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Ov er the past few y ears, there ha v e b een a series of attempts [Zee89, GS90 , EK95, Mus94,

KKP95] to com bine the Mon tago vian t yp e theoretic framew ork [Mon74 ] with dynamic approac hes,

suc h as DR T [Kam81 ]. The motiv ation for these dev elopmen ts is to obtain a general logical

framew ork for discourse seman tics that com bines comp ositionalit y and dynamic binding.

Let us lo ok at an example of comp ositional seman tics construction in �-DR T whic h is one of

the ab o v e formalisms [KKP95]. By the use of � -reduction w e arriv e at a �rst-order DR T represen-

tation of the sen tence Every man sleeps.�Q: Xman(X ) ! Q (X ) (�U : sleeps(U ) ) � !

�

�

Xman(X ) ! sleep(X )
F or the purp oses of the logical analysis in this pap er �-DR T emplo ys a linearised v arian t of this

represen tation,� fg :( � f X g :man ( X )) ! � fg :sleep ( X ))

where discourse referen ts are in tro duced b y a dynamic binding op erator � . Note that here � -

reduction ma y lead to free v ariables to b e captured, whic h in pure �-calculus is the thing imp ossible.

F or example, if w e w an t to construct sleeps today, as is done b elo w, the free ev en t v ariable E in

the functor is captured b y the discourse referen t of the argumen t. In �-DR T, 
 is the conjunction

op erator for DRSes that in tuitiv ely merges t w o DRSes b y uniting the sets of discourse referen ts

and that of conditions.

( �P:�U:( P ( U ) 
 � fg :time ( E ) = to da y )( �Y:� f E g :sleep ( E; Y )))

� !

�

�

�U:(( � f E g :sleep ( E;U )) 
 � fg :time ( E ) = to da y )

Unfortunately , the ab o v e men tioned uni�ed formalism s ha v e failed so far to duplicate a k ey

asp ect of t yp e theory that has lead to in teresting linguistic analyses in computational linguistics.

T yp e theory (or higher-order logic) is a t w o-la y ered formalism, where the algebraic con ten t (the

b eha viour of higher-order functions) is neatly pac k aged in to a formalism of its o wn, namely simply

t yp ed �-calculus; while the logical con ten t (the sp eci�c seman tics of connectiv es and quan ti�ers)

is built on top of it. Th us the use of t yp e theory allo ws us to deal with the complexities of natural

language seman tics on t w o distinct lev els: the simply t yp ed �-calculus pro vides the theory of � -

reduction (whic h is the motor of comp ositionalit y) whereas the logical side of seman tics is dealt

with b y a system that is rather lik e predicate logic. By fo cussing on kno wn mec hanisms for dealing

with eac h of the t w o subsystems, it has pro v ed p ossible to use t yp e theoretic tec hniques for natural

language pro cessing systems.

� Higher-order uni�cation [Hue75] solv es equations in the simply t yp ed �-calculus and leads

to analyses of Ellipsis [DSP91 ], and F o cus [GK96 , Pul94 ]. Note that these accoun ts are

inadequate for the treatmen t of the logical structure, so they mak e insu�cien t predictions

ab out quan ti�ers and connectiv es.

� First-order automated theorem pro ving [Fit90 ] is used to reason ab out the logical structure

of natural language, presupp ositions, and to in tegrate w orld kno wledge in to natural language

seman tics. Note that these approac hes normally cannot capture higher-order asp ects of the

seman tics lik e comp ositionalit y or undersp eci�ed (suc h as elliptic-) seman tic elemen ts.

� Only recen tly , logic formalism s for higher-order theorem pro ving [Koh95 ] ha v e app eared that

are generalizations of b oth higher-order uni�cation and automated theorem pro ving. These

can b e used to in tegrate w orld kno wledge in to the uni�cation-based approac hes [GKvL96 ].
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The goal of this pap er is to la y the foundation for analyses lik e the ab o v e b y pro viding an

algebraic foundation of comp ositional formalisms for discourse seman tics as an analogon to the

simply t yp ed �-calculus. Just as that can b e sp ecialized to t yp e theory b y simply pro viding a

sp ecial t yp e o for truth v alues and p ostulating the quan ti�ers and connectiv es as constan ts with

�xed seman tics, the prop osed dynamic �-c alculus D LC can b e sp ecialized to �-DR T [KKP95] b y

essen tially the same measures, yielding a m uc h more principled and mo dular treatmen t of �-DR T

than b efore.

Ho w ev er, w e exp ect the b ene�ts from a clean separation of the structural and logic parts of

comp ositional discourse seman tics will not b e restricted to this. In particular, D LC can serv e

as the formal basis for the dev elopmen t of higher-order uni�cation algorithms for comp ositional

formalism s for discourse seman tics, whic h in turn can b e exp ected to lead to dynamic analyses of

ellipses, fo cus, corrections, . . . , corresp onding to those discussed ab o v e. First exp erimen ts with

the formal system ha v e sho wn that these will b e more in tuitiv e than those for the static case.

