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Preface

The 1995 edition of the Amsterdam Colloquium was the tenth in a series which
started in 1976. Originally an initiative of the Department of Philosophy, the
Colloquium is now organized by the Institute for Logic, Language and Computa-
tion (ILLC), in which staff from the Department of Mathematics and Computer
Science, the Department of Philosophy, and the Department of Computational
Linguistics, all of the University of Amsterdam, cooperate.

For the organization of the Tenth Amsterdam Colloquium financial support was
received from the Department of Philosophy and the Department of Mathemat-
ics and Computer Science of the University of Amsterdam, the Royal Dutch
Academy of Sciences (KNAW), the Dutch Graduate School in Logic (OZSL),
the Foundation for Language, Speech and Logic (TSL) of the Netherlands Or-
ganization for Scientific Research (NWO), and the European Association for
Logic, Language and Information (FoLLI), all of which is gratefully acknowl-
edged.

These proceedings contain 41 papers that were delivered at the Colloquium, of
which 40 are accepted papers and one is an invited paper, by Anna Szabolcsi.
The papers appear as the authors prepared them. The copyright resides with
the individual authors.

Paul Dekker
Martin Stokhof
Amsterdam, February 1996
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1 Introduction

In standard first order logic, individual variables take values in domains of points
which do not have any structure except the one expressible in the language. Each
variable can take any value; the assignments are completely independent. We are
going to give up this assumption and look what happens to quantifiers in the new
setting.

In many-sorted logic the assumption is already weakened: each sort has its own
domain, therefore it is no longer true that any variable can take any value. In other
words, while in the standard case 3z is true in a model M under an assignment s
iff there is an element d in the domain of M such that M, sj |= ¢, for many sorted
logic we should add that d should be in the domain associated with the sort of z.
Within each sort the situation is as before. Moreover, it is easy to translate many-
sorted logic back into ordinary predicate logic extended with unary predicates for
each sort. There is almost no difference between the two, except for the fact that
the translation mentioned above leads to increase in complexity.

A more radical variation would be the following (cf. (Németi 1992)): assume that
not all assignments to individual variables are allowed. This has a clear intuitive
motivation which can be illustrated by the following example from programming
languages (cf. (Wirth 1976)). Consider a variable date which is an array of variables
day, month, year. The values of date are triples of numbers, where the first number
is the value of day, the second number is the value of month, and the third number
is the value of year. The variable day may take values in the set 1,...,31; the
values of month come from 1,...,12 and year can be any whole number. Each of
these three variables can be updated (or, in our setting, quantified over) separately.
It is clear however that if the value of month is 2, then the value of day cannot be
30; depending on the year, day may or may not take the value 29. Observe that
this is not reducible to the case of many-sorted logic. Some assignments to day,
month and year are not allowed while they respect the domains of the variables. In
the truth definition for 3 one might require that sj is an allowed assignment. Here
the names of variables become important; there can be a witness for 3z P(z) but
no witness for 3yP(y) in a model.

Again this can be translated into first order logic by adding a special predicate
for ‘allowed assignment’, in the example above, a ternary predicate Date would do.
But in this case, the difference in complexity is even more striking. It was proved by
Németi that the logic corresponding to the set of models equipped with arbitrarily
restricted sets of assignments is decidable!

Yet another variation on the standard way of looking at quantifiers and variables
is evaluating quantifiers ‘locally’ (cf. (Blackburn and Seligman 1995)). Consider
the truth definition of a modal operator:

M = Opw] & Fv(wRv A M,v = )

1T would like to thank Hajnal Andréka, Johan van Benthem, Patrick Blackburn, Jaap van der
Does, Dick de Jongh, Michiel van Lambalgen and Istvan Németi for their useful comments and
suggestions when this work was in progress.



A modal operator can be seen as a quantifier binding a variable; the name of this
variable is not important, but the range of a bound variable (the set of values it
may take) depends on the point where the formula is evaluated.

In (van Lambalgen 1991) some generalized quantifiers were given an analogous
interpretation, as quantifiers over objects dependent on the parameters of the for-
mula: Q%zp(z,y1,...,Yn) is interpreted as e(R(z,y1,- .. ,yn) A o(z, y1, . . . ,Yn));
the meaning of a quantifier depends on an assignment to the free variables and is
therefore local.

In this paper we try to develop a uniform approach to the phenomena mentioned
above.

2 Basic logic

2.1 Language and models

Here we investigate in general the idea that the range of a variable can be restricted
by the values of some other ‘relevant’ variables. We introduce a logic corresponding
to Fhe following truth definition: 3zp(z,y1,...,Ys) is true in a model M under an
.3551gnment of values d; to y;, if there is an object d, such that o(d, d,...,d,) holds
in M and d is a possible value for z given the assignment of values to y;. For the
time being we assume that only the free variables of the formula 3z¢ are relevant
for determining the range of z. -

Consider a language L(<), which contains countably many individual variables

V0, - -+, Un, ..., predicate symbols, =, A, = and a quantifier ©. A well formed f 1
of £(0) is defined as follows: e

1. if zy,...,z, are individual variables and P an n-place predicate symbol, then
P(zy,...,z,) is a w.hf; if ,y are individual variables, then z = y is a w.ff,;

2. if ; and @, are w.f.f’s, then 1 and @; A @y are w.ff.’s;

3. if p is a w.f.f. and z an individual variable, then O, is a w.f.f;

4. nothing else is a w.f.f. |
We define O, ¢ to denote ~Ozmp; V, =, = are defined as usual.

Definition 1 A structured dependence model is a structure of the form M =
'(D,R, V) where D is a domain, V an interpretation function (a function assign-
ing n-ary predicate symbols subsets of D™), and R is a relation between a pair
(variable, object) and a finite set of such pairs. Intuitively, R tells which value a
variable can take given the values which other variables have taken. We could have
demanded from the start that if (2, d)R{(yi,d;) : 1 <i < n}, then z,y, Yn are
all different variables; cf. Lemma 6. - T

The relation M, s = ¢ (‘¢ is truein M under assignment s’) is defined as follows:
o M,s|= PPzj1...z5n) & (s(zj1). ..8(zjn)) € V(PP);

« Myska=y 6 s(z) = s(y);

o M,sk=-p & M, s o

o M,skEpAY & Mskpand M, s = 1

M,s = O¢(z,y1,-..,yn) < there exists s’ =, s such that

<1,‘7 S/(I)) R {(ylys’(yl)): SO <yn7 s/(yn))}

and M,s' |= ¥(z,7), where § are precisely the free variables of Ogt. (This
will be denoted by FV (O,¢) = §.)

We say that M | ¢ iff M, s |= ¢ for all variable assignments s. ]

If T and A are sets of formulas, we say that I' = A if for every model M and
assignment s, if M,s |=T', then M,s = A. The logic corresponding to this notion
of consequence is called Ly¢,.

Observe that the truth definition for van Lambalgen’s generalized quantifiers
can be obtained from the truth definition above by erasing the first element in each
pair (or dismissing some information about the variables):

s'(z) RA{s'(y1),.--,s'(yn)}

instead of

(z,5'(2)) R {{y1,s' (1)), (yn, s (yn))}

We will see later that this move strengthens the logic by making the axiom ¢, —
Oyplz/y] valid (given that y is free for  in ¢).

Another special case of structured dependence models are partial assignments
models defined in section 3.

To finish this section, we prove that structured dependence models share a prop-
erty which is taken for granted in classical first order logic but, as we shall see later,
does not hold for all modal quantifiers.

Lemma 2 (Locality) For every structured dependence model M, pair of assign-
ments s and z and formula @, if sS[FV(p) = z[FV(p), then

M,sEpe M zE .

Proof. Completely analogous to the proof for the classical first order logic, the
proof goes by induction on the complexity of . For atomic formulas the proposition
obviously holds, and the steps for - and A are also trivial.

Let ¢ = Oz¢(z,7), and the proposition hold for ¢ (z,y). Assume that M,s |=
O,(z, 7). Then there is an assignment s’ =, s such that the pair (z,s'(z)) is in
the relation R to the set of pairs {(y:,s'(y:)) : vi € FV(C9)} and M,s' = .
Consider an assignment z’' =, z with z'(z) = s'(z). Obviously, for every variable
u in FV (), z'(u) = s'(u); therefore by the inductive hypothesis M, z' = . Also,
since (z,5'(2)) = (z, #/(2)) and (ys, /() = (i, /(34)) for every y; € FV(O,),
(z,2'(z)) is in the relation R to {(yi,2'(v:)) : y; € FV (L)}, which gives M,z =
Oz’lp(z’ g) o

2.2 Hilbert-style axiomatization

To give a Hilbert-style axiomatization for the logic of structured dependence models,
we need to extend the language by countably many individual constant symbols.
The idea is to repeat a standard Henkin argument; however, this extension is less
trivial than in case of the first-order logic. The difficulty comes from the fact that
the variables have much more ‘individuality’ than in first order logic. As a result,
the constants should also acquire some.

We add to £(©) a set of individual constants d;, countably many for each i. We
call individual variables and constants terms. Intuitively, dj ‘behaves approximately
as the variable v;’. The precise meaning of this will become clear below. Formally,
we introduce a function n : TERMS — VARIABLES, such that n(v;) = v; and
n(di) = vi. We call a term ¢ a n-term, if 7(t) = vy,.

A well formed formula is defined as usual. A formula without free variables is
called a sentence.



The interpretation of constants is the same as in first order logic. If M =
(D, R,V), and dj is a constant, then V(d}) € D.

The meaning of a term ¢ in a model M given an assignment s, [t]m,s is as ex-
pected: if t = v, [tlar,s = 8(v:), and if t = dj, [t]ar,s = V(d;) The following clauses
of the truth definition are extended to the case of formulas containing constants:

o M,s k= Pl (t; .. tn) & ([tl]M,s cee [tn]M,S) € V(P);

o M,s k= O(z,t1,...,tn) & there exists s’ =, s such that

(l‘, s/(z)) R {<U(t1): [tl]M,s’>y LD (n(tn): [tn]M,s’)}
and M, s' | ¢(z,1).

It is in the last clause that the idea that constants are instances of a particular
variable becomes clear. For example,

M,S ’: OUSP(di,‘U:;) <

& 3d € D((vs, d)R{(v1, V(d}))} A M, s5 = P(d},v3))

Note that ©,,P(d},v3) can be false in the same model, even if V(d}) = V(d}).
Analogously, ¢, P(v1,v3) can be true and ©,, P(va4,v3) false even if v; = vs. This
corresponds to the failure of the following axiom (even in the language without
constants):

t1 =12 A (p(tl) - Lp(tg),

given that t, is free for t; is ¢. Instead, two weaker versions of this axiom are valid:
the version where ¢ is an atomic formula and the version where t; and ¢, are terms
of the same type.

Definition 3 L, is the following aziom system:
A0 propositional logic;

Al O,(p = ¢) = (O, — O,9), given that O, and Ox9 contain the same
parameters (free variables and constants);

A2 p — O,p, given that = is not free in p;
=1t=t;

=2t =t Sty =1;;

=3t =ty Aty =1t3 > t; = t3;

=4t =t A o(t1) = p(t2), given that ty is free for t1 in @(t1) and either (=4a)
© 1s atomic, or (=4b) n(t1) = n(t2);

R1 ¢, ¢ = ¢/y;
R2 (') /0, p[t! /v;], where t' is an i-term, i.e. v; or d;
The definition of a derivation in Ly, is standard. We will write I' k-, ¢ for ‘@

is derivable from I' in Ly, . In the sequel, the subscript is omitted when it is clear
which system weare talking about.

. In.LstT the deduction theorem holds with restrictions (analogous to the restric-
tions in classical first order logic; cf. for example (Mendelson 1979)).

The following formulas are derivable in Lg;,.:

Alb O.(p = %) = (¢ = Og9), given that Oz and O, contain the same
parameters and z is not free in (. This formula follows immediately from A1l
and A2.

T O (Czp — o).

Observe that O, — ¢ is not valid in L, since it is possible that ¢ is false on
an assignment s, but true on every other assignment which can be obtained from
s by changing the value of « to some d, so that (z,d) is in the relation R to the
assignment of values to the rest of free variables of ; this just means that (z, s(z))
does not satisfy this condition. Prefixing Oz — ¢ by U, means that we switch to
the assignments s with (z, s(z)) accessible from the free variables of Oz — ¢; on
such assignments, if Og¢ is valid, so is ¢.

Proof.
L. p(z) = (Ozp(z) = ¢(z)) A0
2. Oz (p(z) = (Bep(z) = 9(2))) 1, R2
3. Oz(x) = O (Ozp(z) = #(2))) 2, A1, R1
4. ~0.p(z) = (O = () A0
5. Og(-0zp(2) = (T = p(2))) 4, R2
6. ~Opp(z) = Ou(Dap(z) = () 5, Alb, R1
7. 0,(0.0(z) = () 3,6,A0,R1 O

Observe that if 1, and 1, have the same free variables (with the possible ex-
ception of z), then from ¢; —= (2 — (31 A 12)) by two applications of Al we can
derive Oy, A Ogtpg — Oz (Y1 A t). This implies that if all formulas x; have the
same free variables, then by T the following formula (used in the proof below) is
derivable:

O, /\(szi - Xi)-

i

Now we prove completeness of L, for the original language, not containing
constants. We prove that for every set of formulas T and formula ¢, if T’ and ¢ do

not contain constants,
TFpeTEe

Theorem 4 Ly, is sound and complete with respect to the class of structured de-
pendence models: TH o & T | .

Proof. The proof of soundness is easy. As usual, we show that axioms are valid
and inference rules preserve validity.

It is obvious that A1l is valid. Observe that A2 is valid due to the fact that struc-
tured dependence models satisfy locality. We have already given an example show-
ing that unrestricted =4 is not valid. Now we prove that =4a and =4b are valid. Let
¢ be atomic. Observe that M, s Et =t & [tilms = [talm,s- Mys = P(...t .. )
iff (.. [ti)mys .-y € V(P) iff (. [tolas--) EV(P) & M,s E P(...t...). This
shows that =4a is valid. To prove that =4b is valid, assume that n(t1) = n(tz), and
reason by induction on complexity of . We have already proved the atomic case.
The cases for - and A are trivial. Finally,

Mys b= Oup(e.tr..) & 3d((z,d) R {... (n(t2), [talaee) -} A M, 55 = 0);




since t, is free for ¢; and n(t1) = n(t2), this is equivalent to
Sdl(o,d) R (.. (102, [} . ) A M55 = ol ) 9 M5 = Oty ).

To show that R2 preserves validity, assume that O,,¢(v;) is not valid, that is, there
exist a model M and an assignment s such that M, s j£ O, np(vl) Then there is a
sequence s', which differs from s at most in 4, such that M, s’ B . If tis v;, we
are done: go(vl) is not valid. If ¢* is some d', interpret d* as s(v;) (observe that d' is
not free in ¢(v;)!). An argument ana]ogous to the proof of validity of = 4b above
shows that —p(d’) is satisfiable, thus o(d?) is not valid.

For completeness, it is enough to show that every set A not containing constants
and consistent with Ly, has a model.

Assume that we have such a set A. We are going to construct a canonical model
for A. The construction is analogous to the proof of completeness theorem for the
minimal logic of dependence models by van Benthem given in (van Benthem and
Alechina 1993).

We extend the language by adding countably many new constants

0

0.0 0
Up, Uy, Ugs - oy Up,y - -

m ,m _m
Ug , Uy yUg 'y U

m
noee-

As usual, the domain of the model for A will consist of the equlvalence classes
of constants. Replace each free occurrence of each variable v; in A by uf. The
resulting set of sentences is called A’. If we construct a model for A’ then this
model and the assignment so : v; — [uf] will satisfy A.

Make a list of sentences in the new language. Let us call this list .

Let ¥o = A, and ¥,, = £, if the nth formula in & is not consistent with
Yn_1. If @, is consistent with ¥,,_;, we have two possibilities. If ¢,, is not of the
form ©,,%, then X, = Z,_; U {p,}.

If ¢, is of the form O, we add a witness for O, as follows. We take the first
new constant u; which does not occur in £,_; and add to %,_; w[vl/uj] and the
set {O,,x — X(vi/u]) : Oy, x contains precisely the same constants as
0u,1}

Let £ = J, 2. Assume that ¥ is inconsistent. Then a contradiction is derivable

at some finite step n. Let ¥,,_; be consistent, and assume that ¥,, is not. Then for
some <, 1,

Zn-1 U{A@uix = x(u})) A Oup A ()}
X
is inconsistent. Again, a contradiction is derivable from some finite conjunction of

formulas in ¥,_; and a finite conjunction of Oy, xk = xk for 1 <k < m.
By R2 we obtain

Eno1 b0y, /\ ([uixr = xk(vi)) = Oy, (Cu () = —ab(v;))
k<m

Now we apply Al (all x have the same parameters) and T to derive

O, (DviXk - ch)-
k<m

Together with the statement above, this gives “vial

Zaa b Dvi(oviw(vi) - "w(vi))>

nef’

which by Alb implies
En—l = Ov.w(vi) e Dvi_'w(vi)7

that is,
En—l - Ov;w(vi) — ﬁ<>vi’lab(”~)i)7

ie. contrary to our assumption X,_; is inconsistent (note
contain uj free, therefore the deduction theorem is applicable,

Now we have established that ¥ is a maximal consistent set, i.e. it is consistent,
it contains, for every formula ¢ € @, either ¢ or -, it is closed deductively, and it
contains ¢; A 2 iff it contains both ¢; and 2.

We define a model My, for A using ¥ as follows. Let the domain be the set of
equivalence classes of constants, i.e. elements of the form [uf] = {u:u=1uj €L}
For the interpretation function, we put

([d1),- -, [dn]) € V(P) iff P(dy,...,dn) € E.

This is well defined by the axiom =4a. The interpretation of constants is quite

natural: V' (u) = [u].
The definition of R is slightly less straightforward:

(Uix ’ [d1]>R{(vi27 [d2]>7 ot <vin ’ [d"])}

holds in My iff for some ey, ...,en, such that e; € [d;] andn(e;) = ¢; and for all
formulas x, such that O, x contains precisely the constants ez, ..., €n,

VX(Dv.-,X(UmeZ: .yen) = x(e1,€2,...,en) € X).
Observe that this is equivalent to

Vx(x(e1, ez, -, €n) = Ou, X(Viy,€2,...,€n) € X)
Also, observe that by =4b, if

Vx(Ou;, X (viy, €25 €0) = x(e1,€2,...,en) € X)

holds for some ey, ...,en with e; € [d;] and n(e;) = i;, then it holds for all such
constants.

Lemma 5 (Truth Lemma) For every sentence ¢, such that ¢ contains not more
than oneterm of each type in the scope of each quantifier, Ms Epepel.

Proof. The proof of the lemma goes by induction. The inductive hypothesis is
somewhat stronger than the statement of the lemma,; it says

Lp(dl)"WdH) €E¢>MZ,S':(,0(1),‘1,...,Uim,dm+1,...,dn),

0 < m < n, where s(vi;) = [d;] and 7(d;) = i; for j < m, for every formula ¢ which
satisfies the condition of the lemma.

Without this condition, the assignment s above is not well defined. Namely,
if ¢ contains two different constants d and e of type 1, which are not in the same
equivalence class, s would have to assign v; two different objects [d] and [e].



since t2 is free for t; and n(t;) = n(ts), this is equivalent to
3d((z,d) R {...(n(t2), [t2lm,s) .- .} AM,s5 E p(t1/t2)) & M,s = Opp(...ta...).

To show that R2 preserves validity, assume that O, ¢(v;) is not valid, that is, there
exist a model M and an assignment s such that M,s = O,,¢(v;). Then there is a
sequence s', which differs from s at most in i, such that M,s’ |& o. If t* is v;, we
are done: ¢(v;) is not valid. If ¢* is some d*, interpret d* as s(v;) (observe that d¢ is
not free in ¢(v;)!). An argument analogous to the proof of validity of = 4b above
shows that —(d?) is satisfiable, thus ((d?) is not valid.

For completeness, it is enough to show that every set A not containing constants
and consistent with L, has a model.

Assume that we have such a set A. We are going to construct a canonical model
for A. The construction is analogous to the proof of completeness theorem for the
minimal logic of dependence models by van Benthem given in (van Benthem and
Alechina 1993).

We extend the language by adding countably many new constants

0

0 ..0 ..0
Ugy Uy, Ugy ey Uy, o

m m m m
Ug Uy ;Ug 500, Uy

yoos

As usual, the domain of the model for A will consist of the equivalence classes
of constants. Replace each free occurrence of each variable v; in A by u). The
resulting set of sentences is called A’. If we construct a model for A’, then this
model and the assignment sq : v; — [uf] will satisfy A.

Make a list of sentences in the new language. Let us call this list ®.

Let 9 = A, and X£,, = X,,_; if the nth formula in ® is not consistent with
Ya—1. If ¢, is consistent with ¥,,_;, we have two possibilities. If ¢, is not of the
form <1, then ¥, = X,,_1 U {pn}.

If ¢, is of the form <., we add a witness for ©,, as follows. We take the first
new constant u; which does not occur in ¥,_; and add to ¥,_, w[v,-/uj-] and the
set {0y, x — x(vi/u) : Oy, x contains precisely the same constants as
Ouh}.

Let ¥ = |J,, n. Assume that ¥ is inconsistent. Then a contradiction is derivable

at some finite step n. Let 3, _; be consistent, and assume that ¥, is not. Then for
some 1,

Sno1 U {A@ux = x(uh)) A Ot Ah(uf)}

is inconsistent. Again, a contradiction is derivable from some finite conjunction of
formulas in ¥,_; and a finite conjunction of O, xx — Xk for 1 <k < m.
By R2 we obtain

Tno1 F 0Oy /\ (Dv;Xk — Xk(Ul)) =¥ DUI(OU‘.’l[J(Ui) — ‘\1,/)(1)1-))

k<m

Now we apply Al (all xx have the same parameters) and T to derive

Oy, /\ (Dv,‘Xk = ch)-

k<m

o e ——e

Together with the statement above, this gives
Bt b Oy (Ou(0:) = ~p(wi)),
which by Alb implies
Bt b Outh(vi) = Oumtp(vi),

that is,
Yn-1 b ovﬂ/)(vi) - ﬂovid)(vi)v

ie. contrary to our assumption ¥,_1 is inconsistent (note that Yn.—1 does not
contain u; free, therefore the deduction theorem is applicable), o .

Now we have established that ¥ is a maximal consistent set, i.e. 1t 1s cons1stenjc,
it contains, for every formula ¢ € @, either ¢ or —p, it is closed deductively, and it
contains @1 A pq iff it contains both ¢y and 3.

We define a model My for A using ¥ as follows. Let the domain be the set of
equivalence classes of constants, i.e. elements of the form [u}] = {u:u=1uj € =}
For the interpretation function, we put

([da), .-, [dn)) € V(P) iff P(dy,...,ds) € Z.
This is well defined by the axiom =4a. The interpretation of constants is quite

natural: V(u) = [u]. .
The definition of R is slightly less straightforward:

('Ui,, [d1]>R{(vi27 [dZDv Qi (vin ’ [dn]>}

holds in Ms iff for some ey,...,en, such that e; € [d;] andn(e;) = i; and for all
formulas x, such that O, X contains precisely the constants ez, ..., €n,

VX(Du,-,X(Umez, ...,en) = x(e1,€2,.. .,en) € X).
Observe that this is equivalent to

Vx(x(e1, €2, en) = Qv X(Viy, €2, - ,en) € X)
Also, observe that by =4b, if

Vx (B, X (Vig 5 €25 -+ ,en) = x(e1,€2,--.,€n) € L)

holds for some ey, ... en with e; € [d;] and n(e;) = 1;, then it holds for all such
constants.

Lemma 5 (Truth Lemma) For every sentence ¢, such that ¢ contains not more
than oneterm of each type in the scope of each quantifier, Ms, |= ¢ < ¢ € L.

Proof. The proof of the lemma goes by induction. The inductive hypothesis is
somewhat stronger than the statement of the lemma; it says

@(dy,..-,dn) €% & Ms,s k= (i, - Vig, dmt 1, - -5 dn);

0 < m < n, where s(v;;) = [d;] and n(d;) = i; for j < m, for every formula ¢ which
satisfies the condition of the lemma.

Without this condition, the assignment s above is not well defined. Namely,
if ¢ contains two different constants d and e of type 1, whic_h are not in the same
equivalence class, s would have to assign v; two different objects [d] and [e].



The clause for atomic formulas follows from the definition of V. The clauses for

negation and conjunction are trivial, Assume that ¢ is of the form Oui, ¥(vs,,ds dp)
i1 i1 UERR SR ]

with T](dj) = i]'.
o Let Cu ¥ (v, , da, . .. »dn) € X. By the construction of ¥, there is a witness for
v, » Namely a constant d; with n(d1) = iy, such that ¥(d;, ... ,dn) € ¥ and

Vx(Ou;, x(viy, day ..., dy) — x(di,ds, ... d,) e ¥).
By the definition of R, the latter means
(Uix ) [dl])R{<vi21 [dg]), Ry (viu ) [an}
By the inductive hypothesis, My, s = Y(irs -0 Ay, . . »dn), Where s(v;,) =
) 1]‘ o=

[dj]. Thus My, s' = ©, P (v;
| . ; sy Vi s g1, ..., dy,), where s’ i i
which differs from s in t};e i1t coordim;t: ekl T A essienment

Let My,s E ¢, P (v; v; ,d,
; Mo WiV Ay, dy), where s(v;,) = [d] f j
m, and n(d;) = i; for m < j < n. Then for som: [di] Cu) =1 Set

<Ui11 [dl])R{<U1’2, [d2])7 ey (vin ) [dﬂ])}

i
and Mg,s[le = 1/7(vi1,...,vim,dm+1, --+,dn). By the definition of R, there are
€1,...,en, with e; € [d;] and n(e;) =i;,1<;5< n, such that

VX(X(elveL ce aen) - Ovilx(vi-17627- .. yen) € Z)

By the inductive hypothesis, (e, . . . ,en) € X. Therefore Oui, Y(vy,, €9
iy 11 -

X. By =4b, the same holds for any ¢! a5 i ) <
ey =i Y €3, .., €, in the eqivalence classes [da], ..., [d,]
This ends the proof of the truth lemma. m}

Observe that the set A’ consi i
nsists of sentences satisfying th iti
lemma; so, the lemma gives My = A'. ying fhe condition of the
Coming back to the restriction on the set of formulas for which .the truth lemma

hOl(lS, note tha since the extended lan, uage contains.fo S O] e fo m Ug, U
guag 1 form 1la f th %2
T ( 0> )7

(Ulru;)R{<v17u(1))7 (Ulvui)}'

.ThlS flooks guite counterintuitive given that in accordance with the intended mean
. 2 -

ing o R this means: ‘if the variable v1 takes the value ul and the value ul. 11 isa

possible value for v, . Later, when we interpret v

(z1,d1)R{(z,, d2)y ..., (Tn,dn)}

as {(zi,d;) : 1 < i< n} is a good assignment’, i.e. a function, this beco
compleFely unacceptable. So the last step in the construction of7 the ca; r'nej
.model is to show that we may leave only such decent, or functional se o
in Fhe relation R and throw away all non-functional set’s of pairs in R
variable occurs with different objects. ’

Elemma 6 Let ¢ be a formulu which contains at most one term of each type in
e scope of each quantifier. Then for every structured dependence model M and

assignment s MsEpo M sk h " ;
: , M, w, where M' is obtained from M by lequi
functional sets of pairs in the relation R. g g only

Proof. The proof goes by induction on the complexity of ¢. The only non-trivial
step is the quantifier clause. Let p be Oy, %(vs, t1, ..., t,). By assumption, n(t;) # v;
for 1 < j <m, and n(t;) # n(tx) for 1 < j # k < n. But then there is an element d
satisfying

(vi,d) R {(n(t1), [t1]ar,s), - - - (n(tn), [tnlar,s) }
if and only if there is a corresponding element in M', since the set of pairs above is
functional. Therefore

M,s | Oup(visty, ..., tn) & M, s | Optb(vis ta, ..o tn).

This finishes the proof of the lemma and of the Theorem 4. [}

3 Obtaining stronger logics

3.1 In the direction of generalized quantifiers

Every generalized quantifier satisfies the axiom of alphabetic variants: O, —
Oy¢(z/y), with y free for z in @. It turns out that this axiom is the only one which
we need to add to Ly, to obtain the minimal logic of dependence models defined in
(van Benthem and Alechina 1996):

Definition 7 A dependence model is a structure of the form M = (D, R, V) where
(D,V) is as before, and R is a relation between elements and finite sets of elements
of D, called the dependence relation.

The relation M, s |= ¢ is defined as usual, except for M, s |= O9(z,y1,...,Yn) &
there exists s’ =, s such that R(s'(z),{s'(y1),-..,5'(yn)}) and M,s" E 9¥(z,7),
where § are precisely the free variables of Jz. m}

Proposition 8 Ly, + Oz — Oyp(z/y) is complete with respect to the class of
dependence models.

Proof. Follows from the completeness theorem for the minimal logic of dependence
models, given in (van Benthem and Alechina 1996), (Alechina 1995). m]

Observe that the names of the variables do not matter in dependence models,
where R is a relation between an object and a finite set of objects. Not surpis-
ingly, the axiom of renaming bound variables corresponds to a sort of permutation
equivalence for variables:

Consequence 9 Ly, + O, — Oyp(z/y) is complete with respect to the class of
structured dependence models satisfying the following property: for any permutation
of variables in L T,

(viy, diy ) R{(viy, diy), - ., (i, di )} =
= (T(Ui1)7 dil)R{<T(Ui2)7 di;:), XX (T(Uin )7 din)} = R(diu {dizv shae !din})‘

Other examples of strengthening the logic to obtain ‘real’ generalized quantifiers
are given in (Alechina and van Lambalgen 1995a).

The dependence relation in dependence models has a sort of built-in antisymme-
try; in a derivation, relations between parameters can be represented as a directed
acyclic graph (cf. (Alechina and van Lambalgen 1995b)). The situation is very
different for assignments models.



3.2 Circular dependencies, or assignments

In this section we take a somewhat different approach to modal quantifiers, based
on the intuition that the truth of a quantified formula depends on availability of

a certain assignment (rather than a certain object). First, we consider logics for
partial assignments models.

Definition 10 A partial assignment is a finite set of pairs (z,d), where z is a
variable and d an element of the domain. ]

There are two possibilities for defining partial assignments models. Andréka and
Németi proposed (for assignments models) to distinguish models where only part of
assignments are present (Crs) and models where all assignments are present, but
only part of them is available for the quantifier (Crs*). The first kind of models
satisfies ¢ — O, and the second kind does not. The latter +-variant is closer to
the intuitions underlying the logic of structured dependence models; we shall see
that one additional condition on R yields the logic corresponding to the +-variant of
partial assignments models. To obtain the variant without +, we’ll have to change
the truth definition instead of just adding one more condition on R. Most of the
proofs below go by way of first proving a certain property for the + variant and
then extending the result to the proper (partial) assignments models. This is the
reason why we consider both usual and + variants.

Definition 11 A partial assignments model is a structure of the form M = (D, W, V),

where (D,V) is a first order model and W is an arbitrary non-empty set of par-

tial assignments. The relation M,s = ¢, where s : FV(p) — D is a partial
assignment, is defined as follows:

o The clause for atoms and negation is the same as for structured dependence
models (with assignments restricted to the free variables of a formula);

o M,s[FV (1 Ath2) 1 Apa & M,s[FV (1) E 1 A M,s[FV(2) = a5

) Mys’-(yly-“ayn)l:<>x1/)(zyy1’~“7yn)<$ .

< 3de D(s' = {(z,d), (y1,51))s-- -, (Un,5(yn))} EW A M, s = 9Y(z,7))
We say that a formula ¢ is true in a partial assignments model M (M [= ) if for
all assignments s of the right length in W M, s = ¢. The set of formulas valid in
this class of models is called L,,.. For a more familiar notion of validity, namely
M = ¢ if all assignments of the right length satisfy ¢, we use the notation L;‘_u.,
following the notation proposed by Andréka and Németi for Crsy. ]
This truth definition demands something stronger than that the pair (z,d) is ac-
cessible from the rest. The fact that

{(w,d), (ylrs(yl))’ St (yn7$(yﬂ))}

is an admissible partial assignment implies that also (y1,s(y1)) is accessible from
{(z,d), (y2,5(¥2)),-- -, (Yn,s(yn))}, and so on. The relation ‘(z,d) and the set of
pairs D' form a good assignment’ is not directed; in a sense, every pair in {(z, d) }uD’
depends on the rest.

Lemma 12 The class of structured dependence models satisfying the circularity
property: if
(ziy, diy ) R{(@iy, diy), - ., (@i, i)}
holds, then for every pair (z;;,d;,),
(xij 3 dij)R{(zil ) di1>7 sy (Iin ) dln)}\{(zl, ) dij)}’

defines the same logic as L;’_a..
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Proof. Let ¢ be any formula, and assume there are a structured dependence model
M and an ordinary assignment s, such that M,s = ¢. Define M,.,. to have the
same domain and interpretation function as M and put

{(Il,d1>, ceey (xnadn>} € W < (IEI, dl) R {($27d2>7 ) (Irndn)}
This is well defined given the circularity property. An easy induction shows that
M,s @< Mya,s[FV(p) E¢.

Conversely, let M be a partial assignments model, s a partial assignment and
M, s = ¢. We define M, to have the same domain and interpretation, as M, and

(z,d) Rz {(z,d)} Uz e W,

where z is a partial assignment. Let s' agree with s on the free variables of ¢, and
assign some fixed element of D to the rest of the variables. Again, it is easy to show
by induction that M, s'E e m}

Proposition 13 Ly, + Oy (p = Ou;p), where vi,v; € FV(p) (A3) is cz?mplete
with respect to the class of structured dependence models satisfying circularity:

(vi,d,»)R{. o (vj,dj) or } e (’Uj,dj)R{. e (v,-,di) e }

Proof. To show that the axiom is valid in the class of models satisfying circularity,
consider an arbitrary model M from this class, an assignment. s and a formula ¢
with FV (p) = v;,v;,9. Note that if v; = v;, the axiom is valid already in Ly (it is
equivalent to T). Consider a sequence s’ =; s with (v;, s'(v;)) R s[oU {(v;, s(vj)).},
such that M, s’ |= . Then by circularity (vj,s(v;)) R s[oU {{v;, ' (v3))}, that is,
M,s' = Oy, . But then M, s |= Oy, (¢ = Ou;0). . _
To prove completeness, we use the fact that any set of sentences consistent with
Lgtr + A3 has a canonical model My as constructed above. Assume that in My

(Ui! di)R{(Ulad1)7 IEER) (Unvdn)}\{(uhdi)}

holds, that is, for every formula x with constants di,...,dn, X = Ou,x € X (or,
equivalently, O, x = x € X). It suffices to show that

(vjv dj>R{<v17 dl)v s ey (Uﬂvd")}\{(vj7 dj>}>
that is, that for every formula x with constants di, ... ydny, X = Ouy;x € X. Take

an arbitrary formula x with constants dy, ..., dn. Consider the formula x — Oy, X-
This formula (let us call it #) contains constants dy,...,d,. By assumption,
0,0 —» 6 € . But 0,,0 is an axiom, so § € . O

Due to Lemma 12, this proves the completeness of Lt + A3 wrt L;’,’_ e

Proposition 14 Adding to Ly, the aziom ¢ — Oy (A4) yields a logic complete
wrt Ly,

Proof. Note that A4 implies A3, so we can use the previous proof to show that
there is a partial assignments model My and an assignment so satisfying a formula ¢
consistent with A0 — A4, R1, R2. But we do not know yet whether this assignment
isin W.

If A4 is true in the canonical model My, then every assignment

{(vi,,di,), - -+, (i, di )}

is a good assignment given that all d;; are of type i;. Note that the assignment
so satisfying the original formula ¢ (which contains only the variables and no con-
stants) is of such type, therefore so is in W. This gives us Mx,s0 € W = A
(]

11




4 Crs,-models

Now we move to classes of models where the notion of assignment stands really
central; assignments have a fixed length and do not shrink and extend depending
on a formula.

