=>>;.It is usually stipulated that an automaton must have a �nite set of nodes,a �nite transition function and a �nite input alphabet, and that a Mooreautomaton must have a �nite output alphabet, but let us put these stip-ulations aside, and allow automata to have possibly in�nite node sets,transition functions and alphabets. For each signature � = (S;F;A), foreach Moore automaton �,� is totally well-typed in �i� � has input alphabet F,� has output alphabet S,for each node � in �, for each ' 2 F,� transits from � on input 'i� for some � 2 S,� outputs � at � and A(�; ') 6= ;, and



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 45for each node � in �, for each ' 2 F,if � transits from � on input 'then for some node �0 in �, for some � 2 S, for some �0 2 S,� transits from � to �0 on input ',� outputs � at �,� outputs �0 at �0, and�0 2 A(�; ').A morph is the Moshier representation of a totally well-typed Moore au-tomaton.For each signature � = (S;F;A), for each � = (�; �; �) 2 M�, for each! 2 �,�=! = f!0 2 F� j !!0 2 �g,�=! = f(!1; !2) 2 F� � F� j (!!1; !!2) 2 �g,�=! = f(!0; �) 2 F� � S j (!!0; �) 2 �g, and�=! = (�=!; �=!; �=!).Proposition 3. For each signature � = (S;F;A), for each � = (�; �; �) 2M�, for each ! 2 �,�=! 2 M�.I call �=! the ! submorph of � in �. If � is the Moshier representationof totally well-typed Moore automaton � then � transits from its initialnode to some node � on input ! and �=! is the Moshier representationof the totally well-typed Moore subautomaton derived from � with initialnode �.For each signature � = (S;F;A), M� is the total function from D� toPow (M�), and A� is the total function from Pow (D�) to Pow (M�) suchthatfor each !1 2 F�, for each !2 2 F�,M�(:!1 � :!2) = �(�; �; �) 2 M� ��(!1; !2) 2 � 	,for each ! 2 F�, for each � 2 S,M�(:! � �) = �(�; �; �) 2 M� ��(!; �) 2 � 	,for each � 2 D�, M�(:�) = M� nM�(�),for each �1 2 D�, for each �2 2 D�, M�([�1 ^ �2]) = M�(�1)\M�(�2),for each �1 2 D�, for each �2 2 D�, M�([�1 _ �2]) = M�(�1)[M�(�2),



46 PAUL JOHN KINGfor each �1 2 D�, for each �2 2 D�,M�([�1 ! �2]) = (M� nM�(�1)) [M�(�2), andfor each � � D�,A�(�) = �(�; �; �) 2 M� ���� for each � 2 �, for each ! 2 �,(�; �; �)=! 2 M�(�) �.If � 2 M�(�) then I say that � approximates � in �, and if � 2 A�(�)then I say that � admits � in �. Admission is a recursive application ofapproximation: theory � admits morph � i� each description in � approx-imates not only � but also every submorph of �.11For each signature �, a canonical entity in � is a quadruple (�; �; �; ")such that (�; �; �) 2 M� and " is an equivalence class under �. I write E�for the set of canonical entities in �. Moshier representation extends tothe abstract representation of Moore automata with distinguished nodes.TheMoshier representation of a Moore automaton � with an input al-phabet I, an output alphabet O, and a distinguished node � is a quadruple(�; �; �; ") such that(�; �; �) is the Moshier representation of �, and" = �! 2 I� ��� transits from its initial node to � on input ! 	.11There are obvious similarities between morphs and approximation on the onehand and (Carpenter, 1992) feature structures and satisfaction on the other. However,these similarities do not justify the (Pollard and Sag, 1994) vision of founding HPSGon a logic very similar to that of (Carpenter, 1992), since the behaviour of morphs andfeature structures radically di�er in crucial ways. For example, morph subsumption isextremely degenerate, in that morph (�1; �1; �1) subsumes morph (�2; �2; �2) i� �1 =�2, �1 � �2 and �1 = �2. Applying (Carpenter, 1992) terminology to morphs, if a �rstmorph subsumes a second morph then the two morphs can di�er only in that the secondmay have more shared structure than the �rst. It can even be cogently argued thatmorph subsumption should be fully degenerate, and that morph �1 should subsumemorph �2 i� �1 = �2. In either case, morphs cannot play the role of models of partialinformation that (Carpenter, 1992) intends its feature structures to play. Moreover, thesyntactic, semantic and logical apparatus (Carpenter, 1992) institutes for its featurestructures does not apply to morphs. For example, a (Carpenter, 1992) descriptioncan have feature structure satis�ers yet no morph satis�ers. It is interesting to note,however, that if morph subsumption is fully degenerate then morphs become excellentmodels not of partial information but of total information, consistent information thatcannot be consistently extended. On this view, morphs provide a valuable point ofcontact between entity-based logics such as SRL and information-based logics such asthat of (Carpenter, 1992). They occupy an intermediary position between the twologic families, being neither entities nor models of partial information, yet relatedto both. Some papers, (Gerdemann and King, 1994) and (King, 1994) for example,have exploited this position in order to adapt computational techniques developed forinformation-based logics to entity-based logics more suited to HPSG.



