Combining Montague Semantics and DiscourseRepresentationI. INTRODUCTIONKamp�s Discourse Representation Theory (DRT, see Kamp [1981], Heim [1982,1983], Kamp & Reyle [1993]) offers an attractive means of modeling the semantics ofdiscourse. The theory works very well for cross-sentential pronominal anaphora, fortemporal anaphora and, on the sentence level, for the medieval �donkey� sentences thatGeach has reminded us about so forcefully. However, other classes of data, such asquantification and coordination phenomena, are handled in less elegant ways, andsince such data were rather successfully accounted for within Montague�s earlierparadigm, some logicians have sought to combine the advantages of both approachesand have come up with various systems that combine the dynamics of DRT with thecompositionality of Montague Semantics in one way or another.There are two lines of approach here. Some authors start with a Montague-like set-up and add extra machinery to it in order to deal with anaphora; others take DRT astheir point of departure and add lambdas to the system in order to obtaincompositionality. An example of the first line of thought is Rooth [1987], who extendsMontague Grammar with the �parameterised sets� of Barwise [1987]. Other examplesare Groenendijk & Stokhof [1990], who obtain a dynamic effect with the help ofJanssen�s [1986] �state switchers�; Chierchia [1992], who gives a simplified variant ofGroenendijk & Stokhof�s �Dynamic Montague Grammar� (DMG); and Dekker[1993], who elaborates upon DMG and extends it with many useful features. Thesecond line of approach is exemplified in the l-DRT framework of Pinkal and his co-workers (Latecki & Pinkal [1990], Bos et al. [1994]) and in the �bottom-up� DRT ofAsher [1993].However, while all this work has certainly clarified the issues which are at stakewhen an integration of the two semantic frameworks is called for, and while some ofthis work has led to the development of formalisms in which very interesting linguistictheories have been expressed, we are still not in the possession of a combinedframework which is easy to use and mathematically clean at the same time. Theapproaches which add lambdas to DRT are easy to use, while the systems which takeMontague Semantics as their point of departure are difficult to work with. All systemsbase themselves on ad hoc special purpose logics and have a more or less baroqueunderlying mathematics which is not very well understood.

* From: Linguistics and Philosophy 19: 143-186, 1996. I would like to thank my audience at theNinth Amsterdam Colloquium and the anonymous referees for interesting feedback. The present titlewas kindly suggested by an anonymous referee.

2It is the purpose of this paper to combine Montague Semantics and DiscourseRepresentation into a formalism that is not only notationally adequate, in the sense thatthe working linguist need remember only a few rules and notations, but is alsomathematically rigourous and based on ordinary type logic. The mathematics oflambdas is well-known and has received a classical formulation in the elegant systemof Church [1940] and for the present purposes I hardly see any reason to tamper withthe logic. Later extensions of Church�s logic, such as Montague�s IL, but alsoJanssen�s [1986] Dynamic Intensional Logic, upon which DMG is based, add allkinds of embellishments, but these make the logic lose its simplicity and its fun-damental mathematical properties.1 Usually, the embellishments are superfluous, asChurch�s logic is already very expressive so that what can be said with embel-lishments can also be said without them.2 It is for this reason that we shall stick to (amany-sorted variant of) the classical system. Our goal is to design a formalism forlinguistic description which is easy to use in practice and has a simple underlyingmathematics.How can we combine the DRT logic with classical type theory? It is evident that theexpressivity of the core part of DRT does not extend that of first-order logic (Kamp &Reyle [1993] in fact give a translation of DRT into elementary logic). The questiontherefore arises whether it is not possible to reduce the language of DRT to typetheory. I shall show that this question has an affirmative answer and that DRT�sDiscourse Representation Structures (DRSs or boxes henceforth) are already presentin classical type logic in the sense that they can simply be viewed as abbreviations ofcertain first-order terms, provided that some first-order axioms are adopted. Thismeans that we can have boxes and lambdas in one logic, and the combination of thesetwo (plus the sequencing operator of Dynamic Logic, which is definable in type logicas well) will allow us to assign boxes to English discourses in accordance withFrege�s Principle: the meaning of a complex expression is a function of the meaningsof its parts.The method of showing that the DRS language is really a part of type logic (andeven of predicate logic) is straightforward. Boxes are connected to first-order modelsvia �verifying embeddings� in Kamp�s definition and in fact the meaning of a box canbe viewed as a binary relation between such embeddings. Groenendijk & Stokhof[1991] give an ordinary Tarski Definition for the box language on the basis of thisidea. The reduction to classical logic can be carried out by simply observing that theright-hand, definiens, parts of the clauses in this inductive definition are expressiblewithin the logic and that the constructs in the box language that are defined by them

1Such as the Church-Rosser property, which says that the order in which lambda reductions areperformed is immaterial. See Friedman & Warren [1980] for a counterexample to the Church-Rosserproperty in IL.2For example, Gallin [1975] already shows that what can be said within IL can be said within theChurch system TY2.

3may therefore do duty as abbreviations of the logical terms which express theseclauses.The presence of boxes in type logic permits us to fuse DRT and MontagueGrammar in a rather evenhanded way: both theories will be recognisable in the result.In Muskens [1991, 1995a] I have given versions of Montague Grammar that werebased on some technical insights that are also present in this paper, but while thesearticles succeed in importing the dynamics of DRT into Montague Grammar, they donot offer a real synthesis of the two theories in this sense. The present formalism,which I call Compositional DRT (CDRT), may well be described as a version of DRTin which the construction algorithm that sends (parsed) sentences to boxes consists ofa Montague style compositional translation of trees into the lambda-box language.With this unification of the theories standard techniques (such as type-shifting) thatare used in Montague Grammar become available in DRT. The fused theory gives us ameans to compare specific semantic analyses that are made in the two differentframeworks and semantic theories that can be expressed within the older paradigm canin principle be transposed to our version of the newer one. Although descriptivelinguistic work is not the principal aim of this paper, we provide an illustration hereand it will be shown how the Boolean theory of generalised coordination can beadapted to Compositional DRT. Various authors (e.g. Von Stechow [1974], Keenan& Faltz [1978], Gazdar [1980], Partee & Rooth [1983]) have suggested that, barringsome exceptions, the words and and or and their counterparts in other languages actas Boolean operators, no matter what types of expressions they connect. This, I think,is a very elegant and empirically significant claim about natural languages.Unfortunately, it does not seem to match completely with the data, as it does not seempossible to treat expressions with anaphoric links across coordinated elements (suchas in A cat catches a fish and eats it vs. *A cat catches no fish and eats it) in aBoolean way. On the other hand it must be admitted that the treatment in Kamp &Reyle [1993] of such expressions, while satisfactory in the sense that it accounts forthe anaphoric linkings, is unsatisfactory in the sense that it complicates the whole set-up of DRT. Discourse Representations are no longer boxes, but complicatedconstructs out of boxes and natural numbers in this analysis; even the treatment ofexpressions that do not contain a conjunction cannot escape from the complications. Itwould be much nicer if we could connect a single algebraic operation to each of thetwo words and and or. In section IV we shall provide such operations.The paper is set up as follows. In the next section standard DRT is discussed andprovided with some extensions, such as the sequencing operator �;�, which is familiarfrom programming languages, and a compositional treatment of proper names asconstants. In section III, the main part of the paper, we define the basic formalism andshow how it can be used to interpret a fragment of English that is generated with thehelp of a reduced transformational grammar. Section IV extends this fragment with thepromised treatment of coordinations and section V gives conclusions and further

4prospects. In a short appendix the reader finds two proofs of propositions which werementioned in the main text.II. STANDARD DRT AND SOME EXTENSIONSII.1. The core fragment: syntax and semanticsThe standard way of writing down discourse representations makes for very easyreading but is also rather space consuming and for this reason I shall linearize DRSboxes in this paper. So, for example, (2), a representation of the little text in (1), will bewritten more concisely as (3) below, and I shall save paper by writing (6) instead ofthe more wasteful (5), which is a representation of (4).(1)A man adores a woman. She abhors him.(2)

x1 x2 man x1 woman x2 x1 adores x2 x2 abhors x1

(3)[x1 x2 | man x1, woman x2, x1 adores x2, x2 abhors x1](4)Ifamanboresawomansheignoreshim.(5)

x1 x2 man x1 woman x2 x1 bores x2 ⇒ x_2 ignores x_1

(6)[ | [x1 x2 | man x1, woman x2, x1 bores x2] � [ | x2 ignores x1]]

5Formally, the language which comprises these linearized forms is obtained by startingwith sets of relation constants and individual constants and an infinite set of individualvariables (individual constants and variables will also be called discourse referents).Conditions and boxes are constructed from these by the following clauses.SYN1If R is an n-ary relation constant and d1,…,dn arediscoursereferents,thenR(d1,…,dn) is a condition;If d1 and d2 are discourse referents then d1 is d2 is a condition;SYN2If K1 and K2 are boxes, not K1, K1 or K2 and K1 � K2 are conditions;SYN3If g1,…,gmareconditions(m ‡ 0) and x1,…,xn are variables (n ‡0),then[x1…xn | g1,…,gm] is a box.That the language given here contains constant discourse referents in addition to theusual variable ones is a novelty which has to do with the interpretation of propernames. This will be discussed below. In (3) and (6) we have systematically abbreviatedconditions of the form R(d1,d 2) as d 1R d 2 in case R was a two-place relation symboland we have written R (d) as R d whenever R was one-place. We shall continue tofollow this convention.The constructs generated by SYN1-SYN3 are interpreted on ordinary first-ordermodels. As usual, these are defined as pairs ÆD, Iæ, where D is an arbitrary non-emptyset and I is a function with the set of constants as its domain such that I(c) ˛ D foreach individual constant c and I( R ) ˝ Dn for each n - a r y r e l a t i o n c o n s t a n t R. Anassignment, or, in DRT terminology, an embedding, for such a first-order model M =ÆD , Iæ is a function from the set of variable discourse referents to the domain D. Wewrite a[x1…xn]a’ as an abbreviation for �assignments a and a’ differ at most in theirvalues for x1,… ,xn�. As usual, we let ||d||M,a be equal to a(d) if d is a variable and toI(d) if d is a constant. Clauses SEM1—SEM3 below define the semantic value ||g||M ofaconditiong in a model Mtobeasetofembeddings,whilethevalue||K||M ofaboxKin M is defined to be a binary relation between embeddings. (The superscript M issuppressed.)SEM1||R(d1,…,dn)||={a | Æ||d1||a,…, ||dn||aæ ˛ I(R)}|| d 1 is d 2||={a | ||d1||a = ||d2||a}SEM2||not K||={a | ´$a’ Æa, a’æ ˛ ||K||}||K1 or K2|| ={a | $a’ (Æa, a’æ ˛ ||K1|| � Æa, a’æ ˛ ||K2||)}||K1 � K2||={a | "a’(Æa, a’æ ˛ ||K1|| fi $a’’Æa’, a’’æ ˛ ||K2||)}SEM3||[x1…xn | g1,…,gm]||={Æa, a’æ | a[x1…xn]a’ & a’ ˛ ||g1|| ˙…˙ ||gm||}The interpretation here may look somewhat different from the standard interpretationof DRT (as, for example it is given in Kamp & Reyle [1993]), but is in fact

6equivalent.3 For a discussion of this slightly different format as compared to thestandard one I refer to Groenendijk & Stokhof [1991].4A box K is defined to be true in a model M under an embedding a if and only ifthere is some embedding a’ such that Æa, a’æ ˛ ||K||M; a condition g is true in M undera iff a ˛ ||g ||M . The reader is invited to verify that the truth-conditions of (3) abovecorrespond to the truth-conditions of the more conventional (7), and that the truth-conditions of (6) are those of (8).(7)$x1x2(man x1 � woman x2 � x1 adores x2 � x2 abhors x1)(8)"x1x2((man x1 � woman x2 � x1 bores x2) fi x2 ignores x1)Boxes can be interpreted as instructions to change the current embedding in a non-deterministic way. For example, given some input embedding a, box (3) can be read asan instruction to output an arbitrary embedding a’ such that a[x1,x2]a’, while a’(x1) isa man, a’(x2) is a woman, a’(x1) adores a’(x2) and a’(x2) abhors a’(x1). If it is possibletofindsuchanembeddinga’ then (3) is true.As many authors (e.g. Van Benthem [1989, 1991], Groenendijk & Stokhof [1991])have emphasized, there is a strong connection with Quantificational Dynamic Logic(Pratt [1976]), the logic of computer programs, here. In fact it can be shown that DRTis a fragment of this logic. For a discussion of this last point see Muskens [1995a] orMuskens, Van Benthem & Visser [forthcoming].II.2. Merging boxesIn standard Discourse Representation Theory sentences in discourse do not in generalget a separate interpretation each. Let us reconsider text (1), represented here as (9),with its indefinite determiners and pronouns now indexed in order to show theintended anaphoric relationships.(9)A1 man adores a2 woman. She2 abhors him1.