The prop osed formalism D LC fo cuses on the in teraction of dynamic binding (declaration of

discourse referen ts), function abstraction and function application. Most of the burden of this

is carried b y an elab orate t yp e system that tak es in to accoun t structural prop erties of dynamic

systems, suc h as the binding p o w er and the accessibilit y relation.

Dev elopmen t of �-DR T has sho wn that capturing of free v ariables b y form ulae con taining

dynamic binding constructs, i.e. the in teraction b et w een �s and � s, is a cen tral theme. Th us the

cen tral idea for a t yp e system for a dynamic �-calculus is that t yp es ha v e to incorp orate information

ab out v ariables. In D LC this is represen ted b y the fact that v ariable con texts (lo cal functions that

sp ecify t yp e information for v ariables) are con tained in the t yp es. So, if � is a v ariable con text, and� is a t yp e (whic h w e call the char acteristic typ e ), then �# � is also a t yp e. In particular, t yp es ha v e

to represen t information ab out the free v ariables of a form ula (those that can b e captured) and

ab out those that ha v e dynamic binding p o w er (that can capture free v ariables of other form ulae).

This distinction is made b y annotating the v ariables with � for the former and + for the latter. If,

for instance � = [ X �

: �] ; [ Y+
: � ] and � is the base t yp e o (for truth v alues) then �# o describ es the

set of prop ositions that con tain a free v ariable X
�

and dynamically binds a v ariable (in tro duces

a discourse referen t) Y
�

. T yp es where the con text � is empt y are called simple . F or non-empt y

con texts t yp es are called dynamic , if � con tains p ositiv e v ariables else static . Naturally , since D LC

is a �-calculus, the set of t yp es is also closed under function t yp es (i.e. � ! � is a t yp e whenev er� and � are).

D LC -form ulae are built up from a signature � b y the set of inference rules (whic h w e ha v e

sligh tly simpli�ed for presen tation) b elo w, i.e. a form ula A is a w ell-formed D LC form ula of t yp e�, i� the judgmen t A : � is pro v able b y these rules.c 2 �

�c: �# � X =2 Dom (�)X : � ; [ X �

: �]# � A : �# � ! � B : �# � �

����
�

AB : � ; �# �
A : � ; [ X �

: �]# �
( �X

�

A ): �#( � ! � )

A : �# �
( �X

�

A ): � ; [ X+
: �]# �

In these rules w e emplo y the con v en tion that at the merging of con texts, p ositiv ely signed

v ariables o v erwrite negativ ely signed of the same t yp e and name. Note that this o v erwriting is

imp ortan t for the last rule for dynamic abstr action , where [ X �

: �] ma y ha v e b een presen t in �,

indicating the presence of a free v ariable X of t yp e � in A . Also, b y this o v erwriting e�ect w e

mo del v ariable capturing at function application, as sho wn in the example ab o v e. In the ab o v e

rule for function application �

����
� means that the t w o are equal on the common negativ ely signed

v ariables and ha v e no p ositiv e v ariables in common. The rule for functional abstr actions disc harges

the free v ariable X �

from the con text, since it is no longer free. The other rules do not c hange the

con text; that for v ariables only insists that the v ariable in question b e declared in it.

In D LC , the de�nitions of b ound and free v ariables is straigh tforw ard; w e distinguish function-

ally b ound (b y a �) and dynamically b ound (b y a � ) v ariables. In the same w a y , w e can reuse the

standard �-calculus reduction rules for � and � -con v ersion,
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( �X A ) B � !

�

[ B =X ] A

X =2 F ree ( A )

( �X A X ) � !

�

A

and rephrase the �-con v ersion rule of the �-calculus to de�ne renaming of b oth functionally

and dynamically b ound v ariables th us

A : � X 62 C ( �) Y new

A � !

�

C

X

Y

( A )

This new extended �-rule exploits the ric her t yp e system of D LC b y using the follo wing obser-

v ation. A functionally b ound v ariable is not free in A : �, if it do es not o ccur in the t yp e �. If a

dynamic v ariable X do es not o ccur on an y lev el in A 's t yp e, this means that X o ccurs in a static

subterm of A (i.e. one that has a static t yp e) whic h do es not con tain a v ariable �-abstracted in A

through whic h X ma y still bind v ariables b y v ariable capture | in other w ords, X cannot bind a

free v ariable of the same name, neither through merging with another expression nor through � -

con v ersion. Th us, in the ab o v e de�nition, X 62 C ( �) c hec ks that X do es not o ccur in the t yp e of A

and C

X

Y

c hanges the b ound v ariable X to Y . Note that for the existing systems for comp ositional

discourse seman tics men tioned ab o v e, �-renaming of dynamically b ound v ariables constitutes a

problem | in fact, it w as from an attempt to understand full �-con v ersion that D LC ev olv ed.

Finally , w e in tro duce a logical constan t @ whic h is a dynami�cation op erator for binary relations

R . It is sp eci�ed b y the follo wing reduction rules@ R ( �X A ) B � !

�

�X ( @ RAB )

A : � B : � �; � static@ R AB � !