TOWARDS TRUTH IN HEAD-DRIVEN PHRASE STRUCTURE GRAMMAR 47A canonical entity is the Moshier representation of a totally well-typedMoore automaton with a distinguished node.Using canonical entities, I can at last construct my exhaustive model.For each signature � = (S;F;A), for each grammar � = (�; �),U� = �(�; �; �; ") 2 E� ��(�; �; �) 2 A�(�) 	,S� = �((�; �; �; "); �) 2 U� � S �� for some ! 2 ", �(!) = � 	,F� is the total function from F to Pow (U��U�) such that for each ' 2F, F�(') = �((�; �; �; "); (�; �; �; "0)) 2 U� � U� ���� for some ! 2 ",!' 2 "0 �,andI� = (U�;S�;F�).Proposition 4. For each grammar � = (�; �),I� is an interpretation of �, andI� exhaustively models � in �.I call I� the canonical interpretation in �. A clearer picture of acanonical interpretation is perhaps achieved if I adopt a modest termino-logical �ction, and speak of a canonical entity as a Moore automaton witha distinguished node rather than as the Moshier representation of a Mooreautomaton with a distinguished node. Under this �ction, if � = (�; �) isa grammar thenan entity is in I� i� the entity is a totally well-typed Moore automaton� with a distinguished node such that � admits �,Moore automaton � with distinguished node � is in species � i� �outputs � at �, andfeature ' maps Moore automaton � with distinguished node � toMoore automaton �0 with distinguished node �0 i� � = �0 and �transits from � to �0 on input '.An immediate corollary of proposition 4 is:Corollary 1. For each grammar � = (�; �),if for some interpretation I of �, I is nontrivial and models � in �then I� is nontrivial and models � in �.On page 40, I used corollary 1 to show that if a grammar is true of anatural language under interim theses 3, 4 or 5 then the natural languagemust either be empty or contain nonlinguistic entities. Another immediatecorollary of proposition 4 is:



48 PAUL JOHN KINGTheorem 1. For each grammar � = (�; �),for some interpretation I of �, I exhaustively models � in �.Those readers troubled that every theory has an exhaustive modelshould note that SRL does not forbid trivial interpretations. Any the-ory incoherent enough to preclude nontrivial models will have only trivialexhaustive models, but any theory coherent enough to allow nontrivialmodels will have only nontrivial exhaustive models. Coherent theoriesabound. For example, the empty theory has nontrivial models in almostall signatures. Thus, unlike under interim thesis 5, if a grammar is trueof a natural language under thesis 1 or thesis 2 then the natural languageneed not necessarily be empty or a proper class. However, SRL cannotprevent incoherence. The burden of writing a coherent grammar falls fullyand fairly on the HPSGian.AcknowledgementsThis paper has been far too long in preparation, and I have accrued ahuge debt of gratitude to an extensive list of people in the process of re-searching and writing it. As partial expiation, the least I can do is thankthose of my creditors I can remember, and apologise to those I cannot. So,I give heartfelt thanks to Steve Abney, Bj�rn Aldag, Patrick Blackburn,Bob Carpenter, Dale Gerdemann, John Gri�th, Thilo G�otz, YasunariHarada, Erhard Hinrichs, Stephan Kepser, Valia Kordoni, Peter Krause,Detmar Meurers, Uwe M�onnich, Drew Moshier, Tsuneko Nakazawa, Stan-ley Peters, Adam Przepi�orkowski, Stephan Riezler, Sabine Reinhart, IvanSag, Manfred Sailer, Kiril Simov, J�urgen Wedekind and the students whoattended my various classes on HPSG formalism at Stanford University,T�ubingen University and the 1996 European Summer School in Logic,Language and Information. I particularly wish to thank Tilman H�ohle,Carl Pollard and Frank Richter for sometimes heated but always illumi-nating discussion of the research this paper reports. Of course, all remain-ing mistakes are mine alone. At various stages in researching and writingthis paper, I received �nancial assistance from the Systems DevelopmentFoundation, the Deutsche Forschungsgemeinschaft, and the Volkwagen-Stiftung, and I wish to express my gratitude to these institutions for theirsupport. Finally, I thank Jennifer, Emma, Heather, Blump, Tiny andErica, without whom the writing of this paper would have been entirelypossible but utterly pointless.
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