3Since we have enlarged the language with constant discourse referents the equivalence is to berestricted to constructs that do not contain these.4The main difference with the standard DRT set-up is that we use total assignments, while standardDRT uses partial ones. Although it is immaterial from a formal point of view which set-up is chosenas long as our purpose is limited to giving a truth definition for DRT, it may very well be that thepartial approach is better inasfar as it is more realistic and therefore more liable to suggest usefulgeneralisations of the theory. I leave a partialisation of the theory presented in this paper for futureresearch. For a partial theory of types on which such a partialisation could be based see Muskens[1989, 1995b]. A second difference with standard DRT lies in the treatment of cases such as [ | [x |man x] � [x | mortal x]], where x is declared twice. In standard DRT the second declaration of x isignored and the box would express that every man is mortal. In the present set-up the second xassumes a new value and the box says that there is a mortal if there is a man. The constructionalgorithm for standard DRT never generates such cases of �reassignment�, but we shall see anapplication in section IV below.

7While the first sentence in this little text can indeed be said to have its own repre-sentation, namely (10), the second is not associated with a box itself in the standardapproach. Its contribution to the Discourse Representation that will finally be built liesin the transition from (10) to (3). But if, as is our purpose in this paper, we want themeaning of a complex text to be a function of the meanings of its constituingsentences, we must indeed assign separate meanings to the latter.The only reasonable box that we can associate with the open sentence She2 abhorshim1istheopenbox(11)belowwhichistrueunderanembeddinga if and only if thecondition x2˚ abhors x1 is true under a. The anaphoric pronouns she 2 and him1 getwhatever value the input embedding associates with the discourse referents x2 and x1.Box (11) can be interpreted as a test: given any input embedding a, it tests whethera(x2) abhors a(x1), if so, it returns a as an output, if not, the test fails and no output isreturned.(10)[x1 x2 | man x1, woman x2, x1 adores x2](11)[ | x2 abhors x1]Howcanwecombineboxes(10)and(11)?Themetaphorthatinvitesustoviewboxesa s p r o g r a m s s u g g e s t s a n a n s w e r : f i r s t c a r r y o u t t h e i n s t r u c t i o n ( 1 0 ) ( n o n - deterministically) and then carry out (11). In other words, the metaphor suggests thatt h e c o n c a t e n a t i o n o f s e n t e n c e s i n s i m p l e n a r r a t i v e d i s c o u r s e i s n o t h i n g b u t t h e sequencing of instructions that we find in imperative programming languages, usuallywritten as �;�. This would mean that (12) would be the correct translation of text (9).(12)[x1 x2 | man x1, woman x2, x1 adores x2] ; [ | x2 abhors x1]In order to make this a legal expression of our language let us extend the DRT syntaxwiththesequencingoperator.SYN4If K1 and K2 are boxes then K1 ; K2 is a boxIn contexts where programs are modeled as relations between states, sequencing isusuallyassociatedwiththeoperationofrelationalcomposition.AprogramK1; K2canbringthemachinefromaninputstatea to an output state a’ ifandonlyifK1canbringit from a to some intermediary state a’’ and K2 can take it from a’’ to a’. In this paperwe shall also associate relational composition with the sequencing of boxes as clauseSEM4 makes clear.SEM4||K1 ; K2|| ={Æa, a’æ | $a’’ (Æa, a’’æ ˛ ||K1|| & Æa’’, a’æ ˛ ||K 2||)}

8It is easy to verify that (12) and (3), our new translation of the text in (9) and the oldone, are equivalent. More in general, we have the following lemma, which has a simpleproof.MERGING LEMMA. If x’1,…,x’k do not occur in any of g1,…,gm then||[x1…xn | g1,…,gm] ; [x’1…x’k | d1,…,dq]|| = ||[x1…xnx’1…x’k | g1,…,gm,d1,…,dq]||For obvious reasons [x1…xnx’1…x’k | g1,…,gm,d1,…,dq] is usually called the merge ofboxes [x1…xn | g1,…,gm] and [x’1…x’k | d1,…,dq].Inthepresenceofthesequencingoperatorwecanprovidetextswithcompositionaltranslations,as(13)illustrates.(13)

T[x1,x2| man x1, woman x2, x1 adores x2, x2 abhors x1, x1 bores x2]T[x1,x 2| man x1, woman x2, x1 adores x2, x2 abhors x1]TS[x1,x2| man x1, woman x2, x1 adores x2]a1 man adores a2woman

S[ | x2 abhors x1]she2abhorshim1S[ | x1 bores x2]he1 boresher2 But clearly, given the tools we have developed thus far, this can only work on asuprasentential level. For compositionality on the subsentential level we need anadditional strategy, which will be developed in section III.II.3. Proper NamesThe treatment of proper names in DRT seems to be inherently non-local inasfar as theproper name rule in the DRS construction algorithm places material in the topmostbox of the DRS under construction. In the earliest version of the theory (Kamp[1981]), for example, sentence (14) would be translated as (15). Even though thenames �Sue� and �Tom� are encountered in the antecedent of the conditional, thediscourse referents x1 a n d x 2 t h e y g i v e r i s e t o a r e p l a c e d a t t h e t o p l e v e l o f t h e discourse representation structure. Conditions x1 is sue and x2 is tom, where sue andtom are individual constants, constrain the interpretation of these discourse referentsand are also placed at top level. In more recent versions of the theory (such as Kamp& Reyle [1993]) we find a slightly different form for these constraining conditions:

9(16) is the DRS that is connected with (14) now. The expressions Sue and Tom areone-place predicate symbols here, denoting the predicates �being a Sue� and �being aTom�, or perhaps �being named Sue� and �being named Tom�. This means thatsituations in which more than one person carries a particular name are allowed fornow. But in this approach too, we find that discourse referents connected with namesand the conditions constraining them are put at the top of the box, not in the antecedentof the conditional.(14)If Sue ignores Tom he is miserable. He adores her.(15)[x1 x2 | x1 is sue, x2 is tom, [ | x1 ignores x2] � [ | miserable x2],x2 adores x1](16)[x1 x2 | Sue x1, Tom x2, [ | x1 ignores x2] � [ | miserable x2],x2 adores x1]However, as Kamp & Reyle (pp. 246-248) note, the interpretation strategy which isillustrated by (16) is wrong. In a situation where two girls a and b are both called�Zebedea� we cannot use �Zebedea loves a stockbroker� to express that either a or bloves a stockbroker; the sentence can only be used with unique reference to someZebedea. For this reason Kamp & Reyle propose to adopt the device of externalanchoring. An external anchor is a finite function from discourse referents to theobjects they are meant to denote and in Kamp & Reyle�s proposal these anchors mayappear in the discourse representation. For example, if d1 is Sue and d2 is Tom, then(17) is now a DRS for (14).(17)[x1 x2 | {Æx1, d1æ, Æx2, d2æ}, [ | x1 ignores x2] � [ | miserable x2],x2 adores x1]The idea is that x1 and x2 are constrained to be Sue and Tom respectively. Formally,we can let an anchor f be a condition with interpretation {a | f ˝ a }, so that theinterpretation of (17) becomes the set of all pairs Æ a, a’æ such that a and a’ differ atmost in x 1 and x 2 , a’ ( x 1 ) = d 1 (= Sue), a’ ( x 2 ) = d 2 (= Tom) and such that a’ a l s o satisfiesthelasttwoconditionsof(17).Two remarks can be made. The first is that we seem to have an illustration of thenon-transitivityofimprovementhere:althoughtheinterpretationstrategythatgaveriseto (17) was presented as an improvement over the strategy that lead to (16), and (16)as an improvement over (15), we cannot conclude that (17) is an improvement over(15) because, in the intended models where I(sue) = d1 and I(tom) = d2, these boxeshave exactly the same denotations, and in fact it can be said that the external anchor{Æx1, d1æ, Æx2, d2æ} is just a way to express what would otherwise be expressed as x1is sue, x 2 is t o m . A second remark is that discourse markers which are anchored to

10specific objects in the model in fact are no variables but are constants. If x1 and x2areanchored to Sue and Tom from the outset, these variables are not allowed to vary andinfactfunctionasconstants;butthenwhynotstraightforwardlyuseconstantsue andtom instead, which are already appropriately anchored by the interpretation function?The intended translation of (14) then becomes (18).(18)[ | [ | sue ignores tom] � [ | miserable tom], tom adores sue]In order for this to work we must allow constants to be discourse referents, as we havedone in II.1. A name will simply be translated as a constant discourse referent andpronouns can pick up constant discourse referents from any position, provided thatthese were introduced somewhere in the text.An important advantage of this strategy is that it is no longer necessary to have anon-local rule for the interpretation of names: since constants are scopeless we caninterpret them in situ. This solves a difficulty that compositional treatments of DRT,such as Groenendijk & Stokhof�s DPL and DMG systems and the systems inMuskens [1991, 1995a], usually have with proper names. The special form of theDRT rule for processing names is an artefact of the standard convention that onlyvariables can function as discourse referents. As soon as we allow constants to bediscourse referents as well, we can process names locally. Although this procedure isoptically different from the approach where discourse markers for names areexternally anchored, there seems to be no real difference, as externally anchoredreferents in fact are constants.III. COMPOSITIONAL DRTIII.1.The Logic of ChangeThe sequencing operator introduced in II.2 allows us to compute the meaning ofcertain texts from the meanings of the sentences they are built from, but it does notallow us to compute the meanings of these sentences from those of smaller buildingblocks of language. The theory simply does not assign meanings to such constituents.If we want to build up meanings compositionally from the lexical level to the level oftexts we must provide for representations of such meanings and we shall thereforeadopt Montague�s strategy to introduce lambda-abstraction and application into thelogical language. In this section and the next ones we shall see how these two logicalnotions can be combined with the DRT syntax that was defined above. Fortunatelythere is no need to do anything very special on the logical side, for it turns out thatordinary many-sorted type logic satisfies our needs. There is a natural way to emulatethe DRT language in type logic, provided that we adopt a few axioms. As we haveseen, the DRT language talks about embeddings and our set-up will enable us to dolikewise.