To define assignments models, in particular models with assignments of length
a, we need first to define formally a language with at most « variables.

Definition 15 L, (<) is a first order language containing a many variables v;,

0<i¢<a = -,A and ¢ and countably many predicate symbols. Well formed
formulas (w.f.f.’s) are defined in a standard way. ]

In the meta-language we will use z,,...,Z,,... to denote arbitrary variables of
La(0).
Definition 16 A Crs,-model for L£,(Q) is a structure M of the following form:
M = (D,W,V), where D is a non-empty domain, W C D is non-empty, and V
is an interpretation function. Since there are o many variables, an assignment of
elements of D to the variables is any element of D*. The relation ‘a formula ¢ is

true in M under assignment s (M, s |= ¢)’ is defined only for assignments in W.
The clauses for atomic formulas, = and A are as before, and

M,s ECp & 3s' =, s(s' e WAM,s' ). m|
We write M |= ¢ (¢ true in M) for Vs € W(M, s = p).

Definition 17 A Crs}-model for L,(Q) is a structure M of the following form:
M = (D,W,V), where D is a non-empty domain, W C D* is non-empty, and V is
an interpretation function. The relation ‘a formula ¢ is true in M under assignment
s (M, s |= )’ is defined inductively as above.

Now M = ¢ (¢ true in M) stands for Vs € D*(M, s = ¢). =]

A formula is Crs, (Crs})-valid, if it is true in all models. A formula is Crso (Crsy)-
satisfiable, if its negation is not Crss(Crs})-valid. ’

It is clear that for @ = w assignments models cannot be reduced to a special
case of structured dependence models, since R must become an infinite relation. For
a < w, there is a resemblance between partial assignments models and assignments
models. But there is an important property of structured dependence models which
holds also for dependence models and partial assignments models (being special
cases of structured dependence models), but not for assignments models, namely
locality.

To get a feeling why locality fails in assignments models, consider the following
example for £5(0). Let M be a Crsy (Crsy)-model with domain D = {0,1},
V(P) = {(1)} and W consisting of the following assignments:

j~4
o

<
I~

m\
|
O = O

0
0
1

[
|

Then M,s | ©,,P(v1) and M,s' & ©,, P(v;), although these assignments agree
on the free variables of <, P(vy).

The failure of locality is the reason why the axiom ¢ — O, ¢, given that z is not
free in ¢, is not valid in assignments models. Namely, consider the model above;
M,s = Oy, P(v1) but M, s £ O,y Oy, Pv1).

Since we cannot give an axiomatization of assignments models based on L.,
we define an embedding of Crs}-logic into L}, and of Crsp-logic into Ly.... Both
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. bl
e the following simple idea. Consider the formulas of t{le n vzzls?bnei

... The difference in the truth conditions for .these formulas in anti%ler
ke d:is and in partial assignments models is that in the former aﬂcllg ifer
miﬂtsir‘:‘; account the assignment of values to all vanables,hwhfether ‘el))fles cur
e i h in the latter only the free vara

e quantifier or not, whereas ( '

foee mt,lde: tg‘orqtl'le formulas which contain all n variables free under a quantifier,
important.

ditions are the same. We take a formula ¢ of L, and add dummy

n
the'trblll::‘ 1Cmodner every quantifier in . The result is called ™. We show that
varia Yy q ® 4 ¥

i i i i nts
i ivalent to ¢ in assignments models, and that ¢™ is satxsﬁab}e 1r’} }zfmgir‘x/r;ethe
e eg:lls if. and only if, it is satisfiable in partial assignments models. is g
mo s

deSigf erxs‘e)eti(:tn %c;rmulas which have all n variables under each quantifier satisfy
se

embeddings us

locality in CTsn: . |
18 Let ¢ be a formula of L.(O) which contains all n variables in %he SZ(ZZ
a ‘ *
f;;g:;: quantifier. Then for every Crs (Crst)-model M and a pair of assign
5.z which agree on the free variables of ¢, M,sEpe MzE
4 ] . . ) l
Proof. The proof goes by induction on the complexity of tp;ifol;.atokrlnl; ::}:;‘il; ?,S,
o cla the induction hy
im i iously true, the clauses for and A use ‘ e
thetda(‘;:r(lis\sz;mzss}\;me I\’/I s | Outh- Then there is an a.ss1gn<x>ne:;t s' g, s axgr:eVs
i . ince: ia ; free in Oy;¢, and z
1 variables except v; are Ir i,
uch that M,s' E ¥. Since al ' 1 A >
ivith s on the free variables of Ou ¥, 2 =i s', which glvez ;VI ,Z }:Sult:f) o,
This property will be also used in the proof of embedding re

4.0.1 Embedding of Crst into L,

" Ln ) (‘C" ( ) 1
Deﬁne a tIaI]SlathIl function L (:) ‘C’ﬂ(: O) is the anguage using
OIlly the varlables VOy«+-s Un—l) as follows: commutes with atomic formulas and

propositional connectives, and
(Outh)" = Ou(T(Wo, -1 Vn=1) AY)-
+ n
Proposition 19 Crs; ¢ & L. B¢

i . Then
Proof. We wil prove Crsf ¢ & Ly .2 Mt B0 (0w, e
‘s a CrsT model for —p. Since in C7s, m¢ an® |
thfrrlz rlrsloa(LieI Zzgisﬁes (=¢)™. To prove the proposition, it is enough to show that for
Z\i/ery 6 € La(C), 0™ is Crs}-satisfiable iff 0’}‘1 is p;a_gatfﬁ;t;t;:él 11 and an assign-
. . e
that 6™ is Crst-satisfiable, i.e. thereis a G, - :
‘tsz‘olfrr:mg:h n) so sugh that M, so |= 6™. Define a pzn'“;la.l assignments model
men , part
Mp.q.+ as follows: Voat =V, Dpat+ = D, and W,i.a,+ o
We prove by induction that for every subformula % o

M,sEvY & Mp_a_+,s[FV(1/J) = 1.
The clauses f;)r atoms and — are obvious. The clause for A is also easy:
M,s =1 Ay & M,s =1 A M,s EvY2 &
& Myot,s[FV(1) E¥1 A Mpat,s[FV(i2) E¥2 &

& Mpat,s[FV (@1 N2) E 1 A

Finally, M,s | Ou¥ & Js' =; s(s' €W A M, s' = 9); since ¥ i’s ;“s/u(tl;f;)rmu:?
m ) ] vi _ .
of @ in the scope of a quantifier, FV({) = {vo, - Vn-1} and s'[

Therefore the condition above is equivalent to

2d(s' = STFV(Outh) U ({5, D} € What AMpatos' V)
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ie. Mp.a.+7erV(<>in) F: Ov;w'

This shows M, o 4, 50[FV(87) |= 6™, ie. if 6™ is Crs}-satisfiable, then it has a
L}, -model.

To prove the opposite direction, suppose that " is satisfiable in a partial as-
signments model M and an assignment so. We construct a Crst-model M’ and an
assignment a(so) with M, a(so) |= 6™. Let M’ have the same domain and interpre-
tation function as M, and W' = W n {s: dom(s) = {w,... »Un—1}}. Of course, all
assignments in M’ are of length n.

Let a be an arbitrary function which gives a partial assignment s from M an
assignment a(s) in M’, so that a(s)[dom(s) = s.

Now we prove M, s = ¢ < M',a(s) = . The clause for atoms and negation is
trivial. For the conjunction we have:

M,s =y Ay & M,s[FV (1) =y A M,s[FV(¢;) vy <

& M a(s[FV (1) v A M',a(s[FV(15)) 4,

Since 1, and v, are subformulas of 6™, and a(s)[FV (¢;) = a(s[FV () [FV (3;),
by lemma 18 this is equivalent to

M'ia(s) ¢y A M a(s) E vy, & M’ a(s) k= by Ao,

The clause for the quantifier is easy. Since the assignments used in the quantifier
clause are of length n, we use the fact that such an assignment s’ € W' iff s’ € W:

M,s}:Ovizb@Ed(s':sU{(vi,d)} EWAMSEY) e

& 3" = a(s) e W'(M', s Ev) & M a(s) E ©,0.

This gives M',a(so) |= 6", that is, if 6™ has a L}, -model, then 6 has a Crst-
model. ]

4.0.2 Embedding of Crs, into Ly..

Given the result above, it is easy to show that the same embedding works for Crs,,
and L, ,..

Proposition 20 Crs, = ¢ < Lyo .

Proof. The beginning of the argument is the same as above; the problem is reduced
to proving that ™ is Crs,,-satisfiable iff " is L, o -satisfiable.

Given the definition of a partial assignments model, it is clear that L, - and
Lyp.a.+-models are the same, and only the notions of satisfiability are different. (We
cannot reformulate the definition of partial assignments models so that the satis-
faction relation would be defined only for the sequences in W; cf. the clause for
conjunction.) Therefore, if ¢ is satisfiable in an L}, -model and the satisfying
sequence is in W, then ¢ is L, , -satisfiable.

The corresponding fact for the assignments models is also true, but needs a
bit more elaborating. Let M be a Crs,-model, and M* be the corresponding
Crsf-model (with the same D, W and V). Then for s € W

MskEpo Mt skEo.

The proof is an obvious induction.

Consider a formula 6™ from the previous embedding proof. Without loss of gen-
erality we may assume that 6" has all n variables free (in all logics, 6™ is satisfiable
F 0™ A T (vo, ... v, 1) is satisfiable).
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Assume that ™ is L, satisfiable, i.e. there is an L, ,. mode]. M and ;Ill
assignment (of length n) s € W such that M, s |= 6™. From.the analysls ab?ivelz,Ml
is an L}, model as well, and the embedding pr00‘f a.bove gives a Crs} moh e
and assli)-gr'lment a(s) = s which satisfy ™. Since s is in W ?,nd.s is Sf length n, we
have M',s € W' |= ™. But then there is a Crs"-nffodel satisfying 6™. .

Assume that there is a Crs,-model M satisfying 6™. 'Fhen there is a TSh-
model M* such that M+ s € W [= ". By the embedding a{/gl;r;lent, Bt;}ller; :i
an L;a,-model Mp.q 4 with Wy o4 = v,‘,lf such tha.t. If\i/[pb,,l,Jr,s[F (6™) = 6™ !
s[FV(0") =sand s€ W. Therefor.e, 0™ is Ly o -satisfiable. AT

From the following fact (which is well-known, cf. for example (Néme xC ),
but which we restate here for the sake of completeness) follows that also Crs,, is

embeddable in Ly q.:

Proposition 21 For every w.f.f. with at most n first variables ¢, |=crs, ¢ iff
FCN“ P

Proof. We prove that —p is Crs,-satisfiable iff - is Crs,-satisfiable. el

The direction from left to right is easy: one can alwz.iys t.ran‘sfo.rfn a Crs, mode
M , satisfying -, into Crs,, model, by adding the same infinite ‘tail’ to all sequences
" Agc;r the converse, let M be a Crs,, model, and .M,s = —p. Just ‘cutting th(:,
tails’ of the sequences in M would not work, since it may.make some sequencz s
for which s’ =, s does not hold in M, accessible from s in t‘he new model.d et,
for example, n = 3 (which means that ¢ contains only tllle variables v ,Ivl an dvz).
Assume that s differs from s in the Oth and 5th coordinates. Thlen s =0’ s does
not hold. But if we consider only the first 3 coordinates of s and s', then s’ =g s.

To make a Crs, model from M, which satisfies ¢, we proced'as fc.)llows. Let
M~ be a submodel of M obtained by leaving out all sequences which differ from s
in some coordinate m, m > n. An easy induction shows that

M,SI=(P¢>M_73'=90-

(The inductive hypothesis being: for every s’ which differs from. s in at mo?t n first
coordinates, and every formula 1 containing at most n first variables, M, s’ |= ¢ &

M=, s E ). ‘ ) .
M _tT:a.n be easily transformed into a Crs, model by ‘cutting the tails’ of s«[e]—
quences in M~ making them all of length n.

5 The weakest logic above Crs and dependence
models

So far, we have considered the following logics (with inclusions indicated by arrows,
DM standing for the minimal logic of dependence models):
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FOL

Crs ~» L

DM

Crst ~ Lt

Lstr

There are lots of non-trivial logics between DM and FOL (cf. Chapter 4).
But it is interesting that there is no logic which is stronger than both Crs and
DM and weaker than first order logic. In this section we are going to show that
Crs+DM = FOL. This suggests that the intuitions underlying assignments models
and dependence models are in a sense orthogonal.

Although we do not give an axiomatization of Crsp-models, it is clear that at
least the following axioms are valid there:

AL’ O.(p = %) = (O, — O.9) (unrestricted monotonicity)
Ad o o O .

)

The following axioms are valid in the class of dependence models:

A0 propositional logic;

Al O (¢ = ¥) = (O, — O.%), given that O, and O, contain the same
parameters (free variables and constants)

A2 ¢ — O,p, given that z is not free in ®;

A5 O, — Oyp(z/y), given that y is free for z in p(z);
R1 ¢, o = 9/y;

R2 ¢(2)/0a0(x).

Putting these axioms together and replacing O by V and ¢ by 3 we obtain the
following system:

Ax0 propositional logic;

Ax1 Vz(p = 9) — (¢ — Vaip), given that z is not free in ¢ (from unrestricted
monotonicity A1’ and A2)

Ax2 ¢(z) = yp(z/y), with the usual restriction (from A4 and A5)
MP ¢, o = ¢/4;

Gen ¢(z)/Vzp(z) (from R1).

)

which axiomatizes first-order logic (cf., for example, (Mendelson 1979)). This proves
the following proposition:

Proposition 22 The weakest logic which derives all formulas valid in both depen-
dence models and Crs,-models, is classical first order logic.
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th the logic of dependence models and Crsn—mgdels are lnth v;rleaker t};a;
B'O 1 first order logic. In particular, they are decidable even in the preT: .
Clfassmality in the language (as we shall see below, this follows from the results o
ua L
;Iéfr?eti (1992), Andréka and Németi (1994)).

6 Restricted fragments of predicate logic

s 3 der
ight 1 i dering it as a fragment of first or

insight in modal logic comes from consi
iA 1?; 1(1)1fu112i %he standard translation (cf. van Benthem (1983)). The same holds for
og i

ics of modal quantifiers. ‘ ‘
X }lxollgllcos ;)csrinrﬁzrodgced above can be embedded into fragment§ of f.irst~orc.ler l(i)g;;c
ith restficted or bounded, quantification (where every quantifier is restricted by

wl )

i la). .

o i;tor(n:;gzglzl a3an Benthem and Németi 1995) the followmg fragme_nt (czﬁled
B grrlnent 2) is )deﬁned: a fragment of first-order language w1t)h e(ﬁuaht}); w erl;;
o i Z(R(Z,y re R is al

i form 3z(R(Z,7) A p), whe
bformula in the scope of 3 is of the : kg
ezlcahtizlrllal symbol (not necessarily fixed) and the free varlzﬁ)l;s of f alrgegzlilr)norilg1 zti’gs
§ i i in (Andréka and Németi .

is f ent is shown to be decidable in ( t )
’I;}(:::Sior:agwnel show that the logics of partial assignments models and the logics of
b : i t 2.

i ts models are embeddable into Fragmen o
35515‘2;11 g;ss and Crsy this is a well-known fact (cf., for example, (Nemet; 19')92))-.
The followi;g translation tr from L£,(©) into the language of ﬁrst—ordel: hogic :Ialrilc
riched with a predicate R is used to define the embedding: tr commutes with ato
formulas and propositional symbols, and

tr(Ovp) = Ii(R(vo, - -, Vn_1) Atr(p)).

" itively,
Put for Crst ¢t = tr(p) and for Crs, ¢* = R(vo, - . o Up—1) A tr(cp).t i;lt;‘}tl\ggfe
R(do, - - . ,dn—1) means that {(vo,do), . -+, {vn-1, dn_.l)} is an+a,s.51gnn?e§ n in. one
can e’asilgl check that ¢ is Crs, (Crs})-satisfiable iff ¢ (p™) is satisfial
logic. . .
Ord;‘roro%he partial assignments models, the idea is completely the sarr.le,tﬁutt :vv:
have to introduce countably many relational symbols. The reaso; Hxs entavari_
must be able to distinguish assignments of the same length b.ut <to i Zri ra
i i like Ry, .ip, 91 < o0 S iny
dinates). So we introduce symbols i1ncrin -

?IL';)leS (C(():i)r d )) meaning that d; is assigned to the variable v;;. The translation

11 yeensin \ A1y o+ oy Un ) i
is 1z’a‘s one would expect, the same as tr except for the quantifiers:

/
tr! (Ous. (Wi - -, vin)) = Fvg; (Riy i (Vigs- -y vin) At ()
For example, Oy, Ou, P(v0,v2) is translated a
Juo(Ro(vo) A Jvz(Ro 2(vo, v2) A P(vo,v2)))
which is equivalent in first order logic to
3o3y(Ro (<) A Ro2(2,y) A P(2,9));
Oy, Ovy P(vs,v1) is translated (up to renaming of the variables) to
v3 v1 k)
3e3y(Rs(z) A Ra3(y, ) A P(z,9)),
i.e. to a different formula. ‘ /
- A(; zef;re, we define pT = tr'(p) and ¢* = Ri,, i, (Viy, - - ,vi ) Atr' (@), where

v; v:  are the free variables of ¢. The claim is that ¢ is Lpa. (Lp‘a_+)—satisﬁable
iflfl :p.*.(.c;’:‘*'l)n is first-order satisfiable. From this follows
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Proposition 23 Both logics of partial assignments models are decidable.

Proof. Follows from the embedding above and the result of Andréka and Németi
(1994). o

The same idea applies to L. Since the difference between L, and L;;m is
in the circularity property, we must show which variable was quantified. We add

countably many predicates R: oin s Where the superscript stands for the quantified
variable. The translation becomes

1 (Qus, (vir, ., v5,)) = oy, (RY i Wiy 03 At ()

£1 50s

Again, ot = () and ¢ is satisfiable in the structured dependence models iff ot
is first order satisfiable. We prove that the translation is satisﬁability~preserving
only for this case; the proofs for partial assignments models are analogous.

Claim 24 For any formula ¢ of L(O), ¢ is sati

sfiable in a structured dependence
model iff tr'' () is first-order satisfiable.

Proof. Assume that there is a structured dependence model M = (D,R,V) and

assignment s which satisfy ¢. Let M' = (D,V'), where V' agrees with V' on all
predicates from £(<), and

W) €VIRY, L) (i) R {{vigsda), . i do)\ ({05, ).

For example,
Ra5(dy,da,ds) & (vg,dy) R {(v2,d1), (vs,ds)}.
It is easy to prove that for every formula 9 and assignment z,
MzEypo M= tr'' ().

The proof goes by induction on the complexity of 1. The only non-trivial case is of
% being of the form v, 0(viy, .y v;,). M,z = O, 0(viy,. .., v;,) means that

Fwssod) B (v, 2(0a))s - (o, 200, DI {0, 2(08,)) A M, 25 = ) o

©3ARE | (2(vi),..0d,. .., 2(0.)) A M 25 =0 (6) o

S M, zE Fu;, (R:iln (i, -0 ) A tr'(6)).
This proves the direction from left to right.
To prove the opposite direction, assume that tr' () is first-order satisfiable. We

construct a model for ¢ by keeping the domain and interpretation function the same
as in the model for tr'" () and defining R as follows:

(i d) R {(viy, d) .. (v, du)} \ {(vs,, d,)} (d,eosdyy.ndn) e V(RS ).
The rest of the argument is the same as above. a
Proposition 25 The logic of structured dependence models is decidable.

Proof. Follows from the embedding above and the result of Andréka and Németi
(1994). m]

The standard translation for dependence models is given in (van Lambalgen

1991) and (van Benthem and Alechina 1996). It also falls within Fragment 2 and
is decidable.
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7 Conclusion

i e seen as special cases of the same principal
The 1.0 gics }fof? ?31}(11: r::n;bzzz Cvzr:i:ble bound b;) a quantifier can be deper'm(.lent on
e fa ther variables. Different logics emerge when different cond}tlons on
s relation are imposed. All such logics can be translated into ﬁr_st
e depex'ldenBcet it definitely makes sense to study them on their own or as special
e loglC.f ﬁ;lst order logic, because they may have properties \‘Nhlch .full first order
fmqmg::: (r)xot posess. We have seen this on the example of decidability.
logic
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Mathematical Treatments of Discourse Contexts*
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1. Introduction

This paper is concerned with some general questions about discourse
interpretation: What are the key theoretical structures on which discourse
interpretation should depend? How should a discourse context be thought of--as a
structured representation, or model-theoretically? How should we model the
updating of discourse contexts with new information?

An answer to the first question above, What are the key theoretical structures
on which discourse interpretation should depend?, motivates the theory of
discourse interpretation. If we take our cue from sentential semantics, the
meaning of the discourse's parts should determine the meaning of the whole;
some sort principle of compositionality of meaning must hold at the level of
discourse interpretation. So a theory of discourse interpretation must develop
from an account of discourse structure.

A theory discourse structure and, hence, discourse interpretation must
integrate both semantic and pragmatic information. Recent work on discourse
structure in Al, philosophy and linguistics has shown that discourse structure
depends on numerous information sources--compositional semantic principles,
lexical semantics, pragmatic principles, and information about the speaker's and
interpreter's mental states. So a theory of discourse interpretation must in fact also
be a theory of semantics and pragmatics and their interaction--a theory of the
pragmatics-semantics interface.

This leads to several other questions: How should we model the interaction of
these multiple knowledge sources needed to construct discourse structure, or the
interaction between defeasible pragmatic principles and nondefeasible semantic
principles?

I will review and lay out systematically one theory, Segmented Discourse
Representation Theory or SDRT, which is one attempt at a theory of discourse
interpretation and of the pragmatic-semantic interface.] Like DRT, SDRT
exploits representations to model discourse contexts and to determine the
semantic effects of discourse structure. After giving some applications of SDRT
to problems of discourse interpretation, I develop a novel and alternative model-
theoretic approach to discourse contexts for a theory of pragmatics and semantics,
and then establish an equivalence with SDRT. The model-theoretic approach
gives a more general description of the theory by abstracting away from
irrelevant aspects of the representations. It also indicates the minimal amount of
information about our representational structures needed to analyze the

* I would like to thank Tim Fernando and Alex Lascarides for extensive and helpful
comments on previous drafts of this paper.

IThis theory has already been introduced at some length in Asher(1993); I will give here a simpler
and improved account.
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hen
phenomena SDRT has been concerned with. There is a [ot of such information

needed, and SDRT re :
2 T : A
Sk presents a minimal commitment to representational

lz‘;t::ious worko ﬁas .est blish fion--SDRT
ablished that a theory of dj i
an acco ; of discourse interpretati ]
discoursl;natn(zjf}?l Scourse structure. But how do we characterizerfltlauon S 4
0w do we build it? SDRT furnishes some answers € structure of a

relations to fi i i
the Soome. S lgl;ncs ullu;gacrc}nqal structure. Now since SDRSs are abstract object
SDRSs mie e CUr in more than one structural position. So [ shall J] (;):
function from 1abels tso ‘ggll]{a sct of labels {m, r, ...}. There is a sur'ect?v i
distiner e "Ss. I will assume that labels with distinct indijce :
o vl l?es. nfeeq not be; henceforth I shall write the value Sfare
Formally, an SDRS i ; p;n’l('l(t;fl tseftss aacs?:tlsttjamfand s,  Particular SI;)RSJS
- % : 5 of consti, '
DRSs, and a set of conditions in which discourse rel at?:)iz&;})%g}]i%ellﬁills) ﬁlslslor

DEFINITION (SDRS and SD
RS Conditions): If {m:a i =Ui
labelled SDRSs or DRSs, Con is a figite ; o’f"§brii'sa"c}o;m%:fn: o g

whose arguments are
among g, ..., 7t an, .
least one element of Con, theletl <U, C8n> ?s sz::lc}.;‘lt)hlg.;every T ORI s

If .o and JT.Q are labelled DRSS aﬂd R 1S a Dl course R latl()ll Sy]n])()l
S
S {2 "

SDRSs fi i i
the edges are discourse vy 1o, 10088 OF e, R, aiclled SDRS, whil
signifies gll;\t the condition in fact holds 2erent = i ndertines
e L. - . .
Th RS definition is motivated by three concerns: first, an SDRS should

furnish a Structural i
el constrai : .
similar manner 0t on the anaphoric potential of the context in a

_

2R i i i
or the semantics of various discourse relations see Asher (1993) chapter 7
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from the two clauses in the responses to (1.a-b). Narration relates the events in
the clauses temporally, while Contrast says that the t\yo clauses have
incompatible implicatures. But the analysis of the disambiguation does not work
if we are forced to choose only Narration or only Contrast to relate the
constituents, and having a single relation that carries the semantic effects of both
Narration and Contrast is not independently motivated (Knott, 1996). The SDRS
for (1b) is depicted below to the left, and the constituent graph at the right.

(1) Hast du das Buch gekauft, oder? (Did you buy the book?)
a. Nein, ich habe es nicht gekauft, aber ich habe es ausgeliehen

(No, I didn't buy it, but I borrowed it)
b. Ya, ich habe es gekauft aber ich habe es ausgeliehen.

(Yeah, I bought it, but I loaned it out)

Narration

m; | buy book Contrast(r,, ) kT~ k,
. Namatontr, )|

I will return to this example once I have said more about discourse relations.

A second aspect of the complexity of SDRSs is that an SDRS--i.e. a graph--
may make up a vertex of another graph. This is a direct consequence of the
recursive definition of SDRSs. The justification for this additional complexity is
the intuition that in discourses like (2) below, the sentences following the first
introductory and topic sentence all contribute to the overall discourse structure
one elaboration, one complex SDRS containing several SDRS constituents,
rather than separate elaborations of the topic. The recursive definition of SDRSs
allows us to distinguish between these two cases.

Like DRSs in DRT, SDRSs are constructed incrementally: Given a discourse
consisting of the sentences s,, ..., s, one first constructs an SDRS k, for s, and
then uses k, as a context for the interpretation of s,. One then updates k, with the
interpretation of s,, and then uses the resulting SDRS as a context to interpret s,.
The construction of a SDRS is more involved than DRS-construction. First, the

SDRS construction procedure must specify a semantic representation for the
sentence s;. Second, the context SDRS for sj in general offers a number of
different attachment sites to which the representation of sj could be attached; the
SDRS construction procedure must say which sites these are and select one.
Third, the construction must specify one or more discourse relations that relate
the semantic representation of the new sentence to components of the context
SRDS that are available at the chosen attachment site. Except when the processed
sentence is the initial sentence of the discourse, its representation must be related
to the context by at least one discourse relation. This is a relevance requirement
for cohesive discourse. Finally, one must determine the the truth conditional
effects of the attachment of the new information to an available attachment site
by means of some particular discourse relation. The truth conditional content of a
discourse comes in part from compositional and lexical semantics and in part
from the effects of the discourse relations. Below, I will give examples with

pronominal and temporal anaphora.3

3For other applications of SDRT, see Asher (1995b) for an analysis of focus/background, Asher et
al. (1995) concerning spatio-temporal trajectories, and concerning lexical disambiguation --Asher

& Lascarides (1995), Asher & Kamp (ms).
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In SDRT, lexical and compositional, dynamic semantics (DRT) determine
the semantic representation for each clause and, here, for each sentence.4 To
calculate the update of an SDRS with new information, SDRT uses three types of
axioms: the axioms of attachment, axioms for inferring discourse relations, and
axioms for the semantic effects of the discourse relations. Let us look at these
more closely now.

2.2 SDRT Axioms of Attachment

The axioms for attachment constrain possible attachment sites. SDRT
distinguishes a particular set of attachment points to which new information,
forming a new constituent in the SDRS, may be attached by means of some
discourse relation. Attachment sites are the labels of SDRSs. Only certain labels
within an SDRS are attachment points. The motivation for this restriction comes
from data on pronominal anaphora. Polanyi (1988) and others have observed that
discourse structure establishes a constraint on pronominal anaphora. Only
discourse entities introduced within certain constituents are anaphorically
available; for instance in (2) (from Asher 1993), the pronoun this in the last
sentence cannot refer to the Shuttle's launch in the second sentence, even though
in terms of content this makes a certain amount of sense. The only antecedents
for this are the entire Shuttle voyage or the launch of the TDRS satellite.

(2) After thirty eight months, America is back in space. The shuttle Discovery roared off
the pad from Cape Kennedy at 10:38 this morning. The craft and crew performed
flawlessly. Later in the day the TDRS shuttle communications satellite was
successfully deployed. This has given a much needed boost to NASA morale.

To capture this observation, SDRT postulates that anaphoric relations must
occur between SDRSs linked by some discourse relation via their labels. For this
to be possible, the label of the SDRS that contains or is the antecedent must be a
possible attachment site. Whether a discourse referent or SDRS o may be
anaphorically linked to another discourse referent x introduced in an SDRS y
depends upon whether a is or occurs in a SDRS B that via the labels bears a
discourse relation to y. A slight complication to this occurs when the antecedent
is a topic--in this case the anaphor can pick up the content not only of the topic
but what it is a topic of. The meat of this constraint comes from the fact that
possible attachment sites and thus discourse relation relata are restricted. They
must either label: (i) the current constituent (the one added by processing the last
sentence or clause) , (ii) a topic of the current constituent, or (iii) an SDRS that
the current constituent is background to. I will assume that a function current,
determined by SDRS update, takes an SDRS and returns the label of its last
entered SDRS. il 7, means that i, labels a topic for the SDRS labelled by m,.
For labels m, and 7, define: < 7t in an SDRS 9, to be the smallest relation such
that a, m: o, € Ug, or Am(w < m, in § & 7 @, € Uy). Since every SDRS is
finite, < is well-founded and every label has a unique < predecessor. Let pred(st,
T) denote the predecessor of 7t in T, and let Ol pred(r, 7) be the SDRS so labelled.

DEFINITION : d-subordinate = the transitive closure of < U { U Background.

“When s is complex (in that it has, for instance, one or more subordinate clauses), this
representation could itself take the form of a complex SDRS, consisting of several DRS-like
components; or, alternatively, the interpretation process could select one part of s, typically its
main clause, attach its representation to the context SDRS and then proceed with the other parts.
However, such complex sentences present a complication that is irrelevant for the examples in this
paper, and so we ignore them here.
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DEFINITION : A label 7 is open in B iff d-subordinate(current(f), ) Or T =

DEFINI?I‘;g;m((g)-.Freedom): Alabel mis d-free in p iff current(f) = or Il

71 € Con(Cpred(r, 7))
An available attachment site in an SDRS is an open and D-free label; the

i it' i h without the SDRSs); a line
i low depicts some (it's a constituent grap !
Sel:;%;:gtlltts)ihat thepthe labelled SDRS below belongs to the universe of the SDRS

whose label is above.

T \
il open and d-free
/\n o
nll i
e

/\ 702 current label

Let's see how all this works by analyzing example (2). The first sentence

ields a labelled DRS k;; k, acts as a context within which to 1r§te.£{et thenn:;lcé
7 ce whose semantic representtionat is also a DRS k. k, is trivially ope and
gr}tr:. and so m, is an acceptable attachment site for k,. Assuming a corxg);:: t(l’)le
of- the appropriate discourse relation to hold between K, and k,, we

SDRS below in which k, and k, are related by the discourse relation of
Elaboration; and k, is a topic of k,.

1

i h
SDRS for first two sentences Constituent Grap)
m K, .
ik k | Elaboration
Elaboration(3,, 7%,) n: k,

m 4,

k, represents for the third sentence; it is related by Commentary to k,, though 7,

ilable as attachment sites. The SDRS
both open and D-free and so availab ¢ h
{3;1;107;; gfows thepzttachment of m, to m,. The Commentary relation gives k, a

primary discourse status, which we capture irsl Sla?f}t{T 23; ;‘r;ﬁiilggkkl ?htao?)lgs(s)ifbll(é
er 5
(see the treatment of Background below). SO oy o A:merica's —

attachment sites are now Jt,, g, Or TT;. k, continues

back in space. It also moves the narrative along from k;; the adverbial later that

i ive link i d in SDRT by Narration(7t,,
is clear. This narrative link is rgpresente ]
i{ ’Iln'ha;(::stllﬂnt of these two attachments is this SDRS and constituent graph.

-k | Elaboration
" 'k
ok ks miky ‘ \ |
' ommentary(i,, 5 7 4 7 Narration(st,,7 ,) ok, Nax nk,
Elaboration(w, m) 7 4 7 Comm ll{:
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We can finish the example by attachi i
the d‘isc.ourse relation Resulz This yrilflcli(ssotr(:ethe Slt‘e
permutting the identification of the discourse r
the entire episode--i.e. z = k, Uk,". The onl
the SDRS above is k4. So SDRT ll)redicts th
onlyApossible antecedents of this.

special featur implicit i
that different disc0u(;’sgfreslla)ttliz(;lr;:l gfid e St et
helps account for the segmentation of
But the differential treatment of discour:
truth conditions. The anaphoric po
depegdmg on the types of discourse rel
Consider the following discourses.

4) A i i
(4) A woman with an enormous suitcase asked John to carry her bag to the taxi stand
nd.

Iheﬂ a talnlly with several pets and pCtulant Chlldlen wanted ]llS luggage cart. ]Ohn

a) But he was too polite to tell *her to lug her own suitcase,

)
b But he was too pollte to tell the lady to lug her Own suitcase or the famﬂy to find
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SDRS m,:0, to an open and D-free label m, in an SDRS < representing the
discourse context prior to the integration of the new information in a,. to
establish a discourse relation between s, and m, and that relation's truth
conditional and discourse structural effects, SDRT uses an axiomatic theory
known as DICE (DIscourse in Commonsense Entailment).5 We then define an
SDRS update function that incorporates these effects into the SDRS. There will
be an SDRS update function for each relation, and since more than one discourse
relation may be inferred, the sum total effects of attaching st,:a, to 7, in T is the
result of applying all the appropriate update functions.

A theory of discourse structure, so far as we understand at present, exploits
and brings together many, separate sources of information. More specificially, it
is the axioms relevant to the computation of a discourse relation that exploit
multiple information sources--compositional and lexical semantics, the presence
of certain "key words" that have been taken in the Al literature to signal the
presence of a particular discourse relation, and even intonational stress. There is
also an important interaction between these information sources and discourse
structure. As we will see for instance, discourse structure sometimes determines
temporal structure but in many cases too, temporal structure constrains discourse
structure by licensing certain inferences by default or by blocking them.

The question of how these information sources are to be integrated within a
formal, logical framework is a central question for a theory of the
pragmatics/semantics interface. It is reasonable to suppose that these sources of
information, each more or less autonomous, will from time to time support
conflicting conclusions about interpretation. Thus the framework must be one in
which conflicts of different sorts can be detected and resolved without the whole
system going inconsistent. Further, the inference to a particular discourse relation
is underdetermined by any given information source in general. But the other
information sources may or may not resolve the question of which discourse
relations definitively hold between two constituents. So we need to use these
axioms in conjunction with a logic that allows us in the absence of information to
the contrary to infer certain discourse relations by default.

To model defeasible implicatures and conflicting information sources in a
principled manner, DICE uses a nonmonotonic logic in which generalizations
with exceptions are represented by statements with a weak conditional operator
>. A > B means that "if A, then normally B." The effect of using a nonmonotonic
logic is to generate in most cases only the preferred structure. An alternative
would be to generate all the possible discourse structures for a given context and
to impose a preferential ordering on them. But I'll only talk about the first here.
Temporal Relations: Narration
Narration, like other discourse relations in SDRT, is a "theoretical term." Its

import for the content of a discourse is given by the axioms of the theory that
spell out its truth conditional effects. The effect of Narration on the content of a
discourse is summed up by the following axiom, where eqg is the main
eventuality introduced in o (by the main verb of the clause that gives rise to ), 0
is temporal overlap, post(e ) is the post-state of the eventuality eq , pre(eg) is the
pre-state of egS.