�

RAB

W e ha v e c hosen @ as a primitiv e for D LC instead of the 
 -op erator, whic h can b e deriv ed from

it, (see the discussion of �-DR T b elo w), since w e hop e that it will b e p ossible to c haracterize the

dynamic op erators of other approac hes with it in relation to kno wn binary relations.

Giv en this, w e arriv e at �-DR T b y �xing the set of base t yp es to B T = f e; og (individuals

and truth v alues) and de�ning a set of connectiv es suc h as conjunction, disjunction, negation and

implication. In standard DR T, the binding prop erties of the discourse referen ts in the con text m ust

b e de�ned in an accessibilit y relation. With the extended t yp e system w e are no w able to express

this relation directly within the syn tax. F or example, w e de�ne the negation op erator to b e of t yp e

: : �# o ! �

�

where �

�

is the set of negativ ely signed v ariables in �. Th us only those v ariables

whic h are not b ound dynamically in the argumen t of the negation | i.e. the free v ariables | are

a v ailable outside the negated expression. In the same w a y w e de�ne a collection of implication

op erators of t yp e ) �� : (�# o) ! (�# o) ! ((�

� ; (�

�

n �

+
))# o). Note that (�

� =�

+
) captures the

accessibilit y relation b et w een the t w o argumen ts: only those free v ariables of the second argumen t

are a v ailable to the outside whic h are not b ound b y the discourse referen ts of the �rst argumen t.

The dynamic conjunction op erator 
 can b e de�ned as @ ^ , and is th us generalized to merge b oth,

DRSes and conditions.

Just as in standard �-calculus, the t yp e do es not c hange through an y of these reductions,

under the t yp e instan tiations necessary for the w ell-formedness of the application whic h is to b e� -reduced. In the ab o v e example, if Q gets the t yp e Q: (�# �) ! o, w e can deriv e the t yp e of the

functor � fg :( � f X g :man ( X )) ! Q( X ) to b e (�

�

n [ X+
: �])#((�# �) ! o) ! o, meaning that the

free v ariables of the expressions are those that come in b y the argumen t Q less X . The argumen t

has t yp e �X:� fg :sleep ( X ): ; # � ! o. W e need to instan tiate � b y ; to allo w the application and

get the correct t yp e ; # o for the result, meaning that in the represen tation of Every man sleeps
there are no free v ariables and no dynamic binding p o w er to the outside.

The seman tics of D LC dra ws up on ideas and insigh ts b ehind �-DR T in [KKP95] and [Kus96].

There, in tensionalization and dynamic denotations w ere found to complemen t eac h other in mo d-

elling the in teraction of �s and � s whic h, recall, w e w an t to understand. In �-DR T in tensionalisation
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w as used to guard v ariables b y dela ying ev aluation of the curren t state wherev er the curren t state

w as not a v ailable through a prop er � -abstraction. In generalization of this, dynamicit y in D LC 's

seman tics is ac hiev ed b y an implicit in tensionalization of al l linguistic v ariables (i.e. not b ound b y�-abstraction). Note that b ecause of this w e can do a w a y with the

^

and

_

of �-DR T.

Giv en this, the domains D

�

of simple t yp es � are just those kno wn from simple t yp e theory .

Denotations of complex ob jects are functions from states (v ariable assignmen ts) to v alues of simple

t yp es ( D �#�

= F ( B � ; D

�

)), where B � =

S
� � � F ( Dom (�); D ) is the set of � -states . The core

of D LC 's seman tics is the in terpretation

1
of v ariables. I

'

( X ) of a v ariable X is either '( X ) in

the case of �-b ound v ariables ( X 2 Dom ( ')) or the function f t 7! t( X )

�� t 2 B [X :� ] for linguistic

v ariables, whic h represen ts the implicit in tensionalization for a v alue of X . F urthermore, w e ha v e

I

'

( �X:D ) = I

' � X

( D )

I

'

( �X:D )@ A = I

'; [A =X ] ( D )

I

'

( AB ) = I

'

( A )@ I

'

( B )

Here, the in terpretation of a dynamic abstraction needs no more than making sure that the

v ariable X is not in terpreted b y ' due to the implicit in tensionalization. With this, the in terpre-

tation of the functional parts is just as standard in the simple �-calculus. The @-op erator is the

dynamic application op erator whic h can b e de�ned b y means of the @ -op erator from the static

application op erator appo b y @ = @appo. In this setup the dynami�cation op erator @ raises to

cen tral imp ortance; it is here that con texts are co ordinated, as follo ws from the de�nition of its

seman tics b elo w.

I ( @ )@ R @ A @ B = f a1 [ b1 7! R ( a2; b2 )

�� a1����b1; a1 7! a2 2 A ; b1 7! b2 2 B g

W e are con vinced that D LC with its new t yping system constitutes a p o w erful algebraic basis

for systems com bining functional and dynamic logics and that its further study ma y rev eal more

of the prop erties of the in terpla y of their features. In particular, w e hop e that in the same w a y as

the t yp es guide the higher order uni�cation of standard �-calculus, this t yp e system ma y b e useful

for dynamic higher order uni�cation.
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