11We shall have at least four types of primitive objects in our logic:5 apart from theordinary cabbages and kings sort of entities (type e) and the two truth values (type t)we shall also allow for what I would like to call pigeon-holes or storages or registers(type p) and for states (type s). Registers, which are the things that are denoted bydiscourse referents, may be thought of as small chunks of space that can containexactly one object. The intuitive idea (which should not be taken too seriously,however, since we are talking about non-deterministic processes) is that whenever in atext we encounter an indefinite noun phrase like a pigeon, some pigeon is stored ina register connected to the indefinite; whenever we encounter the pronoun it,anaphorically related to the indefinite, we interpret it as referring to the contents of thatregister. A proper name like Sue will also be connected with a register and a pronounshe anaphorically related to Sue will be interpreted as the contents of that storage.This explains how in a little text such as (19) the anaphoric relationships areestablished.(19)Sue3 has a8 pigeon. She3feedsit8.There is a difference in kind between registers connected to indefinites and registersc o n n e c t e d t o n a m e s . T h e c o n t e n t s o f t h e f i r s t c a n a l w a y s b e c h a n g e d a n d w i l l accordingly be called variable registers. The second kind of registers always have afixed inhabitant and are called constant registers. Variable registers and constantregisters will very much play the role that individual variables and constants played insection II, but unlike these they are model-theoretic objects. Discourse referents willsimply be names of registers, i.e. constants of type p. Those naming variable registerswill be called unspecific discourse referents; those denoting constant registers arecalled specific discourse referents. Note that an unspecific discourse referent is aconstant of the language itself, but denotes an object which may be thought of as avariable; a specific discourse referent is a constant which denotes something whichalways has the same value.A state may be thought of as a list of the current inhabitants of all registers. Statesare very much like the program states that theoretical computer scientists talk about,which are lists of the current values of all variables in a given program at some stage ofits execution.We will typically use u to range over unspecific referents, but Tim, Tom, Mary(written with an initial capital letter) and the like to range over specific ones. Variablesover registers are possible as well and we shall typically use v for these. Variables oftype e are typically denoted with x and we shall also retain the type e constants tim,

5For each n let us define TYn just as the logic TY2 in Gallin [1975], but with n basic types otherthan t instead of Gallin�s two types e and s. TY0 is the logic described in Henkin [1963], TY1 isC h u r c h� s [ 1 9 4 0 ] o r i g i n a l t h e o r y o f t y p e s , T Y 2 i s G a l l i n� s l o g i c , T Y 3 i s t h e l o g i c t h a t w e a r e working in presently. Of course, all systems in this hierarchy, with the exception of TY0 (in whichall Henkin models are standard models and vice versa), have virtually the same metatheory.

12i1i2i3i4i5Lu1:BobJoeJoeTimTomL

u2:TimJimAnnSueRobL u3:LeeBobLeeLeeJanL u4:SuePatSueSueJanL u5:AnnAnnAnnAnnSueL u6:TomAnnTomTomJimLMMMMMM

Tim:TimTimTimTimTimL

Joe:JoeJoeJoeJoeJoeLMMMMMMO

Figure 1tom, mary (no capital) from section II. Table 1 sums up the various conventions thatwill be used.TypeName of objectsVariablesConstants

sstatesi, j, k, h

eentitiesx1,x2, …mary, …

pregistersvu1, u2, … (unspecific discourse referents)Mary, … (specific discourse referents)

Table 1.Pictorially the relation between states, entities and registers is as in Figure 1. We havean infinity of unspecific referents u1 ,… ,un ,… , a set of specific referents Tim, Tom,Mary,… and an infinity of states i1,…,in,…. Each discourse referent corresponds to aregister which in each state has some occupant (an entity). We shall let V be a fixednon-logical constant of type p(se) and denote the inhabitant of register dinstatei withthe type e term V ( d)( i ). In the given figure V ( u3 ) ( i 4 ) = Lee for example. Note thateach state i corresponds to a function lv(V(v)(i)), which is as close to an embeddingasonecanget,sinceitassignsanentitytoeachvariableregister.In order to impose the necessary structure on our models we must adopt somedefinitionsandaxioms.Firstadefinition:leti[d1…dn]jbeshortfor"v((d1 „˚v �…� dn˚„˚v) fi V(v)(i) = V(v)(j)),

13for all type s terms i and j and all d 1,… ,dn of type p ; i[]j˚will stand for the formula" v ( V (v ) ( i ) = V ( v ) ( j )). The formula i [ d 1… d n ] j now expresses that i and j differ atmost in d1,… ,d n. Next the axioms. Letting VAR be a predicate of type p t (singlingoutthevariableregisters), we require the following:AX1"i"v"x(VAR(v) fi $j(i[v]j � V(v)(j) = x))AX2VAR(u), if u is an unspecific referentAX3un „ u m ,foreachtwodifferentunspecificreferentsunandumAX4"i(V(Tom)(i) = tom),"i(V(Mary)(i) = mary),"i(V(Tim)(i) = tim),etc.,forallnamesinthefragment.AX1demandsthatforeachstate,eachvariableregisterandeachindividual,theremustbe a second state that is just like the first one, except that the given individual is anoccupant of the given register. The axiom is connected to Janssen�s [1986] �UpdateP o s t u l a t e� a n d t o � H a v i n g E n o u g h S t a t e s� i n D y n a m i c L o g i c ( s e e e . g . G o l d b l a t t [1987]).Thesecondaxiomsaysthatunspecificreferentsrefertovariableregistersandthe third axiom demands that different unspecific discourse referents denote differentregisters.Thisisnecessary,asanupdateononediscoursereferentshouldnotresultina change in some other discourse referent�s value. The fourth axiom scheme ensuresthat constant registers always have the same inhabitant and establishes the obviousconnectionbetweenconstantreferentsandthecorrespondingconstantsoftype.Type logic enriched with these first-order non-logical axioms (axiom schemes) willbe our �Logic of Change�. The logic has the very useful property that it allows us tohave a form of the �unselective binding� that seems to be omnipresent in naturallanguage (see Lewis [1975]). Since states (Lewis�s �cases�6 ) correspond to lists ofitems, a single quantification over states may correspond to multiple quantificationsover the items in such a list. The following lemma gives a precise formulation of thisphenomenon;ithasanelementaryproofbasedonAX1andAX2.U NSELECTIVE BINDING LEMMA. Let u1,� ,un be unspecific referents of type p , letx1,�,xn be distinct variables of type e, let j be a formula that does not contain j andwrite [V(u1)(j)˚/˚x1,�,V(un)(j) / xn ]j for the simultaneous substitution of V(u1)(j) forx1 and … and V(un)(j) for xn in j, then:|=AX "i($j(i[u1,�,un ]j � [V(u1)(j) / x1,�,V(un)(j) / xn]j) « $x1�$xnj)

6The items in our lists are all of individual type, whereas Lewis�s cases are lists of objects ofvarious types. See Muskens [1995a] for a generalisation that will allow objects of many types to bethe inhabitants of registers.

14III.2.Boxes in type logicThe reader may note that all concepts expressed in the language of set theory that wereneeded to give a semantics for DRT in clauses SEM1—SEM4 are now available in ourtype logic. This means that it is possible now to have analogues of these clauses asabbreviations in our logic. In particular (letting d typically range over terms of type p,specific as well as unspecific discourse referents) we may agree to writeABB1R{d1,… ,dn}forli.R(V(d1)(i))…(V(dn)(i)),d 1 is d 2forli.V (d1)(i) = V(d2)(i) , ABB2not Kforli´$jK(i)(j),K o r K’forli$j(K(i)(j) � K’(i)(j)),K � K ’ forli"j(K(i)(j) fi $kK’(j)(k)),ABB3[u1…un | g1,…,gm]forlilj(i[u1,…,un]j � g1(j) �…� gm(j)),ABB4K ; K’forlilj$k(K(i)(k) � K’(k)(j)).In ABB1 R must be a constant of type ent, where ent is defined by letting e0t be t andek+1t be e(ekt). We shall write R{d1,d2} as d1Rd2 and R{d1} as Rd1.The principal difference between the clauses given here and SEM1—SEM4 is thatwe no longer interpret the boxes and conditions of DRT in a metalanguage, but thatwe consider them to be abbreviations of expressions in our type logical objectlanguage. Boxes are abbreviations of certain s(st) terms, conditions are shorthand forterms of type st. Otherwise SEM1—SEM4 and ABB1—ABB4 are much the same.Let us see how these abbreviations work. First note that e.g. u2 abhors John turnsout to be short for li.abhors(V(u2)(i))(V(John)(i)),which,givenAX4,isequivalenttoli.abhors(V(u2)(i))(john). The discourse referents u2 and John have an indirect refer-ence here: they act as addresses of the memory locations where, in state i, the objectsV(u2)(i) and V(John)(i) are to be found. Next, consider (20); ABB3 tells us that thisterm is really short for (21) and with ABB1 plus l-conversion we find that the latter isequivalent to (22).(20)[u1 u2 | man u1, woman u2, u1 adores u2, u2 abhors u1](21)lilj(i[u1, u2]j � (man u1)(j) � (woman u2)(j) � (u1 adores u2)(j) �(u2 abhors u1)(j))(22)lilj(i[u1, u2]j � man(V(u1)(j)) � woman(V(u2)(j)) �adores(V(u1)(j))(V(u2)(j)) � abhors(V (u 2)(j))(V (u1)(j)))In a similar way all other boxes can be rewritten as certain terms liljj, where j is af i r s t - o r d e r f o r m u l a . O f c o u r s e , f o r p r a c t i c a l p u r p o s e s w e g r e a t l y p r e f e r t h e m o r e transparent box notation and in fact it will turn out to be completely unneccessary toexpanddefinitions.

15However, if we want to talk about the truth of a given sentence (given an input state)the box notation is no longer adequate and it seems better to switch to a more con-ventional predicate logical form in that case. We say that a condition g is true in somestate i in M if g(i) holds in M and that gistrueinMsimpliciterifg is true in all states iin M. We define a box K to be true in some state i if $jK(i)(j) is true; K is true if K istrue in all states i in M. This corresponds to the definition of truth in DRT as theexistence of a verifying embedding. For example, the truth conditions of (22) can berendered as (23).(23)$j(i[u1, u2]j � man(V(u1)(j)) � woman(V(u2)(j)) �adores(V (u 1)(j))(V (u 2)(j)) � abhors(V(u 2)(j))(V (u 1)(j)))This, of course, is not the formula that we would normally associate with the truth-conditions of (1), the text which was represented by (20). But it is equivalent to it:using the Unselective Binding Lemma we readily reduce the unneccessarily com-plicated(23)tothemorefamiliar(24)below.(24)$x1x2 (man(x1) � woman(x2) � adores(x1)(x2) � abhors(x2)(x1))For a general algorithmic method for going from boxes to the predicate logical termsgivingtheirtruth-conditions,seeIII.5.Replacing SEM1-SEM4 by ABB1-ABB4 meant a move from meta-language toobject-language.7Thegainisthatwenowhavelambda-abstractionandapplicationinour logic: it is now legal to use terms such as l v[ | farmer v], where v is a type pvariable, and l P’l P ([u 2 | ] ; P ’ (u2 ) ; P ( u 2 )), where P and P’ are variables of typep(s(st )). The first of these expressions may be considered to be a translation of thecommon noun farmer and the second a translation of the indexed indefinite de-terminer a2.Sinceweareworkinginastandardtypelogic,l-conversion holds, and itis easily seen that the application of the second term to the first is equivalent to lP([u2| ] ; [ | farmer u2 ] ; P ( u 2 )). Since the Merging Lemma is still valid under the newinterpretation of the DRT constructs, as the reader may want to verify, the latter termfurther reduces to lP([u2 | farmer u 2 ] ; P ( u 2 )), which will be our translation of a 2farmer. This means that we can compute the meaning of this indefinite noun phrasefrom the meanings of its parts. In III.4 below we shall see how the method enables usto get a compositional translation of simple texts into boxes, but first we shall set upsome syntactic scaffolding.