(A1) Narration(r, 7t ) - post(eal)o pre(a,))

SDICE reasons about SDRSs and their properties and is part of SDRS construction, but it
is not part of the discourse contexts as represented by SDRSs.
6When we take account of adverbials, (A1) gets more complicated. See Asher et. al. (1995).
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This axiom reflects the intuition that Narrations must have cohesion; the events
strung together by the Narration must fit consistently and without obvious gaps.
The axiom has a number of consequences: by assuming that post(e) > e and
pre(e) < e (where '<' is a temporal strict precedence relation such that e < e' iff e
occurs prior to '), we can infer from Narration(r,, 7)) thateo, <eq, -

An additional effect of Narration is that elements connected together by
Narration must have a common topic that is neither loically valid nor
contradictory (i.e. contingent) once we update the SDRS--a policy stated in (A2).
Update(Opred(predr,, 7)) » Narration(s,, 5t,)), the update of the SDRS containing the
SDRS in which 7t;:a, is a constituent with the new Narration, is defined shortly.
The intuition that a Narration must have a unifying theme motivates this axiom.

(A2) <, m,, > & Narration(r,, i) — (Ja,)(Contingent(at,) & mlm, & mln, &

m,: a, € U(Update(Qpred(pred(r,, 7)), Narration(rr,, 1)) & mdom, mlm, €
Con(Up-date(a pred(r,, v)))-

Let us now look at how to infer Narration. Many of the laws for inferring
discourse relations are defeasible generalizations. The basic SDRT axiom for
discourse relations, e.g. of Lascarides and Asher (1993), is that without
additional information we will infer that Narration holds between two
constituents expressed by sentences in the past tense that are to be related
together. Work on narrative structure by Canapael (1989) and Sandstrom (1995)
indicates, however, that the original SDRT approach to Narration is perhaps not
correct. Additional information seems needed to infer a narrative sequence in a
text. For instance, in American English, Narration and its temporal structure may
not be inferred in certain contexts, although our simple axiom would predict it.7

(5.2) John studied. Mary studied too.
(5.b) Mary studied, but John went drinking.

(5.¢) Alexis was a good girl today She did her homework. She practiced piano, and she
helped cook dinner. )

Why does Narration fail in these examples? Given the logical framework of a
nonmonotonic logic, there are two explanations: (i) something blocks or defeats
the inference to Narration; (ii) the simple axiom of earlier work in SDRT is
incomplete and the right default for Narration requires some extra condition in
the discourse context that is missing in examples (5). It is hard to see what blocks
Narration in these examples, so option (ii) seems more plausible. The requisite
information for inferring Narration in some cases, exploiting some of
Sandstrom's ideas, is that the first mentioned event e "occasions" the second
mentioned event eq,--i.¢., be part of a plan or a natural type of sequence of
events in which events of the sort described by a, lead to events ot the type
described by f. This seems intuitively plausible and supported by examinations
of real texts. But obviously this can only be a default; interpreters don't have a
plan or enough world knowledge to know about occasionings in every instance of
Narration. Further, how do we express "occasioning" formally? The effects of
Narration axiom in fact gives us the key. If one can deduce nonmonotonically
from the world knowledge and the discourse context that the prestate of an event
of ying overlaps temporally the post-state of an event of ¢-ing, then one can

7One might think (as I did earlier) that perhaps relations like Parallel and Contrast--as in (5.a-b)--
preclude Narration. But I have no explanation for this and it seems in any case implausible given
an example like (1) where we have both Narration and Contrast. At any rate this does not explain

(5.¢), which is acceptable in American English.
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(7a)  John waved to Mary across the hall. She smiled at him.
(7b) John waved to Mary across the hall. She had smiled at him.

To say why Narration fails in (7.b), we must say a more about the interpretation
of tenses in SDRT. SDRT uses a simplified DRT treatment of tense. The English
simple past simply introduces an event in the past. The English pluperfect is
"anaphoric” in that it anaphorically links the eventuality argument of the verb to
some other temporal entity than those introduced by the tense form itself. 10 The
contribution of the pluperfect in linear DRS notation is:

PP(o) — [[s, €], [s = cs(e), @(e), init(s) < ?, init(s) < now]]

In the DRS above s is the consequent state of e, and ? must be replaced with
either an anaphorically available temporal or event discourse referent introduced
outside the tense component in which ? is introduced.

In (7.b), the only available temporal discourse referent for the ? in the
condition init(sk,) < ? introduced by the PP tense in q, is ek,- So we have
init(sk,)< ek, . Since so = cs(e'), where e' is the event of Mary’s smiling, e'<
init(skz) and so e' < ek, which contradicts the temporal consequences of
Narration. The tense sequence information here constrains the sort of discourse
relation that can relate k, and k,. This example an dthe others There is instead a
complex interaction between compositional semantics, lexical semantics and
discourse structure that determines temporal structure.

Examples like (8) were also taken to exemplify an overriding of Narration by
other information.!! But on the new treatment here (8) is not a true instance of the
reversal of Narration but one where Narration simply does not apply.

(8) John stumbled. Mary pushed him.

There is no occasioning suggested between stumbling and pushing but rather as
postulated in earlier work the speaker's invitation to see a causal connection
between the two events, symbolized by means of a "triggering rule"; this rule
allows us to infer D-permissible-Cause(k,, k,, T) and with the approrpriate
axioms, Explanation(s,, 5,) and its temporal consequence--namely, that no
temporal part of the explained effect precedes its explanatory cause.

Narration can sometimes block Explanation. The account of Lascarides and
Asher (1993) had trouble with the following, acceptable discourse, in which the
inference to Explanation is blocked in favor of an inference to Narration even
though there are no explicit clues for Narration:

1 Arie Molendijk, I believe, came up with the idea that the French imparfait is anaphoric. Like the
English pluperfect, the French plus que parfait and passé antérieur are also anaphoric in a way
analogous to that made plain for the translation of the PP tense in English.
I'See Lascarides and Asher (1993).
2Triggering rules exploit types in the lexicon. For instance, the D-permissible Cause axiom,
formalized in Asher (1995a), concerns the juxtaposition of lexically defined event types and
exploiting a particular pragmatic constraint about what forms speakers use that license certain
discourse connections-- in this case causal and explanatory connections. They are once again laws
of pragmatics, but they exploit various information sources beyond what might be traditionally
considered pragmatics. Here is the rule for D-permissible cause
[<t, a, B> & cause-change () & change (@) & O(ct, > geay)) & O( — W(eat,)] > D-
Permissible-Cause(c,, o, T).

The rule may also be used to infer D-permissible-Cause(a,, 0, T) when the information about ¢
and 1 above is reversed. Here is the relevant Explanation axiom:

<t, m, > & D-Permissible-Cause(a,, o, t) & ASPECT(a,,, o) > Explanation(s,, 7t,)
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(11) Pierre étcigna Ia lumigr isait nuit noj
Fy e (k) . Il faisait nuit noire, car les volets étaient ferm@s
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The information in (11) allows us to use the axiom for Result (A14), which is
insensitive to the aspect of its constituents (this is represented by ASPECT).

(A11) [<r,m,,t> & Aspect(a,,0,) & D-PermissibleCause(a.,;,a,)] > Result(a,, a,)
(A12) Result(a;, @) ~eq, <€q,-

But from the compositional semantics and the aspectual calculation for the
sentences, we have: Event(ey )--i.e. ~State(ey )--and State(ey ). So the antecedents
of the Background and Result axioms all are satisfied in this discourse context.
Now these are all incompatible relations--by (A12) and (A10). Because (A11)
has the most specific antecedent, DICE forces us in this case to infer Result
rather than Background, and so we infer ek, <ek, in (11), as intuitions dictate.

Like Narration, Background also has structural effects on the discourse
context, creating a Focus Background Pair (FBP) with a topic with particular
update rules. (A13) states a local update rule, similar to (A4).

(A13) Background(s,, 1) & —Im,:a, FBP(7,, pred(m, )~
(i) Update(t, Background(m,, 1)) = t[Update(a pred(r,, vy, Background(sm,,
1)) A pred(n,, )] & Current(Update(t, Background(sm,, 1t,))) = 7,

(ii) Update(a pred(m,, T)» Background(i,, 1)) = a pred(m,, 1)[(11LJ_(12/ a,] U
<{m:a,}, {FBan:I, 7)}>, where o, = <{m,:a,, 7;: o}, { Background (m,,
>

(A14) Background(r,, 1) & FBP(r,, pred(r, ) =

(i) Update(t, Background(m, m)) = t[Update(Qpred(pred(r,, t))

Background(st,, 1))/ Qpred(pred(n,, t))l, & Current(Update(,
Background(s,, 1t,))) =7,

(ii) Update(Qpred(pred(r,, 7))» Background(n,, 1)) = Opred(pred(m,, v)[0; Y

az/az][a4}apred(n1, 'r)]» where a, = Qpred(z,, T) Y <{m:a,},

{Background(z,, t) }>

(A14) is a non-local updating rule that governs what happens when one already
has a FBP and a background relation attached to t;; it says the topic of the FBP
must always contain the foreground and the most recent background contstituent.
(A13) and (A14) account for a peculiar observation about the availability of
discourse referents introduced in Backgrounding constituents. If we consider one
variant of (3) below, we find that attempting to refer anaphorically to a discourse
entity introduced in the Background is difficult if more backgrounding material
intervenes; but (3) indicates elements in the foreground remain available.
Another variant (3") shows that elements in the last Background constituent(k2)
are also available, even if the constituent (k3) in which the anaphor occurs is
attached to the topic by Narration, thus "moving the action along."

(3") A woman carrying a large envelope loomed out of the snow and approached the bar.
John had been waiting there all morning with an old male friend. John had ordered
expresso after expresso and had read through all the newspapers on the rack. 7He
had talked to him to pass the time. But now she was here.

(3") Mary entered the bar (k1). There was a man reading a newspaper over in the corner
(k2). She went over to him. (k3)

I have examined axioms for inferring Narration and Background, their
temporal effects, and their effects on discourse structure, as well as axioms
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concerning discourse relations like Explanation and Result. 13 If this approach is
at all on the right track, they require a relatively complex logic underlying the
construction of discourse structure. Various features--tense, aspect, etc.--must be
factored in and preferred interpretations result from complex interactions.
Though I have no proof, it is dubious that simple mechanisms for discourse
structure construction that do not make use of Boolean information like simple
unification or tree adjunction will be able to do justice to the phenomena.

Structural Relations: Contrast

Some discourse relations, like Parallel, Contrast and Generalization, are inferred
from the structure of the discourse and its constituents. Discourse theories that
have exploited unification-like mechanisms have concentrated on Parallel where
two bits of discourse structure are taken to be similar in relevant ways (Grover et
al. Prubst, Scha and van den Berg 1993). What SDRT contributes to this work is
a method whereby not only similarity but contrast and other types of relations
can be computed to hold of discourse constituents. Though space does not permit
a lengthy development, these relations exploit the logical structure of the
constituents themselves as well as their contents. These relantions are all defined
by means of an embedding trees t(ar) for a constituent o,

Definition: t(a) = <X, Y>, where: X = {y:y € Ug v y is a subDRS of o or
of some v EcUglandY = {exXyu Xy U {subDRSIX})

The approach of Asher (1993) yields scalar definitions for structural relations
like Contrast. When a scalar relation like Contrast is inferred typically through
the presence of a discourse particle or a grammatical construction like VP
ellipsis, we disambiguate and coerce the interpretation so as to maximize the
Contrast. The constraint about Contrast suffices to disambiguate (1.a); the borrow
sense of ausleihen supports a stronger Contrast than the other possible
interpretation. In (1.b), however, this is not the case; both interpretations of
ausleihen support equally strong Contrasts. What disambiguates (1.b) is that we
infer Narration in one interpretation (the Jend interpretation) using (A3.a). But we
cannot do so in the borrow interpretation, because that the pre-state of borrowing
the book(in which the lender doesn't own the book) is incompatible with the
“post-state" of buying the book in which one owns the book. What makes us opt
for the loan interpretation in (1.b) is a principle that says that we disambiguate
discourse content so as to maximize the number of discourse relations in an
SDRS. Discourse coherence also has a scalar quality, 14

24 Applications: Anaphoric Potential of Discourse Contexts

With this investigation of SDRT's discourse relations and SDRS
construction, we can now go back to account for the difference in the anaphoric
potential of examples (3) and (4). Let's consider (3) first. The first sentence yields
an SDRS with just constituent, which is D-free and open. We attach the label T,
of the DRS k2 derived from the second sentence to this site with Background
using axiom (A9.a) since k2 has a State as a main eventuality and k1 has an event
by the semantics of tense. The update axiom (A13) now forces us to construct a
focus background pair, and the following SDRS:

BThough we have not discussed the update rules for these relations, the rule in each case is the
same--they merely incoporate the new information into the SDRS in a way similar to that given by
the consequent of the first Narration update rule (A4).

14For more details, see Asher & Kamp (ms.).
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available for attachment that is D-free and Open is the topic of the FBhP, in lwnkcis
according to our rules the discourse for aa woman occurs. Thq anaphoric tl s
predicted to be fine because the referent for a woman occurs in the ‘tOIt)llxc to e
Foreground Background pair. Here is the finished structure (I omit the topi

i k4):
constituent for k1 U k3 and k4) et
n: k1l UK3————— k4

| rep
w:

Backgnd I
3%), we proceed as in (3) until the fourth sentence, whic yie a
consItIiltu(enz that rrIx)ust by (A9a) be attached witp Backgr(?und to m,, along thlllﬁki
and k3. But now the friend introduced in k2 is not a}vallable in the topic, w li(;k
has been updated to k1 U k4 according to (A14), or in 1$'3 So the anaphoric o
in the fourth sentence is predicted to sound funny. In (3"), however, aftelr ug(iﬁi °
we have k;, U k, in topic position, and we can a‘ttach _k, to'the label o
constituent using Narration. So the man intrgduced in k2 is available. ) e
In example (4), different discourse relations ﬁgure in the construction o fhe
SDRS, shown below. k1 and k2 continue a narrative pndemeath a cor}struc e1
topic, which contains a discourse referent representing the group o peoget
consisting of the woman and the family because of topic formation rules, tlt.lo
crucially not an individual discourse referent'for the woman. Wher} we attqrap
attach either at the topic or at k2, SDRT predicts the woman to be inaccessible.
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7, topic Uk4
JLFBP
. Bckgnd
73: topic = [People ask John favors}———— 7m4: k3 J5:k4

\“/Elaboration — _——

" Backgnd
K
K k2
Narr

Another interesting discourse context with a peculiar anaphoric potential is
the so called list structure discussed by Polanyi and Scha (1985). SDRT predicts
that these examples have a distinctive temporal anaphoric potential. (5.c) above
is an example. Another set of axioms and triggering rules lead us to conclude that
the first constituent is elaborated upon by the three following constituents (each
one derived from a clause). But we cannot relate k3 to k2 and k4 to k3 by
Narration, because we cannot infer Occasion, nor are the right sort of discourse
particles present to necessitate Narration. SDRT predicts that Alexis's doing her
homework, her practicing piano and her helping cook dinner are all part of her
being good today and so occurred today, but not that they occured in any
particular temporal orders. This is to be distinguished from the discourse
structure for (4) in which the Elaboration has a narrative structure.

The SDRT updating mechanisms thus account for the different anaphoric
potential of discourses in terms of distinct discourse structures that result from
the different discourse relations that bind together the constituents.

3. The Semanticized Version of the Pragmatics/Semantics Interface

The preceding section has developed a representational theory of pragmatics
semantics, SDRT. SDRT in contrast to pure dynamic semantic theories like DRT
defines a new semantic-pragmatic conception of context and a new notion of the
context change potential (CCP) of new information that includes pragmatic and
semantic information. Let us abbreviate the SDRT-CCP of a DRS o as:

Definition: a-3() iff K' is an SDRS-update of K with the appropriate revision
of @.

Because of the possiblity of multiple attachment points in K, —3(g) is not a

function. But we can construct a functional SDRT-CCP of ¢, 3(p), using 3(¢p)

to define a CCP between sets of SDRSs.

I now turn to a semanticized version of this notion of CCP and an
accompanying notion of context. Given certain assumptions about the tasks of
SDRSs, SDRSs are equivalent to their semanticized counterparts.

To see how this might be done, let us look at the correspondence between
representational and model-theoretic versions of dynamic semantics. Two types
of discourse contexts used in dynamic semantics are the so-called "model
theoretic" contexts of Groenendijk and Stokhof (1987) and the representational
contexts of DRT. A model-theoretic context is a set of world sequence pairs
(WSPs) and the meaning or context change potential (CCP) of a an unambiguous
sentence or here DRS ¢ is a function P(p):Pow(WSP) — Pow(WSP) that is
defined distributively or pointwise over the set, exploiting @'s effect on an input
WSP (w, g) to produce a certain output WSP (w', g"), where w=w'and g Cg'".
Each w has a domain of entities, Dom(w). A representational context is a

recursively structured object (a DRS); the CCP R(g) of a DRS @ is the partial
function: [R(p)](y) = U o, if Consistent(p, ) ( U is DRS-merge).

Fernando (1995) shows that for the simple core fragment of DRT, for all
accessible information states (those that we can produce from the empty
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npformation state by some finite number of formula 11pélates)(i ‘ﬁx\? arl?;rteiirgzt:;nglf
e i 1 yield bisimulation-¢&
del theoretic level y1 N
g ;e 15 t of absurd formulas, and let W be a
d CCP.1° Let @ be the se : Asiy
co?;i);;x?t?y large collection of worlds (to represent all logical possibili )
suffi

fine Acc as the smallest set of states such that, where [P(9)1(0) represents the
i : :
1a):plication of the function P(®) to O

{<w, 0> W € W} =0, € Acc and 6 € Acc = [P(@)I(0) € Acc

ithi i = [P(@)}(00)
define within Acc for any consistent @, Ogp ( ' -
§3gvp3§:‘tlnat P(R@I(W)) = P(W) 0 P(¢) and define 9= iff Vo' € ® (@R®)

o) iff YR(@ ) E P L.

: i iti he assumptions above that
do 1995): Suppose 1n addition ‘to t ¢
Tmmgéfyeg?gmla has a characteristic formula in first order logic.

Then: @ « Y iff O =0y; and further < and @ | arere.

: . m
The two notions of CCP in dynamic' semantics are ;quwfalfc:,lr:c.tigirs gc())m
"eliminating representationalism," the inclusion 1n WSPs o R
o referents to objects makes them essentially .represer%ta 5 ,t o
Shscours§ is not about the world but about how our mforr'nauon about N
mform‘atl(t)lr.lucmed But using WSPs is useful because they indicate the rmm}glc 1
:r(r)xi)lgr:ts Sf represe'ntational information needed to treat phenomena for w

DRT was designed. I apply this strategy now to pragmatic-semantic contexts.

Theoreti . ics/Semantics Interface
Bt h Sulglggnttf;sm af(rnnc?;efﬁg:zrxggzl content--a set qf WSPs or §tate. Irex
Ifchlﬁgglgcs is a notational variant for a formula ofyl&g(;cihvgle;:edlvz;:&%rlz °
i iables are t 5
g befc Ongegﬁggbgii;iiiscﬁ{éﬂ;:;oric antecedents as in (2) abo(;/ei),
anq termslal;)elis eventuality variables and individual variab!es. In SDRT.mo i\rsé
varlablesthe cm"responding types--thus states, Or rather their 1'epresentz;1t1v§.s,this
vqerlr::;,\:s the domains of our models. There are a number of wixiys t'gst (;n his
gainiliar from the literature on the semantic paradoxesl.gg&;(; %out w{z Bt T
SDRSs the internal correlates to WSPs (see_e.g. Asher > ﬁere e
exploit the following observation for our limited purpos . ul?IlS ol
P L with first order formulas built up out of ‘atormc ormy . 2
gl(lﬁu ;'genl 7t.) and ., where @ is a DRS (or again a ﬁrlst prder og;.nt?o; in he
inte;ldéd i;lterl;retatjon of R(m, o', 7, ...nn? is that {R{(Sn, na?ntls Sz:) (z) T
S o o nl’a?d(;mrllt t?lla;) (c::((;)‘:lrti;(xtl a’I[‘lhiSsIZeqm'Tés that in the first order
iti ") is satisfied 1 . : in
Tz(i): dlllt;zg gx(enag()x;fnse relation symbols have va'nable polyadlc;gﬁe\l?-vlegxgvén;lo(i
alsg have to say more about what it is fqr R(z, ) t‘o hold (tse? A hich
details). The interpretation for 7. Q.18 thg.t f(r) is the set O O ent of
st I 1" ht of this equivalence (which will not work for a DRT tre ment o
glés;rtgg.ldrels)lgwe can identify SDRSs with sets of worlds expressible by sO
i . j ketched.
fom}ll‘ltl)a;:ﬁtrtll: tt;llf’,stlgilﬁ; loa;lg;lst%)?li‘slstcsontexts model-theoretically, we need a set

i i i ning the
states, a set of available attachment points, and information concermng

i i --for
structure of the formulas whose interpretation copstxtute tutat;“:tsizssé?t\e;SP's‘
temporal anaphora, we need to have access to the main even i ;

i i i text is
15 A similar representation theorem for a slightly different conception of model theoretic contex

proved in Asher (1993).

37



and for phenomena exploiting Parallel and Contrast, we need the embedding
trees of constituents. A model-theoretic characterization of discourse context then
will consist of a set of labelled states with a well-founded, pre-ordering < on
labels. Associatedwith each label are two functions correlating it with an
embedding tree and a main eventuality, which depends on how the state
associated with the label was expressed by the formula @ in the discourse.

Definition: A discourse context is a tuple (X, <, Current, e, f) where: X C (Labels
X Pow(WSP)); < is a well-founded pre-ordering on LABELS s.th. 7, < m;
iff V<w, £> € s, 3x € Dom(f) s.th. f(x) = {w: 3h <w ,h> € s;}. Current is
alabel in X; and for wi:s, € X, V<w, £> € s, Ju € Dom(f) e(;t) =u and u
is the main eventuality in ,, while f(i,) = the embedding tree of ,.16

The < minimal element in LABELSs corresponds to the outermost SDRS. Using
<, we isolate as before pred(s, ) and the associated state Spreq(n, v)- If s, has a
topic s;, then either Spreq(s,, 7 F . or else pred(s, t) = s; and $ pred(pred(s,, 1), ©) F
Spred(s, ©j!'s;. By defining the function Current for model-theoretic contexts, we
can define the set of available attachment sites as in section 2.2.

3.2 A Model Theoretic Analysis of the Pragmatics-Semantics CCP:

Given a context and a set of attachment sites, we now define the context change
potential of new information within such a context. We need first to compute the
discourse relation and the semantic effects of the new attachment. We may use
the DICE axioms to compute discourse relations by replacing the a's in those
axioms with variables ranging over states or perhaps their internal correlates (the
names first order formulas that express SDRSs).

A difficulty with the pragmatics-semantics notion of CCP is that it is not
always local. As we have seen, updates have effects beyond simply the
attachment position and the contents of the predecessor of the attachment site.
Let us suppose now that an attachment point 7, in X given a discourse structure ©
= (X, <, Current, e, f) has been chosen. The discourse referents for the topic
position must be accessible to discourse referents in a subordinate state. This
must be reflected in the semantics. So we must constrain the subordinate states to
respect assignments made in topics. Let

Top(s, T) =s;, where 3s' >t s; s. th. s'F m I
= {<w, #>: w € W} otherwise.

We now define the model-theoretic content of new information @, lly,, <,
relative to an attachment point 5r; in a context T, using the semantic update
function P() (section 3.1). This content must respect the assignments in states
that are discourse related to the new constituent, and so I require that P(g)

operate on a set of WSPs that encode information not only from the constituent
whose label is the attachment site but also from the topic.

il gz, v = P(@) [<w, g>: FhTAw' (g =h Uk & <w,h> € lal, & <w', k> €
IMTop(at, Tl )}

In those cases where @ is the first sentence of a discourse, we attach to the null

discourse context T, = <{7t:: O}, &, 7y, &, #> (T, is defined in 3.1). In this case,
kol (5v,) = [P(@)]00 =0

16Note that all the assignments in a state have the same domain.

38

= n oy
To revise the Inodel theo ddl g new 1 for[natl() b
retic Context after a n the € n
means ()( some dlSC()LHSe ll]lks the Update axioms Of section 23 may be uSed.
H the Uanslatlon ()f (A4) into the model—theoretlc Settlng. Deflne fora set ()[
erc 18

yari: om dom(®) U Y. (o isstate composition here.)
iables,f2Y £ iff dom(g) - HUY. (01ss si
. po

(A4) Spred(t,.T) E (mdpred(m,, ©) & A

date(X, Narration(st ) = X,[Update Narration (7t
) te(X+ ion (7T, 2)) < Updat (Spred(ﬂ’,“ 1)
@ p ,

| : € (Spred(r,
7))/ pred(m, o) . )= (<w, gt IR, & €6
i Narration R e
. Upgztsgpgmg%ff)& g(x) ={w: Jh <w, > €5} & <W.g> F (Narration(T,
2’) - iable. The other
alue of a new variable.

i de the new state as the_v L e it
g updatm%:‘/: t?cﬁc?he other discourse relations are ia)n}:}{(‘)%ggtse:?s .

;e ate of model-theoretic counterparts to SDR e oot
i ‘(liggne the CCP of a formula ¢ with label m;, given

1 now

i = <, Current, €, >.
t anda DICE computation of R(t, ) ina context T = <X,

y ! ) here

=, (-c):l(JX,(tIu(erenti: f ,; ), W

. = (X<, ; . o
(l')' y z( the vll)e(:ilzli—four:ded pre-ordering on lapels in th
s —on < in the definition of model-theoretic contexts.
i G is the main eventuality of @;

i = ., e>} where €15 the ! o
((w)) f? ——erU {{::? t(cp)>}, where t(p) is the embedding tree of @

v) f= >

subject to the constraints

i eralizing over T, Z¢ is
Using =@ and gen : e
et of accessible pragm ] e
con‘;ze\;:: .tl’;h gnipty discourse context To and is closed under =@
cont

is representatio i

abstgztsed gway from the details of the represe
the update. 0 0

glrzttset";icf:?lry mongg)nic. The assxgnrpc?nts to eil;}:l:g ;';ath(x) s
and so we predict that any proposu(l)onai) anf
will be available--contrary to fact. One e e cestain
in the examples (3) and (4) is to .make us "forg

e 110 longer in an approprt :
zezgrshows, be usually accessed by anaplg)rﬁf;,i ¢
the information encoded in the update for de

s equi'valentf:)(;rtr?lfltaocp only use a variable that is in Dom(f)

i te < JT.
s. where st and 7 is either the attachment site or some state
(e is a part
DICE is not guaranteet t urs
the chosen attachment'sne. Let us gartmh
formulas @ | characterized as absur
world in any model) and that

i of fo
- (i) Let o and  be a finite sequence
W“Lé&imé" (i) Let 0 = {8t (...(1'0_=éq, >
(i) @ & Viff Vo'E ;I: (@ :3_(cpr )L
jie iscourse
DICE yields the same i op= Ou-

a function over sets of discourse
antic model-theoretic contexts S

is si of SDRT, because'we hav‘e
n of CCP is simpler than trt;?z:tional R et Whlchpg()tn;
i i i T update is that the update:
A second disparity with SDR esl;r Bt e dlong
arlier discourse referent
<ons of discourse structure as
e antecedents when
i they can,
¢ discourse structure. Now

gk definite descriptions; SO W€ negd
es. To make the model-theoretiC

i Jation of any pronoun ina
f SDRT, I require that the translal fany e €

: . -
al function from SDRSs into S%Rt?sld}; ésbg?fvuez;lnb;;zzil c
i i lation 0 f
St dlscomszer?tafurther so that there is a set of
(i.e. those that are not satisfiable in at any

—3(g") returns a value only if the resultisnotin ® 1.

L D), and let @' be
mu}a?.gp © )§p £’ S and define

=>
P 3@E i se
iff p3(@)E © V- (V) suppo
s for 3 as it does for =.Then:

39



The proof uses the same conversion from trace equivalence to bisimulation
appealed to in Fernando's theorem and found in Park (1981), and it exploits fact
that we can encode an SDRS by means of a characteristic first order formula.

The complexity of the characteristic formulas encoding SDRSs is perhaps
r.e., but its complexity depends upon the exact nature of satisfaction conditions
for discourse relations, which still require further investigation. Nevertheless, the
model-theoretic notion of context can model SDRT's analysis of VP ellipsis,
simple propositional anaphora and temporal anaphora, as well as lots of cases of
disambiguation. We have shown that SDRSs are equivalent to the model-
theoretic notions of discourse context and CCP. Thus, SDRT does not make any
representational commitments over and above those given in the model-theoretic
version. Of course these are still considerable.
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This paper ¢

Modal Correspondence for Models

Jon Barwise Lawrence S. Moss
Indiana University

i btains
nsiders the correspondence theory from rno%?au}l1 lokgelc ?éxedaso breins
dence results for models as opposed to frames. rZsuh?/S T
s, finitary modal logic, to phrase correspondefnce res el
CODSidert'm 1:1lnstances of a given modal formula, and to identify bisi
substitution

world pairs.

Introduction
3 dard modal logic. A frst-order correspondent for x

“ D g Stanfor which the following frame correspondence holds:

is a first-order sentence Cx
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X1 0.

1. FEX
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in the se

i have in mind.
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However, (M[x, cy]) is false for almost all x. The problem is that while
(2) implies (1), there are typically too many models for (1) to imply (2). For a
concrete example, we return to local connectedness. Consider a model M with
three points, u, v, and w. The relation R is defined by R(u,v) and R(u,w) (and
only these). This frame is clearly not locally connected. But we can turn it into
a model of the modal sentence p. Just let V' be defined by V}, = V5 = 0. It is not
hard to check that M does satisfy the modal formula p at each point. So the
correspondence results for frames do not go through if one simply substitutes
“models” for “frames.”

There are several possible diagnoses for this failure. One might be that in
the case of the model correspondence results, one must alter either x or ¢,. We
do not believe that this would work. In fact, if we take the example of ¢, from
above, then there are no formulas x’ giving an equivalence as in (M[x, ¢y]); we
present related ideas in Section 7.

A second intuition behind the failure of (M[x,c,]) has to do with the
meaning and treatment of the atomic propositions p and ¢ as they are used in
the frame results. If F' = ¢, then not only will F' satisfy ¢ at all worlds and
under all valuations, but F' will also satisfy every substitution instance of (.
We exploit this kind of satisfaction in this paper. Indeed, we feel that part of
the failure of (M[x,cy]) is due to the fact that (1) is interpreted as usual in
modal logic while it seems equally reasonable to require the satisfaction of all
substitution instances of .

Finally, it is well-known that the satisfaction of modal formulas is pre-
served under bisimulations: if M = x and M is bisimilar to M’ then M’ = x.
However, first-order satisfaction lacks this important property. Thus to get a
correspondence between (1) and (2) we should not insist that M k= ¢, but only
that some model M’ bisimilar to M satisfies cy.

To summarize our strategy for getting model correspondence results: on
one hand we consider substitution instances of the modal formulas, and on the
other we allow the first-order correspondent to hold not on the original model
but on some model bisimilar to it. This leads us to two results, one which applies
to all models and one which applies only to image finite models.

Theorem 1.1 If a modal formula x has a first-order frame correspondent c,,,
then for all models M, the following are equivalent:

1. M satisfies all substitution instances of x in infinitary modal logic.
2. Fr(StrEx(M)) = cy.

In part (2), Fr(StrEx(M)) refers to the frame underlying the strongly exten-
sional quotient of M. (All terms are defined in Section 2.) In (1), we make
use of infinitary modal logic. Our second theorem, by contrast, applied to the
standard modal logic (which we call the finitary part of the full infinitary logic):

Theorem 1.2 If a finitary modal formula x has a first-order frame correspon-
dent cy, then for all image finite models M, the following are equivalent:

1. M satisfies all substitution instances of x in standard modal logic.
2. Fr(StrEx(M)) = cy.
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. murpose in this paper is to presen : N
T r.nalnifatign for these results grew out of 1ookm_g; at modal lé)gl(\:N 1nhawe
L mts Iz))f non-wellfounded sets, as presented in Barwise-Moss (1996). We
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2 Background

. . e
We collect here a few points of background having to do with frames and models
ec

bisimulation the strongly extensional quotient, and substitution.
1 ¢l

9.1 Infinitary Modal Logic, Frames, and Models .
F a set AtProp of atomic propositions. (It will be im;f)ortant t)hia;; A:I:ercl):t;zrz
A d ignore this for now.) We
t a proper class, but you should ig s for

Tf%; ani;‘(;) qicf) raige over atomic propositions. The infinitary modal language

e
Ll‘, isI;he smallest collection such that

1. AtPropC L

9. The constant T (for true) belongs to L.

3. If pe L, then ~p € L.

:s any subset of £, then A® € i
% iqlzr:;ne ?s a pair F = (W, R) consisting of a set W of wlo1;1.ds tofgeFthi
i i ibility relation of I.

i i elation R on W. R is called the accessi )
“v,;;h Zciin:;yFris a map V : AtProp — P(W), where P(W) is the power set of

ua
e A model is a pair M = (F,V) consisting of a frame F' and a v}?lua;t}il(;r;
V on F. When we have to display everything, we write (W, fl,.V) ;Iit er
(W,R),V).IE M is a model, then Fr(M) is the frame under A);ngw .occaSion-

, A’ model-world pair is a pair (M, w) such that w € M. gN ed consion

ally use M for the name of its set of worlds, rather thaanK.) e de
satisfaction relation (M, w) | © by recursion on ¢ € L as follows:

Muw)Ep HweVE)
(M,w)ET for all (M,w)
—p if (M,w) e
EJJ:J/I’ Z% ‘; OLL’;: if for some v € W such that R(w,v), (M,v) E¢
(M’,w)|=/\<1> if(M,w)}:cpforallgoe@ . v
The finitary boolean connective A is a special case of /\ we write @ 1
N, ). We also introduce F, V, V, —, and < as abbreviations as usual.

2.2 Bisimulation ' '
Let M 1— (W,R,V) and M' = (W', R, V') be models. A bis1mu1at1oln bfetween
IV.G; and ;/I’ is’a ;elation = from W to W' (that is a subset of W x W') with the
following properties: . /
° Ifg;u = w', then for all p € AtProp, w € V(p) iff w' € Vl(p)l. ey
e If w = w and w Rv, then there is some o' such that w' R'v" an U: &
o If w = w and w' R'v', then there is some v such that w Rv and v =V
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Further, we write (M,w) = (M',w') if there is some bisimulation =,
between M and M’ such that w =g w'. It is not hard to check that = itself is
a bisimulation, and indeed it is the largest bisimulation between M and M’.
When M = M/, this relation = is an equivalence relation. (However, it is not
true that every bisimulation is an equivalence relation.)

The last fact we need is that if (M, w) = (M’,w’), then for all modal for-
mulas ¢, finitary or infinitary, (M, w) | ¢ iff (M',w') | . This fact is usually
proved for finitary formulas by induction, but the same proof goes through for
infinitary formulas; the limit steps of the induction are trivial.

One important fact is that the converse to this is false; it is possible to
have pairs (M, w) and (M’,w') which satisfy the same finitary formulas but
which are not bisimilar. Nevertheless, there is a reasonable hypothesis on M
and N which, together with the assumption that (M, w) and (M’,w') satisfy
the same finitary formulas, allows us to conclude that (M,w) = (M’,w'). This
is that M and M’ are image finite. This means that each world in these models
has only finitely many successors in the accessibility relation R. Other names
for this concept are locally finite and finitely branching.

It is also the case that if (M, w) and (M’,w') satisfy all of the same in-
finitary formulas, then they are bisimilar. As it happens, there is a stronger
result: there is a single infinitary formula 6(M,w) so that for all (M’ ,w’),
(M',w'") E 0(M,w) iff (M,w) = (M’',w'). This is not at all immediate. We
discuss this result and the work behind it in Section 3 below.