7Note that we have injected that part of the metatheory that deals with the assignment of values tovariables into the object language. Compare this to what happens in modal logic, where models aretreated as possible worlds and the consequence relation is treated as strict implication on the object-level (see Scott [1971]).

16III.3A Small Fragment of English: SyntaxIn order to be able to illustrate how our compositional semantics works, we need tohave the syntax of a small fragment of English at our disposal. The exact choice offormalism is quite unimportant here and we can largely remain agnostic about matterssyntactic except inasfar as they effect the interpretability of the input to the semanticcomponent. The most important requirement that we impose is that the syntacticcomponent of grammar assigns indices to all names, pronouns and determiners. Weshall follow the convention in Barwise [1987] and index antecedents with superscriptsand dependent elements with subscripts. A pair consisting of a subscript n and thatsame number n occurring as a superscript may be thought of as an arrow going fromthe subscripted to the superscripted element. The indexed little text in (25), forexample, should really be thought of as (26), where the anaphoric dependencies areshown with the help of arrows.(25)A1 farmer owns a2 donkey. He1 beats it2.(26)A farmer owns a donkey. He beats it.

We require that no two superscripts are the same, reflecting the fact that dependentelements can have only one antecedent and, since we are primarily interested in thephenomenon of linguistic anaphora as opposed to deixis, we demand that for eachsubscript n there is a superscript n, i.e. each dependent element has an antecedent. Therelation between dependent elements and their antecedents thus becomes a totalfunction, which we shall denote as ant. In (25), for example, ant(it2 ) will be a 2 .There will be no further requirements on indexing as we want our semantic theory topredictwhichanaphoricrelationscanobtain,asfarassemanticsisconcerned,andwedonotwanttostipulatemattersapriori.Thesyntaxofourfragmentwillbecouchedinatransformationalsetting,areducedversionoftheGovernmentandBindingapproachinthetraditionofChomsky[1981]8(the reader will have no difficulty to transpose things to her favourite syntacticalformalism). We assume that there are four components of syntax called D-Structure(DS), S-Structure (SS), Logical Form (LF) and Phonological Form (PF) respectively.The first three of these components will be defined as sets of labelled bracketings, ortrees, connected by movement rules (�move a�). In our limited set-up we shall assumethat S-Structure can be defined from D-Structure with the help of a rule called

8For a connection between traditional Montague Semantics and the full GB theory which is closeto the present interpretation of a reduced GB theory on the basis of CDRT, see Bittner [1994]. For aconnection between the present semantic theory and Lambek Categorial Grammar see Muskens[1994].

17Relativization and that LF can be defined from SS using a rule called QuantifierRaising. PF will also be defined from SS and the overall set-up of the syntax of ourfragment will thus conform to the standard picture below.(27)

DSSSPF LFLet us fill in some details. We define the DS component of our grammar to consist ofall labelled bracketings that can be generated in the usual way with the help of phrasestructure rules PS1—PS12 and lexical insertion rules LI1—LI9.(PS 1)TfiT S(PS 2)TfiS(PS 3)SfiS’ S(PS 4)S’ fiIMP S(PS 5)SfiNP VP(PS 6)VPfiAUX V’(PS 7)VPfiV’(PS 8)V’fiVt NP(PS 9)V’fiVin(PS 10)NPfiDET N’(PS 11)N’fiN(PS 12)N’fiN S(LI 1)DETfian,everyn,non,somen(LI 2)NPfihen,shen,itn(LI 3)NPfiMary,…(LI 4)NPfiwho, whom, which(LI 5)Nfifarmer, boy…(LI 6)AUXfidoesn’t, don�t(LI 7)Vt fiown,…(LI 8)Vinfistink,…(LI 9)IMPfiifThis part of the grammar should clearly be augmented with some feature system inorder to rule out the worst overgeneration, but since it seems possible to handle thesemantics of this particular fragment without taking recourse to interpreting features,the addition of such a system has been suppressed. Here are some examples oflabelled bracketings (or, trees) that are elements of DS.(28)[T[T[S[NP[DETa1][N’ [Nman]]][VP[V’ [Vtadores][NP[DETa2][N’ [Nwoman]]]]][S[NPshe2][VP[V’ [Vtabhors][NPhim1]]]]]](29)[NP[DETa7][N’ [Ngirl][S[NP[DETevery3][N’ [Nboy]]][VP[V’ [Vtadores][NPMary4]]]](30)[NP[DETa7][N’ [Ngirl][S[NP[DETevery3][N’ [Nboy]]][VP[V’ [Vtadores][NPwhom]]]]

18Clearly, structures like (29) are not grammatical. We could try to rule them out on thelevel of syntax, but have chosen to account for their ungrammaticality by not assigningthem any meaning. Why (29) is not interpretable will become clear in the next section.We now come to the definition of S-Structure. In order to connect D-Structureslike (30) to acceptable forms of English that will be interpretable in our semantics, weshall employ a rudimentary version of the movement rule of Relativization. Informallyspeaking, Relativization allows us to move any relative pronoun from the position wereit was generated and adjoin it to some S node higher up in the tree. The relativepronoun leaves a trace with which it becomes coindexed. More formally, we say that atree (labelled bracketing) X follows by Relativization from a tree Q if and only if X isthe result of replacing some subtree of Q of the form [S˚X˚[NPwh] Y], where X and Yare (possibly empty) strings and w h is either who, whom or which, by a tree[S[NPwh]n[S X enY]], where n is any number not occurring in Q. Abbreviated:(Relativization)[S X [NPwh] Y] � [S[NPwh]n[S X en Y]]As an example note that (31) belows follow by Relativization from (30).(31)[NP[DETa7][N’ [Ngirl][S[NPwhom]6[S[NP[DETevery3][N’ [Nboy]]][VP[V’ [Vtadores]e6]]]]The formal definition of S-Structure is that it is the smallest set of trees that includesD - S t r u c t u r e a n d i s c l o s e d u n d e r R e l a t i v i z a t i o n . T h u s D S ˝ SS, which may be asurprising definition in view of the fact that trees like (30) are not normally accepted asS-Structures. But again there is the question of interpretability: (30), unlike (31), willnot receive an interpretation in the semantics to be defined below and in effect no harmis done.We shall not attempt to give a serious definition of PF, as phonology is not aconcern of this paper, but as a stop-gap we shall reduce phonology to orthography andstipulate that Phonological Forms are defined from S-Structures by the rule that anyS-Structure without its brackets, indexes and traces is a Phonological Form. Thus (32)below is the Phonological Form that results from (31).(32)a girl whom every boy adoresLastly, we come to the definition of LF, the component of grammar that will be in-terpreted by our semantics. The motivation for having this component in syntax is�itmust be confessed�entirely semantical in nature: on the one hand we want thelanguage that is to be interpreted to be unambiguous (a �disambiguated language� inMontague�s sense), on the other we want to account for scope ambiguities like the onethat arguably exists in (33).

19(33)every girl adores a boyThe two different readings that this sentence seems to have will be obtained byadopting the rule of Quantifier Raising (May [1977]). Quantifier Raising adjoins NPsto S. Formally, a tree X follows by Quantifier Raising from a tree Q if and only if X isthe result of replacing some subtree S of Q of the form [S˚X˚[NP˚Z] Y], by [S[NP˚Z]n[SX en Y]], where n is any number not occurring in Q . Conditions on this rule are that˚[NP˚Z]isatree,thatZisnotnota(relative)pronoun,andthat[NP˚Z]doesnotoccurasa proper subtree of a subtree of S of the form [N P ˚ Z’ ] . W e a b b r e v i a t e t h e r u l e a s follows(QuantifierRaising)[S X [NP˚Z] Y] � [S[NP˚Z]n[S X en Y]]In order to give some examples of applications of this rule we note that (35) followsby Quantifier Raising from the S-structure (34); (36) and (37) in their turn follow byQuantifier Raising from (35).9(34)[S[NPevery1 girl] adores [NPa2 boy]](35)[S[NPa2 boy]3[S[NPevery1 girl] adores e3]](36)[S[NPevery1 girl]4[S[NPa2 boy]3[Se4 adores e3]]](37)[S[NPa2 boy]3[S[NPevery1 girl]4[Se4 adores e3]]]We define LF to be the smallest set of trees that contains SS and is closed underQ u a n t i f i e r R a i s i n g . N o t e t h a t S S ˝ LF, which means that our rule of QuantifierRaising is optional, just like Relativization was. But while structures like (30) simplydo not get an interpretation, structures like (34) and (35) do. The first will in fact beconnected to the "$ reading of sentence (33) and the second to its $" reading.Structures (36) and (37) will also be connected to these readings and so one mightwant to define only these to belong to LF proper, stipulating perhaps that every non-pronominal NP must be raised exactly once. But since this would not alter the set ofmeanings that are connected with any S-structure and since the present definition issimpler than the one that we would need in that case, we shall deviate from traditionand let the definition of LF be as it stands.III.4.A Small Fragment of English: SemanticsBefore we assign meanings to the LF expressions of the little fragment given in thepreceding section, let us agree on some notational conventions. In Table 2 below some

9Note that, as an anonymous referee kindly pointed out, trees such as (36) and (37) can be theinput of Quantifier Raising again, with results such as [S [ N P e v e r y 1 g i r l ] 4 [ S e 4 [ S [ N P a 2boy] 3 [ S e 4 adores e 3 ]]]]. However, such structures will receive no translations by the rules thatwill be formulated in the next section and are therefore out on semantic grounds. We may, but neednot, stipulate that such structures are out syntactically as well.

20types are listed, together with the typography that we shall typically use when referringto variables and constants of these types. Since all logical expressions that we shallassign to expressions of the fragment will be equivalent to terms consisting of a chainof lambdas followed by an expression of the box type s(st), it is useful to have aspecial notation for the types of such expressions: we shall abbreviate any type of theform a1(…(an(s(st))…) as [a1…an]. So boxes have type [] and, as will become clearbelow,weassociatetermsoftype[p] with common nouns and intransitive verbs, termsof type [[[p]]p] with transitive verbs, terms of type [[p]] with noun phrases, terms oftype [[p][p]] with determiners, etcetera. Verb phrases will either get [[[p]]] or themore basic [p], depending on whether they dominate an auxiliary or not.TypeAbbreviationName of objectsVariablesConstants

et�static one-placepredicates�stinks,farmer,…

e(et)�statictwo-placerelations�loves,owns,…

s(st)[]dynamicpropositionsp, q� p (s(st))[p]dynamic one-placepredicatesP�

(p(s(st)))(s(st))[[p]]dynamic one-placequantifiersQ�

Table 2.Translations of lexical elements and indexed traces are given in rule T0below.10Notethat each possible antecedent A (a determiner or a proper name) introduces a newdiscourse referent, which we shall denote as dr(A). So, for example, dr(no27) will beu27 and dr(John3) will be John. Anaphoric pronouns pick up the discourse referentthatwascreatedbytheirantecedent.In(38),forexample,wehavethatant(it8)=a8,and so dr(ant(it8)) = u8, which means that T0 assigns lP(P(u8)) (the �lift� of u8) toit8 . Similarly, since dr ( ant( s h e 3 )) = Sue, the pronoun she 3 will be translated aslP(P(Sue)).(38)Sue3 has a8 pigeon. She3feedsit8.

10Not all lexical items are actually given here; but the ones that are absent should be treated inanalogy with the nearest ones that are present, so e.g. boy translates as l v [ | boy v ] since thetranslation of farmer is given as l v [ | farmer v].

21T0BASIC TRANSLATIONS11typean WlP’lP([un | ] ; P’(un) ; P(un))[[p][p ] ] non W lP’lP[ | not([un | ] ; P’(un) ; P(un))][[p][p ] ] everyn W lP’lP[ | ([un | ] ; P’(un)) � P(un)][[p][p ] ] Maryn W lP.P(Mary)[[p]]hen W lP(P(d)),where d = dr(ant(hen)[[p]]enW lP(P(vn))[[p]]whoW lP’lPlv(P(v) ; P’(v))[[p][p]p ]farmer W lv[ | farmer v][p ]stink W lv[ | stinks v][p ]love W lQlv(Q(lv’[ | v loves v’]))[[[p]]p ]doesn’tW lPlQ [ | not Q ( P ) ] [[p ][[p ]]]if W lpq[ | p � q][[][]]From these basic translations other terms translating complex expressions can beo b t a i n e d b y s p e c i f y i n g h o w t h e t r a n s l a t i o n o f a m o t h e r n o d e d e p e n d s o n t h e translationsofitsdaughters.Weprovidefiverules.Thefirstsaysthatsingle-daughtermothers simply inherit their translations from their daughters. The second allows forapplyingatranslationofonedaughtertoatranslationofanotherdaughterandplacingthe result on the mother. The third is the sequencing rule that we have met in II.2.: atext followed by a sentence can be translated as a translation of that text sequencedwithatranslationofthatsentence.Thefourthrulehandlesquantifying-in.Thelastruleallows us to simplify translations. We say that a term b follows by reduction from aterm a if we can obtain b from a by a finite number of lambda conversions andmergings, i.e. replacements of subterms [u1…un | g1,…,gm] ; [u’1…u’k | d1,…,dq] with[ u 1… u n u ’ 1… u’ k | g 1 , … , g m , d 1 , … , d q ] , p r o v i d e d n o n e o f u’ 1 … u’ k occurs in any ofg1,…,gm.12T5statesthatsuchreductionscanbeperformed.T1COPYINGIf A WaandAistheonlydaughterofBthenB W a.

11The category-to-type rule that has been at the back of my mind while writing down thesetranslations is TYP(e) = p, T Y P ( t ) = [ ] a n d T Y P ( A / B ) = ( T Y P ( B ) , T Y P ( A ) ) , w h e r e e and t arebasic categories and other categories are defined as in Montague [1973]. With the help of thiscategory-to-type rule it is a relatively simple task to assign the present semantics to GeneralisedCategorial Grammars such as the Lambek Calculus (see Muskens [1994]). We could also connect thesemantics with a subsystem of the undirected Lambek calculus to obtain a scoping and type-shiftingsystem, as it is done in Hendriks [1993], who extends the rules of Partee & Rooth [1983].12The provision can be relaxed somewhat by requiring that none of u’1…u ’k occurs free in any ofg1,…,gm.ForthenotionofafreeoccurrenceofanunspecificreferentseeIII.5.

22T2APPLICATIONIf A W a, B W b and A and B are the only daughters of C, then C W a(b), providedthat this is a well-formed term.T3SEQUENCINGIf T Wt,S W s and T and S are daughters of T’ then T’ W t ; s,providedthatthisisawell-formedterm.T4QUANTIFYING-INIf NPn W h, S W s and NPn and S are daughters of S’ then S’ W h(lvns), providedthat this is a well-formed term.T5REDUCTIONIf A Wa and b follows from a by reduction then A W b.In these rules we identify trees with their top nodes. Formally, we define translates asto be the smallest relation W between trees and logical expressions that conforms toT0-T5. It is useful to think of T0-T5 as rules for decorating trees. For example, (39)shows a decoration for the tree for a1 man adores a2 woman (only translations thata r e n o t s i m p l y c o p i e d f r o m t h e l e x i c o n T 0 o r f r o m a s i n g l e d a u g h t e r n o d e a r e displayed).(39)

S[u1 ,u 2 | man u1 , woman u2 , u1 adores u2 ]N P lP([u 1| man u1] ; P(u 1) )D E T a1N ’NmanVPV’lv[ u 2 | woman u2 , v adores u2 ]

Vtadores

NPlP ([u 2| woman u2] ; P(u 2) )

D E T a2N ’NwomanHere, since a2 translates as lP’lP([u2 | ] ; P’(u2) ; P(u2)) and woman translates as lv[| woman v], the tree for a2 woman translates as the former term applied to the latter,which reduces to lP([u2 | woman u2] ; P(u2)) with the help of lambda conversion and

23merging. The application of the translation of adores to this term then reduces tolv[u2 | w o m a n u 2 , v adores u2 ]. Continuing the process in this way will lead to adecorationoftheSnodewiththedesiredtranslation.In order to give an example of an application of the Quantifying-in rule, I havedecorated (35) with translations in (40) below. The trace 3 introduces a free variablev3 into the translation of the lower S node here, but, since the NP that is quantified-iniscoindexedwiththistrace,thevariablegetsboundinthetranslationofthenextnode.The result is a translation that gives the indefinite a2 boy scope over the quantifiednoun phrase every1 g i r l . The discourse referent corresponding to the indefinitelands at the top of the box and can hence be picked up by pronouns later in the text. In(41) we see that such continuations are indeed possible. Of course, in the simpleevery girl adores a b o y case strong preference is given to the narrow scopereading of a boy. But if we add a relative clause to the noun, for example, the widescope interpretation becomes completely natural.(40)

S[u2| boy u2 , [ u 1| girl u1 ] � [ | u1 adores u2 ] ]

N P 3lP([u 2| boy u2] ; P(u 2) )

D E T a2N ’Nboy

S[ | [u 1| girl u1] � [ | u1 adores v3] ]N P lP[ | [u1| girl u1] � P( u 1 ) ]D E T every1N ’NgirlVPV’lv[ | v adores v3]Vtadorese3(41)Every girl adores a boy (I met yesterday). He adores only himself.Structures that result from Quantifier Raising are not the only ones that allow for anapplication of the Quantifying-in rule. The results of Relativization can also bedecorated with its help. In (42) an example is shown. The translation of whom isapplied to lv6 [ | [ u 3 | boy u3 ] � [ | u 3 a d o r e s v 6 ]] here, resulting in a term that isapplicable to the translation of girl. Clearly, the position of the relative pronounplays an essential role for the interpretability of the tree in this example. In (30), wherethe relative pronoun has not moved from its original position, the translation ofadores cannot apply to the translation of whom and neither can whom apply toadores. Therefore the V’andtherestofthetreeaboveitwillgetnotranslation(notethat our definition of the translation relation allows for this). In (29) the trouble arises

24when we want to apply the translation of girl to the translation of the S or vice versa.The same mechanism also renders those trees uninterpretable that result from two ormore applications of Relativization to the same relative pronoun.(42)

NPlP ([u 7| girl u7, [u 3| boy u3] � [ | u3 adores u7]] ; P(u 7 ) )

D E T a7N ’lv [ | girl v , [u 3 | boy u3] � [ | u3 adores v]]

NgirlSlPlv(P(v ) ; [ | [u3| boy u3] � [ | u3 adores v]])

N P 6whom

S[ | [u 3| boy u3] � [ | u3 adores v6] ]N P lP([ | [u3| boy u3] � P( u 3 )])D E T every3N ’NboyVPV’lv[ | v adores v6]Vtadorese6In Montague�s PTQ (Montague [1973]) the Quantifying-in rules served two pur-poses: a) to obtain scope ambiguities between noun phrases and other scope bearingelements, such as other noun phrases, negations and intensional contexts, and b) tobind pronouns appearing in the expression that the noun phrase took scope over. Inthe present set-up the mechanism of discourse referents takes over the second task. In(43), for example, we see that the pronoun he can pick up the discourse referent thatwas introduced by a farmer, but no use has been made of Quantifier Raising orQuantifying-in.

25(43)

S[ | [ u 1 | farmer u1 , drinks u1 ] � [ | stinks u 1 ] ]S’lq ( [ | [u 1 | farmer u1 , drinks u1 ] � q ]IMPifS[u1| farmer u1 , drinks u1 ]N P lP([ u 1 | farmer u1 ] ; P( u 1 ) )D E T a1NfarmerVPV’VindrinksS[ | stinks u1 ]N P he1VPV’VinstinksIII.5. AccessibilityA concept which plays an important role in the standard DRT construction algorithmis that of accessibility. Resolving a pronoun as an unspecific discourse referent u willresult in a new occurrence of u in the discourse representation, but the pronoun cannotso be resolved unless an earlier occurrence of u is accessible from this newoccurrence. Accessibility will play an important role here too and, for any given DRSK and any given occurrence of a variable u in an atomic condition in K,weshalldefinethe set acc(u, K) of discourse referents that are accessible from u in K. In order to beable to define this set inductively, we are interested in sets acc( u , g ), where g i s a condition, as well. As a preliminary step we let the set of active discourse referents,adr(K),ofanyboxKbedefinedby:adr([u1,…,un | g1,…,gm])={u1,…,un}adr(K1 ; K2) = adr(K1) ¨ adr(K 2)Intuitively,theactivediscoursereferentsofK are those referents that Kcan�bindtoitsright�;forexamplethediscoursereferentsthatanantecedentofaconditionalcanbindintheconsequent.Thefollowingrulesdefinethefunctionacc.(i)acc(u, j) = ˘, if j is atomic(ii)acc(u, not K )=acc(u, K )(iii)acc(u, K1 or K2 )=acc(u, K1), if u occurs in K1=acc(u, K2), if u occurs in K2(iv)acc(u, K1 � K 2 )=acc(u, K1), if u occurs in K1=acc(u, K2) ¨ adr(K1), if u occurs in K2(v)acc(u, [u1,…,un | g1,…,gm])=acc(u, gi) ¨ {u1,…,un}, if u occurs in gi