2.3 The Strongly Extensional Quotient

A model M is strongly eztensional if (M,u) = (M,v) implies ©v = v, for all
worlds v and v of M. Every model is bisimilar to a strongly extensional model,
and this is unique up to isomorphism. Definition For every model M, we

define a model StrEx(M), the strongly extensional quotient of M, and its un-
derlying frame Fr(StrEx(M)), as follows. Their common set of worlds is the set
of equivalence classes of M under the bisimulation relation. Writing v for the
equivalence class of the world v, we define an accessibility relation R on these
equivalence classes by:

R(@,w) iff R(v,z) for some x € M such that (M,z) = (M,w).

This is easily seen to be a well-defined relation on StrEx(M) and gives us our
desired frame. This frame is made into a model by taking

Vi) = {@]|weVup)}
We sometimes denote the set of world also by StrEx(M) also.

Consider, for example, the three-point model M from Section 1. Notice
that (M,v) = (M,w) # (M,u), so StrEx(M) will be a two-point model with
one edge and an empty valuation. In contrast to the frame of M, the frame of
StrEx(M) is locally connected.
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Proposition 3.1 For all (M, w
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3 Modal Characterization Theorem

In this section, we present a basic result for infinitary modal logic.

Definition Let (M, w) be a model-world pair. An infinitary modal formula, §
characterizes (M, w) if for all model-world pairs (N, v),

Noo) k0 i (M, w) = (v, ).

The main result of thig section is that every (M, w) has a characterizing
formula 6(z, w); of course, O(M,w) is unique up to semantic equivalence.

Let (M, w) be a model-world pair, We define a formula 6%(M, w) by re-
cursion on the ordinal number « as

follows:
00(M7 U/) = /\M,w’:pp A /\M)w}:ﬁp P
6’a+1(M, w) = N OO (M, v) A O Vurs 0% (M, )
6 (M, w) =

/\ﬁ<,\ 68 (M, w)
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L 6%(M,w) = 0%(N,v), or

2 0%(M,w) & ~6%(N, v).
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Classes of Model-World Pairs Closed Under Bisimulation A result of van Ben-
them’s states that a first-order definable class C' is closed under bisimulation

iff there is a single finitary modal formula characterizing it (see van Benthem
1985). Here is a version of this for infinitary logic.

Proposition 3.5 Let K be any class of model-world pairs. Then the following
are equivalent:

1. K is closed under bisimulation.

2. There is a class C of infinitary modal formulas such that for all (M, w),
(M,w) € K iff (M,w) = C.

Proof (2) = (1) is immediate from the fact that bisimilar pairs satisfy the

same infinitary formulas. In the other direction, for each model N, let ¥ be:

v 9(N,’U) — v O(N,’U).
ven veN
(N,v) e K

We remark that in each 9y, the disjunction in the consequent really is a (set-
sized) modal formula: the worlds of N form a set and v ranges over this set.
It is easy to check that (N,v) | ¥y iff (NV,v) € K. Let C be the class of all
formulas 9, as N runs through all models. We then check that (N, v) = C iff
(N,v) € K. o

(We do not know a condition on K that would allow us to change (2) to require
that C be a set.)

On the ordering of infinitary modal formulas The infinitary modal formulas,

like the formulas in any semantically-presented logical system, have a natural
order < defined on them by

p<y if (M,w) ¢ — ¢ for all model-world pairs (M, w).

This order is a preorder, and we usually identify equivalent formulas to get a

partial order. The infinitary boolean operators imply that this partial order is
a complete lattice. We write L for this lattice.

Proposition 3.6 The maximal elements of L — {F} are exactly the character-
izing formulas (M, w).

Proof This is easy to check, since a formula ¢ is maximal in L — {F} iff ¢
is satisfied at exactly one model-world bisimulation class. This last condition
means that ¢ is (equivalent) to a characterizer. -

4 An Example: Connectedness

Recall the connectedness formula p and its first-order correspondent c, from
the introduction. In this section, we prove a correspondence result for these
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1. (M,w) = O((sp A Osp) — sp)

2. (M,w) = O(0Os} — sp)
Since there are infinitely many n and two choices possible for each, we see that
one of the two alternatives must occur infinitely often. We’ll give the argument
in the second case, the first being similar (and in fact a bit easier).

So assume that for infinitely many n, (M,w) | O(Osy — s7). Applying
this to u, and using the fact that (M, u) = s} for all n, we see that (M, u) = sp
for infinitely many n. jFrom this, we have that for each n either (M,u) &
0™(M,v) for infinitely many n, or there is a successor vy, of v such that (M, u) =
0"(M,vy). If (M,u) = 6™(M,v) for infinitely many n, then (M, u) = 0(M,v);
this is because 8(M, v) is the conjunction of its finite approximations, and each
approximation is stronger than its predecessors. So (M, u) = (M, v) in this case.

If for infinitely many n there is some vy as above, theh as v has only
finitely many successors, there must be a fixed vg so that for infinitely many n,
(M, u) = 6™(M,vi). And as we have seen, this implies that (M, u) = (M, vg).

This illustrates the direction (1) = (2) in Theorem 1.2. Going the other
way, assume that StrEx(M) is locally connected. Then as we have seen, M
satisfies all infinitary substitution instances of p. A fortiori, M=, p.

5  Proof of the First Correspondence Theorem

In this section, we prove Theorem 1.1. The proof is a consequence of two results
having to do with the relation =« (see Section 2.4) and the strongly extensional
quotient. The first of these uses the characterization results of Section 3.

Lemma 5.1 Suppose that M |=o, ¢. Then Fr(StrEx(M)) |= ¢ as well.

Proof Let V be any valuation on Fr(StrEx(M)). Define the substitution s by
stp) = \{OSuEx(M) ) | weV(p)}

We need two claims at this point. First, for all v and w in M, if v = w, then
(M,v) E 9[s] if (M,w) E 1[s]. This is by induction on . For the atomic
case, the important subsidiary fact is that (M, v) | 6(StrEx(M), o) iff v = w.

The boolean steps are trivial, and the < step comes from the definition of
bisimulation.

The second thing we need is that
(Myw) = pls] iff (Fr(SEx(M)),V, @) E o.

(This would establish the lemma, of course.) The proof here is by induction
on ¢. The atomic case is by the definition of s. The induction step for < is
worth looking at: if (M,w) | Ogpl[s], then there is some v so that R(w,v)
and (M,v) = ¢[s]. By induction hypothesis, (Fr(StrEx(M)),V,7) = . But in
StrEx(M), R(w, ). So (Fr(StrEx(M)),V, o) = .

Going the other way, suppose that (Fr(StrEx(M)),V,w) | Op. Let ©
be such that R(w,?) and (Fr(StrEx(M)),V,7) = ¢. By induction hypothesis,

(M,v) = ¢[s]. Now v is bisimilar to some child v" of w, and by our first claim
above, (M,v') = ¢[s]. Hence (M, w) = Opls]. =
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an )

isi _Quppose that
connected, (éVI . las, they indeed satisfy the same disjunct of pls]. Supp
ormu )

i M, b) | Osq = 8p:
¢+ the second disjunct D(Osq — Sp)- Since R(b,b), =

that (M,a) F plsl-
i this formula. It follows
M, c) also satisfies
Therefore, (M,

qre a” S][lbsf it lli jon INS tances Ile(:eSSaI y! Second we 113;‘}6 a IeIIIaIk on IheO‘
l Vve Sh()W that ‘here 1S NO set S ()f Sllbstltlltlons SuC}l tkla;t the fOﬂOWlng
rem 1~

equivalent:
axel. For all s€5, M E plsl-

: : i lar cardinal
24 Fr(StrE}}i.(Mfz) ‘:SSS § of substitutions. Let k be an infinite regu ar ¢
To see this, IX

i e of size < k. We
11 boolean combinations of all formulas 1;‘1 ei(g;;z;v a(;rbuﬂd o o models
g oS o where AtProp = {pa | < K}. For 17M trom above in this
consider a languag he obvious generalization of the mode
e

Moy. My i b).

b - clude the edge R(b,
Dk M2 . is ‘ttllz same as M1 except that we do not inc AV s, for
section. M2 M-

. b) =
4 model, since (M2,

. 1 Har to a locally connecte o).
M, is bisimilar . nd all w € Ma, (M2, w) \: plsl- M, and Ms and
all p (in S or othell‘)‘;‘;s:;;; to see that at corresponding points, &1

1t is reasona

JW agree on 3.11 fOI O P . Mfz P |9 y
< has TO erl
mula»s f Hlodal de th K Illerefore since
2 g kl

1ly connec
does M;. But My is strongly extensional but not locally
bove, so do€ . . N
s})) ({;)of‘;ﬂs. Thus (1) and (2) are not equivalen

_|

7  Remarks on the Model Correspondence Theorems

In this section, we want to present a few results which indicate that the model
correspondence theorems cannot be easily improved. (This is not to say that
there are no other possible model correspondence results. It just means that in

our basic results it does not seem to be possible to narrow the gap between the
two halves.)

All of our examples in this section are presented for the correspondence
concerning local connectedness. Similar examples hold for most other instances el
of frame correspondence. (One source of exceptions is the case of modal for- d Theorem 1.2 Finally, we have a paraiie
mulas in which all atomic propositions either have all positive or all negative an
occurrences. We deal with this situation in Section 8 below.)

On finitary substitution instances s o equire chedk

it i lated, part 1) s .
m 1.2. As it is formu Liat this is mecessary-
ren.lark.on ey substitution instances. We show. here t o & for all image
of infinitely I(Iilanz,e st there o single finitary ¢
In other words,

finite models M the following are equivalent:

Why image finite models are used in Theorem 1.2 First, we give an example
to show that the restriction to image finite models in Theorem 1.2 is necessary.
Recall the sentence p from Section 1. We want a model M which satisfies all
finitary instances of p without being locally connected.

1. MEy ‘ Ny
2. Fr(StrEx(M)) =co . +ion that ¢ exists. Let 70 be its modal dept
towards & contradiction that ¢ > bove, with £ = - Let
We take Supi)ﬁsemodels M, and M, from the discussion above,
Consider the
W = {abec} U {by|neN} U {ch|neN}.

N; be the submodel determined by
On this, we put

e R(a,b), R(a,c), R(b,b).
e For all n, R(b,b,) and R(c,cp).
e For all n < m, R(bn,bm) and R(cp, cm)-

{a7b’b1,...,bn,C,Clv"'von}‘

. s ilar to a locally
. N; is not bisiml 0t
image finite. As before, . ntradiction.
f Nldanddl\?wa;ieleulr\}z %s. And Ny and N2 agree on ¢ This 15 2 €0
connected mode
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8 A Full Correspondence Result

Recall from Section 1 that the putative correspondence result (Mlx, ¢y]) is false
for the case of local connectedness. (M][y, ¢x]) also fails for most other corre-

spondence results. However, there is one class of cases where (M[x, cy]) does

on a frame F. If (F, V) o ¢, then F E .

Proof Let s be the following substitution: If P occurs only positively in ©,
then s(p) = F. If p occurs only negatively in ¢, then s(p) =T. So (F, V) = o[s].
By Lemma 2.2, (F,V*®) = . Note also that V$(p) = ¢ if P occurs positively in
%, and V3(p) = F if P occurs negatively.

Let W be any valuation; we show that (FW) = . 1f P occurs positively
in g, Vi(p) C W(p). And if p occurs negatively, then Wi(p) C V3(p). It follows
easily by induction on ¢ that (F, W) |= o. -

only positive occurrences or only negative occurrences. There is a first-order
sentence c, such that for aj models M the following are equivalent:

1. M |z, 14

2. M [= ¢, in first-order Iogic.

Proof Let ST () be the standard translation of . Take ST(p) and make the
following replacements: If p occurs positively, replace each P(z) by F; if P occurs
negatively, replace each P(z) by T. Then delete the second-order quantifiers.
This defines Cp. '

Let F be the frame underlying M. By Proposition 8.1, (1) is equivalent to
(I'): F |= ¢. The standard frame correspondence result is that (1') is equivalent
to (2'): F = Cp- (In the notation from Section 1, this frame correspondence
result is the equivalence (Flx, ¢y]) for this sentence.) But also it is a general
fact that if a first-order sentence only has R (and no unary relations P(z))

then truth in a model is the same as truth in the underlying frame. So (2) is
equivalent to (2). -

9 A characterization of infinitary model logic
If we have a sentence ¢ of infinitary modal logic, then the class
Mod(p) = {(M,w) | (M,w) = e}

is closed under bisimulation. The converse is false, however. Consider, for ex-
ample, the class X of all models with frames of the form (x, <1), where & is
an infinite cardinal, construed as an initial ordinal with ordering <. Since each
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H WEVE: it is not the Cla.SS Of mOdelS Of any lnﬁnltary Sel’ltenCeS, as a simple
owe I

dowl o monstrates.
Wa!d LOWeIlhelHl Skolenl a.rgument de O:.

L _ bisim-
l-known facts about the familiar sequence of approx1crlngtlogfe_ig itrcl)ﬁn;g?y
e i izati f the classes defina
i iel simple characterization o J
UIafilOlnl,o}g/i d(?I‘ie I‘eSIL)llt of this section was independently observed by Alexan
moda/ .
e B?;/Feai:)call the relations =, defined by induction on « as follows:
: !
(M,w) =0 (N,v) iff for all p € AtProp, w € V(p) iff w’ € V'(p).
w) = y
)= if (M,w)=, (N,v), -
) =eit (0] ‘(v’ Chﬂ(i w: of w 3 child vg of v(M,wp) =a (N,v), &
V child vg of v 3 child wg of w(M,wp) =4 (N, vo).

(M,w)=x (N,v) iff forall a <A\, (M,w)=q(N,v).
We summarize some well-known and easily established facts about these

relations.

sition 9.1 . '
Pr(l)p%ach =, Is an equivalence relation on model-world pairs.

2. The equivalence relations get increasingly ﬁne_ as (J)zv increases.
3' (M, w) = (N,v) iff for all ordinals o, (M, w) =4 ( ,'1;)1. depth at most o,
4' (M’w) =4 (N,v) iff for all modal formulas ¢ of modal dep

= ) —x k)

(M, w) = ¢ iff (N,0) | .

. K
Let K be a class of model-world pairs. We say t.hat K 1151 b;}ndc):d :{Jy ((Jxv i .
is closed under the equivalence relation =4; tléat is, ;f fordzd g) ; ,S:)um;grdin,a 1.’
i d if it is boun
i K then (V,v) € K. K is bounde ed by ]
g (M,qulil)erey class of(model-world pairs definable by some infinitary m(:i:lll jzn(p
tence is bounded (indeed, it is bounded by the modal depthhoi E:E}e’ iinverse .
defining the class). The point of this section is to observe tha
e s

also true.

Theorem 9.2 A class K of model-world pairs is definable by an infinitary
modal sentence iff K is bounded by some ordinal.

1
Proof Suppose K is bounded by «. It is easy to see that the class of al
formulas of the form 6%*(M,w) is a set. Hence, so is

© = {#*(M,w) | (M,w) € K}.

Let ¢ = \V©. Clearly every (M,w) € K is a model of. . V\E\;lz)metll?tszlclﬁ
converse is true. For suppose (N,v) ¢ The'an th;reklsd a;l M (,i Y e e
that (N,v) & 0%(M,w). But then, as is eésﬂy c C«Tcdeb g. “
(N,v) =o (M, w). Hence (N,v) € K since K is bounded by o .

We can look at this as a characteri?ation theorem ior 1211;1:231 irila(ient
logic. Any extension of infinitary modal logic that had a sentenc
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to one in infinitary modal logic would define an unbounded class. Hence, infini-
tary modal logic is the largest logic such that every definable class is bounded.

Note, by contrast, that it is easy to obtain proper extensions of infinitary
modal logic that have the same notion of equivalence. Let I be any unbounded
class of model-world pairs closed under bisimulation. (We gave an example of
such a class above.) Add a new atomic proposition In(K and closed under
the same syntactic operations. For the semantics, define (M, w) = In(K) iff
(M,w) € K. Since K is closed under bisimulation, it is clear that this new
logic, while able to define classes not definable in infinitary modal logic (K for

example), has the property that (M,w) and (IV,v) are equivalent in this logic
iff (M,w) = (N,v).

10 Is that all there is?

We have shown in this paper that every frame correspondence result (F[x, c,])
gives rise to a model correspondence result. The natural question at this point

is whether every model correspondence result arises in this way. That is, let
(M'[x, ¢x]) be given as follows:

,C or all models M, the following are equivalent:
M'[x,cy]) For all models M, the following ival
1. M Ew X
2. Fr(StrEx(M)) = ¢y

A very natural question at this point would be: does (M'[x; ¢,]) imply (F[x, ¢,])?

Results on this have been obtained by Giovanna d’Agostino, and by Johan van
Benthem.
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accommodated,

57



Local Accommodation, i.e. accommodation in the local context of the trigger itself. Log
accommodation of P would give the same effect as replacing S by “If A then P and B»_

Intermediate accommodation, in my terminology this is accommodation at any site in between
the global and local context along the standardly stated path of anaphoric accessibility, T
the case of S there is only one intermediate site, in the antecedent of the conditional, so thy

intermediate accommodation has an effect much like replacing S with “If P and A then B

Elsewhere [Bea95, Bea94a, Bea94b] I have provided extensive arguments against intep.

mediate accommodation. Or, more precisely, I have argued that presuppositions do not‘

themselves trigger intermediate accommodation, although in certain discourse contexts the

same effects will be achieved through other processes, such as domain restriction of quantiﬁerS:

[VF94] and accommodation through modal subordination [Rob87]. To give the flavour of the

argument, without rehearsing it completely, observe that the intermediate accommodatiop
reading of E1, below, would correspond to E2.

E1 If a woman buys a truck, she always sells her cadillac.

E2 If a woman who owns a cadillac buys a truck, she always sells her cadillac.

The point is that E1 seems, in the absence of any special context, rather strange. It seems
to be taken for granted that women who buy a truck will have a cadillac to sell. Yet E2 is
clearly felicitous. If E1 had an intermediate accommodation reading as in E2, there would be
no explanation for the infelicity. I conclude that E1 has no such intermediate accommodation
reading.!

If these arguments against intermediate accommodation are accepted, there remain two
forms of accommodation, global and local. As I have said, the model I have proposed previ-
ously describes global accommodation. In this paper, I discuss one approach to local accom-
modation, an approach which draws on a parallel first observed by Heim [Hei83a] between
local accommodation and cancellation. : .

Describing a system allowing some form of local accommodation is easy. One can simply
allow presuppositional constructions to be ambiguous between a presupposing reading and
a non-presupposing reading where what would otherwise be presupposed is instead asserted.

But, that would also not take us very far. What is more problematic, both empirically and
technically, is specifying under what circumstances local accommodation occurs. Empirically,
I will make a simple assumption also made by other authors, such as van der Sandt and
Heim, an assumption which is implicit in cancellation models, although expressed differently:
local accommodation occurs when global accommodation is ruled out. I will only allow
global accommodation to be ruled out if it would cause inconsistency, that is, if globally
accommodating would leave the comprehending agent with contradictory information. It may

well be that the determination of the appropriate accommodation strategy is more complex,
but it is not the aim of this paper to study such empirical issues in detail. Rather, I will
concentrate on the technical problem.

What is the nature of the technical difficulty associated with describing a combined model
of local and global accommodation? A principle goal of presupposition theory is to account for

1 do accept that in a context where a set of cadillac owning women was already salient, E1 might become
markedly more felicitous, and be understood as restricted to such women much as in E2. In this case the effects
of intermediate accommodation would be derived through a separate process of domain restriction. This is

not to say that presuppositions play no role in domain restriction, but that presuppositions do not in and of
themselves license such restriction.
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59



the language of .
: propositional logic .
introdu : gic augmented with .
e dc(j](i in my Am(sterdam Colloquium paper of 4 ;eunary p)resupposztwn operator, g (
are pairs (W, F), where W i ars ago). ) J
mapping atomic f )y is a set of worlds and F' i § - :
classical Valuationorlrrlllulao onto sets of worlds. It may be assurrllse(;er I;hlnterpr?tatlon functiy
true, and giving fo’rmjllzgr(;i ftO}fmulae onto the set of worlds where th: ‘L 11Sd T e l'
i . y would be clagsj
of worlds, the u : e same valuation as ¢. A . classica]r,
. pdate of an informati . An information state will j i
given by o N [4], and o wi ation state o with a formul A Just be g gat
) will be said t i ula ¢, written o + ¢, will just 1o
o+ ¢ =0c If uis a pai o satisfy @, written o foi ,.w111 just be
The preferel:lces o??rfgf;titeib(g’ T)’ I will write p + ¢'To¢r7nleafl l(stfa-i-ﬁ:;ed _1;’_0;:)“3 of ,
ordering, which, as b . ula ¢, written T ¢, will be defi . T . A
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, an e conjunction

. . . .
Of two fOInllllaﬁ carries a Conlblnatlon ()f the lnpul preterences O € tTwWO conjuncts. ”ele WO
or deIlngS are Conlblned Slmply by taklng ”len intersection

1
In this and the comi
" ming two secti )
faction & ctions I will not take
, and could equally well have defined o = ¢ az :qi‘ii\"’alnta;g: of the generality of this definition of sati
alent to o C [¢]. satis-
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jtion D2 (GSP Orderings)
1¢ = O for atomic ¢
1-¢ = 19¢
T(Ap) =1 T
11— = T (¢ AY)
T(pvey) =1 (= A )
109 = w(é)

=1 en 1Yl
=1 ¢n Tl

11 be important to consider the case of formulae

When defining & notion of entailment it wi

xplicitly denied presuppositions. So the set of preferred inputs for a formula @,
¢ will be defined as the set of the preferred inputs out of those that are actually
with ¢. T write c(¢) for the set of states which are consistent with ¢, and o £o T

consistent
to mean that 7 is not higher in the ordering O than o:
and Preferred Inputs)

Deﬁnition D3 (Consistency, Non-Preference,

() = 1ol (o +¢) # 0}
otor Wf r>p00 = 0207
¢ = {o €c(d) |vr € c(¢) 0 %o T}

ally entail another 1, written ¢~ P,

Now one formula ¢ can be defined to presupposition
¢ contextually entails :

if and only if with respect to all of ¢’s preferred inputs

(Presuppositional Entailment)

iff Voefe @+ FEY

Definition D4
¢~

A logician peering at this definition for the first time might perhaps be worried. What
being described as 2 notion of logical con-

new fangled relation is ~», and why is it
ve notion of consequence in at least two

strange
1d be termed & conservati

sequence? 1 believe it cou

senses.
blanguage without the §-operator, ~ is equivalent to the classical relation

Firstly, for the su

of consequence. This is so because none of the operators apart from 9 introduce non-trivial

preferences if their arguments have only trivial preferences, sO that the set of preferred inputs

for a consistent non—presuppositional formula is just the set of all states. In that case ¢~ P

holds if and only if the set of worlds in the extension of ¢ is & subset of those in the extension
formulae have an empty

of ¢, which is just the condition for classical entailment. Inconsistent
ail all other formulae, just as in classical

set of preferred states, and will presuppositionally ent
propositional logic.

Secondly, under this consequence relation all classical entailment patterns should remain
valid for the full language of PL40 with entailment defined by ~». To see this, initially let
us consider the conclusion. Observe that since the preference ordering associated with the
conclusion is not involved in the definition of ~, and since the valuation of 0¢ is just that for
¢, we may safely erase all occurrences of 8 on the right of an entailment. Now the premise.
Suppose that some formula ¢ has a sub-formula 7. Clearly replacing o by 0P will not affect
the semantic interpretation of ¢, and a fortiori will not affect the set of states with which

61



¢ is consistent. Now suppose that ¢ is classical, i.e. does not contain any instances of the
O-operator. Then, as shown above, all its classical consequences will also be Presuppositiong)

entailments. Now modifying any number of sub-formulae by enclosing them in (any Numbey

of) O-operators can only restrict the set of preferred inputs to ¢. It is easily seen that the

set of entailments of the modified premise must be a strict superset of the entailments of the
original premise. So, ~+ is a strictly weaker notion of consequence than classical entailment
in that more formulae are presuppositionally entailed than classically entailed. :

Next we consider how the presuppositions of a formula may be defined using the ideag
underlying presuppositional entailment. The following definition says that one formula pre.

supposes another if and only if all preferred states of the first satisfy the second:

Definition D5 (GSP Presupposition)

d>csp ¥V iff VoeENd o

If ¢ is consistent (i.e. c(¢) D 0) then for any state o in {}¢, o + ¢ must be nonempty.

Further, since + is defined in terms of intersection, and since the set of propositions which
are satisfied in o N 7 is just the union of those which are satisfied in o and those which are
satisfied in 7, it follows that the earlier definition of presuppositional entailment could be

rewritten: ¢~ ¢ iff Vo € fi¢ (o E ¢ or [¢] ¢ . Given that additionally [¢] = % holds

if and only if ¢ |= 1), where = is the classical entailment notion (extension of consequent con- ;
taining extension of premise), it follows that ~» can here be expressed in terms of preferential

presupposition and classical entailment: ¢ ~» ¥ iff ¢ >gsp ¥ or ¢ = °. The following
relatively weak properties of the system show that it is natural to think of O-formulae as

potential presuppositions in Gazdar’s sense, for they emerge as presuppositions when nothing
conflicts, and disappear otherwise:

1. The presupposition operator yields presuppositions even when embedded: if ¢ contains

a subformula 9 and no other d-formulae, and the conjunction of ¢ and 1) is consistent,
then ¢ >>GSP 'l,b

. Presuppositions persist if there is no conflict: if ¢ > 1) and y is a

non-presuppositional formula such that the conjunction of ¢, 1) and x is consistent, then
S NAX >ase Y.

. Presuppositions disappear when conflicting material is added: if ¢ > 1, and although
the conjunction of ¢ and x is consistent, that of ¢, ¢ and x is inconsistent, then

dNX Pasp P

What this shows is that we have here the beginnings of a cancellationist account of pre-
supposition. Of course, much would need to be shown before we could really be confident
about this system, and much needs to be added (e.g. cancellation by implicatures) before the
system would be very potent as a theory of presupposition. But the system still manifests at
least the most basic property of a cancellationist theory. That is, presuppositions project if
there is no conflict and are canceled otherwise. Given that the developments in the current
article are only intended to be proofs of concept, this provides sufficient foundation to move

on to the next stage, of showing how a preference for global satisfaction can be replaced by
a preference for local satisfaction.

5This provides another demonstration that ~» is conservative with respect to classical entailment in the
senses discussed above.
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le
ExamP ; ition that
hat E3, below, is represented as =K A ~(0K A.B)’ pihieta I o0 t:he pflili)oil: lging of
SuppO>° - iqu:a King of France and B is the proposition that there is a umq
. un b
there ;S waho is bald. Abbreviate this formula as ¢.
Franc

There is no King of France, so it's not the case that the King of France is bald.
E3 ere

The preferences associated with ¢ formula can be calculated as follows:
e

TK
@) .
2

1 (=K)
@) T e
) -
(5) .
(6)
M 1 (0K) "
8) = w(
: : 1 (0K A B)
(?2)) = wK)NO = w(K)
Eu) 1 (~(8K A B))
= 1(BKAB) = w(K)

(ﬁ; 1 (K A=(OK A B))
((14) - onwK) = w(K)

tence is associated with a presuppositional preference for contexts vﬁ;z}rleai(e
el the set of preferred inputs f(¢) only involves those preferences ;v e
hdd?' Howe'ver’ tion of the formula. Since ¢ classically entails ~K, the set o : con e
ConS{Stent Wl'tk}ll asser(d)) contains no contexts where K holds. In fact no context 1§- c(¢ ol
;?;llsllesfiittﬁv:T i’oider;ng than any other context in c(d)})l, SO It{hz}xlt 11cr1(s(,i>)i)5 E)nzsfs) t X altm;? ihe
inputs for ¢ does not contain contexts where olds,
i)it)gf)sl;iiejgr:;it tiere is a French King, is not presupposed (or entailed).

3 Local Satisfaction Preferred

j ion i metrical, its
In the Global Satisfaction Preferred (GSP) system above, conjunction is sym

j made to that
preferences not reflecting any ordering of the conjuncts. The only change now

i i j ion® the following
system is an alteration of these preferences associated with conjunction”. In the

i in terms of
s ——— e .. . 11 defined in
"The preferences associated with implication and dlSJunCUO;haIe dt :;(::ctti(:mbies:;mes asymmetric once
3 i bove. us di 5 .

i i sunction and negation used a ces for disjunction
the.eqmt‘.lale{lces ‘Zrlltmhe:.:roi? But in this system it might make sense to define th}i :;Zfé:;e:ases of cancellation
:0‘12: (;r“onllls ?sythe intersection of the preferences of the disjuncts. For medPr?unction so as to enforce local

}E i th s occurring in a disjunct need not be handled by defining i3
of presupposition: . st
satisfaction, but can instead be handled by the cancellation mechanis
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v

deﬁnltlon? nhllst the pIeSprOSItlons Of bhe left conj unct beCOnle pr efBIenCeS Of the
W

conjunction, those of the ri j
: ght conjunct only impose a i
which has been first augmented with the left coir)ljunct-preferenCe for saffsaction in e of

h
Ntey

&

Definiti .
efinition D6 (Local Satisfaction Preference for Conjunction)

T(eA¥)

= {lon et dl(o+ 4,7+ [4]) €T ¥}
It is easily checked th i
at this operation d i
L oes not introduce any non-good orderings?
hat o f[;fen; el;)I;Sm tl.le LSP §ystem _(>>Lsp) be defined as for the éSP sy;t;rr:ltngs v
sociated with conjunction are altered. The system’s p oy
: roperties K

be deSCIIbed as fO].lOW whnere p pp rtt ),
S h re > den()leS the Iela‘l()ll ()f resu [0} 10! j()
5 K ST n und Ka une:
0

1. VV hen there 1S no lnC()IlSlSten(:y I(a;I( tunen [)IeSll[)[)()Sl(l()IlS are ];S presuppositions:
P iti
) NS

¢ has just one presuppositi
) ppositional subf . if
Consintant, Then §/ 5 ormula, ¢ >k 9, and the conjunction of ¢ and ¢ b

2. Non-Karttunen iti P presuppositions: if (Z) has just one Te;
- presupp051t10ns are not LS p pPp iti i j p: Sup-
posmonal subformula, and ¢ »K '(l), then ¢ »I SP ’d} " H : |

3. Inconsistency wi i |
y with presuppositions cau
ses cancellation: if ¢ has j
: Just one presupposi-

tional subformula, ¢ >

, & s 9, and although the conjuncti : ‘

that of ¢, 1 and x is inconsistent, then ¢ A x %L OI;J}UHCUOH PR ane consistely
p Y.

. .

l llese leSllltS, Wthh I hope Wlth further Study C()uld be S(Iengthened, ShOW that the LSP |
syslem S Ka “llnen—llke When the[e 1S no lnCOnSIStenCy, a,nd thus typlCally PIOdUCeS Wea.kel
pIesuppOSItlons than the CanCellathnlSt GSI Inode].. IIOWeVeI, llIldeI thleat Of IIlCOIlSlSteIle,

S n
I: F resu osition: VaIllSh into (hlll ar, 1 the manner Of a CanCellathnlSt Ialhel tha,ﬂ a

7

Define the localisation of O

f ! to ¢ as L(O, s ;
ot e e it w)(z ?J)d) - Lgoé,ré,)e @ | (o4 ¢, 7+ ¢) € O}. Now the above clause

To determine whether thi
. is produces onl; d i
L(O, ) is a good . duces only good orderings, we need to check that if O i . ‘
an ir’xtersecti fn > ;)rdern}llg. But if O is a good ordering th’en either O — eg hfg l_f_ O is a good ordering then
wo other good orderings O; and O,. The three cases b , or O = w(x) for some ¥, or O is
1. If O = ® then L(0,$) = © es break down as follows:

2. If O = w(x) then L(O0, ¢) = w(éd — x)
3. If O = 01 N Oz then L(O, $) = L(O1, ) N L(O2, $)

It follows th: i
SThespre:lipt;lj .It):l.refe;ences associated with the LSP system are still good orderi
¢ siti i a
B ando?n If;tgl)’ertgs_of Ka.rttunen’s 1974 system are also found iria 1il(r;grsttu ? joi
S e :d[ ;18[}33&] lgfgaocal and intermediate accommodation (detaﬁzno? ndh?itef Jf(l) 5
4 . I which she does
B ' ea92| a semantics for the formal 1 i
e L anguage used here is proposed which
ot 4 B 2l e taken as the presupposition relation i  hasun 'IC
e K;. . T,Zit;); ca}r;;)e summed up extensionally as follows: (1) i;();lr}{;}?a(g;yStem' e @)
0P >k ¢. — m;(5) ¥ — ¢ > K¢ — m. Also, unsurprisi 7 g,
> . prisingly, we have that for all ¢
ne noteworthy aspect of LSP co: |
ertiicie o i ncerns the fact that whilst the presu it
canceled b Conditionzl enying thfer.n, denying the truth of the actual argumeigso(s)}m;ns e e
iy p;esupposmons. For instance, let a be (¢ — = (d(¢) Ax)) A O e o)
e for states where ¢ — 9 holds. But this preference isfxot cﬁaf(‘:erlil(jieliefi-}?and o
y the conjunction
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The following exam

k. Exaﬂlple

“the knowledge that” in the consequent of a

, N for “no decent logician was involved in
logician was involved in writing the
broadly attractive assumption that

he translation D — (ON A T):

ple contains the factive
“David wrote the article”
«the belief that no decent
Under the suspect but
sition of truth, we derive t

ditional- Use D for
k. g the article”, and T for
ill disturb the editors”.

is belief plus presuppo

writin
article W
jnowledge
call this ¢-
BA |f David wrote the article then the

the article will disturb the editors.

knowledge that no decent logician was involved in writing

The preferences associated with ¢ can be calculated as follows:

1(ON AT)

{peTaN\quaNeTT}
{pew(N)\,u-H?Ne@}

o)

1 (D — (BN AT))

{ (+(D A (8N AT))

T(D/\(aN/\T))
{MGTDlu+D€T(6N/\T)}
{uG@\,u—l—DGw(N)}
{(G,T)|(0+D,T+D)GW(N)}
{(U,T)l(0+D,T+D>E{(0'77'>\(T'FN)*(U'FN)}}
{(0,7’)\(7’+D}=N)—?(0+D}=N)}
= {(UJH(TFD—*N)—*(UFD—*N)}
= w(D—N)

©))
@
(3)
)
()
(6)
M
(®)
©
(10)
(1)
(12)
(13)
(14)
So associated with the formula D — (ON AT) is 2 preference for contexts
holds.!® This mirrors the behaviour of systems proposed €.g. by Karttunen

Il

Il

Il

Il

where D — N
[Kar74], Heim

mula still ends up presuppositionally entailing more than it would classically entail. In

ositionally entails —¢.

clarify. Consider the discourse ‘If Mary closed her eyes then she did not realise that Bill
was smiling. He wasn't.’, which I find rather odd. If we take the two sentences to be conjoined, and we
understand the ‘realise’ clause as (a(bill-is—smil'mg) A mary-re ), then the discourse has the
logical form of o, and LSP predicts that it entails that Mary did not close her eyes. Given the oddity of this
discourse, I am not sure whether this result is problematic. But it does show that there may be cases where
LSP predicts stronger presuppositions than GSP, for in this case LSP predicts a conditional presupposition,
and GSP predicts no presupposition. 1 would note that, at least in this case, the inference could presumably
as is standard, that the conditional introduced an implicature that the truth of its
‘Whether we could then produce a variant of LSP that did produce strictly weaker
ant of) GSP, and whether this would be desirable, I cannot say-

101, the calculation of the preferences for ¢, note the passage from line 12 to 13. This relies on an analogue
of the deduction theorem allowing us to deduce from o + D E N that o + D | N. To see that this is so,
observe that o + D is that subset of worlds in ¢ which classically satisfy D. Then o+ D | N says that Yw € o,
if w classically satisfies D then w classically satisfies N. It follows that Yw € o,, W classically satisfies D — N,
and thence the desired result.

with . So the for
particular o presupp!
An example may

alises-bill-is-smiling

be removed by stipulating,
antecedent was unresolved.
presuppositions than (some similar vari
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[Hei83a] and myself [Bea95]. In all of these systems, a sentence “If A then B”, where § e
a presupposition P, itself carries a presupposition equivalent to “If A then P”. It ig ea.s‘
verified that the preferred proposition D — N is consistent with the ¢, and so becomes 4 '
presupposition.