26(vi)acc(u, K1 ; K 2 ) =acc(u, K1), if u occurs in K1=acc(u, K2) ¨ adr(K1), if u occurs in K2We say that u’ is accessible from an occurrence of u in K if u’ ˛ a c c ( u, K); an oc-currence of an unspecific referent u in an atomic condition is free in K if u ˇ acc(u,K) and u i s f r e e in g i f u ˇ a c c ( u, g). A DRS that contains no free referents is aproper DRS. In III.3. we have imposed a very liberal indexing mechanism requiringonly that the relation ant between dependent elements and their antecedents be a totalfunction from subscripts to superscripts. We now distinguish between those indexedtexts which are semantically acceptable and those which are not by requiring theformer to have a proper DRS as a translation.The notion of being a proper DRS is representational in the sense that a properbox K and a box K’ which is not proper may have exactly the same semantic value.For example, (45), the translation of (44), in any model denotes exactly the samerelation between states as (47), the translation of (46). Yet (45) is a proper DRS while(47) is not.(44)No1 girl walks(45)[ | not[u1| girl u1, walk u1]](46)*No1 girl walks. If she1talksshe1talks(47)[ | not[u1| girl u1, walk u1], [ | talk u1] � [ | talk u1]]That a proper box and a box which is not proper can have the same semantic value isthe reason why we have not allowed full closure under equivalence in rule T5 . If anode of a tree is decorated with a certain translation we may with safety performlambda conversions and merging. But if we would make it a general rule that termscan be replaced by their equivalents, proper DRSs would be replaced by ones that arenot proper and vice versa and the characterisation of acceptable indexings would belost.Asemantictheoryisnon-representational if it accounts for semantic phenomena interms of semantic values only. Although a non-representational theory may work withrepresentations intermediate between language and semantic values, these should inprinciple be eliminable, just as the expressions of IL were eliminable in principle fromMontague�s set-up of the PTQ fragment. But many accounts of anaphora whichpresent themselves as non-representational, including the theories of Groenendijk &Stokhof [1990, 1991] and Muskens [1991, 1995a], have a problem with (44) and (46).As these theories assign the same semantic values to (44) and (46), they wronglypredict (46) to be as acceptable as (44) is.13

13DPL, for example, assigns ´$x 1 (girl x1 � walk x1 ) to (44), while it assigns ´$ x 1 (girl x1 � walkx1 ) � ( talk x1 fi talk x1 ) to (46). But these representations are equivalent and therefore the two

27III.6.Truth and entailment: a weakest precondition calculusWe have now in fact connected the sentences and texts of our fragment with truth-conditions. If we are presented with a text then, in order to find its truth-conditions, wemay parse it (find a Logical Form for it) according to the grammar given in III.3. andthen decorate the resulting tree according to the rules given in III.4. The truth-conditions that we are after will be those of the box K that we find at the top node. Bydefinition K will be true in a state i if $jK(i)(j) is true. As we shall see shortly, thechoice of i is immaterial if K is a proper DRS: $jK(i)(j) will be true for all i or nonethen.In III.2 we have shown how the truth conditions of a box can be found by ex-panding definitions and by applying the Unselective Binding Lemma. For simpleDRSs such as (3) this is a trivial task, but if we apply the method to more complexdiscourse representations, things soon become involved and we find that the advan-tages of our system of abbreviations are lost. For this reason it is useful to know thatthere is a simple calculus which, given some box or condition, always outputs its truthconditions in the form of a first order formula. The calculus is an adaptation of atechnique that was developed in computer science (the field of �Hoare logics�) andwas first used for linguistic purposes in Van Eijck & De Vries [1992]. We give avariant here, defining a one-place translation function tr which sends conditions topredicate logical formulae and a two-place function wp (weakest precondition), whichgives a formula of predicate logic if we feed it a box and a first-order formula.14, 1 5 The idea is that tr(g) gives the truth conditions of g and that the truth conditions of Kare given by wp(K,T) (where T is the sentence that is always true). Assume that the setof variable referents {u1 , u2 , … , u n , … } a n d t h e s e t o f i n d i v i d u a l v a r i a b l e s { x 1 ,x2,…,xn,…}areorderedasindicated.Let�bethefunctionfromdiscoursereferentstoindividual variables and constants such that un� = xn for any n and Tom� = tom, Tim�= tim, Mary�=mary,etc.Thefollowingclausesdothejob.(TRA)tr(R{d1,… ,dn} ) =R(d1�)…(dn�)

texts should be treated as equally acceptable. Saying that (46) is out because its representationcontains a free variable, while (44) is in because its representation is closed, involves an appeal toproperties of the representations that are not mirrored in their semantics. It seems probable that thisfeature of DPL can be repaired by following the usual set-up of DRT and using finite assignmentsinstead of total assignments as the basis of the semantic theory. I expect that a similar move couldalso change the present theory into a non-representational one.14For an alternative translation of DRT into predicate logic see Kamp & Reyle [1993].15The reason that wp(K, c) is called the weakest precondition of K and c is that it corresponds tothe set of all states i such that K, when started in state i, may after execution end in a state where cholds. A predicate logical formula y is called a p r e c o n d i t i o n of K a n d c if in any state where yholds we can successfully carry out K and end in a state where c holds. By the definition of wp(K,c ) it is a precondition of K and c and since w p (K, c) follows from any precondition of K and c, itcan be reasonably called the weakest precondition of K and c.

28tr(d1 is d 2 )=d1� = d2�(TRnot )tr(not K )=´wp(K, T)(TRor)tr(K 1 or K 2) =wp(K1, T) � wp(K2, T)(TR�)tr(K1 � K2) =´wp(K1, ´ w p (K 2, T ) ) ( W P [] )wp([

uk1

,…,

ukn

| g1 ,…,gm], c)=$

xk1

…

xkn

(tr(g1) �…� tr(gm) � c)( W P ; )wp(K1 ; K2, c) = wp(K 1, wp (K2, c ))As an example of how this may be used to find the truth conditions of any DRS, wecompute those of K = [u6 u2 | m a n u 6 , w o m a n u 2 , u6 a d o r e s u 2 , u6 a b h o r s u 1 ] byfirstwritingdownwp(K, T),thenapplyingWP[],andthenapplyingTRAfourtimes:wp([u6 u2 | man u6, woman u2, u6 adores u2, u6 abhors u1], T)$x6x2(tr(man u6) � tr(woman u2) � tr(u6˚adores u2) � tr(u2 abhors u6))W P []$x6x2(man(x6) � woman(x2) � adores(x6)(x2) � abhors(x2)(x6))4·TRAThe following derivation is a bit longer, as the box that it starts with is a bit morecomplex.wp([ | [u1 u2 | man u1, woman u2, u1˚bores u2] � [ | u2 ignores u1]], T)tr([u1 u2 | man u1, woman u2, u1˚bores u2] � [ | u2 ignores u1])W P []´wp([u1 u2 | man u1, woman u2, u1˚bores u2], ´wp([ | u2 ignores u1], T))TR�´wp ([u1 u2 | man u1, woman u2, u1˚bores u2], ´tr(u2 ignores u1) ) W P []´wp ([u1 u2 | man u1, woman u2, u1˚bores u2], ´ignores(x2)(x1) ) TRA´$x1x2(tr(man u1) � tr(woman u2) � tr(u1˚bores u2) � ´ignores(x2)(x1))W P []´$x1x2(man(x1) � woman(x2) � bores(x1)(x2) � ´ignores(x2)(x1))3·TRAClearly, applied to any box K,themethodwillgivearesultinanumberofstepsthatisequal to the complexity of K, if we define the latter as the number of applications ofABB1-ABB4 that were needed to form the box.It is worth noting that the notion of accessibility is closely related to the notion ofweakest precondition. In particular, we find that the following relation obtains.PROPOSITION 1. A DRS K is proper if and only if wp(K,T) is a closed formulaTo prove this statement we must consider a somewhat messier one, namely theconjunction of (a) uk is free in g iff xk is free in tr(g), and (b) xk is free in wp(K, c) iffu k is free in K , or x k i s f r e e i n c w h i l e u k ˇ a d r ( K ). This will follow by astraightforward induction on the complexity of constructs in the discourse repre-sentation language and entails the proposition.The following proposition justifies the calculus in the sense that it shows thatwp(K,T) really gives the truth conditions of K, provided K is a proper DRS.

29PROPOSITION 2. If wp(K, T) is closed then it is equivalent to $jK(i)(j) for any i.The proposition is proved via a generalisation which also gives information aboutcases where wp(K,T)isanopenformula.Theproofisgiveninanappendix.The weakest precondition calculus helps characterise the relation of entailment onb o x e s . D e f i n e K1,…, K n |= D R T K to hold just in case, for every M and i in M, ifK1,…,KnaretrueiniinM, then Kistrueinin M. We have:PROPOSITION 3. K1,…,Kn |=DRT K iff wp(K1,T),…,wp(Kn,T) |= wp(K,T)This time there is no restriction to closed formulae. For a short proof see the appendixagain.With proposition 3 we get a syntactic characterization of the entailment relation inDRT, via any of the familiar axiomatisations of first-order entailment.16 A practicalconsequence is that a theorem prover for DRT can simply consist of an existingtheoremproverforpredicatelogicplussevenadditionalPrologclausesembodyingtheweakestpreconditioncalculus.A n a l t e r n a t i v e n o t i o n o f e n t a i l m e n t ( f o r D P L ) w a s d e f i n e d i n G r o e n e n d i j k & Stokhof [1991], whose definition boils down to the requirement that K follows fromK1,…, K n if and only if (K 1 ; … ; K n ) � K is true in all models in all states. Wedenote this as K1,…,Kn |=DPL K and find as a direct consequence of Proposition 3:COROLLARY. K1,…,Kn |=DPL K iff |= tr((K1 ; … ; Kn) � K)And again the question whether a given argument is valid under this notion of en-tailment can be reduced to a question about validity in elementary logic.IV. AN ILLUSTRATION: ANAPHORA AND GENERALISED COORDINATIONBy way of example I shall now apply the system to a field were the phenomena thatDRT deals nicely with and those which are nicely treated in Montague Semanticsseem to interact: anaphora across generalised coordinations. One of Kamp�s mainmotivations for setting up the DRT framework was the paucity of Montague�streatment of anaphora. On the other hand, Kamp & Reyle [1993, pages 214-232]obviously have difficulty dealing with conjunctions and are forced to introduceconsiderable overall complications of their theory in order to cope with them. As

16Alternatively, we can characterise DRT entailment directly, using a natural deduction system as inSaurer [1993]. Saurer notices that DRT entailment can be characterised via translation intoelementary logic, but claims psychological reality for his inference system, saying that it can beunderstood as offering a mental logic.

30Montague�s system is particularly apt at dealing with coordinating constructions, itseems that a treatment of anaphora, coordinations and their interplay which combinesthe good parts of both systems is called for. In the next pages I shall try to set up sucha treatment.It seems to be a fundamental fact about languages that expressions belonging to thesame category can be coordinated. As long as A and B belong to the same category, Aand B and A or B will belong to that category too. More in general, it seems that thefollowing rules should be added to our phrase structure grammar.(PS 13)XfiX+ CONJ X(LI 10)C O N J fiand, orHere X may be unified with any category and X+ stands for strings of Xs of anypositive length. So the result of an application of PS 13 could be S CONJ S, or NPN P N P C O N J N P , a s i n Tom, Dick , H a r r y and a g i r l w h o abhorsDelaware.Now various authors (Von Stechow [1974], Keenan & Faltz [1978], Gazdar[1980], Partee & Rooth [1983]) have noted that the semantics of these coordinatedconstructions conforms to a striking regularity. Roughly speaking, as long as we arenot considering cases where anaphoric dependencies play a role and barring �groupreadings� such as in Tom, Dick and Harry carried the piano, the hypothesisthat and always denotes intersection, and that or always denotes union seems to fareremarkably well.17,18However, it seems that this Boolean hypothesis about coordination can no longerbe upheld in a setting where anaphoric dependencies are taken into consideration. In(48) and (49) a minimal pair of short two sentence texts is given which shows that thepronoun it1canpickupareferentthatwascreatedbytheindefinitedeterminera1ina preceding sentence but that it cannot pick up the referent that was created by adeterminer no1 occurring in the same position (both standard DRT and our version

17In an extensional Montague semantics we could implement this Boolean hypothesis by alwaystranslating A1…A n˚a n d An+1 as (I) and A1…A n˚o r An + 1 as (II) below.( I ) lx1… l x m ( A 1 ’( x 1 ) … ( x m ) � … � A n+1 ’( x 1 ) … ( xm ) ) ( I I ) lx1… l x m ( A 1 ’( x 1 ) … ( x m ) � … � A n+1 ’( x 1 ) … ( xm ) ) Here A1’,…, A n+1’ are assumed to be the translations of A1,… , An+1 respectively and x1,… ,xm arevariablesofthetypesthatareneededtomakethesewell-formedterms.18Of course the empirical content of the hypothesis depends on the types of the translations that weassign to expressions of different categories. There is also a characteristic flip-flop behaviour of theconnectives: Most men and women swim means that most men swim and most women swim but Myfriend and colleague swims means that a person who is both my friend and my colleague swims. Theword �and� cannot be treated as intersection in both cases. This observation is attributed to RobinCooper by Partee & Rooth [1983] who propose to deal with the phenomenon via type-shifting.

31predict this, of course). The pair (50)-(51) shows that the same phenomenon occursacross sentence conjunctions. Since we have accepted that the sequencing of sentencescannot be treated as simple logical conjunction we must also accept that a grammaticalconjunction of sentences cannot be treated in this way.(48)A2 cat catches a1 fish. It2 eats it1.(49)*A2 cat catches no1 fish. It2 eats it1.(50)A2 cat catches a1 fish and it2 eats it1.(51)*A2 cat catches no1 fish and it2 eats it1.But the phenomenon is not restricted to conjunctions of sentences, of course. In (52)-(53) and in (54)-(55) it is shown that it also occurs in conjunctions of expressions incategoriesotherthanS.(52)-(53)illustratethecaseforVPand(54)-(55)forNP.(52)A2 cat catches a1 fish and eats it1(53)*A2 cat catches no1 fish and eats it1(54)John3 has a2 cat which catches a1 fish and a4 cat which eatsit1(55)*John3 has a2 cat which catches no1 fish and a4 cat whicheats it1Fortunately it is possible to generalise the Boolean hypothesis of coordination to makeit account for data such as these. While the Boolean theory equates and with ageneralised form of logical conjunction and or with a generalised logical disjunction,we can equate the first with a generalised form of sequencing (relational composition)and the second with a generalisation of the DRT notion of sentence disjunction.Formally, we add the following schemata to T0.and W lR1…lRnlX1…lXm(R1(X1)… (Xm) ; … ; Rn(X1)… (Xm))or W lR1…lRnlX1…lXm[ | R1(X1)… (Xm) or … or Rn(X1)… (Xm)],These clauses assign an infinity of systematically related translations to and and or.Note that in any well-formed term of one of the displayed forms, the variables R1,…,Rnmustallhavethesametype.We now let the translation of a coordinated construction consist of the translationof the coordinating element applied to the translations of the coordinated expressions.Moreprecisely,weaddT6toourtranslationrules.

32T6GENERALISED COORDINATIONIf A1 W a 1 , … , A n+1 W a n + 1 , C O N J W b , and A1 , … , A n , CONJ and An+1 aredaughters of A (in that order), then A W b(a 1)… (a n+1), provided b (a1)… (a n+1) iswell-formedandhasthesametypeaseachoftheai.Itmaybeobservedthatonlythe�right�translationofCONJisapplicablehere.In order to show how this works we give some examples. In (56) a tree for (52) isdecorated with translations. Here only the translation lP’lPlv(P’(v) ; P(v)) for andis applicable and the result of applying this to the translations of the coordinated VPsis shown on the mother VP.(56)

S[u2 u1| cat u2 , fish u1 , u2 catches u1 , u2 eats u1 ]N P lP([u 2| cat u2] ; P(u 2) )D E T a2N ’NcatVPlv [ u 1 | fish u1 , v catches u1 , v eats u1 ]

VPV’lv[u 1 | fish u1 , v catches u1 ]

Vtcatches

NPlP ([u 1| fish u1] ; P(u 1) )

D E T a1N ’Nfish

CONJand

VPV’lv[ | v eats u1]

VteatsNPit1The reader may wish to verify that a similar tree for (53) leads to a box in which thediscourse referent that is introduced by the word no1 is not accessible from thediscoursereferentthatisconnectedtothepronounit1.A second example in (57) shows how the rule deals with coordinations of nounphrases. Here the translation lQ’lQlP(Q’(P) ; Q(P)) is the only one that can be usedand its application to the two coordinated NPs leads to the translation at the top node.In (58) a full sentence with this NP in object position is given; in (59) its translation,and in (60) its truth conditions (obtained directly or via the weakest preconditioncalculus) are shown. Since (59) is a proper DRS (or, equivalently, since (60) is aclosed formula) we find that (58) is acceptable.

33(57)

NPlP([u1| girl u1] ; P(u1) ; [u2| boy u2, u2 loves u1] ; P(u2))

NPlP([u1| girl u1] ; P(u1))

DETa1

N’Ngirl

CONJand

NPlP([u2| boy u2, u2 loves u1] ; P(u2))

DETa2

N’lv[ | boy v, v loves u1]

NboySlPlv(P(v) ; [ | v loves u1])

NP7who

S[ | v7 loves u1]e7VPV’lv[ | v loves u1]VtlovesNPher1(58)John3 admires a1 girl and a2 boy who lovesher1(59)[u1 u2 | girl u1, John admires u1, boy u2, u2 loves u1, John˚admires u2](60)$x1x2(girl(x1) � admires(john)(x1)) � boy(x2) � loves(x2)(x1) � ad-mires(john)(x2))However, if we replace the determiner a1 by no 1 , as is done in (61), binding fails.Applying lQ’lQlP(Q’(P) ; Q(P)) to the translation of no1 girl, lP[ | not([u1| girlu1] ; P(u1))] and then to the translation of a2 boy who loves her1 now results in(62); application of the translation of admires to (62) results in (63); and a finalapplication of the translation of John3 gives (64), the translation of the sentence. Wefind that it contains a free occurrence of u1 . If we use the wp calculus to compute(64)�s truth conditions, we get the result in (65), an open formula with x1 free. Thismeans that (61) is predicted to be out: the quantifier no1 girl does not manage tobindthedependentelementher1.(61)*John3 admires no1 girl and a2 boy who loves her1(62)lP([ | not([u1| girl u1] ; P(u1))] ; [u2 | boy u2, u2 loves u1] ; P(u2))(63)lv([ | not([u1| girl u1] ; [ | v admires u1])] ; [u2 | boy u2, u2 loves u1] ;[ | v admires u2])(64)[u2 | not[u1| girl u1, John admires u1], boy u2, u2 loves u1,

34John˚admires u2](65)$x2(´$x1(girl(x1) � admires(john)(x1)) � boy(x2) � loves(x2)(x1) � ad-mires(john)(x2))A l a s t e x a m p l e 19 s h o w s t h a t o u r t r e a t m e n t o f c o o r d i n a t i o n s o m e t i m e s l e a d s t o applications of the sequencing operator �;� which cannot be reduced with the help ofthe Merging Lemma as the conditions under which that rule is applicable are notfulfilled. In order to find the translation of the distributive reading of (66) we firstconjoin the translations of Bill1 and Sue 2 to l P (P(Bill) ; P(Sue)). This term canthen be applied to lv[u3 | donkey u3, v owns u3], the translation of the VP. The result(afterlambdaconversions)is(67);butnotethatthisextendedDRScannotbereducedwith the help of merging, as the u3 that is declared in the second box already appearsintheconditionsofthefirstbox.(66)Bill1andSue2owna3donkey(67)[u3 | donkey u3, Bill owns u3] ; [u3 | donkey u3, Sue owns u3](68)$x3(donkey(x3) � owns(bill)(x3)) � $x3(donkey(x3) � owns(sue)(x3))T h i s b r i n g s u s o u t s i d e t h e s t a n d a r d D R T l a n g u a g e , b u t n o h a r m i s d o n e a s w e systematically get the right predictions about truth conditions and anaphora in thesecases. Using the program metaphor that is often useful when thinking about DRT wemay say that the first box in (67) assigns a donkey which Bill owns to u3 and that thesecond box then assigns it a possibly new value, a donkey owned by Sue. In otherwords, (67) is a case of reassignment. Clearly, first assigning a donkey owned by Billto u3 and then one owned by Sue is a program which can be carried out just in caseBill and Sue each own a donkey and indeed we find that our wp calculus correctlycomputes the truth conditions given in (68).V. CONCLUSION AND FURTHER PROSPECTSIn this paper we have defined a fusion of two important frameworks for naturallanguage semantics, taking care that the resulting formalism is easy to work with andhas a simple underlying mathematics. In order to obtain the constructs of DRT withinthe type logic which underlies Montague Semantics we have used a technique which Iwould like to call grafting: logics L and L’ can often be combined by (a) taking anadequate Tarski definition of L’, (b) axiomatising within L the concepts that thisdefinition talks about, and then (c) introducing the syntactic constructs of L’ asabbreviations within L by means of a transcription of the Tarski definition. L’ can then

19Questions from Bart Geurts at the Ninth Amsterdam Colloquium and from an anonymous refereedrew my attention to this example. I would like to thank them both.

35be said to be grafted upon L. In our case L was many-sorted type logic, L’ was DRT,the Tarski definition was the one given by Groenendijk & Stokhof [1991] and thetranscription was given in ABB1-ABB4. But the technique seems very general, can beused whenever L’ has an acceptable Tarski definition and L is expressive enough totranscribe this definition, and might help to integrate many different logics that havebeen proposed in order to deal with special phenomena in the semantics of naturallanguage. There has been a tendency in the field to propose a different logic for eachphenomenon in natural language, but ultimately language is one, and we shall need tosynthesize these logics if we want to obtain one logic for the whole range ofphenomena. Grafting logics upon a single expressive logic such as classical type logicis one possible technique to do this.There are two directions that can be taken from here, and both must be explored.The first leads into linguistics and the second leads further into logic. Concerning thefirst: In this paper I have hardly used the formalism presented here to work out anynew descriptive theories. The linguistic theory of section III (as opposed to the generalformalism which was presented there) is of course nothing but a streamlinedpresentation of the theories by Kamp and Heim. The work in section IV is animprovement over the treatment in Kamp & Reyle [1993] as far as I can see, but notbecause it describes essentially new phenomena, or because it can deal withphenomena that Kamp & Reyle cannot treat, but because it can deal with the data in aprincipled way, without having to complicate the theory, and assigning a singlealgebraic operation to each of the words and and or, while Kamp & Reyle�streatment introduces complexities that threaten the DRT framework as such. In thispaper my main purpose has been to define a practicable formalism for the analysis ofnatural language semantics, but the next step must of course consist of a series ofapplications of the formalism to descriptive work. Everybody is invited to join the fun.A second step that I think must be taken is more foundational. In section III it wasexplained that CDRT as it is described here must be a representational theory oflanguage semantics, on pain of not getting the facts right. This was because it turnedout that a linguistically acceptable text may have a representation K which has the samesemantic value as a representation K’ of an unacceptable text. Given that this is thecase, we can account for the difference in acceptability only on the basis of thedifference between K and K’, not on the basis of a difference in semantic values. Thesame problem holds for DPL, DMG and some of my earlier work. The presentsolution of �going representational� is mathematically impeccable as far as I can see,and some researchers, including Hans Kamp, have advocated the move forphilosophical reasons. But for those who�like the present author�sympathise withRichard Montague�s requirement that the level of intermediate representations shouldin principle be eliminable from the theory, things cannot remain as they stand now.The only road which is open to them is to adapt the theory, such that in all cases whereK and K’ represent texts which from a semantical point of view should bedistinguished, K and K’ really have a different semantic value. This means that it is