4 Adding Common Sense to LSP

In earlier work [Bea95, Bea:MS] I have proposed a model for global accommodation which i«
intended to take preferential knowledge about the world into account. Once again, informat;q ;
orderings are at the heart of the model.

The idea is that global accommodation is modeled not as a repair strategy on “faulty"‘
information states (i.e. states that do not satisfy presuppositions), but instead as a monotopj 1
filtering operation. A hearer cannot be sure of the assumptions that the speaker is making
and so maintains a number of alternative context sets, or epistemic alternatives, all of which
might, as far as the hearer knows, correctly represent the speakers’ assumptions. As discourse
proceeds, each use of a presuppositional expression provides the hearer with more informatiop
about what the speaker was taking for granted, and so allows the hearer to filter out varioyg |
epistemic alternatives. After each uttered sentence, some alternatives are filtered out, and
the remainder are updated with the content of the utterance. This produces a new set of
alternatives which is both compatible with what the speaker has presupposed, and with what
the speaker has asserted.

To complicate the picture slightly, it is allowed that the hearers knowledge of the speaker
is not of an absolute character, in the sense that of the various things that the speaker
might have assumed, some alternatives are more plausible than others. To account for this,
the hearer’s knowledge of the speakers’ assumptions is modeled using a preference ordering
over epistemic alternatives. These orderings should have certain structural properties (e.g.
transitivity, reflexivity), but in general will not be good orderings in the above technical sense.
Intuitively, a pair (o, 7) will be in the ordering just in case ¢ is considered at least as plausible
a model of the speaker’s assumptions as 7. In terms of information orderings, update proceeds
by filtering out those pairs for which at least one of the alternatives is incompatible with the
speaker’s presuppositions, and otherwise updating both members of each pair with the new
information.

It must now be determined how such a plausibility ordering may be combined with the LSP
system, which involves its own ordering determined not by common sense but by a preference
for satisfaction of conventionally stipulated presuppositions. This combination will take the
form of a definition of presuppositional entailment which is sensitive to an external plausibility
ordering, so that ¢ ~o 9 if 1) is a presuppositional consequence of ¢ relative to the ordering
0.

One obvious possibility would be to take the intersection of the two orderings, and use
that in the new definition of consequence. But I do not think this would give the right results
empirically. Suppose that states are preferred where Mary does not own a rhinoceros, and
I say ‘I didn't realise that Mary owned a rhinoceros.” Taking the intersection of an ordering
encoding a preference for states where Mary owns a rhinoceros with one where there is a
preference for states where Mary does not own a rhinoceros will have a canceling effect.
The set of maximal states in the resulting ordering would contain both states where Mary
had a rhinoceros and states where she did not, and so there would be no net preference
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equivalences.

Definition D12 (Heim/Dekker semantics) In all of the following, it is possible that one

f the component terms of the right hand side is undefined (e.g. because oy is undefined
?” the clause for existentials): in this case the effect of update is left undefined. Clauses for
Lm'versals, disjunctions and implications are taken to follow standard (dynamically motivated)

7'7"”) = {<f’w> €o I (w’f(xl)r"vf(zﬂ)) € “P”w}

o+ P(z1, ...
(if 1 ...,x, are in the domain of all assignments

in o, otherwise undefined.)

o+ OAY (c+¢)+9
c+=p = o\(ox4)
oc+3zdp = o+ ¢

c+0p = o+¢

In defining the preferences associated with formulae of this system, most of the definitions
from the earlier sections of this paper can be carried over, modulo reinterpretation of some
fundamental constants, and of the range of variables. In particular, states o are now sets
of world assignment pairs instead of worlds, and W* is redefined as pW x G\, and new
interpretations follow immediately for ©, the set of good orderings, c¢(¢) (in terms of the new
notion of update), £o, ft, ~, > fosp (i-€. first order Isp presupposition). The preferences of
formulae can be defined as in LSP, except over the new notion of information state, and with
simple predications defined to carry the trivial preference relation ® and existentials defined

as follows:

Definition D13 (Preferences for Existentials (first version))

1(3z¢) = {{o,7) | (02, 7) €1 ¢}

Example

Let us consider the treatment of 3z(f(z) A (h(z)) Ar(z)), a crude translation of Heim’s E6,
with f for “fat man”, h for “has bike” and r for “is riding his bicycle”.

E6 A fat man is riding his bike.

The preferences can be calculated as follows!!

(1) T (8(h(=))

(2) = {{&7) [ (7 | h(2)) = (o |= h(2))}
(3) T (8(h(z)) Ar(z))

(4) = 1(9(h(z))

(5) T (£(2) A 3(h(z)) Ar(z))

"'The derivation assumes that ¢ — 1) is defined as ~(¢ A ) and that Vz¢ is defined as —~Iz—¢, and also uses
a couple of lemmas that require demonstration. Firstly it is taken to follow from o + ¢ |= 9 that o |= ¢ — ¥,

and secondly it is taken to follow from o, |= ¢ that o = V¢
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(6) = o0 [(r+ f(2) I h(z)) = (0 + f(2) | h(z))}

(7) = {&7) [ (7= £(2) = h(=)) - (0 | f(z) - h(z))}
(8) T (32f(z) A O(h(z)) A r(z))

©) = {(o,7) [ oz, %) €1 (f(2) A O(h(2)) Ar(z))

(10) = o) | (7w f(2) = k(=) - (02 F f(z) — h(z))}

Il

(11) {lo.n) [ (T EV2f (@) — h(z)) - (0 | Vf(z) - h(z))}

This shows that the system as defined manifests the projection of Open presuppositiong i

familiar from Heim’s analysis: an existentially bound presupposition trigger can yield a yp;
versal presupposition. However, this universal is now only a default: if the input con‘]sl &
guarantees that not all fat men have bikes, then the presupposition could be canceled /loc eI)ICt
accommodated. Although the universal presupposition does not seem appropriate in this ca 1
even as a default, there are a number of ways to alter the system such that an existentia’fle’
bound trigger yielded an existential presupposition. In this regard, see the developrnent&L 4
related systems in [Bea94a, Bea95]: one can alter the preferences associated with the exis‘user(:_f

tial quantifier, or those associated with the 0O-operator so as to derive existential instead of

universal presuppositions, but I will not attempt such modifications here.

.To the extent that LSP is a cancellationist account at all, it is the first such account
which provides any treatment at all of the interaction of presupposition and quantiﬁcation
even if that treatment still requires further work, and thus LSP improves significantly on tlrxle’

cancellationst models of Gazdar [Gaz79a], van der Sandt [vdS8
el ] andt [vdS88], Mercer [Me87, Me92] and

6 Last Words

There .is considerable space for further study and development. In general, one can see
approximately what behaviour to expect of the systems proposed here because ’they combine
sever.al existing proposals. Yet it remains necessary to study the properties of the systems in
det.all. As far as further development is concerned, I can think of two directions of research
which might be particularly beneficial. Firstly, one might consider making the notion of
local accommodation more sophisticated, allowing the locally accommodated material to eo
beyon(.i a simple assertion of the presupposition. This would be necessary if the system was %o
deal with cases where the insertion of bridging material associated with a definite description
happens locally.!2 Secondly, it would be natural to introduce a treatment of implica?cure
the interaction between implicature and presupposition being one of the cornerstones of the’
ca'ncellation models. Here it seems appropriate to think in terms of the reconstrual of Gricean
principles adopted by van der Sandt [vdS92] in terms of informativity constraints.!?

) 12C..f. footnote 3, above. We might want to analyse “If you ride a bike, hold the handlebar tichtly.” as
1n\;c3>1v1ng.the local insertion of bridging material linking the handlebar marker to the bicycle marke% v

I.n brief, the effects of van der Sandt’s treatment could be obtained by making it a (possibl, défeasible)
requlrer‘nent (.)f update with any non-presuppositional formula that the local context neither satisﬁesy the formula
nor satisfies its negation. Thus instead of quantifying over contexts which are consistent with the formula,
as in the LSP notion of presuppositional entailment, we would be able to quantify over contexts in which ali
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Degree Questions, Maximal Informativeness, and
Exhaustivity*

Sigrid Beck, Universitit Tiibingen
Hotze Rullmann, Rijksuniversiteit Groningen

1. Introduction

Our aim in this paper is to develop a satisfactory account of degree
questions like (1).

(1)  How many books did John read?

We focus on the fact that (1) requires an answer naming the maximal
number of books John read. In Rullmann (1995) it is argued that maximality
in degree questions is one and the same thing as exhaustivity in questions
involving individuals. While we adopt this idea as our starting point, we
discuss problems for his account with respect to examples like (2), which
requires naming the minimal number of eggs that are sufficient.

(2) How many eggs are sufficient to bake this cake?

We solve this problem by generalizing Rullmann's (1995) approach. This
then leads to a more general discussion of exhaustivity in questions, in
which we argue for a flexible approach to exhaustivity. Our paper can be
regarded as an extension of a Karttunen (1977) semantics for interrogatives
and as a defense of this extended system against various criticisms of
Karttunen based on exhaustivity and maximality.

The structure of the paper is as follows. In section 2 we present Rullmann's
analysis, which is stated in terms of Karttunen's semantics for questions.
Section 3 deals with empirical problems for this analysis. While those
problems do not affect the central idea, they do affect the specific
implementation in terms of a maximality operator. We will suggest that the
various data should receive a uniform explanation in terms of maximal
informativeness. To this effect we will adopt in section 4 a proposal by
Heim (1994). She reanalyzes exhaustivity not as a property of the semantics
of a question itself, but as a property of the notion of answerhood. We will
show that (and why) her proposal carries over to degree questions. This
leaves us with a satisfactory analysis of degree questions in a Karttunen
framework. Section 5 is concerned with the relation between this analysis
and Rullmann's (1995) proposal, as well as an analysis along the lines of
Groenendijk & Stokhof (henceforth: G&S) (1982, 1984). We will show
how in some sense our analysis can remodel their results. However, the
differences between our proposal and G&S's semantics are not merely a
matter of implementation. Section 6 is devoted to the differences between
the two proposals and their potential empirical implications. This includes

* We are grateful to the audience at the 10th Amsterdam Colloquium and to Irene Heim,
Jack Hoeksema, Arnim von Stechow and Wolfgang Sternefeld for comments and
discussion. The second author is supported by a grant from the NWO, the Dutch
Organization for Scientific Research, as part of the PIONIER-project 'Reflections of
Logical Patterns in Language Structure and Language Use'. Research of the first author was
supported by the DFG grant to the SFB 340.
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discussion of well-known phenomena (like different kinds of question
embedding verbs and mention-some interpretations) as well as some new
data (in particular a type of degree question that involves at least and at
most). Section 7 discusses two potential ways of implementing our
suggestions formally. We conclude that our proposal ought to be considered
as an alternative, flexible approach to exhaustivity, and maximality.

2. Rullmann (1995)
2.1. Karttunen (1977)

Before discussing Rullmann's (1995) implementation of maximality, we
will briefly sketch Karttunen's semantics for questions on which his account
is based. For a full exposition the reader is referred to Karttunen (1977). In
Karttunen's semantics the denotation of a question is a set of propositions,
namely the set of all those propositions that are true answers to the question.
If for instance Mary, Sue and Jane were at the party and no one else was,

then the denotation of the question (3a) will be the set of propositions given
in (3b):

3) a Who was at the party?

b. {Mary was at the party, Sue was at the party, Jane was at the
arty}
c} Rpax[person(x) & p(w) & p=Aw'[x was at the party in w']]

More generally, (3a) denotes the set of propositions (3c), which we can
think of informally as the set of propositions of the form 'x was at the party’,
where x is a person (though in reality of course propositions can't be said to
have a 'form', because they are sets of possible worlds).

We will usually use the term "Karttunen denotation" to refer to the exten-
sion of a question (i.e. to an object of type <<s,t>,t>). When we are talking

about Karttunen intensions (i.e. objects of type <s,<<s,t>,t>>), this should
be clear from the context.

2.2. Degree questions and maximality

In chapter 3 of his dissertation, Rullmann (1995) notes that degree questions
like (4a) and (4b) require an answer that is in some sense maximal:

4) a. How many books did John read?
b. How high can John jump?
C. Jill knows how high John can jump.

Someone who utters (4a) wants to know the maximal number n such that
John read n books. Similarly, (4b) asks for the maximal (degree of) height d
such that John can jump d-high. The embedded case (4c) is parallel: Jill has
to be aware of the maximal height John can jump. Note that if John read
five books and not more than five books, then the only possible true answer
to (4a) will be "five", even though the proposition that John read four books
is literally speaking true in that situation. We will call this effect
maximality.

Rullmann’s idea is that (4a) and (4b) really mean something like (5a,b):

74

i f
Which number n is such that n1s the greatest number 0

hat John read?
b l\;sgishtd:gree d is the greatest degree such that John can

jump d-high? |
(4a) and (4b) can be represented as in

tor that picks out the maximal degree
is a question-operator whose

. . ¢

i-formally, the interpretations o
%‘:;S:md (6b), where max is an opera e
(or number) from a set of degrees and
semantics is spelled out below:

7n: n=max(An'[John read.n' bool'(s]')
%) %.. ?I(li: d=max(Ad'[John can jump d -high])

- . . f
lhlS baSl'C idea can ‘)e illlplemented m .a I(.arttunen'style Sema_nthS 0
CStIOIlS, Whele the de"()tatlon Of a queStlon 1S t,he set Of pIOpOSlthI\S [hat
qu

are true answers to the question:

a. Apan[p(w) & p=Aw'[n= max(An'[John read o' books in w11

@ b. Ap3Ad[p(w) & p=Aw'ld= max(Ad'[John can jump d"-high in w1l

. . ).
7a,b) are basically the Karttunen denotations of thei paraggtrzzzc;st;lré Srzpt)y
%Ia{ that these formulas will always denote a SIng eton set (o e
se(t))e because there is at most one maximal degree or nu .

’
elemell[ 18 the l‘laxnnuln answer SO I{UIhnann S ﬂleOIy acceunts for the

imality effect.! _ _
rIr:lazcﬁén relsty of the paper we will mostly give exam

involving numbers (how many) rather than degrees,

ples of degree questions
for simplicity.

2 3. Individual questions and exhaustivity

i involvin
Rullmann shows that his analysis can be extended to questions 1n g

i Link-style analysis
indivi degrees or numbers, if we adopt a Link-sty}
¥§dgﬁ?;1altigaéger;£i]§‘:)f d%scourse contains no;vcl)nly atcl)gxtl;c sllrll(()illl\l,:idltﬁlesl’l btl)lé
: i i s. Maximali d th
e oot e S;luran ;z’ir:)-rofgrre(;:gon on groups. A question like (8)

i i ect to t l s. A g e
Lr:srg;e ;iiglzgldrzsspasking for the maximal group of individuals such

this group was at the party:

Who was at the party (last night)?

i %. Which x is such that x is the Targest group that was at the
party? ' s
9% x=max(Ax'[x' was at the party]l -
((:i‘ k);3x[p(w) & person(x) & p = Aw'[x = max(Ax'[x" was at

the party in wDII

i i i ;sis is that it builds
i jecti i raised against this analysis 18 L
10!\9 im.mefhateu? bjsee(ﬁ:r?tiga(l)fleugehstdgﬁs with nogrole to ;_)lay for pr.agmat:‘(t:;1 g:r%t;)é
maxunz'\htyﬁipto hefxomenon from that of scalar implicatures 1n declarauve; osreiS enc \.\}hich
separaungm_ls_gsue aside for the moment. The theory we event.ually arguebe i
:iv;gsl(;::s?e nllso:'e room for pragmatics, especially in the analysis of unem q

(see section 7.3.).
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Following a suggestion by Jacobson (1995), Rullmann shows that maxi-
mality can be used to account for the property of strong exhaustivity argued
for by G&S (1982, 1984). G&S distinguish two kinds of exhaustivity in

questions, weak and strong exhaustivity. Weak exhaustivity is the property
which licenses inferences of the following form:

® John knows who was at the party.
Mary was at the party.
John knows that Mary was at the party.

Strong exhaustivity is the property of questions which makes it possible to
draw inferences of the following type (in addition to ones like (9)):

(10) John knows who was at the party.
Mary was not at the party.
John knows that Mary was not at the party.

G&S (1982) propose a semantics for questions which is an alternative to
Karttunen's theory but which accounts for both weak and and strong
exhaustivity (unlike Karttunen's analysis, which captures only weak
exhaustivity).

Rullmann (1995) argues that by introducing maximality into the Karttunen
semantics of questions we get a theory that like G&S's theory accounts for
both weak and strong exhaustivity. First, as noted above, maximality
guarantees that a question will always denote a singleton set of propositions.
Because there is a one-to-one relation between singleton sets and their
elements, we may therefore as well identify the denotation of a question
with the proposition that is the unique member of this set (at least for the
class of question-embedding verbs which can take that-clause complements
and which G&S call extensional, such as know). This means that the

denotation of (8a) will be the proposition in (11), rather than the singleton
set containing it:

(11)  p3Ix[p(w) & person(x) & p = Aw'[x =
max(Ax'[x' was at the party in w'])]]

Now suppose that in the actual world w, Mary, Sue and Jane were at the
party and no one else was. Then the proposition denoted by (11) will be:

(12)  Aw'[Mary+Sue+Jane = max(Ax'[x' was at the party in w')]

This proposition contains all and only those worlds in which Mary, Sue and
Jane were at the party and no one else was. Now if John stands in the know-
relation to this proposition this will imply that (i) for every x such that x is a
member of {Mary, Sue, Jane}, John knows that x was at the party, and that
(ii) for every x such that x is not a member of {Mary, Sue, Jane}, John
knows that x was not at the party. (Crucially, just like G&S we assume that
knowing p entails knowing every proposition entailed by p.) In other words,
maximality accounts for both weak and strong exhaustivity. Thus, by
adding maximality to Karttunen's theory of questions, we end up with a
theory that - though not formally equivalent to it - is able to account for the
intuitions that motivate G&S's theory.
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ivi lays a role in degree questions 1n just the
| Stl}igrtl%te(;‘c;??: \;;t()ili\‘/)idgal questions. If John knovtvhs h%\:emtigi
: Vg}%{l read, and in fact Bill read five books 'and not more arll( i b
e xhailstivity John knows that Bill did not read n boo s,f o 1);
2 StroRngllfnann‘s (19§5) analysis of degree questions accounts 1o
?;giica‘tlion in the same way that it does for individual questions.
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et gl) ai with a class of degree questions 1n which minima 'yter et
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% rion r)z,uher than degrees or individuals, we can account tor this i
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3. Problems with the maximality operator
3.1. Degree questions requiring a minimal answer

Consider a question like (13):
(13) How many eggs ar¢ sufficient (to bake this cake)?

lest number n, such
iti i 13), you want to know the smal >
E:ilgveegl)g,; 1\fvggluda§§ énozxgstll. The interpretation we ‘would get for (13) in
Rullmann’s (1995) analysis, however, 1s given in (14):

(14) M n=max(An'[n' eggs are sufficient to bake this cake])

This is not a satisfactory interpretation for (13), fog two (fe:slﬁtedgsgefhs::\isn
Firstly, the maximum is likely to be undefined in t%ns cas&:\.an tl;:f')e o are
fact th,ree eggs are sufficient to bake the cake, but fewer A e
t,Then four eggs are also sufficient, and so are five, six etc. fppetehn
o ber of eggs that would be sufficient. Le;t us ignore " ) e
e nurrém though. Maybe the set of numbers is contextual ydres r:end
for arg]eoxa ’so that a' largest element is deﬁm;d. Even thenilyve ¢ \(')C;l(l)l end
e So'th theyciesired interpretation for the quest‘lon,.b'ecause this %11 i
i?r;lst number of eggs sufficient, wlf1ile \;/lg: m?iuS't;Viil); \‘;;z;x;t z:n :l ggous st
er, namely three.So if we form lize ‘
?Xz?igusr:ctiion 2.2, a)r,nore appropriate solution would be (15):

(15) M n=min(An'[n' eggs are sufficient to bake this cake])
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Ppropriate answer would name a minimum (the

fessor can live, th ini
} , the mini
be e 8 etc.), rather than a maximum. Why should gll::

on crucially depends on what we will call the

informative to give the minimum answer because here the minimum implies
all other true answers.

Therefore, we believe that it is misguided to give the maximum (or, for that
matter, the minimum) any special status. We have come to the conclusion
that we should have neither a maximum nor a minimum operator in the
semantics of degree questions. Note that we do not get an ambiguity; what
type of answer is required seems fixed for a given predicate. The fact that
we choose the maximum answer in the case of downward scalar predicates
should follow from general principles. The same principles should account
for the fact that upward scalar predicates require a minimum answer.

So far, our remarks on informativity have been completely informal. Before
we turn to a proper formalization of our idea, we would like to discuss
another type of question predicate that behaves in yet another way with

degree questions.

3.2. Degree questions with nonscalar predicates

Consider (20):

(20) a. With how many people can you play this game?
b. How many courses are you allowed to take per semester?
c. How high can a helicopter fly?

A complete answer to (20a) could be, for instance, between 4 and 6. This is,
in effect, a complete list of all true answers to the question, or to put it
differently, their conjunction. Similarly for the other examples.

The question predicates in (20) are predicates that do not allow inferences
either from large degrees to smaller ones or the other way around. If it is
permissible to take five courses per semester, for example, then nothing
follows about the possibility of taking six courses or four courses. You
might be required to take at least five courses. On the other hand, six might
be too many. In other words, in cases like (20) we know that there might be
a lower bound as well as an upper bound for the degrees that the predicate
applies to. More complicated scenarios are conceivable, for example that
you are allowed to take either 4 courses or else between 6 and 8. Or a game
may be played with any even number of players.

Hence, the question predicates in (20a-c) are neither downward scalar nor
upward scalar. We will refer to them as nonscalar predicates. Since in these
cases naming one true answer does not allow any inferences, the only fully
informative answer is the conjunction of all true answers. So this is a case
where neither a maximum nor a minimum operator would get us anywhere.
Resorting to informativeness, however, is still a natural thing to do.

4. Maximal informativeness of answers

We are now in a position to formalize our idea that informativeness is the
crucial notion in describing the types of answers you get in degree
questions. Our strategy will be to incorporate informativeness not into the
semantics of the question, but into the definition of answerhood to a
question. We will take as our starting point the ordinary Karttunen seman-
tics for questions. On the basis of that we will define the concept of a
maximally informative answer. As it turns out, the notion of maximally
informative answer that we need for degree questions, has already been
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formalized as a concept of answerhood in the Karttunen system by Heim

(1994), who calls it answerl.

(21)  the answerl to a question Q in w answer1(Q)(w) = N(Q(W))

Later on, we will see a second concept of answerhood, answer2. To see how
answerl works, we will now consider an example for each of our three
types of question predicate.

The easiest case are the nonscalar predicates. Intersection of all propositions
in the Karttunen denotation of the question is just conjunction of all those
propositions in which the question predicate is truthfully applied to its
argument. So for instance in (22a), given the Karttunen denotation (22b)

(22) a. How many courses are you allowed to take?
b. Ap3n[p(w) & p=Aw'[you are allowed in w' to take n courses]]

the intersection of the propositions in (22b) will be the conjunction of all the
true propositions of the form "you are allowed to take n courses". So for
instance if you are actually allowed to take either four or between six and
eight courses, answer1(}|(22a)|[)(w) would be the following proposition:

(23)  Aw[you are allowed to take 4 courses in w and you are allowed to

take 6 courses in w and you are allowed to take 7 courses in w and
you are allowed to take 8 courses in w]

In the case of a downward scalar question like (24a) answerl(}|(24a)|)(w)
would be as in (24b):

24) a. How many books did John read?
b. N(Ap3n[p(w) & p =Aw'[John read n books in w']])
c. Aw'[John read 5 books in w']

Now suppose that John actually read five books (and not more than five).
The proposition that John read four books (which is also in the Karttunen
denotation of (24a)) is actually a superset of the proposition that he read
five books. Similarly for the other true propositions of the form "John read n
books". So the intersection of all these true propositions is the same set as
the proposition that John read five books, (24c). answerl(]|(24a)|[)(w) is thus
identical to the maximum answer.

Finally, consider a minimum case like (25a). Answerl(||(25a)|[)(w) would
be constructed as in (25b):

(25) a. How many eggs are sufficient?
b. N(ApIn[p(w) & p=Aw'[n eggs are sufficient in w']])
c. Aw'[3 eggs are sufficient in w']

Let us assume once more that three eggs are sufficient (and fewer than three
eggs are not sufficient). The true propositions in the Karttunen denotation
are of the form "n eggs are sufficient” for n 2 3. The proposition that three
eggs are sufficient is a subset of all the propositions in that set. Therefore,
the intersection of all the propositons in the set is identical to the
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Discussion of this issue in the last decade has made clear at least that we
need to have strong exhaustivity at some points, for example in questions
embedded under the verb know. Fortunately, Heim’s (1994) paper already
contains a proposal of how to get strong exhaustivity from answerl, namely
by means of her notion of answer2.

(29) answer2(Q)(w) = Aw'[answer1(Q)(w") = answerl(Q)(w)]

Heim (1994) shows that answer2 will in general produce the same truth
conditions as the G&S-semantics. However, in certain cases this equiva-
lence breaks down. See Heim (1994) for discussion.

This means that we can obtain the information needed to capture strong
exhaustivity from the original Karttunen denotation, by applying answerl
and answer2.

Answer2 in a sense remodels a G&S semantics. Moreover, we think that a
G&S semantics gives a fairly good result for degree questions, although we
don’t have the room to show this.2 This raises the question of why we went
through all this trouble of defining notions of answerhood on the basis of a
Karttunen semantics, if we could have had a satisfactory result in a G&S
semantics straightforwardly without such a fuss.3 This question will be
addressed in the next section.

6. Arguments for a flexible approach to exhaustivity

Summarizing our discussion so far, we have a theory of questions which
makes available at least three distinct semantic objects that are associated
with a question. Firstly, there is the Karttunen denotation, the set of all true
propositions that count as (not necessarily exhaustive) answers to the
question. Let's call this set Q(w) (Q being the Karttunen intension).
Secondly, we have answer1(Q)(w), the proposition that is the intersection of
all the members of Q(w). This constitutes the weakly exhaustive true
answer to the question. Thirdly, we have answer2(Q)(w), which is the
strongly exhaustive answer to the question and which is (almost) the same
as the denotation that G&S assign to questions. An important question that
arises then is whether we really need all three of these notions. Couldn't we
just use the strongly exhaustive answer2, as G&S have argued so forcefully
throughout their work? In this section we will address this question, arguing
that having all three notions allows us to adopt a more flexible theory that
takes into account cases in which insisting on strong exhaustivity gives rise
to truth conditions that appear to be stronger than is supported by our
intuitions. In taking this position we have been greatly inspired by Heim
(1994) who also provides many of the arguments discussed in this section.

Our discussion is primarily intended to motivate a flexible approach to
exhaustivity, rather than to argue against a specific alternative like G&S's.
The points we are going to make are not necessarily problematic for G&S

2G&S don't treat degree questions explicitly.

3In addition to strong exhaustivity, G&S use another argument against Karttunen's theory,
namely the distinction between what they call the de re and the de dicto readings of the
head noun of the wh-phrase. We do not deal with this important issue in this paper, because

it is orthogonal to the problem of exhaustivity. We hope to work out a suggestion in future
work.
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mind include tell, read, write down and list. These verbs seem to have two
distinct senses (although it's not at all clear whether we are dealing with an
actual ambiguity here), a transparent and a non-transparent one (cf. Heim
1994). On the transparent sense of read, reading who was at the party
implies reading who was not at the party. This is the sense that G&S seem
to have in mind when they argue for strong exhaustivity. However, although
we acknowledge the existence of the transparent sense, we believe that there
also is a sense in which (32a) and (32b) are not equivalent - and in fact tend

to think this is the sense in which this class of verbs is ordinarily
understood:

(32) a. John read/wrote down who was at the party.
b. John read/wrote down who was not at the party.

We agree with Heim (1994) that there is an interpretation for these verbs
(which is still fairly transparent, but not completely) in which for instance
tell means something like 'cause one to know answer2 by uttering answerl'.

The point is that in this sense the verbs would make use of answerl as well
as answer2.

A third case in which answerl seems to play a role in embedded wh-
constructions is based on the semantics of the noun answer (Heim (1994)).
She notes that (33) may be true in a situation where John just happens to
know a proposition which constitutes the weakly exhaustive answer to the

embedded question, even if he is not aware that it is the weakly exhaustive
answer.

(33) John knows the answer to the question who was at the party.

So suppose that Mary and Sue were the only party guests then (33) is true if
John knows the propositions that Mary and Sue were at the party, even if he
believes (wrongly) that others attended the party as well. The noun answer
must therefore mean answerl. But because answerl cannot be retrieved

from answer2, this implies that the embedded question itself cannot be
strongly exhaustive.

6.2. Mention-some readings

Another argument showing that sometimes questions are not even weakly
exhaustive can be based on what G&S call the mention-some interpretation
of questions (see especially G&S 1984, chapter 6). Some examples which
favor the mention-some interpretation are the following:

34) a John knows where you can buy the New York Times.
b. Mary told me how to get to the train station.

(34a) for instance has a reading on which it is true even if John isn't able to
provide a complete list of places where one can buy the NYT, but only one
particular location, say, the newsstand at the train station. G&S account for
the existence of the mention-some interpretation in terms of disjunctions of
questions -- an analysis which we don't have the space to discuss here. What
is relevant for our present purposes is that the mention- some interpretation
can be straightforwardly captured if we can avail ourselves of the Karttunen
interpretation of the embedded question. On the mention some
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(39) Er weiss, wer alles auf dem Fest war.
He knows who all on the party was
"He knows who all were at the party"

To these examples from our own native languages we add (40) from a
dialect of Irish English discussed by McCloskey (to appear):

40) a. What all did you get for Christmas?
b. What did you get all for Christmas?

What these expressions do is force a (weakly) exhaustive interpretation of
the question in which they are contained. They are incompatible with a
mention-some interpretation:

(41) Hans weiss wo man alles/ueberall die NYT kaufen kann
Hans knows where one all/everywhere the NYT buy can
"Hans knows where all you can buy the NYT."

In contrast to (34a), (41) does not have the mention-some interpretation and
can only be interpreted exhaustively. It should be pointed out though that
alles and allemaal do not force strong exhaustivity, which explains why
they are not incompatible with the class of verbs mentioned earlier like
surprise which disprefer a strongly exhaustive interpretation:

(42)  Es hat mich iiberrascht, wer alles auf dem Fest war.
it has me surprised who all at the party was
"It surprised me who all was at the party."

We suggest the following semantics for allemaal/alles/all:
43)  alles(Q)(w) = Ap[p=n(Q(W))]

Alles operates on a question denotation and gives us the weakly exhaustive
interpretation, i.e. the set containing answerl. Since we propose to deal with
mention-some interpretations via the elements in the Karttunen denotation,
from (43) there will be no way back to a real mention-some interpretation.
The only element in the set denoted by the question is already weakly
exhaustive.

We believe that just like non-exhaustivity markers such as for example
exhaustivity markers like German alles pose a challenge to a theory that
uniformly gives every question an exhaustive interpretation. If the basic
meaning of questions already were an exhaustive one, exhaustivity markers
would be superfluous and the question with the exhaustivity marker should
have exactly the same interpretation as the corresponding question without
it. However, we feel that this is not the case: (41) differs in meaning from
(34a) in that the former does not allow a nonexhaustive interpretation
whereas the latter does. A rigid approach to exhaustivity will have no way
to deal with this difference (for instance the G&S approach to the mention-
some interpretation could not, in our judgment, predict that (41) does not
have a mention-some interpretation, since alles could make no difference to
the original question interpretation).
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48) a. { 86 people were there, 85 people were there, ...}
b. { at least 86 people were there, at least 85 people were
there, at least 84 people were there, ...}
{ at most 86 people were there, at most 87 people were
there, at most 88 people were there, ...}

C.

Applying answerl to these sets will result in the following propositions:

49) a. Aw[86 people were there in w]
b. Aw[ at least 86 people were there in w]
ct Aw[ at most 86 people were there in w]

This would mean that for Hans to know how many people were there at
most, he would have to know that at most the actual number of people were
there. This is not the result we intuitively want: It is sufficient for Hans to
know that definitely no more than a reasonable upper bound of the actual
number of people were there. The same holds for (45b). The ordinary G&S
interpretation runs into the same problem.>

What is going on here? We think that in (45b,c) the mention-some inter-
pretation is the only one that makes sense. An exhaustive interpretation of
any kind will always lead to unintuitive results in that the resulting inter-
pretation predicts truth-conditions that are too strong. So technically (44)b,c
and (45)b,c are just more instances of a mention-some interpretation. We
have discussed them separately because (i) the data are quite interesting by
themselves, and (ii), because they show that non-exhaustivity in the case of
degree questions will be non-maximality and non-minimality, and that that
is in fact possible in degree questions. Another example demonstrating this

might be (50) in an appropriate context (e.g. an artist wanting to make a
realistic life-size sculpture of a polar bear).

(50) How tall can a polar bear be?

The enforced mention-some interpretation might be what makes (45)b,c,
odd: A predicate like know seems to favour exhaustive interpretations. So in

order to interpret (45b,c), one might have to use a slightly disfavoured way
of combining the question meaning with know.

7. Two approaches to flexible exhaustivity

We have reviewed a number of arguments, partly taken from the existing
literature, which show that questions do not uniformly receive a (weakly or
strongly) exhaustive interpretation. Jointly and separately, these arguments
undercut an approach in which exhaustivity is built directly into the basic
meaning of the question. However, we are also convinced by G&S's
arguments that at least in some cases (strong) exhaustivity is called for,
especially when we are dealing with an embedding verb like know. We
therefore conclude, following Heim (1994), that a flexible approach to
exhaustivity is called for, one in which the basic denotation of questions is a

SNote that here also, a maximality operator would give the wrong results: (45b) would
come out as (45a), while (45c) is undefined.
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rmation, that is, answerl. This in turn carries the implicature that the
r really was as informative as possible, i.e. given an answer A it is
often inferred that A is the complete answer. S thus concludes answer2 from
answerl. If th}S mferenge is not dpsxrg:d, the answer provided must be
marked as partial (by adding something like for example, among oth_ers,...):
what we have sketched above should extend to degree questions in parti-
cular: If for instance John in fact read five books, no well-informed person
would answer the question "how many books did John read?" with "John
read four books", since the answer is, while true, not the most informative
one. Giving the most informative answer involves no extra trouble, so it
should be very highly preferred. Since the answer actually given carries the
implicature that it is the most informative answer, such an answer would
even be very misleading. ,

In the case of unembedded questions, there are various other formal
relations possible between question and answer. See for example G&S for
discussion. What is important for our purposes is that we believe that the
Karttunen denotation will work ok for unembedded questions as well as
embedded questions. That is, we believe that the various relations of
pragmatically "good" answer to Q can be defined given the information that
the Karttunen denotation Q provides. Although we do not formally show
this, we feel justified in that assumption since from the Karttunen
denotation the G&S denotation (more or less) can be derived, and G&S
have demonstrated in detail the usefulness of that in defining question-
answer relations.

info
heare

8. Summary and conclusion

We have suggested a Karttunen semantics for degree questions which

captures the maximality effect without using a maximality operator in the

question semantics. In our semantics, the maximal answer has no special

status in the question denotation at all. This gives us a greater flexibility,

which, we claim, is needed. This is demonstrated by degree questions

requiring a minimum answer, or ones requiring an explicit list of all true

members of the Karttunen question denotation. What type of answer we get
is determined by semantic properties of the question predicate: Upward
scalar predicates determine minimum answers, downward scalar predicates
determine maximum answers, and non-scalar predicates require complete
lists. We always get the most informative answer. We therefore link
questions to their most informative answers by a notion of answerhood
defined in Heim (1994), thus accounting for maximality without assuming a
maximality operator, plus minimality, plus list answers. In the context of
individual questions, our strategy to this point can account for weak
exhaustivity, but not strong exhaustivity. This can be remedied by defining
a second notion of answerhood (cf. Heim).

We are thus left with a fairly rich system of semantic notions concerning
interrogatives: the Karttunen denotation, answerl and answer2. We believe
that there are good arguments that this rich system is in fact useful: There
seem to be predicates using answerl instead of or in addition to answer2,
and we think that there are ones which use the Karttunen denotation either
directly or indirectly.

By way of presenting arguments for our richer system, we have considered
a number of data indicating flexibility in the way an interrogative sentence
gets interpreted. The intended interpretation can be marked syntactically in
certain ways (alles, for example, zoal), but it need not be. It is clear that
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semantic theories of interrogatives need to capture this flexibility. It is less
clear what is the best way to go about that task.

Our overall strategy is to have a rather weak question denotation, from
which other information is recovered by applying certain semantic opera-
tions to it. Starting from a Karttunen denotation, it is possible to strengthen
the information contained in it in various ways. This gives one a range of
interpretational possibilities, all of which, we argue, play a role in natural
language. We hope that external factors can be identified that determine
which interpretation is actually chosen. G&S pursue the opposite strategy:
They start with a question denotation that contains the maximum of
information one can get (i.e. what we end up with in the "optimal" case).
There are thus cases in which they have to get rid of surplus information, so
to speak.

We believe that our strategy is more suited to treat natural language inter-
rogatives. It allows for a greater flexibility in what we think is a more
natural way. However, we acknowledge that this is in a sense a plausibility
argument, and that technically it might be feasible to do things the other
way around.

In addition to that, we have argued that semantic notions might play a role
that are not, as far as we can see, recoverable in a G&S system. If our
arguments are considered valid, we have a real advantage over a G&S
system (or in fact any system that treats strong exhaustivity as a property of
the basic semantics of interrogative sentences). In this respect, our proposal
can be seen as a defense of a Karttunen semantics for interrogatives.
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. . 1
Discourse Grammar and Dynamic Logic
Martin H. van den Berg

1 introduction

Nowadays little will doubt that the large scale structure oli natlgr.altlar;g;ziz
i i ture that is the subject o
i recursive as the sentence-syntactic struc FAEN C
lt,sra?;is'ltz'lol'la,l linguistics. These large scale structures, which is the sul:')_]ect; :f gglr
i i i tions, doctors consults, etc. -
i tications, include stories, texts, conversa : ‘
lli)ll\,/eiiglgcomm(,m practice, we will denoted any such structure with the general
discourse. o ' .
e In this paper, I will make a first stab at combining the dlsf:ou?se pa;smg'
mechanisms developed in (Priist 1992, Priist et.al. 1994) and applied in (P:‘) zny;
and Scha 1983, Polanyi 1988) with the dynamic logic for plgrals prfesente t.a
the Ninth Amsterdam Colloquium (van den Berg 1994) and in my dissertation
(van den Berg 1996a).

1.1 Anaphora
In the formal treatment of anaphoric linking, two separate st;agefi hf;w.iet;oht;z
distinguished. First, the antecedent of the anaphor (pronoun or de ni ) has
to be identified (resolution). Second, the way th(;,1 antfecedfeg.t gwe:eas :;anﬂcs
i . Existing theories of discour:
the anaphor has to be formalized (use) B
i i ful formal apparatus to formalize » b
provide us with a very powe o Sormalis L e 1t
i t all by Dynamic Predica g
the former is not touched upon a : Py
inally by Discourse Representatio!
descendants (DPL), and only marginal . ent :
(DRT) whicl(l conce’:ntrates on cases where the value pflrcked up ;s 1dem;1ca; dt:n::
: i i ng antec )
isti that is easilly calculated from existl
existing antecedent or to one d g
i ini the formalism for the use o p
Let me start with explaining what X : s
is. First, let me characterize what an anaphor is. The following quote from th
“competition” gives a definition: -
i i i tric
“ ic is used here in a liberal way. It is nqt nar{owly restrict
t;r t;:rr:/:;zp:;r:;;sr;ssions can be linked via coindex‘mg with a pre;etiu.:tg
phrase. It applies to all cases where an expres§ion is used ’z,n such a way that its
interpretation depends on one or more foregoing phrases.

[fn. 1. Groenendijk et.al 1995]
The last of this I agree with. In fact, this should be r;aad very 101(1>sely; Ei\}rlzr;
i ds on one or more foregoing pnrases,
when only part of a meaning depen Lowinlew
is sai ic. This includes not only pronouns and de )
part is said to be anaphoric. . e i
i the way events relate to
lso contexts sets of arbitrary quantifiers,
?n narratives and embedding an probably also VPs. Although the latter can

1. This paper forms a pair with (van den Berg and Polanyi 1996).
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often just as well be described in terms of copying of sufficiently abstracted out
material.

The way I implement this is by a dynamic logic that is capable of dealing
with plurals in a generalized quantifier setting, and can deal with the fact the
elements of plural objects often have relations with elements of other plural
objects; relations that can be carried by the anaphoric links. This logic, called
FDPL, is defined in (van den Berg 1996, and an earlier version in 1994). This is
essentially a coindexing approach, hence my disagreement with the first part of

the quote. The following examples illustrate the kind of nominal cases this logic
can deal with correctly:

(1) A! man walked in the park. He? whistled.

(2) Some! people entered the bar. They? ordered a beer.

(3) Some! people entered the bar. The? men sat down at the bar and the}
women went to the juke-bor. '

(4)  John! went to Paris. Mary? went to Paris too. They},, had a great time.

(5) If a! student marries an?othersyy student, thel,, man usually finishes
earlier, but the},, woman has higher grades.

(6) Every! car that entered the village was dirty. Especially the? wheels were
full of dirt. If it} had a backdoor, it too was a mess.

This serves illustrates the notation: superscripts represent newly introduced
indices (referents), subscripts represent old (bound) indices. When an expression
is co-indexed with more than antecedent, a + sign is put between them; the} T2
woman (5) means that the woman is selected from the set constructed from
referents 1 and 2, and the unique woman in this set is introduced as referent
4. Note the use of “#” an?otheryx; to express that the introduced referent 2 is
not equal to 1. A dot (-) is used to denote an underspecified position, this will
correspond to a unification variable in the semantics.

1.2 Priist et.al. 1995

In (Priist et.al. 1995), from now on denoted by DGVP, it is observed, that the
translation of language into logic results in type logical expressions that have a
syntactic form that encode the information structure of the translated expres-
sion, without the idiosyncrasies the actual language syntax.

Because that paper deals with vP-anaphora, a modified copying approach
is all that is needed to explain anaphoric linking. For example, in

(7)  John went to Paris. Bill did too.

merely copying went to Paris into did gives the right meaning:

(8) John went to Paris. Bill went to Paris.

The DGVP formalism is versatile enough to encode a simple form of abstraction:
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uter science. Bill
] borrowed a book on comp
t to the library. He
(9) John wen
did too. .
The unification mechanism is defined 1;1 a wi};
taken together as John went to th.e li rqrg o
science and then the relevant part is cOPi€ )
book o
library. He borrowed @ : o
= JO’”: ;U e?}fet;bi’;iylan;%owowed a book on computer science
went to

that the first two sentences are
d borrowed @ book on computer

n computer science. Bill

In terms of the discourse tree:

Au[wtl(u)&bor (u)] (j)&)«u.[wtl(u) &bor(u)](b)

Y (b)
wtl(§)&bor (i)

wtl(j) bor(X)

. . 2 1 .

This is best illustrated by a simplified® exampie
ave Mary a book.

((1112)) é'i’zz - 3, 3y(y = m, 32(b(2), g(z,9,2)))

(13) 4 book was give to Mary by. John. .

(14) Z—]z(b(z),ay(y =m, 3:13(17 =) g(mwyy

i d
able of distinguishing between active an

Which shows that formalism is cap
passive sentences.

ical language '
L R e s a simplified versio

The logic I will use F amic binding
i f FDPL, dynamic DI
gi ill in this paper ! s n of FT 1, ¢ y ) 0 ]
bogle that has a simple predicate logical syntax W h gen
ge y

d ' . . . . . . '
.erahze quam:iﬁer SynlbOlS FOY every variety (dlstnbutwe, pSe\ld()—dlSt:Ilbuthe
. .

2. One m\portant sunphﬁcatlon is the use of first order quannﬁer logic rather than type
logic. AlﬂlOugh expressions translate into ty pe'log‘cv most exampl& can just as well be given
n q“alﬁlﬁef logic (predlcat g bOIS)' This has the advantage of being

g e logic W ith quannﬁe: symi

more compact and more east
to mirror the order

ight ual translation (depending on
case given here mig

1 . = 1: = 2 A ( ﬂ))
P; iN ) ( )](>‘ g’( )( )( )( 2- y[y A (y)])(k B K )( )

APy .3zl =) Py(z SXT z)(S)(T AP2.3 =mAP P3 3z[(b)(z P3(z

g' = AF AQP\E(Q(A)'E ()\zg(xv Y1z)))] ) ) )

The Con‘plex“y of which illustrates why it makes sense to cheat

formulas.
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COHeCthe and smgular) there eXIStS, whele needed, a quantifier with that VaIIEty.

The only difference j
ce is the way context sef i
. : ts . . .
dynamic variables, Example ( 1) is translat:criealsqenmﬁed it corlier iroduced

(15) Iz, & [m(zl),w(zl)] AVzy C 1‘1[1'2 = Z'z,wh((l:g)]

Because in this baper, we are reg]

: I . .
formulas, e oty g e y dealing with the syntactic form of these

of a simplified version o
of FD
Definition (Semantics of FDP i

o, , rather than in terms of false and

The interpretation is relative to a model (p(E),T)

(16) [[le...zn]]d = {<G,H>IG=H}

[Por.za]* = (<o pms |G =H&< G(zy),. .. 1G(zn) > € Z(P)
(17) [zCy]* = {<eH>|c=m) }
lCol* = (<gm> |G = H&G(z) c G(y))
(18) el? = (<cm> |G ~; H&G(z) = @}
le:]* = [e,]¢
(19) [+¢1* = [g]*
Lol = g+

@) A = gy
AUt = oo+

(21) 4l = {(<G,m> |GI4I*H or Gl-¢]*H}
s
el = (<e,m5 CII’H & ~3K Glg)+ k)

Quantifiers are defined by essentially writing out

ing the dynamic Ppossibilities and the following mthe Pl opation s

simplified), aximization operator (again:
(22) @M, ) -
GuM gy(¢)]]+H = GMacy ()] H or (Cl#]*H and not Gle]* H)
[ oCy(ITH = GI]TH and for no K, L

K~z G L~y HK(z) C G)&K[g]*L)
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This defines a formula G[M;c,(#)]¢H which is true for an input G, giving an
output H, iff G[¢]*H holds between them and for no larger set (within the set
G(y)) ¢ is also true. Then quantifiers are defined by the following:

(23) Qr Cy(d,v) = ewcyAerce A Mz’gy(d’[z,/z]) AMzco (1) A Q(a', )

z’ is the dynamically introduced referent denoting the CN anaphor, z is the
subset of these that denotes the normal anaphor. Non of these need be unique,
though the CN usually is. I refer to (van den Berg 1996a) for details.

1.4 Simple Examples
As a simple example, take

(24) A! man walked in the park. He? whistled.

The local translations of these sentences are 3z C -(m(z), witp(z)) for the first,
and Jy C -(y = y, wh(y)) for the second sentence. The discourse rules are then
applied, and the second translation is default unified with the first resulting in
Jy C z(y = y, wh(y)). So how can we set up the rules to achieve this? Note one
thing that will become a problem very soon. In DGVP, we essentially used term-
unification, mapping identical positions in the formulas on identical positions.
But here the referent = when introduced is in a different position (to the left in
z C z) than when it is used (to the right in y C z). So we have to remember to
built in something that takes care of this.

2 Unification Structures

To use FDPL in a unification grammar, we have to add unification variables
X. We will add variables for all objects of the language X*¢ for unification
variables that take the position of dynamic variables, XP™ to take the position
of predicates of arity n, Q7 to take the position of quantifiers, and X* to take the
position of formulas. I will always omit the superscripts of unification variables,
because their use will make their type clear.

2.1 Unification

2.1.1 Unification Ordering

Suppose we have an algebra of expressions A and a relation of unification M on
the terms of A. Then we also have ordering on the terms: ¢ < 9 iff ¢ = ¢ M.
in words: ¢ is at least as specific as 1, if when we unify ¢ with 1, we do not get

anything new:
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more general

¢ ¥

N\

oy

more specific

This can also be put around, if we have a pre-ordering, than the unification of ¢
and 1 is the most general object x that is is at least as specific as both 9 and ¢,
if it exists. The generalization of ¢ and 1 is the most specific object x that is at
least as general as both 1 and ¢. Neither of these need be unique. If the ordering
was derived from a notion of unification, the unification one gets by applying
this definition is the original one. This means that any notion of unification can
be defined by giving the corresponding ordering. Because defining an ordering

involves two expressions, whereas defining unification directly involves three,
the ordering is easier to define.

2.1.2 Ordering of Syntacto-Semantic Structures

The ordering of terms of dynamic type logic, written as ¢ < 1 is defined in-
directly. First I define an ordering ¢ =<, 1, which means that ¢ is at least as
specific than ¥ given some substitution (by &, called the unifier) of values for
unification variables and some renaming of variables (also done by £). We then

say that ¢ < 9 iff ¢ <¢ 9 for some unifier £ that only renames bound variables
(but may substitute anything).

Definition (Unifiers) A unifier £ €UNIF is a function that maps unification
variables of a type a on meaningful expressions of the same type.

Unifiers are used in the definition of the ordering. To simplify the below defi-
nitions, we do not assume transitivity of the ordering these definitions define.
This means that the following is slightly more complex than you might expect:

Definition (Ordering Rules) The ordering on expressions of dynamic type
logic, relative to a unifier, is defined indirectly. First an ordering <¢ is defined,

which orders expressions relative to a unifier £, then a global ordering < is
defined by

(25) ¢ = v iff there is a unifier { and expressions ¢ ...¢, such that ¢ =,
Y1 e - Behn e

When ¢ < 1, the expression ¢ is said to be at least as specific as 1.

There is one last ingredient to the logic. It is assumed that there is some ba-
sic ordering < on the predicates, called the Aristotelian ordering. For example

98

Ween<w alk(]olln) and T un(lnary) that r SUltS mn 1M P
bet € ove(per son

ive in e a term-
First basic rules are gt en to impos
]

. . impose
The definition 1s 12 . terms. Then extra rules are given to imp!

uniﬁcation—like ordering on .the
emantically contentful relahlon.s. -
. Predicates are ordered using the P

predicates:

. /
(26) P2 P I P<F

. .
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makes lhat if a dynaml(: vanable 15 replaced by a umﬁcatlon Varlable, it has
to be replaced thmugh()ut the formula that we are compalmg. For z,T dyna.lmc

variables: . . e
fication varia .
! iff gz = =’ and for no uni
(27) 2T !
Quantifiers should be the same:
. A |

iR e any expression, X
( )ﬁ tion variables do what they are supposed to do. For ¢ any

ificatio _ :
I2.13xlllniﬁc:aution variable of the same type
(29) ¢ ¢ X iff X = ¢

ive rules finish .
Finally, the recurS}Ve r  tareus (dynamic variable:
1 'n

i i P, P! n-ary pred-
_unification part. For P, 4

o momic v s or unification variables that
icates,tl,...,tn., 450
take their position):

d ... and
i <, P' and t1 Z¢ th an
(30) Pt Lota) e P’(t’l,...,t’n) if P 2¢
!
n 2§ ‘n°

For ¢, 9, ¢’ 4 formulas, R, R’ logical connectives: .
Or k) . -3 _ '
(31) ¢RY =g ¢'R’1ll' iff ¢ =e ¢ and ¥ 2¢ P’ and R

For s,t,8',t' terms: I

(32) (tcs) e (' C ¢ ifft 2t and s Z¢ S

inally, for quantifiers: < (¢ C &) and
Finey C s, ) 2 Q' S s'(¢',0) iff Q Ze Q' and (t € 8) % (

33) Qt & s\e,¥) = -

(33) b = & and ¥ 2¢ V' ) Its from the above would
term unification-like resuits Ked above,
In the case of vp-anaphora te les, but as already remar

: imple examp ferents.
already gkt usgo gwilseonr? Zfsth: different positions for new and old re
the pro

The f()llowmg Iule Wthh 1 Wln call bhe new / Old r\lle de«:,lS Wlth this:
h il ]
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(34) (z Ct) 2¢ (X Cz) provided £X = z.

Note how thi
is rule i :
bound to a unifi interacts with the rule for orderi ; 3 3 . . . —
ifier that assigns = to X, so we wi ing variables. We are no : . The common denominator need not be unique- A notion of default unification
) e will never have r <¢ . Hence?; can be defined using this.

¢ <§ P is achiev
= ed by applyi .
z need be replaced by X §) ying this rule, ¥ cannot contain z (of cou
This completes the Ciis . rse, not all Definition (Default Unification) The default unification of ¢ with ¥, written
term-unificati cussion of the basi . as ¢ >V, is the unification of ¥ with .
ification rules (plus the rule for coordig:a(t);?;r‘ltnlgdrules, resulting in basic o> ¥ v AR
O ” an

Here are some si
e simple example that can be seen immediatel
ately.

(35) 31 S X'm(z), w
- s wizy)] 23X C
(36) I°X € zi[m(X), w(X)] 2 FX g—zf[ll[fmz(]X),W(X)]

(37) Vo Cz [
C z1[z2 = 72, wh(z)] <
( 2)] = V:L‘z g Y’[:Cg = :Eg,Wh(IL'Q)]

«

As generalization and unification, default unification need not be unique®. This
now gives us enough to deal with a large number of simple examples. Note
that example 1), already discussed as an example to inspire us, works directly-
Suppose we have the meaning of the first sentence:

9 oy
new posx’mons)~

(38) A mant walked in the park.
Fn & Z[m(%),w(zl)]

The next step i
D is to
define the default unification mechanisms th
¢ are need 1o And we interpret the second sentence, to begin with out of context:

add informati
ation to an underspecified meaning.
(40) He whistled.
Vo C Yiz2 = mz,wh(zg)]
We now default unify this with the earlier sentence- As it turns out, because
we added the extra rule making this not exactly term-unification, the common

denominator is not unique in an interesting, non-trivial way- 1f this were only
term-unification, the only common denominator would be

. mmon Denominator and Defaul nifica
2.2 Co O €eno to e t U cation

Although the ab
o . -
ve pre-order is given to be able to define unificati
cation and gener-

alization, other relati
101, elations also su
a notion called common denogﬁi zgemselves. The following diagram defi
T nes

2) QY ¢ 2z, 2"

leaving not much content, unifying this with the second sentence and conjoining
the result with the first gives: :

(43) 3Bz, C Z[m(zl),w(ml)] AVz2 C Z[Iz = Iz,wh(xz)l

Although, as we will see in the discussion of example (3), this is not a reading
we can dismiss in general, a more reasonable resolution follows from applying
the new/old rule: the common denominator when this is applied becomes

(@Ev)ny (44) QY © 0.(2', 2"

Inf.ormally: the common denominat Now unifying this with the second sentence and conjoining the result with the
unifies with ¢. How this works foroi of ¢ relative to 1 is that part of ¢ that first malkes:
correspondin i : erm-unification i al
g positions in the formulas, when two c;]is;sg::: ! tol see. Compare
, replace them by a

unification variab y 45) 371 C Z m(xl)»w(zl)l AVz2 € Z11P2 = m’Wh(zz)
uniieatior riables, otherwise, take the value i o | [ |
N in ¢. In general, the definition is

which is the more common reading: the second sentence introduces T2 as the
largest subset of T1 that is identical to itself (ie. T2 = 1) and claims that the

Definition (C
ommon D s
enominator) The common de i i i
nominator of ¢ relative elements of this set (= the man) whistles.

to 1, written as ¢ & 1, i
: 1, is the most i
equivalent), that unifies with 1 specific expression, more general than ¢ (.
: or

3. The complexity of both operations is of the same order as the unification operation.
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3 Discourse Grammar

h. e 3
C. ual ()bJeCtS of g mar
ave to de ide what t;he ac the Tammar are

3.1 i i
Discourse Units and Discourse Operators

In sentence synt i
and COnstruc)t’s ;J:dtehszsﬁic co$};l)onents are words of many different categori
. se. The com . Tries
material ; ponents of discoy i
» called discourse operators (DOs), and the actual ct)sxft;:::: S;)St o ontrol
* Propositional

state of the discourse i
: specification of th, i i
A e ' e relatxonshlps amon, k
i mo;eDDoch ,form a mixed bunch. There are discoursg (’)3;3;;; e o
modifiers), pr L0 ci :rrlxgeforgl & new, construct, pcy (these are call:(;SDt(};St
Ifie : a DCU j ;
S . I a DO and stand alone DO’s like anyway
An elementar i
Y DCU is a (minimal
State of Al s al) utterance encoding a sj
omabei mog:l):(es firlo;;h)lr's;cal and socially constructedgsituzzit c(:: irg: .
l so ‘ er-
lomenean OF . . allty, specificity, point of view, et i
y akes the form of a simple sentence or clausé buct; &;ﬁ”calg’y o
need not

be the case. Semant;
8 anticall ) .
cations’). ¥» elementary pcu’s are simple quantifications (“predi

3.2 di ion:
1gression: DCU representations are not DRS’s

In lhe hngms 1C dlSC()UISe mode] DCUs are t I)I(?al Y represe
y y 1 Presented by boxes Take

(46) John entered the bar. He sat down, at a table
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This corresponds to the (simplified) Dcu:

Interaction: Speaker, Addressee
Speech Event: Conversation
Genre Unit: Story
modality: Realis
event: to

John entered the bar (at ty in tg)
John sat down at a table (at ta > t1 in tg)

This contains all kind of information: that it is a story, who tells the story
and to whom, whether this is about the real world and when, etc. The most
prominent part, and a part that gets special attention, is the actual meaning,
here represented by the sentences themselves. This looks a bit like a DRS in
DRT, but the resemblance is only accidental. This can be seen if it is made more
formal as follows (assuming some suitable dynamic logic, like the one defined in

the next section):

Interaction: Speaker = s, Addressee = a
Speech Event: Conversation
Genre Unit: Story
modality: Realis

Jz(john(z), 3t[t C to, enter(t, z))]
Jy C z(x = y, NEXTt[t C to, sitdown(t,y)])

Here we see the similarity between this notation and standard interpretations
of logical formulas (I suppressed the temporal/event variables for the moment):

(47) [3z(john(z),enter(z)) A Iy C z(z = y,sitdown(y))]>*"°

In DRT the boxes are part of the language that makes the dynamics of the logic
tick. Here, the boxes are simply a convenient way of writing down a meaning
together with its context. This makes easier to think of the components of the
box as features in a grammar, which is what I will do below. I will, however,
refrain from using the box notation. In (Polanyi and van den Berg 1996), only
the end result of a parse is written down, both as the resulting parse tree and the
interpreting box. Here, the focus lies on the construction of that tree, and boxes
on every node would have to be considered. I will therefore use an abbreviated
notation, omitting all unchanged (or orthogonally given) features, in particular
the index material in the top half. This is yet another simplification.

3.3 Semantic Features

The first question that may be raised is: what semantic values are stored as
features of the DCU and how are they stored? For the purposes of this paper,
two features are important. First of all, there is the semantics itself, which is
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stored in the Sem attribute. Next to this, there is a feature that encodes what
the DCU is about, called the Schema attribute. Essentially, it is the common
denominator of all still relevant sub-DcUs?. for example, for

(48) John comes from San Francisco. He lives downtown.

The schema is (the logical equivalent of) John LOCATED, where LOCATED
is some appropriate, more general predication. In the case of subordination,
the subordinated clause does not contribute to the schema, as in the case of
interruption:

(49) John comes from San Francisco. You met him yesterday. He can tell you
were you can get the best dim sum.

The schema of the first two sentences is the first sentence itself, the second
sentence does not make a contribution.

The schema of a basic DCU is identical to the semantics, how the schema
is calculated for a complex DCU has to be defined in the discourse rules.

Now we know what the features are, we can look at how the actually look.
As already discussed before, they will have the form of syntacto-semantic
structure, logical expressions stored as syntactic objects and with operations on
them as syntactic objects (as the unification order defined above illustrates).

The grammar formalism defined in DGVP and repeated in a simpler form
below, will work on such structures independently of the choice of logical lan-
guage provided (1) the syntax of the language is rich enough to encode different
information structures as different expressions and (2) the translation is con-
sistent and assigns like structures to like expressions. Any recursively defined
translation scheme will satisfy the latter, and the former is easily satisfied as
long as the construction of the expression can be read back from the logical
formula that results from this construction, as is the case for classic Montague
Grammar and formalisms that succeeded it. The predicate logic language used
here is sufficient to deal with the simple examples discussed here, but when
more complex phenomena, like topic/focus, active/passive and sub-sentential

relations are to be treated, we will need type-theory. I will leave that to a later
place.

3.4 Right-attachment

When a new DCU is added to the discourse structure being constructed, it can
only be added to a DCU that is still being constructed. This means that the bcu
has to be attached to the right edge of the discourse tree. There is essentially
only one way of attaching a DCU:

4. In (Polanyi and van den Berg 1996), the “meanings” written in the tree are examples
of the Schema not the Sem atribute, as the following two examples will also illustrate: In
a subordination, the subordinated material disappears. This is exactly what the Schema is
supposed to encode.

104

DCUe

bcu, +  DCU: “——  pcu; DCU:

mber of I'Ules are deﬁned) correspondmg to dlﬁerenh

. u ’s.
Within this scheme, a I out of the two component DCU'S

ways of constructing DCUc

3.5 List-rules

DCU2
List-rule DGCU R| Sem: X
—List Sem
Deu ?em;ER“Sd‘emal P Semz | = Sc:e"':al Schemaz
(50)

(I (|

Sem f
> Semz
Schemajy Schemai ' o
list construction . : ls) and
not only contain varia es

“R]\ its meaning.

s rule is called
s non-trivial (does
}a coordination,

e is called list extensio

Application of this
- Schemay ¢ Semz 1

_Re€e {and, oTy - -+ o when:

o —
Application of this ru
- gghemal ¢ Semg = Schemazi,

— List, and . ; ing.
- DCU; dLlZT }a coordination, [R] its mean g (a) beloh, .
_R € {and, om, . which has the form (exeent,
In the case of extension, e equivalent features

’ b), becau
often written as (b),

the discourse tree,
se the two nodes hav

obviously, the semantics):
b) List
List
a)
DCU1 pcUuz DCUs
i DCU3
List
DCU s DCU2
- i 't yet clear
o e lication of the list rule, although it wasn N

We already saw an app

in the discussion of example (1)-

that it was,
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Daw =L
em = 3%z C Z[m(z
Schema = QY C 31[[Z"(lel)]‘W(Il)] AVzy C 21(z2 = 2, wh(z3)]
?cu _ /\
em = 3%z C Den” =
Schema = 3’:5: c g{zgzl),w(n)] Sem = \3/; c
c z1), w(z1)] Schema = sz = g%” = z3, wh(z)]
— T2 = z2‘wh(12)]

E:
xample (2) has exactly the same structure

Example (3) brings i

; . ings in somethin, :

is new is that i g new, and illustr : :

it shows that the dividing s Betuien I?t;:nlézt-extensmn_ What
nce grammar and

discours: g
(s} ],‘al[. mar may no e where you exp i i
. t be w! ect it to be. This example consists

51
(51) (a) Some! people entered the bar. (b)

and (c) Th’e’f’ men sat down at the bar

3
the; women went to the juke-boz.

this is parsed in tw
o steps. First DCU
» and DCU}, are combi
ined,

gcu = List
em = 3z2,CZ[p
Schema = QY C zl[[éz”)})):‘:"'z(lﬁfl)] AVzz C z1[m(z2),sd(z2)]

/N

;)cu = X
em = 3r;CZ| Dcu = Y
Schema '= 3dz; C p(z1),e(z1)] Sem =
z1 C Z[p(z1), e(z1)] Schema — ::‘2’ % g%mgzzg,sd(zz)]
C Z[m(z2),sd(z2)]

Where I assum

ed that m ( .

N i . men) constit

ow this DCU is combined with the thirdUt;(S:Uef subsort of p (people): m < p

Dcu = Y’
Sem =
e & Z'[w(x3), wib(z3)]
= Vz3 C Z'[w(z3), wib(z3)]

Resulting in the top DCU:

Dew =Lt

em = 3J5,CZ

Schema = QY ¢ Ix[ﬁ’((x;))’;('a]cl)] AVzz C z1[m(z2),5d(z2)] A Vzz C z1[w(zs), wib(z3)]
- , wib(z3

Note thas g
is is ind, d S’ 3 the schema does not change
te t t tl eed a list extension Ot cha :

(QY Cz;[p(Y z' V3 C Z'[w(z d(z =(QY Czx Y), Z
l 1[P(Y), Z]) ¢ (Va3 C Z'[w(23),sd(23)]) = ( 1[p(Y), Z27])
so note that the Sem-formul | ‘
a expresses the right meani
A hat th ing: There is a set =
il

of people that ent:
ered, the maxi
bar and the ! ) aximal subset (z3) of
maximal subset (z3) of men of z; v?rent: I:;Itlh(;f.x i{ Sit down at the
Juke-box.
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4 More Complicated Linkage

Examples (4-6) constitute co-indexing that cannot be resolved by the above
system, for different reasons.

4.1 Sum-linkage

Let's look at (4)-

(4) John! went to Paris. Mary? went to Paris too. Thei} . had a great time.
The first two sentences constitute an example of a common denominator that

has to be calculated not using the new /old rule, but plain term-unification. The
construct-DCU resulting from the first two sentences will then become:

List
38z C Z[j(zx),toP(:m)] AVz2 C Z’{j(zg),toP(:cz)]
QY ¢ 2/'[p(Y), toP(Y))

Dcu
Sem
Schema

[l

But this DCU does not contain enough information to resolve the link needed
for the third sentence. Default unification of the schema of this DCU with the
semantics of the third pcu does not add the required anaphoric link.

What is needed here is another refinement of the ordering, resulting in 2 refine-
ment of unification. Look at the new/ old rule again:

(x Ct) 2 (X c) provided £X =2
The informal content of this rule is as follows:

Suppose & quantification holds for x int, then if we «ename” T by X throughout
the formula, then we can choose X from x and the quantiﬁcation still holds.

This cannot be easily maintained formally because (1) the «pound” variable is &
unification variable and (2) this a dynamic logic, so after stating a quantification,
the formulas in its scope may have introduced variables that will conflict with a
repetition of the same quantification with only X renamed. all other variables

would have to be renamed too.
This informal analysis inspires Us to try another ordering rule. This is

called the summed-extension rule®.
(X cz) 2 (X Cx+y)
Note that this rule has no direct constraint. However, the X has to come from

somewhere, and this means an implicit constraint (from 2 previous rule) of

X =

If we are allowed to apply this rule, one possible common denominator of
the meanings of John! went to Paris and Mary? went to Paris too is:

(53) 3X Ca1+ 22[P(X), toP(X)]

5. The expression & C y+zistrue in an assignment G when G(z) is 2 subset of G(y) U G(2)-
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And the default unification of this with the semantics of the third sentence
They} ., had a great time. gives the required resolution:

(54) 3z3 C 21 + 22[z3 = 23, hagt(X)]

4.2 Virtual Discourse Referents
Example (5) constitutes an intriguing variation on the previous analysis:

(5) If a! student marries an®otherss student, the},, man usually finishes
earlier, but the} 12 woman has higher grades.

Whereas in the case of (4), the referent z1 + z2 is created and named z3, here
the x; + x, referent is never really introduced, it only exists during its use, it
is a virtual referent. Despite this strange fact, this does correspond to what is
the naive analysis of this sentence. When asked, the usual paraphrase of this
sentence that people give is something like

(56) If a student marries another student, the male one of them usually finishes
earlier, but the female one of them has higher grades.

where the discourse referent is real (them).

Another problem that is made obvious by this example is that the border
between sentence and discourse grammar is even vaguer than already suggested.
Here two referents from one sentence have to be combined. It is not clear how
to that, without adding more of sentence grammar to our discourse grammar.
This goes far beyond the scope of this paper. Note that when we were able to

derive z1 + x5 from the first sentence, the analysis is essentially a combination
of the analyses of (3) and (4).

4.3 Indirect Linkage

Example (6) illustrates that linkage need not always be mediated by the subset
relation.

(6)  Every! car that entered the village was dirty. Especially the? wheels were
full of dirt. If it} had a backdoor, it} too was a mess.

However, except for the obvious observation that this means that the C-relation
that until now was hardwired into the local meaning may itself have to be
calculated relative to the context, this example is fairly similar to the previous
ones. Instead, I will discuss the following example, that Asher discussed during
the conferenceS. He observed that the sentences

(58) (a) A woman, who had just flown in from New York, went into the bar.
(b) A family joined her.

6. It only have my memory of this at the moment, so I am reinventing the example, hopefully
without missing some essential points.
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ith these are rela
iot i . b .
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n (61) something st : <
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i th:tntl;; is not introduced in a right edge. So that ?splck up the woman,
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defining unification in terms of an ordering that we can have independent in-

tuitions about gives a controlled way of introducing new properties. Because of
the theory neutral way default unification and the discourse rules formulated in
terms of it are defined, changing logical representation will not easily break the

rules.

5.1 gijmplifications
re a number of simplifications and things that were brushed under the

There we
table. Non of these are fatal, most of them would contribute a long discussion

for which there is no room.

5.1.1 Type-logic
1 restricted myself to a predicate logical language, rather than the type-logic

that a sentence grammar would actually produce. This was done for several

reasons. First of all, the type-logic would not contribute any extra insights for

the cases discussed here. Predicate logic can already express enough structure to

distinguish different positions /roles in the translation. Type logic is needed to
lain why quantifiers are constructed the way they are, but that is well-known

exp
territory. Another reason not to mess with type logic is the extra complications
that dynamic logic poses. Although in no way really problematic (cf. Muskens

1990) it would constitute & long and really different discussion.

5.1.2 Other Rules
in this paper, I only discussed the construction and extension rules of DGVP. The

other rules function similarly, and can also be applied directly to noun-phrase
cases®. We expect 10 surprises in this direction.

5.2 Further Research

Real work has to be done in & number of directions. First and foremost, the
artificial distinction between sentence and discourse grammar makes that phe-
nomena that play on the borderline of these cannot be easily understood. There
is some hope that this will change in the near future, because it has become
that as Bod remarks in the last chapter of his 1995 dis-
nce grammar needs clues from the
to be something

clearer and clearer,
sertation, structural disambiguation in sente
context to work. A more union of sentence and discourse seems
that both sides might profit from.

Another extension is in the direction of other anaphora than nominal
anaphora. The similarity between events and noun-phrase for example should

lead to a similar treatment in discourse grammar.

the forms the rules should take, we discussed

8. All this is not surprising- ‘When we discussed
for the particular forms they take.

as many NP-examples as VP-examples to argue
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Discourse Structure and Discourse Interpretation!