36either necessary to provide the underlying type logic with a more fine-grained notionof entailment (as it was done in Muskens [1995b] for different purposes), or that DRTmust be grafted upon type logic in a slightly different way. However, suchconsiderations do not affect the applicability of the present system and I am glad toleave them for future research.APPENDIX: PROOFS OF PROPOSITIONS 2 AND 3PROPOSITION 2. If wp(K, T) is closed then it is equivalent to $jK(i)(j) for any i.PROOF. For any formula j and state variable i let (j)i denote the result of replacingeachfreeindividualvariablexkinjwithV(uk)(i).Weprovethat(a)(tr(g))iisequivalenttog(i)(b)(wp(K, c))i is equivalent to $j(K(i)(j) � (c)j)ThesestatementsareprovedbyinductiononthecomplexityofDRTconstructs.Inthefollowing » stands for �is equivalent to�.(i)(tr(R{d1,…,dn}))i » (R(d1�)…(dn�))i » (by the definitions of (.)� and (.)iand AX4) R(V(d1)(i))…(V(dn)(i)) » R{d1,…,dn}(i)( tr(d 1 is d 2 ) ) i » (d 1 � = d 2 � ) i » V ( d 1 ) ( i ) = V ( d 2 ) ( i ) » d 1 is d 2 ( i )(ii)(tr(not K))i » (´w p (K,T))i » ´(w p (K,T))i » ´$j(K(i)(j) » (not K)(i)(iii)(tr(K 1 or K2))i » (w p (K 1,T ) � wp(K 2,T ))i »(wp(K1,T))i � (wp(K2,T))i » $j(K 1(i)(j) � $j(K2(i)( j) » (K1 or K2)(i)(iv)(tr(K1 � K 2))i » (´w p (K 1,´w p (K 2,T )))i » ´$j(K 1(i)(j) � (´wp(K 2,T ))j) »´$j(K1(i)(j) � ´$k(K2(j)(k)) » (K1 � K2)(i)(v)(wp([

uk1

,…,

ukn

| g1 ,…,gm], c))i» ($

xk1

…

xkn

(tr(g1) �…� tr(gm) � c))i» (by the Unselective Binding Lemma) ($j(i[

uk1

,…,

ukn

]j �[V( uk1

)(j) / xk1

,�,V(

ukn

)(j) / xkn

](tr(g1) �…� tr(gm) � c))i» (by the definition of i[

uk1

,…,

ukn

]jand AX3)$j(i[

uk1

,…,

ukn

]j � (tr(g1) �…� tr(gm) � c)j)» $j(i[ ,…,

ukn

]j � (tr(g1))j �…� (tr(gm))j � (c)j)» $j(i[ ,…, ]j � g1(j) �…� gm(j) � (c)j)» $j( [

uk1

,…, | g1 ,…,gm](i)(j) � (c)j)(vi)(wp(K1 ; K 2, c ))i » (w p (K 1, wp (K 2, c )))i »$k(K1(i)(k) � (wp(K2, c))k) » $k(K1(i)(k) � $j(K1(k)(j) � (c)j)) »$j$k(K1(i)(k) � K1(k)(j) � (c)j) » $j((K1 ; K2)(i)(j) � (c)j)Thepropositiondirectlyfollowsfrom(b).

37PROPOSITION 3. K1,…,Kn |=DRT K iff wp(K1, T),…,wp(Kn, T) |= wp(K, T)PROOF . Suppose that K 1,…, K n are true in i while K is not. Then, by (b) in thepreceding proof, (wp(K1 ,T ) ) i,…,( w p (Kn ,T ) ) i hold while (wp ( K,T))i does not. UseA X 3 t o c h o o s e a n a s s i g n m e n t a such that a ( x k ) = V ( u k ) ( i ) f o r a l l k ; thenwp(K1,T),…,wp(Kn,T) are true under a while wp(K,T) is false under a. Conversely,let wp(K 1,T ),…,wp(K n,T ) be true under a and w p (K ,T ) false under a. By AX1 andAX2 we can find an i such that a(xk ) = V ( uk ) ( i ) f o r a l l f r e e v a r i a b l e s x k i n wp (K 1 , T ) ,…, w p (K n , T ) , wp (K , T). Clearly, (wp(K 1 , T ) ) i,…,( w p ( K n , T ) ) i h o l d b u t (wp(K,T))i is false and using (b) again we have that K1,…,Kn are true in i while K isnot.REFERENCESAsher, N., 1993, Reference to Abstract Objects in Discourse, Kluwer, Dordrecht.Barwise, J.: 1987, Noun Phrases, Generalized Quantifiers and Anaphora, in P.G�rdenfors (ed.), Generalized Quantifiers, Reidel, Dordrecht, 1-29.Van Benthem, J.F.A.K.: 1989, Semantic Parallels, in H.D. Ebbinghaus et al. (eds.),Logic Colloquium. Granada 1987, North-Holland, Amsterdam, 331-375.Van Benthem, J.F.A.K.: 1991, Language in Action, North-Holland, Amsterdam.Bittner, M.: 1994, Cross-Linguistic Semantics, Linguistics and Philosophy 17, 53-108.Bos, J., E. Mastenbroek, S. McGlashan, S. Millies and M. Pinkal, 1994, ACompositional DRS-based Formalism for NLP Applications, in H. Bunt, R.Muskens and G. Rentier (eds.), Proceedings of the International Workshop onComputational Semantics, ITK, Tilburg, 21-31.Chierchia, G.: 1992, Anaphora and Dynamic Binding, Linguistics and Philosophy 15,111-183.Chomsky, N.: 1981, Lectures on Government and Binding, Foris, Dordrecht.Church, A.: 1940, A Formulation of the Simple Theory of Types, The Journal ofSymbolic Logic 5, 56-68.Dekker, P.J.E.: 1993, Transsentential Meditations, Dissertation, University ofAmsterdam.Friedman, J., and D. Warren, 1980, Lambda Normal Forms in an Intensional Logicfor English, Studia Logica 39, 311-324.Gabbay, D. and G�nthner, F. (eds.): 1983, Handbook of Philosophical Logic, Reidel,Dordrecht.Gallin, D.: 1975, Intensional and Higher-Order Modal Logic, North-Holland,Amsterdam.Gazdar, G.: 1980, A Cross-Categorial Semantics for Coordination, Linguistics andPhilosophy 3, 407-409.

38Goldblatt, R.: 1987, Logics of Time and Computation, CSLI Lecture Notes, Stanford.Groenendijk, J. and Stokhof, M.: 1990, Dynamic Montague Grammar, in L. K�lm�nand L. P�los (eds.), Papers from the Second Symposium on Logic and Language,Akad�miai Kiad�, Budapest, 3-48.Groenendijk, J. and Stokhof, M.: 1991, Dynamic Predicate Logic, Linguistics andPhilosophy 14, 39-100.Heim, I., 1982, The Semantics of Definite and Indefinite Noun Phrases, Dissertation,UMass, Amherst, published in 1989 by Garland, New York.Heim, I., 1983, �File Change Semantics and the Familiarity Theory of Definiteness�,in R. B�uerle, C. Schwarze, and A. von Stechow, eds., Meaning, Use andInterpretation of Language, de Gruyter, Berlin.Hendriks, H.: 1993, Studied Flexibility: Categories and Types in Syntax andSemantics, Doctoral dissertation, University of Amsterdam.Henkin, L.: 1963, A Theory of Propositional Types, Fundamenta Mathematicae 52,323-344.Janssen, T.: 1986, Foundations and Applications of Montague Grammar, CWI,Amsterdam.Kamp, H.: 1981, A Theory of Truth and Semantic Representation, in J. Groenendijk,Th. Janssen, and M. Stokhof (eds.), Formal Methods in the Study of Language,Part I, Mathematisch Centrum, Amsterdam, 277-322.Kamp, H. and Reyle, U.: 1993, From Discourse to Logic, Kluwer, Dordrecht.Keenan, E. and Faltz, L.: 1978, Logical Types for Natural Language, UCLAOccasional Papers in Linguistics, 3.Latecki, L. and M. Pinkal: 1990, Syntactic and Semantic Conditions for QuantifierScope, Graduirung und Komparation, Arbeitspapier Nr. 13, Universit�t desSaarlandes.Lewis, D.: 1975, Adverbs of Quantification, in E. Keenan (ed.), Formal Semantics ofNatural Language, Cambridge University Press, 3-15.May, R.: 1977, The Grammar of Quantification, Ph.D. dissertation, MIT, Cambridge.Montague, R.: 1973, The Proper Treatment of Quanti�cation in Ordinary English, inR. Montague, Formal Philosophy, Yale University Press, New Haven, 1974, 247-270.Muskens, R.A.: 1989, Going Partial in Montague Grammar, in R. Bartsch, J.F.A.K.van Benthem and P. van Emde Boas (eds.), Semantics and Contextual Expression,Foris, Dordrecht, 175-220.Muskens, R.A.: 1991, Anaphora and the Logic of Change, in Jan van Eijck (ed.),JELIA �90, European Workshop on Logics in AI, Springer Lecture Notes,Springer, Berlin, 414-430.Muskens, R., 1994, Categorial Grammar and Discourse Representation Theory,Proceedings of COLING 94, Kyoto, 508-514.

39Muskens, R.A.: 1995a, Tense and the Logic of Change, in: U. Egli, P.E. Pause, C.Schwarze, A. von Stechow and G. Wienold (eds.), Lexical Knowledge in theOrganisation of Language, J. Benjamins, Amsterdam/Philadelphia, pp. 147-183.Muskens, R.A.: 1995b, Meaning and Partiality, CSLI, Stanford CA.Muskens, R.A., J.F.A.K. van Benthem, and A. Visser: forthcoming, Dynamics, inJ.F.A.K. van Benthem and A. ter Meulen (eds.), The Handbook of Logic inLinguistics, Elsevier Science Publishers.Partee, B. and Rooth, M.: 1983, Generalized Conjunction and Type Ambiguity, in R.B�uerle, Ch. Schwarze and A. von Stechow (eds.), Meaning, Use andInterpretation of Language, De Gruyter, Berlin, 361-383.Pratt, V.R.: Semantical Considerations on Floyd-Hoare Logic, Proc. 17th IEEE Symp.on Foundations of Computer Science, 109-121.Rooth, M.: 1987, Noun Phrase Interpretation in Montague Grammar, File ChangeSemantics, and Situation Semantics, in P. G�rdenfors (ed.), GeneralizedQuantifiers, Reidel, Dordrecht, 237-268.Saurer, W.: 1993, A Natural Deduction System for Discourse Representation Theory,Journal of Philosophical Logic 22, 249-302.Scott, D.: 1971, On Engendering an Illusion of Understanding, Journal of Philosophy68, 787-807.Von Stechow, A.: 1974, e-l kontextfreie Sprachen: Ein Beitrag zu einer nat�rlichenformalen Semantik, Linguistische Berichte 34, 1-33.Zeevat, H.: 1989, A Compositional Approach to Discourse Representation Theory,Linguistics and Philosophy 12, 95-131.Reinhard MuskensDepartment of LinguisticsTilburg UniversityP.O. Box 90153, 5000 LE TilburgR.A.Muskens@kub.nl