Livia Polanyi
Martin H. van den Berg

1 Introduction

In this paper, we will address the well known problem of the apparent non-linear
flow of temporal information in narrative. We will show that many seeming
exceptions to the Strong Narrative Hypothesis (SNH) (Polanyi, 1987) which
states that the order of event clauses in a text is isomorphic with the order of
events in the model of the text can be accommodated within the SNH when the
hierarchical structure of the narrative text itself is understood. In our discussion
in the present paper we will use the formal machinery of the Linguistic Discourse
Model (LDM), a recursive discourse grammar developed by Polanyi and Scha in
a series of papers (Polanyi and Scha 1984; Polanyi 1987, 1988, 1996; Priist, Scha
and van den Berg 1994; Scha and Polanyi 1988) to suggest a proper treatment
of some classes of putative counterexamples to the SNH. In doing so, our aim
is to demonstrate the utility of the LDM framework in helping to identify and
resolve complex issues in the structure and interpretation of natural discourse.

2 Interpretation of temporal relations in discourse

A common view on narrative texts is to regard them essentially as linear se-
quences of event clauses which push the “position” on the time-line further
and further. These event clauses encode non-habitual, specific states of affairs
which are to be interpreted as instantaneous. are distinguished in the world’s
languages from non-event clauses morphosyntactically, using tense marking, par-
ticles, etc. (Labov and Waletzsky 1967; Labov 1972; Longacre, 1976; Kamp and
Rohrer 1983; Hinrichs 1986; Dowty 1986). This view of narrative restated in
Polanyi (1987) as The Strong Narrative Hypothesis (SNH) holds that:

The order of event clauses in a narrative is isomorphic with the order
of events in the semantic model of the text.

The temporal interpretation of a simple flat narrative text such as (1):

(1) (a) John came to the door.
(b) He left the groceries in the kitchen.
(c) I put them away.
(d) Then he left.

1. This paper forms a pair with (van den berg 1996b).
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can be schematically represented as in (2)
some states of affairs in some world W

process of constructing a model C from the information in the text

T1 T2
) T3 T4
COME LEAVE PUT AWAY EXIT
(2) (in text) a b e d
. o come leave put away exit
t1 t2 t3 t4

3)
intemétion—Speaker/Addressee
speech event-Conversation
genre unit-Story
modality-realis
polarity—positive
point of view-p
John came to the door (at t1)
John left the groceries (at t2)
I put the groceries away (at t3)
John left (at t4)

While the simpl] ive i = Vi me, presents
Ple narrative in (1a d), a simple listi
s ple listing of events in tj p
no problems to the SNH, other structures commonly found in narraltivés such ast
flashbacks, causal elaboratlons, commentaries, governed main clauses, reported
; g

narrative time,

2.
Cf. (van den berg 1996b), section 3 for some more details
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iI.l which the text of (1) expresses
and interpreting T is the incremental

2.1 Putative counterexamples to the SNH

Probably the best known apparent counterexample to the SNH is the flashback.
As exemplified in the following example, there are cases when the forward pro-

gression of time is interrupted and an event clause or sequence of event clauses

intended to be interpreted as having taken place previous to the last mainline

timepoint is interpolated between event clauses intended to be interpreted at
immediately adjoining timepoints:

(4)  John came home and left the groceries. He’d stopped for gas on the
way home. And then visited his grandmother. I put them away and
then he left.

Using the box notation, the interpretation of this narrative containing a flash-

backed interlude is represented as shown below:

(5) Interaction: Speaker, Addressee
Speech Event: Conversation
Genre Unit: Story

Episode 1 (at to)
modality: realis
point of view: 1

Flashback Episode (at t)) < t2)

John came to the door (at t1) sodaltiys. vetia

John left the groceries (at t2 > t}_)— point of view: 1
I put the groceries away (at t3 > t2) John stopped for gas (at t)

John left (at t4 > t3) John visited his grandmother (at t}, > t})

In examples such as the following discussed in Moens and Steedman (1988) and
Lascarides and Asher (1991) among other places, a second event may provide
an explanation of how a first event came about:

(6)  John fell. Bill pushed him.

In the cases of causal subordination as we term examples of this sort, the second
event clause receives an interpretation in which it preceded the first in time.
When we return to discuss this example later on in the paper, the interpretation
indexes which may appear merely decorative and straightforward in the two

preceding examples will take on a critical role.?
In the case of commentary as shown here, an entire explanatory dialogue

may be interpolated in the middle of a linear temporal sequence:

(7)  John came home and left the groceries. Oh. Why did he do that?
Because he’d stopped for gas on the way home. And then visited
his grandmother. Anyway, I put them away and then he left.

3. This is the case for all of the subsequent classes of counterexample many of which function
as explanations as well and so we shall omit using our boxes until we take up the examples

again in some more detail.
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T he inter polated dlalogue itself may contain event (lauses, as this example does,

intuitively assign to this disc
. ourse does not seem to obey the constraints of the

Similar problems ma ise i i
y arise in the interpretati i i
speech such as the following example: pretation of text R

8
(8) jo:ztr; ;ZZL; j}:ome and left the groceries. I asked why he was late. He said,
or gas on the way home. And then visi . :
a2 an U ) sited -
mother. So I said “OK”. [ put them away and then he left. " grend

In thi
1S case, as was the case for our commentary example, the segment of re-

ported speech may itself contain event clauses. However,just as in the commen

tary, we do not interpret John® i
A s stopping for gas. i i i
taken place after John’s leaving the grogceriesg e i

Cases of the Governed main clause (GMmc)

event at a different level of granularity so that s

been earlier packaged to, ether into one event are
be10i ) *

everal sub-events which had
each presented alone. (See 4.2

(9)  John came home and le

room to watch TV. I put away the groceries. Then he left.

There remain two other classes of counter
case§ of entropic action. Repairs involve t
ma.tlon in the semantic representation of a
Whlch is encoded subsequent to the inform
ng segments include event clauses such
appears to make an incorrect prediction.

examples to discuss: repairs and the
he replacement of one piece of infor-
text by another piece of information
ation to be replaced. In such repair-
as example (10), once again the sNg

10
(10) thhn came home and left the groceries. Then he wrapped the present f
p:se gmzd}nothher, No. He called Mary. And then he wrapped tl(z):
sent for his d:

Y grandmother. Anyway, I put them away and then he
However, analyzing of all of the phenom,
allqw us to salvage the SNH with rel
action such as the example below

omena presented so far under the 1.oM will
atively minor adjustments. Cases of entropic
present more of a challenge for our approach.
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(11) But as soon as the Mariner, who was a man of infinite-resources-and-
sagacity, found himself truly inside the whale’s dark inside cupboards, he
stumped and he jumped and he thumped and he bumped, and he pranced
and he danced, and he banged and he clanged, and he hit and he bit, and
he leaped and he creeped, and he prowled and he howled, and he hopped
and he dropped, and he cried and he sighed, and he crawled and he bawled,
and he stepped and he lept,, and he danced hornpipes where he shouldn’t
and the whale felt most unhappy indeed.

[Rudyard Kipling. How the whale got his throat, p. 11]

In this case, we do not assign a unique and linearized order to the Mariner’s
many actions after finding himself truly inside the whale’s inside cupboards. We
assume some instances of stumping, jumping, prowling, sighing etc. on
the part of the Mariner, but we do not assume that the text is instructing
us that a prowling following a jumping and preceded a sighing, each of
which occurred at a discrete instant in the world modeled by the text. On the
contrary, we assume that a somewhat chaotic scene is being reported in which,
over a period of time, the Mariner might have engaged in one or another of these
activities in no set order. The Linguistic Discourse Model to which we now turn
will provide us with many notions for accounting for all of these challenges to
the SNH but to give us clues about the interpretation of entropic action we shall
have to reach somewhat beyond formal mechanisms.

3  Overview of the Linguistic Discourse Model

The Linguistic Discourse Model (LDM) is designed to provide the tools needed
to understand discourse syntactic and semantic processes. The model consists
of a context free grammar implementing incremental discourse parsing and a
language to describe the structured semantic component that results from the
parsing process. Under the LDM discourse interpretation is treated as the incre-
mental construction of a recursive data structure representing the interpretation
of the “discourse”.

The LDM is a theory of discourse interpretation modeled as a parser which
incrementally builds a structural and semantic representation of a source text.
Under the LDM, the surface structure of discourse is composed of discourse
constituent units (DCUs) and discourse operators (DOs). DCUs carry propo-
sitional information (they are “of type t”), while DOs carry non-propositional
information. Both DCUs and DOs are defined in a joined recursion starting with
basic expressions.

An elementary Discourse Constituent Unit is a (minimal) utterance en-
coding a single event or state of affairs indexed for physical and socially con-
structed situation of utterance (real or modeled), modality, polarity, specificity,
point of view, etc. An elementary DCU may have the form of a simple sentence
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TFrom the side of discourse grammar the following examples illustrate the
problem. All three contain two elementary DCUS:

(12) John went inside. He ordered a beer.
(13) John went inside and he ordered a beer
(14) John went inside because he needed a beer

In the last two case, standard sentence syntax will analyze this as one unit:
there is an overlap between the realms of sentence and discourse graminar. The
only solution to both the problem of context sensitivity of sentence grammar
and the problem of partitioning the discourse in natural units seems to be to
define one uniform grammar for both sentences and discourse. Achieving this is
still far away, currently it seems best to rely on existing sentence gramiars.

3.2 Discourse semantics

So far, we have not said anything specific about discourse semantics and how
this interacts with the discourse construction rules. and it is not our intention
here to provide & treatment of this complex subject. However, it is adressed in
(van den berg 1996b), where the resolution of nominal anaphora is discussed.
The approach in that paper can be adopted without much adjustment to cover
the temporal cases W€ deal with in this paper.

4 Discourse structure and temporal interpretation

In this section, We will present analyses of the classes of apparent counter-
examples to the SNH presented earlier. We will show how the LDM framework
sheds light on the regulation of interpretation of time in narrative discourse a8
well as how an orderly interpretations of temporal development emerges from
seemingly complex surface orderings of event clauses.

4.1 Discourse subordination and the flow of Narrative Time

Under an LDM, many of the classes of apparent counterexamples 0 the SNH
presented above are subordinated to the narrative timeline which they in-
terrupt; the interrupted mainline is represented as o Narrative list at the
Coordination node dominating the subordinated constituents while the main-
line narrative remains accessible for resumption. Once closed off by attachment
of a DCU to & higher node to its right, however, the subordinated “nterrupting”
constituent is no longer available for continuation — syntactically or semanti-
cally. In this way, the forward motion of narrative time which the SNH suggests
results from a sequence of event clauses is seen to be an effect of event clauses
interpreted relative to the same domain structurally (ie. a8 daughters of the
same dominating narrative Coordination) and, as we shall see, semantically
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the IUIeS of dlSCOUISe Syntax aSSlgH a str ucture hke thlS

C-Narrative

a S-b o ,

N

b C-Narrative

(C) He’d Stoppedfor

Episode 1 (at to)
modality: realis
point of view: 1

John fell (at ¢1)
— Bill pushed John (at t})

Flashback Episode (at t)) < t2)
modality: realis
point of view: 1

This differs from the narrative case of the same sequences of clauses in which
the parse tree can be drawn as follows:

C-Narrative

/\

a (John fell) b (Bill pushed him)

In the narrative case, the instructions to semantics result in the construction of
the following representation which differs significantly from the representation

for its causal elaboration counterpart:

(17) interaction-Speaker/Addressee
speech event-Conversation
genre unit-Story
modality-realis
polarity—positive
point of view-p

John fell (at t1)
Bill pushed John (at t2)

In our view, there is no ambiguity between these two counterparts which consist
of identical syntactic arrangements of identical morphemes. Despite the similar-

i S (John fell) ities in the case of these written English examples we maintain these two strings
are not identical and that one need not bring in world knowledge or specialized
a (John fell ) . reasoning to assign the correct readings to the strings. Our arguments are based
b (Bill pushed him) on evidence from Dutch and prosodic evidence from English.
When we consider the translation of these counterparts into Dutch, we

notice that they receive very different translations.

4. Ofte; .
T accompanied by a ghift in body Positioning as wel]
well. .

© 1. The Causal Elaboration Case
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come home)

C-Narrative

g (left)

f (put groceries away)

S-leave groceries

T~

b (leave groceries) B-Question | Answer

C-because

c (Why?)

d (Stopped for gas)  © (Visited gmndmother)
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4.2 Governed main clause
Governed main clause (GMC) constructions consist of well formed event clauses
which are related to the events of the main narrative but do not advance its time
line. Like fashbacks and causal elaborations, GMCs are elaborations. In narrative
GMC constructions, the granularity of description of some events differs in the
governing and governed structures: the governe ide a more complex,
finer grained breakdown of an event reported in the structurally superior DCU-
The common factor in flashbacks, explanatory / evidential DCUS, and the G

is the shift in indexes. The SNH holds only for event clauses interpreted at the
same indexes. Consider the following story adapted from Linde, 1980:

Renting the apartment
(a) We SETTLED DOWN for a cup of coffee in @ drugstore. (b) The
TOLD him ouT story. (d)

druggist STROLLED over to us. (¢
+ to do. (£) He TOLD us (8)

and ASKED him- (e) wha

one on the street, im (1) i the apartment 18 @ goo

(3) So that’s what we did (k) We went to the street corner

stopped @ married couple (m) We asked them (n) if we should take the
apartment (o) They said (P) “yes”

(20) (q) So we WENT back (r) and RENTED 1t

(19)
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Interaction: Couple, Linde
Speech Event: Conversation
Genre Unit: Story
modality: realis

. Episode (at tn)
point of view: magnification 2

point of view: magnification 1

Couple went to street -4
That’s what couple did (at tn) S o

Couple stopped a married couple (at t5 > t})
! 1
Couple asked married couple X (at t§ > t5)

—t

Narrativ
e structure and NP-anaphora Our analysis of the GMC supports Par

tee’s (1984) observation imi
of the similarit; iti
kgl ot megetn rity between entities and events as can be

(21) a There is son Le]CCdthj €ezer.
There is some spmach. There are some noodles. And there is some

Joh
ohn took some food from the freezer. He took some spinach. Then

he took some noodl ; ;
eream. es. Finally he helped himself to some delicious ice
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(21a) has a simple structure: first, the food is mentioned as 2 whole. Then an
claboration of its content is given enumerating types of food. Therefore in (21):

91’ There is some food the freezer. There is some spinach. There are some
noodles and there is @ large pink elephant.

The pink elephant must be a type of food, which is unlikely. Accordingly, the dis-
course is judged marked. Similarly, in the narrative case, the event-clause John
took some food from the freezer introduces an event, which is further specified in
the subsequent narrative. Just as the list of things in (21’) cannot escape being
a food because each item on the list is necessarily part of the entity the list
elaborates upon, the embedded narrative can never push the time point beyond
the interpretation time of the dominant event.

With this analysis of the GMC the narrative mainline is seen to emerge from
the surface complexities of the text once the complex hierarchical structure of
the discourse is revealed. The SNH continues to obtain in cases of discourse
subordination it is clear to which (sub)text the constraint must apply- The
case of reported speech may also be treated as a discourse subordination, as
we shall see, with the DCU corresponding to the reporting clause dominating a
structurally subordinated segment of reported speech. However, a more elegant
and complete solution which treats the reporting clause as 2 DO is arguably
preferable to the simpler DCU/DCU embedding structure.

4.3 Treatment of Reported Speech in the LDM

Under the simpler treatment, syntactically, the reported DCUs are embedded as
the right daughters of a Subordination node of the type Reported Speech,
semantically, the entire reported Interaction in which the reported DCUs were
uttered is embedded relative to the Interaction in which the reporting event
took place as is shown here”:

6. This is a case which corresponds to modal subordination as discussed by Roberts 1987
etc. The modal subordination case is to be distinguished from the case of simple structural
subordination in which the modal indexes of the embedded constituent differ from that of
the matrix but do not correspond to a context within its modal scope. A third case of dis-
course subordination under the LDM is the case of true interruption. In this case, no semantic
relationship obtains between the syntactically dominant constituent and the embedded inter-
rupting constituent. These semantic differences are reflected in the architectures of the boxes
assigned to each type of subordination. In the case of modal subordination such as reported
speech, the box corresponding to the embedded constituent is inside the box of the dominant
constituent. In the case of elaboration, the boxes of matrix and subordinate are placed side
by side with an arrow indicating the predication for which the embedded constituent pro-
vides more detail. In the interrupting case, the boxes corresponding to syntactically dominant
and syntactically embedded segments are side by side. There is no arrow between them. In
all cases, relationships among the indexes at the top of each box makes clear the semantic
relationships among the predications.
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(22)

Therefore,

(24)

indezes of Teporting pcy

€1 at t;

event of Teporting

indezes of pcy Teported

event(s) reported

C-Narrative

a b Sb ¢

/\ g

c C-Narrative

Intemction:lndividual X, Addressee
Speech Event: Conversation
Genre Unit:Story
modality:reqlis
point of view: 1
John came home at ¢,

John left the groceries at t,

- John said at t3
nteraction:Modeled John, Modeleq Individual X
Speech E'uent:C’onuersation
modality:reqlis
point of view: 1
John stopped for gas at t1

John visited grandmother at t2

Individual X Put away groceries at tyq
John left at ts
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Although this treatment is adequate for the examples of reported speech we
have been working with here, it is not adequate for the general case of reported
speech in which often there is no explicit reporting clause but who is speaking
is indicated tone of voice in spoken narration and change of speaker is signalled
only through a simple alternation of quoted blocks on a printed page. A more
unified treatment of reported speech would treat what appear to be a clausal
structures (the He said. She said) as DOs which serve to mark a shift in indexes
of interpretation at a given moment in an unfolding discourse rather than as
DCUs which represent events on the event line. Developing this line of analysis
further is beyond the scope of the present paper, however.

4.4 Treatment of Repair in the LDM

Unlike the other apparent counterexamples to the SNH which were uniformly

treated from a discourse syntactic point of view as subordinations, repair is

handled as a Binary relation holding between a faulty constituent and the

constituent which repairs it. Operating on the semantic representation, repair

replaces the information in need of repair with new information. Consider ex-

ample (25):

(25) (a) John came home and (b) left the groceries. (c) Then he wrapped
his present for his grandmother. (d) No. He called Mary. (e) And
then he wrapped the present for his grandmother. (f) Anyway, I
put them away (g) and then he left.

The LDM assigns the following structural description to this discourse:

C-Narrative . .
a b S-b e f
c d

Notice that in the discourse parse tree all information is preserved while, unlike
the subordinated case, the rightmost constituent in a repair dominates as indi-
cated by the extension of the R node which corresponds to its right daughter
rather than to the left daughter as in the case of an S node. In the semantic
representation corresponding to the repaired discourse not all information is
present. The instruction which discourse attachment at an R node sends to se-
mantics is to replace information already in the representation with the newer,
more correct, information. This property of discourse leads us to claim that
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while discourse syntax is monotonic, discourse semantics is non-monotonic; in-

formation is lost from the semantic representation in the case of REPAIR as is
shown in the example below.

interaction-Speaker/Addressee
speech event-Conversation
genre unit-Story
modality-realis
polarity-positive
point of view-p

John came to the door (at t1)
John left the groceries (at t2)
John called Mary (at t3)
John wrapped present (at t4)
I put the groceries away (at ts)
John left (at te)

4.5 Treatment of Entropic Action in the LDM

The question of what we have termed here entropic action —sequences of verbs
which fulfill all morphological and syntactic criteria for encoding instantaneous
non-habitual and non-iterative sequential action and which nonetheless describe
an unordered and iterative non-punctual swirl of activity — present a problem
for the SNH which can not be dealt with neatly by demonstrating how an embed-
ded sequence of events does not interfere with the orderly unfolding of narration
along a sequentially organized timeline. Something rather different is going on
here and it is worth exploring some of the issues a bit, even if very briefly, infor-
mally and somewhat inconclusively. Consider once again this small paragraph
from Rudyard Kipling’s How the whale got his throat:

But as soon as the Mariner, who was a man of infinite-resources-and-
sagacity, found himself truly inside the whale’s dark inside cupboards, he stumped
and he jumped and he thumped and he bumped, and he pranced and he danced,
and he banged and he clanged, and he hit and he bit, and he leaped and he
creeped, and he prowled and he howled, and he hopped and he dropped, and he
cried and he sighed, and he crawled and he bawled, and he stepped and he lept,,

and he danced hornpipes where he shouldn’t and the whale felt most unhappy
indeed.

One thing is certain, all of this complex action is happening more or less at
once and more or less in an unordered fashion and it is only because language
forces linearization are these actions presented in any given order at all. One
impression one may have is of an observer trying to characterize just what sort
of fit the Mariner is throwing, trying to get it right, the observer tries first one
term and then another and then another over a period of time noticing still more
dimensions to the man’s behavior. Even though there are a multiplicity of verbs
used, the impression one gets from reading this passage, especially in reading this
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e o war:,:\is passage more than in understanding
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d and he thumped and he bump! gy e
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d he banged and he ¢ . st
d he jumped, they rhyme, of course, and their rl;Jyt hn
o cally : repetition of the pronoun he. Un

C node which captures what these
t of their syntactic structure, most

i e MoSs s
e deal of their lexical meaning:

To answer this question,

is enhanced by the syntactically unnecessary
the LDM, this couplet is coordinated under a

two DCUS hold in co
ovz their phonological structure and a good

C- he -umped (moving heavely up and down)

he stumped he jumped

untered he thumped and then the next he bumped

is enco’ ’
When e el ol d under the same C- node:

these are easily accommodate

C- he -umped (moving heavely up and down)

he stu "ped e Ju "ped he thu ”'ped ne bu I'ped
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By now the rhythm emerging
enough to carry us across the
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C- he monosyl-ed (moving up and down)

/\

C- he -anced (lightly)

/N

he stumped he jumped he bumped he thumped he pranced he danced

While thumped, bumped, pranced, and danced primarily describe movement, they
also suggest sounds. This connection of sound with movement is picked up in
the next couplet he banged and he clanged but the balance between the two
is reversed: in bang and clang there is rhythmic movement but predominately
rhythmic loud sound. A higher level coordination is possible at this point and
increasingly higher level Coordinations will be possible on and on until and
he danced hornpipes where he shouldn’t which breaks the pattern syntactically
by introducing an object, hornpipes, and a long embedded clause, where he
shouldn’t, and breaks the pattern phonologically by introducing multisyllabic-
ity (again with hornpipes and the long embedded clause and then semantically
with shouldn’t, which, by changing the polarity, signals the end of the entire
interlude and moves the discourse to where the whale can participate as an ex-
periencing subject and react to all of the Mariner’s continuous rhythmic noisy
behavior. Interestingly, this impression of ceaseless repetitive sound and motion
is captured by the LDM as it recursively cranks through coordinating equivalent
structures until all of those actions are captured by one C-DCU which is inter-

preted not at a series of moments in time, but at one moment. Thus, while the

LDM demonstrates how in discourse a moment of time may be expanded with a

GMC so that a number of actions can be seen to be constituitive of a higher level

more general action, so, too, can it show how an apparent string of separate
events are constituitive of one single higher level predicate which might obtain

at one instant or over an interval of time depending on the precise nature of the
actions described.

5  Conclusion: Revised SNH

In conclusion, we now consider once again the SNH which we stated earlier held
that:

The order of event clauses in a narrative is isomorphic with the
order of events in the semantic model of the text.

Considering our analysis here, we conclude that the SNH is essentially
correct provided that
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C- he -umped (heavely)

roper CC )mp()nem’,s for t he linear seq uence are chosen and

be complex.
(2) Constituents of the linear sequence are allowed to

n o V1 , al naer landm of the mtncate workmgs of nahurally occurring

| 17 ew n u ders g
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structure is not flat.

o Discourse syntax and semantic b e reanlt of the e

i tally.
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e ( ursive data structure.

i rocedure is & rec ! ading semantics
;I))retatlon psyntax is interpreted monotonically. Corresponding
e Discourse

i air).
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i is being developed.
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Predicate Logic Unplugged

Johan Bos

Universitat des Saarlandes

1 Introduction

In this paper we describe the syntax and semantics of a description language for
underspecified semantic representations. This concept is discussed in general and in
particular applied to Predicate Logic and Discourse Representation Theory.

The reason for exploring underspecified representations as suitable semantic
representations for natural language expressions emerges directly from practical
natural language processing applications. The so-called Combinatorial Explosion
Puzzle, a well known problem in this area, can succesfully be tackled by using
underspecified representations. The source of this problem, scopal ambiguities in
natural language expressions, is discussed in section 2.

The core of the paper presents Hole Semantics. This is a general proposal for a
framework, in principle suitable for any logic, where underspecified representations
play a central role. There is a clear separation between the object language (the
logical language one is interested in) and the meta language (the language that
describes and interprets underspecified structures). It has been noted by various
authors that the meaning of an underspecified semantic representation cannot be
expressed in terms of a disjunction of denotations, but rather as a set of denotations
(cf. Poesio 1994). We support this view, and ‘use it as underlying principle for
the definition of the semantic interpretation function of underspecified structures.
Section 3 is an informal introduction to Hole Semantics, and in section 4 things are
formally defined. In section 5 we apply Hole Semantics to Predicate Logic, resulting
in an “unplugged” version of (static and dynamic) Predicate Logic. In section 6 we
show that this idea easily carries over to Discourse Representation Structures.

A lot of attention has been paid to “underspecified semantics” recently. Strongly
related to the work presented here are Quasi Logical Forms (Alshawi 1992, Alsahwi
and Crouch 1992), Underspecified Discourse Representation Structures (UDRSs)
(Reyle 1993), Minimal Recursion Semantics (Egg and Lebeth 1995), and further
(Poesio 1994, Muskens 1995, Pinkal 1995). The work presented here provides a
straightforward syntax and semantics for a general kind of scopally underspecified
representations.

2 Natural Language Ambiguities

In every day life, people communicate with each other by uttering true statements,
or to put this more generally: they say things that make sense. In a situation where
a speaker utters an utterance p, the hearer tries to interpret p in such a way that p
denotes truth (rather than falsity). This probably strongly affects the way ambigu-
ous utterances are processed by human beings. Imagine a situation where someone
utters (1):

(1) Do not sleep and pay attention, please!

Utterance (1) is in isolation ambiguous. There is a reading where the nega-
tion outscopes “sleep and pay attention” and a reading where negation only has
scope over “sleep”. Normally, it is context, intonation, or world knowledge that en-

ables a person to select the appropriate reading. Disambiguation is not the topic
of this paper. What we are interested in is what introduces these ambiguities, how
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we represent ambiguities in a logi
0 .
ot gical representation, and how we interpret these
Amb. e . )
. anﬂl)gigllltiltei3 in natural language are caused by different sources, such as pred.
S i or struct‘ural syntactic ambiguities, but in this ’paper wp il
e S olsemantlc scope ambiguities. Among these we find all o
b hsu: pgemtxpresswns'that, when translated into some logical form, int n(?tu—
oo ean Opera:rs, q\l;;a.ntlﬁers, modals, questions, and many more. We v:/ill r(; o
et languz;se. ex;lrzrslsfotnlef;t tv&ro operators appear related to each ort(ilg fg
ool » there is a chance that the ex ion i i
1() ) it is the scope of negation (“not”) and conjuncti o) th Py
ol el junction (“and”) that cause the
In the followi i
ond conjunctj(; nox(n;l)ng e:(ciamples the ambiguity is caused by the scope of implicati
e mation | , an thelscope of the intensional verb and disjunction (3 Ton
prosodic information in these examples make them ambiguo ) The
us.

(2) If a man walks then he whistles and a woman is happy

(3) Do you want tea or coffee?

Stand i i
derspmiﬁcazxir(‘i (Zamzles in the literature on quantifier scope ambiguities and u
S ;1 (t )hand (5). These kinds of examples are traditionally used ? .
Pl Tongngo ot {aN hi;;m(ix)l 'belng; do not disambiguate while processing nattu0
! ! is said to have thousands of i i ;
unlikely that humans generate and test every one of thencl) repdings, b eseme very

@ ﬁ n]l)eol;;;lxlctian car;. thOl most voters on most issues most of the
R no politician can f i i
T ool all voters on every single issue

(5)  Everybody is not here

In the i i

thors son tzr:sg/i(;:sli mentioned references to underspecified semantics, most au-
iyl sl il alx)l' a;?p.roach where an underspecified representation plays
et represenm;)l)tionm Ol%l.lltles are not resolved but are put together in a vez
SRR 1. . aL1nterest is a kind of representation that describes thz
gLl roglc trar.lslatlons 'of ambiguous expressions. In this paper
ke i ormriond epresem.:atlon that is able to express underspecification for
e guage. First we sketch the basic idea of underspecified re

5 we move on to precisely defining its ingredients and propertiespre—

3  Underspecified Representations

Semantic r i
Coman Oneft)}rlzsir;t;?:lorflst }:)f natural 'language expressions are traditionally con-
el So. eir syntactic analysis. Since expressions can be seman-
i o to,mak 1st }? one—to—-many mapping. The idea of underspecified rep-
e ette fo et is mapplng'functional, i.e., a one-to-one mapping from
representation is (herclcse)r:liteusr:t; chI‘fhiZtlenrf: Ii:retf' atiortl',hof i e
S . etations that are expressed in it.
langunge (th gll\:)v;;:liﬁne llll.n}c;lerspemﬁe‘d representations is as follows. Take an object
e thw 1; you are interested), and define the syntax of its basic
talk about them on a fﬁ:taofggllai:grels p ObVio(lils Sl el
i ' - are used as constants. T i
oper;:;l:rsso‘r],je}: lzlabels, wh'xch we will refer to as holes, as argument:sh((:;1 sz’s I:Emdl'lce
. The last step is to add a set of constraints on the labels and holeI; thz.ir;ggl
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how the different pieces of structures fit together, in such a way that all readings
are covered. So what we end up with is a set of labeled formulas, a set of meta
variables (holes), and a set of constraints. This is our underspecified representation
(UR).
Constraints state relations between the different formulas in UR with respect
to scope. For example, it is possible to say that a formula (with label 1) is in the
scope of an operator (with hole k) by | < h. This constraint forces | to be directly
or indirectly in the scope of h of the relevant operator (e.g.,  is in the scope of an
operator with label I/, and I’ is in the scope of h).

So, metaphorically speaking, holes underspecify scope in an UR. In order to
give URs a non-ambiguous interpretation, the holes should be plugged with the
(labeled) formulas of UR in such a way that all the constraints of UR are satisfied.

We illustrate this idea with a simple example, where we take Propositional Logic as
object language. We use the following notational conventions: holes are represented
where [ is a label with index 1.

by hi, @ an index. We label a formula ¢ as li: @,

Consider again (1). Assume that there is some syntactic analysis for it on
which we build our UR. Translate the negation (“do not”) as “li : ~h1”, and the
disjunction (“or”) as “ly : hg V h3". Take “lz : S” as translation for “sleep”, and
«], : P” for “pay attention”. As variable for “widest scope” we take “ho” . Finally, we
set our constraints in the following way: “sleep” should be in the scope of negation
(Is £ hy) and in the scope of the left disjunct (I3 < ha), “pay attention” in the
scope of the right disjunct (la £ h3), and the operators l1 and [y can both take wide
scope (l1 < ho and l2 < hg). Then a graphical representation of the UR for (1) is

(the constraints are graphically realized by arrows):

ho
/ N
(6) Iy —hy Iy : hy V hs
N / AN
I3: 8 ly: P

Now we will pay attention to the interpretation of (6), by taking into consid-
eration the possible mappings from holes to labels (pluggings). In other words: &
plugging is a bijective assignment function, with the set of holes as scope and the
set of labels as range. In this example, there are exactly two possible pluggings, P1

and Ps:
(1) Pr:fho= li,h1 = la,hy = I3, ha = la}

(8) P2:{ho=lh1= I3, ho = l1,hs = la}

The reader may check that these are indeed the only admissible pluggings: for
tion since it will never be in the scope of h1

hole hg label I3 does not come into ques
or hy and hence not all constraints would be satisfied; for hole h3, the only suitable

candidate is l4. The two pluggings (7) and (8) correspond to the object language
formulas in (9) and (10) respectively. The interpretation of (6) is a set, containing

the interpretation of (9) and that of (10).
9) (—(sleepV pay_attention))

(10) ((—sleep) v pay_attention)

We summarize and discuss this section shortly. An UR consists of a set of

135
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Definition 1. SYNTAX UR

. 0in semi-lattice (Hyur
Inetilrslct }?n;i therefore 5 partial ord[ejr Foz,af)i;
€ least upper bound of k; :
on for labels or h, les i gt
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Definition 2: SUBORDINATION (SUB)

SHIBION. fine subordinat;
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and Ip(k) = k iff K € Ly. A consistent UR is an UR which is proper, taking
pluggings into account. .

Definition 4: CONSISTENT UR

CONSy,p iff for all k, k' such that SUB(k,k’), it is the case that either
I(k) = I(k'), or I(k) # I(k') and SUB(K’,k) is not supported.

‘We have not yet defined what possible pluggings are. Pluggings are, as we have
discussed in the previous section, bijective functions from holes to labels. A plugging
for an UR U is possible, if the UR, with respect to this plugging, is consistent.
In other words, when the underspecified representation, taking the plugging into
account, has the properties of a join semi-lattice. Since we have already defined
what a consistent UR is, defining possible pluggings is an easy job.

Definition 5: POSSIBLE PLUGGING (PP)

PPy = {P | CONSpy}

A plugging is possible, if U is consistent with respect to this plugging. We will
illustrate this with two examples. First example: suppose that U = < {ho},{l1 :
o}, {l1 < ho} for some formula ¢. Hence, SUB(ly,l1), SUB(h1,h1), and SUB(ly,hq)
are valid. Then a possible plugging P for U is one such that P(hg)=ly, since
CONSU)P holds.

Second example: consider the following constraints of an UR: {h; < lj,he <
l2, l2 S hg,ll < ho,lg S h1, lg S hg}, then a plugging P where P(h0)=l3, P(hl):lz,
and P(hg)=ly is not possible. The UR to which these constraints belong is not
consistent, since, for example, SUB(l3,hs) and SUB(hg,hg) are valid and with P
lead to “SUB(I3,l1)” and “SUB(l4,l3)”, violating antisymmetry.

So far, so good. We have defined the syntax, properness, and consistency of
an UR. For the semantic interpretation of an UR we need to be able to address the
label or hole that subordinates all others. We call this TOP, and define it as follows.

Definition 6: TOP

TOPpy = I(k) iff £ € Hy U Ly and there is no k' such that k' €
Hy U Ly, k # k', and CONS-SUBp ¢, (k, k').

The semantic interpretation of an UR is that of its TOP. As interpretation
function for URs, with respect to a model M we will use [[.[lp g, as to avoid confusion
with the interpretation function of the object language, for which we will adopt the
traditional [Jpg p-

constraint < Present i
defines subordination
clause expresseg trans

Way of defining subordination: jf there is 5

n U . Th )
T e ﬁISi clause represents leﬁeany the thlld clause

on labeled formul I ——

define what, with respe
notationa] convention: f

on | : as that have ho]
itivity. With SUB we can deﬁneoae i;jzpzzrg %I?{ents- R

Definition 3: PROPER UR

An UR U jg Proper iff for all k, g/ ¢ Hyu

o b st P ey o Ly it is the case that there ig

’) and SUBU(k’,k”)
A proper UR j |
. . )
021;3 ;Zhlch desgrlbes a join semi-lattice. Yet
a plugging, » consistent UR g usingw:h:rﬁoﬁble' .
) owing

or any k
Y &€ Hy ULy, we define Ip(k) = Pk)iffk e 7
U,

136

[UIn = { [TOPpulM p | P € PPy }

This definition states that the interpretation of an underspecified representa-
tion UX, is the set of object language denotations, as many as there are possible
pluggings for UX. For some reasons it might be an advantage to redefine this func-
tion. For example, when the object denotations are truth values, the interpretation
of an UR for this particular object language has three different values: {0}, {1}, and
{0,1}. This approach is too weak to capture the fact that an UR might have more
than one interpretation with the same denotation. This situation can be avoided

1. Read this giving disjunction scope over conjunction!
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if we relate the object denotation ¢

o a plugging, as we do in our revised semantic
interpretation function.

Definition 8: SEMANTICS UR (revised) ([.]*)

mUmM = { < P, HTOPP,U]]M,P > f Pe PPU }

Here [.]* is defined as a function from U
and object language denotations. And this ends
Semantics. In the next section we will apply Hole

Rs to a set of pairs of pluggings
the general specification of Hole
Semantics to Predicate Logic.

5  Predicate Logic “Unplugged”

In this section we take Predicate Logic as object language, resulting in Predicate
Logic Unplugged (PLU). Given the framework of Hole Semantics described in the
previous section, we only need to define the syntax of PLU formulas and their
model interpretation. Taking as convention that terms (written as e

t,) are
r¥"n
either object language variables or constants, PLU formulas are defined as

follows:
Definition 9: Syntax PLU formulas

1. If by, hy; are holes, then hi — hj, bV by, hi Ay are PLU formulas;
- Ifhis ahole, then -4 is a PLU formula;
3. Ifzisan object language variable, h a hole, then Vz A and dz A
are PLU formulas;
4. If R is a predicate symbol for an n-place predicate, and ¢, w5 ln
are terms, then Rty, ..., ¢, is a PLU formula;
5. Nothing else is a PLU formula.

The syntax of PLU formulas is in principle the same as that of ordinary Pred-
icate Logic, with the exception that holes in places, where normally PL-formulas
are found, are introduced. We will illustrate Predicate Logic Unplugged with an

example. Consider (5), repeated here for convenience as (11), and its translation
(12) in UPL,

(11) Everybody is not here

[llﬁho
ho ) [ h:Vah =
h1 < hy
hy Iy hy — hg o

(12) << hy ¢ I3:Bz ) hs—<lz >
hs ly:=hy l2<—h3
" 4 > N
h4 lsH(L‘ 15Sh3
ls < hy

, negation, and implication). Further, notice that we constrain
l3 to be directly in the scope of hy via the constraints l3 < hy and hy <3, and this
is also the case for l2 and h;. These extra constraints exclude unwanted readings.
In a graphical representation, the UR looks like:
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ho
Va N
ll H V:ch1
(13) I la: —hs
Iy :hy — h3
I N\ 7
I3 : Bz ls: Hz

There are two pluggings (the interested .reader. may verify tltus). Fi’iuggéréit(i})i)'
interprets (12) as giving the universal qua.nt%ﬁer wide s-cop.e, ou s.coz nﬁ) negation.
The corresponding formula in predicate logic is (15), which is t}l;ue in e et
all persons (in the relevant domain, of course) do not have the property

the speaker’s location.?

(14) Py:{ho =1l1,h1 =1z, hy =l3,h3 =14, hg =I5}

(15) Vz(Bz — -Hz)

Plugging (16) interprets (12) as negation outscopin}g1 the urll(ivefrszlal iléi)nf?ﬁfs
i that is not at the speaker’s loc
model where there is some person : ' : oc: .
iIrrllt;"pretation denotes truth. A corresponding formula in predicate logic is (17)

(16) Py :{ho =1l4,hy =la,hy =l3,hg =1l5,ha =11}

(17) -Vz(Bz — Hz)

PLU
The model interpretation of PLU can be sketched as flt:)’llows. n?:cllle{[]] ZA)/I' fs EEZ
interpretation function for PLU forml'llas, and M =< Q, (>F2(Ld) o D s the
domain (a nonempty set) and F an 1nterpret.atlon funct:lor}l2 el s ey
constant, and F(R) C D™ for an n-place predicate symbol' ). . s o ; sl
and ¢’ for total assignment functions. For a term ¢, [¢t]a,q is g(¢) i :
and F(t) is t is a constant.

; PLU
Definition 10: Interpretation Function for PLU ([.]"*")

PLU _
Lo [ hjz!]t}w’P’g - PLU
i [y, = 0 or hilygpg
PLU _
2. [mVhlpgh, =1 .
iff [hilfg, = 1 or [hiljg5, =

Il
—

PLU _
8 [hnhilngp, =1 PLU
it GRS, = IIgRS, = 1
PLU _
4. [[_'hi]]M,f’(,Jg =3
iff [hdpgp, =0
JPLU
5. vz h’]lM,P,g .1 . h.JPLU =1
iff for all d € D it is the case that | ZHM,P,g[d/Il

PLU _
6. [Frhlyfp, =1 - hat [hJPEY =
iff for at least some d € D it is the case that [h; M, P,g[d/z]

i i nvenience.
2. We translate the deictic property “being here” simply as H, for co
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7. [[Rtl,.,.,tn]]ﬁ‘;g =

if < [t1]a,g, .., [talnry > F(R)

Using definition 11, we are able to define an interpretation of underspecified
representations of PLU itself, since this definition does not depend on the object

language. In fact, using the syntax of PLU, it is fairly easy to define a dynamic
underspecified Predicate Logic.

Suppose that [[.]]ff f)U is the interpretation function that interprets labeled

PLU-formulas as in Dynamic Predicate Logic (DPL) (Groenendijk and Stokhof

1991). An assignment 9 is a function from variables to elements of D, ¢/ [z]g means
that ¢ is an z-variant of g.

Definition 11: Interpretation Function for DPLU ([.]PFLU)
9:9)19'(9,9') € IMIREEY — 397((, g} hINE 220}
2. [[hvhj]jf/ffgu =
U9,9)13¢'(g,9') € INIREEY v (g, q1) € [hsIR1 30}
3. [hin hj]]f\’i;U =
{9,9) 139" ((9,9") € [hIRE P &l g') € [hsIRF 200}
4. [[—‘hiﬂg/féu =
{(9:9) 1 -3¢'((9,9) € [haIRg 7))
5 [vz hiﬂf/f’ff} =
{9,:9) 1¥9'(¢'le]g - 39"((¢", ") € [RIRE 20}
6. [Br hIRFLV = "
{(9.9) 139" (¢"[x)g&(g", o) € [rIRF )
7. [Rty, ...,tn]]f\’/ﬁ’/ =
{9:9) 1< t1latgs s [tnlarg >€ F(R)}

6  Underspecified Discourse Representation Structures

As stressed before, Hole Semantics is in principle independent, of the object language.
Besides Predicate Logic, we could also take Discourse Representation Structures
(DRSs, as proposed in Discourse Representation Theory (DRT) Kamp and Reyle

1993) as object language, resulting in DRT Unplugged (DRTU). We first define
DRTU formulas:

Definition 12: Syntax DRTU formulas

1. If hy, h; are holes, ki1,....k, holes or labels, then [ — hjl,
&fk1, ...k}, | [=hil, [ |h: v h;]} are DRTU formulas;

2. If z is a discourse marker, P a symbol for an n-place predicate,
then [z ] and [ [P(z,, -+, Tpn)] are DRTU formulas,

3. Nothing else is a DRTU formula.

Here a DRS is represented as [DIC], D the set of discourse markers, C the set
of conditions. The merger (®) makes one DRS out of several by taking the union
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i i i t, a set of DRSs.
i the conditions respectively of its argumen , :
ththg gﬁ:gzlx? ifaﬁl(]?D R'I?U can for example be realised a]ong the lines ;')resengedi ‘1:;
E Elhise et al. 1995 or Muskens 1993. We will not present it here, b;.ltt }nstizaShgwn
ano example. Consider again (2), repeated here as (18). The UR translation
in (19).

(18) If a man walks then he whistles and a woman is happy

ly:[|h1— ho]

ly : @{hs, ha}

I3 : ®{la, 15,16} Is < hy
ho la:[z|] l7 < hy
hy ls : [ | man(z) ] lr<hs

(19) <q he p,q lo:[|walk(z)] '\ g < ha
ha l7: [ | whistle(z) | Iy < ho
ha lg : ®{ly, 110,111} ly < hg

lo:[yl]

l10 : [ | woman(y) |

L lin = [ | happy(y) |

i 2
There are two possible pluggings for (19), and ther-efore t:wc:i 1rfeadx::lis,efno;e Igci
available. The first reading (paraphrased as a linear DRS in .21, a;lo o(r)riespondS e
in the more familiar boxed notation 25) triggered by plugging (20) ¢
the “wide scope disjunction” reading.

(20) Pi:{ho=l1,hy =l3,ho = lo, h3 = l7,hy = Ig}

(21) [|[2 | man(z) welk(z) ] - [y | whistle(z) woman(y) happy() ]

y

X
e | om0
walk(x) happy(y)

The other possible plugging (23) results in a reading where conjunction outscopes
disjunction. The DRS for this reading is shown in (24) and (25).

(23) Py:{ho=lz,h1 =1l3,ho =1l7,h3 =11, hs = lg}

(24) [y |woman(y) happy(y) [ = | man(z) walk(z) ] — [ | whistle(z)] ]

y

woman(y)
happy(y)

(25)

X

man(x)

histle(x
walk(x) L ()
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7 Conclusion

We Proposed a, fi
Tamework for und i
called Hole Semans: nderspecified semantics repy U
meta level, it ig igf;;s,; I?(Iild tda:fm}e;d that, due to a clear spe;esf;ttiizon: 11; 8enera],
tions in Hole Semant, ent of the object languages. Underspec; ot object ang
ntics correspond to g partial descriptions ofs ?}:lged Rspresenta_
emantics, using

meta, var la])les ho. es) and SubOI dmat on (()IlSiIaHliS we haVe ShOWIl that IIOie Se~

mantics can be appiled bOth to F Iedlcate LOglC (stai 1c and dynamlc and I)IS( ourse
’ 1gu )

R'epl esentatlon IheOIV with respect to SelnanthaHy amb ous Scope.
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The Role of Context in the Interpretation of
Generic Sentences!

Lawrence Cavedon? and Sheila Glasbey?®

Abstract

We argue that contert plays an important role in the interpretation of
generic sentences. The examples we use to demonstrate this have also been
used to argue that normative approaches (upon which logics of normality are
based) to generics have some fundamental problems related to scope. We use
Barwise and Seligman’s channel theory—a model of information-flow based
on ideas from situation theory—as the basis for an analysis of generics that
provides a context for each generic sentence and thereby avoids the problems
raised. The channel-theoretic analysis provides the basis for a framework for
reasoning both with generics (about the default properties of individuals) and
about them (to infer new generics). Modelling the context of a generic also
allows us to model the sort of misunderstandings that may occur in a dialogue,
whereby a listener misinterprets the scope of an uttered generic sentence.

1 Generics and Context

It is generally agreed that generic sentences are used to convey information about
regularities of one kind or another, and that the generalizations thus made may
have exceptions which do not invalidate the truth of such statements. Consider, for

example, the generic sentence:

(1) Swans are white.

This appears to convey some kind of general relationship between the property of
being a swan and the property of being white, such that we might expect any swan
we encountered to be white, while being prepared to accept that this particular swan
might be exceptional in some sense with respect to the property of whiteness—for
example it might still have the dark feathers of a very young swan. The existence
of such exceptions has made it difficult to give an adequate semantics for generic
sentences. The problem has been extensively discussed in the literature and a
number of attempts made to overcome it. It has become clear that we cannot
capture the semantics of generics adequately by postulating a generic quantifier
which corresponds to something like ‘most’ or ‘usually’. There are well-known

examples such as:

(2) Turtles live long lives.

which speakers accept as true even when they know that most turtles are killed by
predators in their youth.? A comprehensive survey of the problem of exceptions and
the various solutions proposed in the literature is given in ([Pelletier and Carlson, 1995],

Introduction).

! Acknowledgements: This work has benefited from comments by Ariel Cohen, Robin Cooper,
and a number of participants at the Tenth Amsterdam Colloquium. Glasbey’s work is supported
by an EPSRC postdoctoral fellowship.

2Department of Computer Science, RMIT University, Melbourne, Australia.

3Centre for Cognitive Science, University of Edinburgh, UK.
4[Morreau, 1992] argues that the generic “Potatoes contain vitamin C” would be true even if

all potatoes were boiled to the extent that none of them actually did contain vitamin C.

143



A less frequently-dj
> y-discussed f; L
i)llas Visited Australia, anq lfﬁzzf: t(;)lfagteréims & the fully
ack. She may we]] reply to (1) by sayin;

®3)

swans indige;

S N I A str . .
Ihat ot t. ue of u ahan Swans SWaIlS are blaCk n Austl aha

And a native A

ustralian g
the equivalent i ke

enturi i
i sk o langunge ot T1es ago might haye truthfully asserted

(4) Swans are black,

A closely-

Q)

related pair of examples is the foHowing'

P .
eacocks have brightly coloured taj] feathers

(6) Peacocks lay eggs.

Ihese €Xample
pl S reveal the Impo: P g
P rtance of COntEXt to the inter xeta.tmn of eneric
. u generic s ms to depend on conte;
SentEHCeS Ihe tr th of a gener ee: on

the speaker is talki :

we will prapy, ;1 ::,lclfpatb&l;t”' If it is clear that she is talkinztggoﬁe:ense (l)f et
ast L > ustrali

acceptable whe. o d, Tue. It is Interesting, however, that (5) anda(g;’ then

Iy to a . .
peacocks”—; p Question like « seem
L.e., we need not already be “focusing” Tell me what yoy know about

i (5] an e on male peacocks in order for

5 and 6 are ]1)]#16 1 (o)

( ) ( ) )p matic for sta.ndard

I\/Iolleau, 1992 Whl h a 1
C Clalm that generics are bOut “norma ’

Problem is that there
are no i
that both haye bright tai] fepeaCOCks iy lty 3anor

males” and (6) to “§ust the

We n
we ne(ze; ;)ncz;c;:;mt ttélatk‘ can capture Precisely this d
re the kind of i i
the sontory, C2F8 reasoning that is/isn’t |j
. ic i

of (5) e of (Et )rez;r;d (6). Notice, for example, that whilgnzid i B

e M COloumdo: %orrectly that if A is 5 pea,coci{ A will (c elptmg orth

e ail feathers, This, of course, is b;cause AZ::;S:; Cer}?amIY)
€ a female

of g (e.g.
individuals. The
mal here—i.e., no peacocks

athers and lay e ..
females” . v cggs. Intuitively, (5) refers to “just the

ependency on context. Also,

The challenge is to provi
the kind of context-d

not licensed
s on the
bropose such an account, based on Bar

asis of true i aper
| b oI a generic. In this p:
([Barmse and Seligman, 1994] [S
)

. wise and Seligman’
eligman and Barwise, 1993]).S Channel =

2 Channel Theory

lalltlBS (l.e., la‘“ hke dependencles and Is an a‘ttelnpt to provide a COHlpIehenSl ve
)

5 Occasxonall utes (6 and po ts out that in fact it is the peahens which Iay eggs.
Y someone dlSp ol
( ) 1n
IIOWGVEI most speakers seem happy to use Peacock’ to refer to both the male and female of the

144

wing. Suppose our Speaker
Tous to that country gy

model of information flow. Building on the situation-theoretic model of con-

straints, Barwise and Seligman take regularities to reflect the structure of the

world (as discriminated by some agent) without attempting to reduce these infor-

mational entities to some “more primitive” relationship (e.g. quantification over

“normal” individuals). As such, the channel-theoretic analysis of generics below

does not provide any sort of reductionist account of why true generics are so, but

it does provide a structural account which is used to explain some problematic
issues in generics.

Barwise and Seligman are particularly concerned with modelling the paradoxical
issue that regularities seem to be both reliable (i.e., underly inference) yet fallible
(i-e., may admit exceptions). Such properties are, of course, also required of the
semantic objects used to model generic sentences. Barwise and Seligman resolve
the problem by ensuring that relationships between tokens (or individuals) play a
central role, as well as the relationships at the type level. As we see below, this gives
rise to the concept of a channel— a classification of token-level connections by type-
level relationships. In our model of generics, a generic sentence effectively describes
a channel—i.e. a generic can only be true or false relative to some channel—and
this channel thereby provides a context against which the generic is evaluated. This
model is discussed further in the next section.

At the heart of channel theory is a relativistic theory of information, based on the
concept of a classification. A classification is a structure that carves up (part of)
the world into tokens and assigns various types to these tokens.

Definition A classification A is a structure (tok(A),typ(A),:4) consisting of a set
of tokens tok(A), a set of types typ(A) and a relation : 4 on tok(A) x typ(A). For
t € tok(A) and ¢ € typ(A), we say t is classified by ¢ in A if t 14 ¢ holds.®

The tokens of a classification may be objects, individuals, situations, or even other
classifications, while the types are properties appropriate for classifying (along some
dimension) these tokens. A classification can be seen as a representation of informa-
tion of a particular sort. This representation is highly relativistic—intuitively, one
could view a classification as being relativised to a specific agent, epistemic state,
point of view, or perspective on the world.

The second main concept is that of a channel. A channel C is an informational link
between two classifications A and B, licensing the flow of information of a particular
sort. Formally, a channel is itself a classification—the tokens of C are connections,
each linking tokens of A and B.”

Definition Let A and B be classifications. A channel C : A= B linking A and
B is a classification (tok(C),typ(C),:). The tokens of C are connections, denoted
s s, with s € tok(A) and s' € tok(B). The types of C are constraints, denoted
¢—1, with ¢ € typ(A) and ¢ € typ(B).

If (t — t' : ¢—1) holds in C, this signifies that ¢ being of type ¢ carries the infor-
mation that t’ is of type 1. The type-token distinction allows for characterisation
of different sorts of exceptions to the general rule. If a connection ¢ — ¢’ fails to be
classified by a constraint ¢—1) and t : ¢, then t — ¢’ is said to be an exception
to that constraint. Exceptions may lead to erroneous inference (i.e., a conclusion
that (¢ : 1) holds may be reached whereas the channel does not support this).

6In general, there are two classification relations, one for positive and one for negative classi-
fication. However, we do not make use of negative classification in this abstract, so it is omitted
for simplicity. We drop the subscript from the relation when this causes no confusion.

7We slightly abuse Seligman and Barwise’s definition here—connections and constraints should
not be identified with the tokens/types they connect. However, this abuse simplifies matters

somewhat.
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supports a regularity involving male peacock-tokens while the second supports a
regularity involving female peacock-tokens.

The channel-theoretic view of the semantic content of generics inherits several fea-
tures from the channel-theoretic notion of regularities. In particular, channel-types
(i-e., constraints) are primitive entities and there is no direct relationship between
the fact that a channel supports a particular regularity, and the properties re-
quired of the associated individuals. Some/many/all'® of the tokens satisfying the
antecedent type of the constraint may be exceptions without undermining the chan-
nel’s support of that constraint. This property seems supported by several of the
examples well-known in the literature and described earlier.

The channel-theoretic view ignores the issue of precisely what it is that makes a
particular generic true, other than that the generic describes the way (a part of) the
world happens to be structured. However, this is not as unsatisfactory as it may
seem: the channel-theoretic view can be seen as consistent with any explanation
regarding which generics are or are not true, and the formal framework provides
important properties of its own.!! The challenge for accounts of generics that do
not directly relate the truth of the generic to the properties of the individuals is
in providing a means for reasoning defeasibly about individuals: e.g. given “Birds
fly” and a bird ¢, we should be able to reach the default conclusion that ¢t can fly.
Defeasible reasoning using the channel-theoretic model is outlined in some detail

below.
Another question that needs answering concerns which channel it is that a given
generic describes. The short answer is that it is the one which the speaker has in
mind when she asserts the generic sentence. This does not allow us to specify the
“appropriate” channel objectively—i.e., for a given generic sentence such as “Birds
fly”, we cannot determine in isolation exactly which channel is the demonstrative
content. In fact, there is often more than one channel that can be deemed “appro-
priate”, containing different numbers of exceptions (e.g. the channel ranging over
all birds; the channel ranging over individuals of the species of birds that fly, ruling
out penguins and emus; the channel ranging over individual birds that fly, ruling out
penguins and sick birds).!? What is important from the point of view of our formal
model is that the supporting channel—and the associated collection of “relevant”
tokens—plays an important role in the interpretation of generics. This is further
demonstrated below, when we discuss how difference between speaker and hearer
as to what is the appropriate supporting channel can lead to misunderstanding in

dialogues involving generic sentences.

4 Channels and Context

In this section, we further discuss the role played by a channel in providing a scope
to a regularity. As explained above, the channel-theoretic model of generics views a
generic sentence as describing a channel. The described channel effectively provides

10For example, the channel supporting Morreau’s generic involving boiled potatoes would contain
only exceptions.

1The normative view of generics (e.g. [Morreau, 1992]) itself does not provide a particularly
conclusive account as to which generics are true and which are false. Under the normative view, a
true generic is one which holds universally over all “normal” individuals; however, it is never clear
as to what exactly constitutes a “normal” individual other than the fact that it has the properties
claimed of it by the generic.

12The example channels described would contain decreasing numbers of exceptions, since sick
birds would be exceptions in the second channel, and penguins and emus would be exceptions in

the first channel.
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a “scope of applicability” for the generic relationship. A channel has a collection

of tokens associated with it, and it is only those tokens which are “relevant” to the
generic relationship.

This is illustrated by considering example (1): “Swans are white”. By uttering this
sentence, the speaker is asserting that the relationship swan—white is supported
by some channel C;. We expect C;—the channel which the speaker is describing—
is concerned with European swans, which are, by and large, white in colour. This
is reflected by taking the set of tokens associated with C; to be European-swan-
tokens—i.e. for all s — s € tok(C1), s is a European swan token.

The problem of conflicting generics, each of which seems applicable, is also addressed
by the channel-theoretic model. For example, the sentences (5) and (6) involving
peacocks can simply be seen as describing different channels: (5) describes a channel
that contains only male-peacock tokens, while (6) describes a channel containing

only female-peacock tokens. Another pair of examples which illustrates the problem
is the following:

(7 Dutch make good sailors.
Dutch make good farmers.

Even if we assume that farmers make poor sailors and sailors make poor farmers, we
can make sense of the above sentences by ensuring that the first sentence describes
a channel which is restricted to sailor-tokens and the second sentence a channel
which is restricted to farmer-tokens. This corresponds with our intuitions that

these sentences can be paraphrased as ‘Dutch sailors are good sailors’ and ‘Dutch
farmers are good farmers’ respectively.

As with the pair of peacock sentences, normative accounts of generics are stretched
by such pairs of generics being simultaneously acceptable, since this may rule out
the possibility of there being any “normal” individuals at all.

The channel-theoretic analysis is also flexible enough to allow “arbitrary” exceptions
to generic relationships. For example, not all European swans are white; hence,
there will be some European swan-tokens which are exceptions in the channel C;.
For example, if s is such a token then s — s : swan—white does not hold in Cy;
however, this in no way invalidates the fact that C; supports swan—white.

In our model, the distinction between exceptions and “irrelevant” tokens (i.e., those
outside the scope of applicability of a generic) parallels an agent’s expectations re-
garding default reasoning. An appropriate channel supporting “Peacocks lay eggs”
would not contain any male-peacock tokens; in the channel-theoretic model of de-
feasible reasoning described below, no default conclusion regarding a male peacock’s
egg-laying abilities would be drawn. On the other hand, female-peacock tokens are
relevant to the channel supporting this generic; hence, in the absence of other in-
formation, a female peacock token would be defeasibly assumed to be an egg-layer.
Of course—as discussed above—the “appropriate” channel for a given use of this
generic sentence may not be the one that applies to all and only female-peacock
tokens. For example, it may exclude sick-peacock, old-peacock and young-peacock
tokens. What is seen as the exact scope of the generic, defined by the channel being
described, may differ between different agents—for example between two partici-
pants in a dialogue. This is the source of potential miscommunication described
later. However, the channel that the agent describes with her utterance determines

in part those tokens about which she is prepared to draw default conclusions, using
the generic relationship.!?

13The importance of “scoping” when performing default reasoning has been discussed in the AI
literature—see ([Etherington et al., 1991]).
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5 Reasoning with Generics
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5.2 Reasoning defeasibly about individuals

In the channel-theoretic model of generics, generics are “simply true”—i.e., whether
or not a generic is supported by a channel is not at all determined by the properties
of individuals associated with that channel. In order to be able to reason defeasibly
about individuals, we therefore need to impose a concept of “maximal normality”
on channels. That is, when an agent reasons about individuals using a constraint
supported by a channel, she assumes that as many individuals as possible associated
with that channel are normal. Earlier, we stated that, given a channel C supporting
a generic G, the individuals that an agent was willing to draw (default) inference
using G on were those that participated in connections in C. Hence, the maximal
normality condition ensures that channels contain as many connections as possible—
only the individuals which an agent considers “abnormal” with respect to a generic
have no associated connection in the pertinent channel.
Maximal normality is defined against a collection of channels ordered by subchannel
and some given collection of information. This information is a set of propositions
of the form (s : ¢), denoting the assertion that s is of type ¢. To ensure that
normality is maximal, the only time an exception is permitted is when one of the
following conditions holds:
1. the given information conflicts with the information that would otherwise be
inferred;
2. inheritance from separate premises would conflict.
The second case is taken care of by referring to the channel hierarchy since con-
flicting consequences lead to encoded background assumptions, as described above.
This leads to the following definitions.
Definition Let C : A= A be a channel (which is part of a channel hierarchy)
supporting a constraint p—1p, U a collection of propositions (formed from the tokens
and types of A), and t € tok(A) a token such that (t : ¢) € ¥. The token t is said
to be inappropriate in C wrt ¥ if either:
1. (t:¢') € ¥ and v type-conflicts with ', or
2. there exists a channel C' such that C Ty C', where p—1 € typ(C) and f(¢—v) =
¢'—Y" and (t: 7) € U, where T type-conflicts with ¢'.
To illustrate the second case, if ¥ contains (tweety : penguin) then tweety is in-
appropriate in the channel C; (in the last paragraph of the previous subsection)
supporting bird— flies since the information in ¥ conflicts with the antecedent of
the constraint in C’;. On the other hand, tweety is “normal” in C5. Maximal nor-
mality is defined by requiring that for any channel C : A = A, every token in A
which is not inappropriate in C participates in a connection in C.
Inference via channels proceeds as follows. If ¢ — t € tok(C), ¢—1 € typ(C) and
t : ¢, then we infer ¢ : 1.2° Hence, in our example, we cannot infer tweety : flies
in C; because tweety is inappropriate in Cy and therefore there is no connection
tweety — tweety in C;. On the other hand, tweety is not inappropriate in Cj,
meaning we can infer tweety : - flies.
‘We have only sketched the channel-theoretic model for default reasoning here. See
([Cavedon, 1995]) for further details and a discussion of the properties of the model.

2ONote that the connection may not be classified by the constraint—i.e. it may be that (¢ +— ¢ :
¢—1) does not hold in C. In this case, t — t is said to be an exceptional connection and leads
to the inference of incorrect information. Information which an agent concludes by default may
in fact turn out to be incorrect. However, models of default reasoning are more concerned with
determining what an agent can reasonably conclude, given only partial information.
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6 More Complex Types

We will now examine how we can incorporate more complex types into our con-
straints. We may use situation-theoretic types for this purpose, such as can
be obtained from the grammatical processing of sentences by a situation-theoretic
grammar of the kind developed by Cooper and described in the FraCaS deliverable
D8 ([FraCaS, 1994], ch.3). Using such situation-theoretic types in our constraints
will facilitate the development of a situation-theoretic grammar for the processing
of generic sentences, and we intend to pursue work on this in the future.

Furthermore, the use of situation-theoretic types in our constraints seems particu-
larly appropriate given that channel theory developed in part from earlier situation-
theoretic notions of information flow and constraints, described, for example, in
([Barwise and Perry, 1983]).

A further advantage of using situation-theoretic types is that they allow us to com-
bine our analysis of generic sentences with a situation-theoretic analysis of bare
plurals, which enables us to account for the availability of generic v. existential
readings of bare plurals (see [Glasbey, 1995] for a proposal along these lines). We
do not, however, attempt to do this here.

We will use the Extended Kamp Notation (EKN) of ([Barwise and Cooper, 1993]),
which represents situation-theoretic objects using a graphical notation similar to
DRT ([Kamp and Reyle, 1993]). A box notation is used for situation-theoretic ob-
jects such as infons, situations and propositions. Propositions in EKN include
objects of the form:

S ]

chase(X,Y)

{P}

which is the proposition P that a situation S supports the infon | chase(X,Y) | (the
latter being written in standard linear notation as < chase, X, Y; 1 >). X and
Y are parameters?! which fill the argument roles of the relation chase. A propo-
sition like this one, that a situation supports an infon,?? is called an Austinian
proposition.

Situation-theoretic objects may have restrictions imposed on them, as shown be-

low, where the object Q is restricted by a proposition or conjunction of propositions
Z.

Q denotes an object only if Z is true.

A situation-theoretic type is formed by simultaneously abstracting over one or more
of the parameters of a proposition, using the technique of simultaneous abstrac-
tion developed in ([Aczel and Lunnon, 1991, [Lunnon, 1991]). For example, we
may abstract over X and Y in the proposition P above to give:

21We denote parameters by capital letters.
22The situation is also said to be of the type represented by the infon, if the proposition is true.
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Mary smokes after dinner.

)- We will not o
glve a
Glasbey, ress]

€ two readings can

) for a Justification of this
¢ captured by the
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Second reading:
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3 5]

after-dinner(T,D)
day(D)

2

named(X,‘Mary’)

rp—=X,13—=2T, 14 =D, 15 -5, 16 = T/
2 » I3 ) y Is ) I'e

Ed

R | Bl

: /
smoking(X,T") named(X,‘'Mary’) TCT

The above tells us that there is a constraint in a channel Cy between two types.
The antecedent is a 4-ary type of a situation S, an individual X named ‘Mary’, a
time T which is the after-dinner period of D, and a day D, where S supports the
information that X is in that situation for the duration of time T. The succedent
is a quaternary type of the individual named ‘Mary’, the same time T, a time T’
temporally included in T, and a situation S’'.

Notice that in each of these constraints there are certain parameters which occur
in the succedent but not in the antecedent type. In the constraint corresponding to
the first reading, these are S’ and T’. We paraphrased the content of the succedent
by referring to ‘a time T'’ and ‘a situation S”’. Clearly we want to think of these
parameters as being existentially quantified over.

What we need is to ensure that parameters appearing in the succedent but not
in the antecedent of a constraint get an existential interpretation (similar to what
happens to variables in DRT).

This is not difficult to achieve, using the apparatus of channel theory and situation
theory. Suppose we have a channel that supports the constraint ¢—1), and contains
connections of the form p — ¢. Now suppose we have the information that [r; — X] :
¢. From this, we can infer (“by default”) that there must be an assignment [r; — Y]
such that [rp — Y] : 9. That is:

fr1—=X]:¢ —¢ Y st. (1> X [r2=>Y]) &[> Y]: ¢
where ‘—4’ is some kind of default inference.

In general, if we have a constraint ¢—1), and f; is an assignment to the roles of
¢, we need to be able to infer the existence of an appropriate extension fs to fi,
such that fo is an assignment to the roles of 1. Thus we need to quantify over
assignments, in such a way that, if we have a channel supporting the constraint

$—1p, then:
VE(f:¢ —a 3f st (FEMES ) &(f—f)

which gives us the required existential quantification over roles in f’ that are not
in f. (For further discussion, see [Cavedon, 1995].)
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dialogue between two conversab

T has given S
unfamiliar to them both—the Tillermid.

ional participants, T (a teacher) and S (a student).

an assignment to find out as much as he can about a species of bird

T(1) : Tell me what you e found out sO far about Tillermids.

s(1) : Well— Tillermids are black, with scarlet wing-tips- They lay pale blue eggs

and they catch fieldmice to feed to their young:
T(2) : Tell me, are they all black with scarlet wing-tips?

s(2) : Well, no. Actually just the males. The females are @ sort of dingy brown

all over.

The dialogue begins with a request by T for S to give her some information about
Tillermids. Notice that, as far as we can tell, T appears to be seeking information
about «Tillermids in general” __she makes no reference to any particular subset of
the species such as “the females”. S(1) replies with three generic clauses, each
giving 2 property of Tillermids. There is no indication of whether S intends the
demonstrative content of the clause in each case to be the channel involving all

Tillermid tokens, Oor one involving & subset of these.
ric statement—she asks

T asks for this clarification in the case of S's first gene
arlet wing-tips”. In our model of generics,

whether Tillermids are a1l “black with sc

we take this to be T asking which channel is the demonstrative content of S's first
generic statement.

S(2) replies, telling T that the generic applies to “just the males”—i.e., the channel
that he has in mind for this generic is the one involving only male Tillermid tokens.
He adds the further statement that ‘The females are sort of dingy brown all over’,

which clearly refers to the channel involving only female Tillermids.

We thus have what appears to be a rather common kind of conversational inter-
change, where one speaker offers some information and the hearer accepts this while
rther information and/or clarification, which the first speaker then sup-

requesting fu
plies. We would not want to say that g “misled” T by saying “Tillermids are black
with scarlet wing—tips’——but, rather, that the information he gave was insufficient

for T’s purposes.

We clearly need to model the fact that what occurs initially here is 2 “partial

transfer” of information from g to T. The part of the information that is successfully
tive content of the generic~the constraint T'T LL—BSWT

tranferred is the descrip
where TILL is the property of being a Tillermid and B SWT is the property of
being black with scarlet wing-tips. The information that is not conveyed is the

demonstrative content—the channel which supports this constraint.
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about the channel involving all Tillermids.
to light only later—say, when T, seeing &
sly not a Tillermid’ and S says ‘It could

be a female’. Another possibility is that T might have used her world knowledge
about birds (the fact that the male of the species is often more brightly—coloured
than the female) to infer that S was probably talking about male Tillermids only.
that T is & teacher, and teachers can be over-pernickety about

T replies as follows:

A range of alternative responses by
ample, have assumed that S was talking
The misunderstanding might have come
brown bird nearby, says “Well, that's obviou

Remember, however,
the use of language- Suppose that
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T(3) : Hmm. [sn’t_it rather misleading, then, to sq
szarlet wing-tips? You really must be ca;eful t
about the whole species, or only part of it

5(8) : Sorry.

N .
OW suppose T continues addressing a suitably-chastised S:

T(4) : OK, let’s
blue eggs?

S(4) : Well, about half of them do.

T(5) - .
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S(5) : They don’t lay any egg9s at all,
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T(7) : What was the other thing?
8(7) : They catch fieldmice to feed to their young

T : 3
(8) : Ah yes. Now, is that al] of them, or just the males, or

Just the ?
S(8) : I don’t know. e
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: }(Ier'e as the’demonstrative content of the generic

eIr young’. It seems quite reasonable that thig g

We thus require a mo
ful communication”—which j

Y thaf Tillermids are black wiy,
0 specify whether you are talking

information in the speaker’s mind is transferred to the hearer. A suitable model for
this purpose appears to be the channel-theoretic model of dialogue developed by
[Healey and Vogel, 1994]. Healey and Vogel (H&V) present a semantic framework
for modelling the information flow between participants in a dialogue which takes
account of the idea that it is unlikely that any two speakers will understand “ex-
actly the same thing” by an utterance, even in cases where there is no perceived
ambiguity or misunderstanding. H&V consider that one important source of this
variation is the fact that it is unlikely that any two individuals will have exactly
the same “ontology”—they will almost certainly “carve up the world in different
ways”. They point out that this raises problems for traditional semantic theories
which assume an interpretation function mapping the meanings of words onto parts
of the world. Our dialogue, while not particularly highlighting matters of ontology,
would nevertheless be difficult to model in a traditional framework given that, as
we have seen, the transfer of information is not an all-or-nothing matter. We have
seen how it is possible for only part of the speaker’s intended meaning to “reach”

(or be understood by) the hearer.

We will not give details of the H&V model here, but refer the interested reader to
([Healey and Vogel, 1994]), and to ([Cavedon and Glasbey, 1996]) where we apply
this model to the above dialogue. The essence of the H&V model is a “communica-
tion channel” which exists between two participants A and B in a conversation.2®
The communication channel is composed of two channels—a “production channel”
which supports constraints between idea types (in A’s head) and types of utterances
(as made by A), and a “reception channel” which supports constraints between char-
acteristics of utterances (as made by A) and idea types in B’s head. The model
allows communication to take place even when the idea that B ends up with is not
(exactly) the idea that A set out to convey. Communication can thus be partially
successful. We can model, for example, the fact that a generic statement by S may
succeed in conveying the descriptive content (the constraint) but not the demon-
strative content (the channel) to T. We can therefore also model the requests for
clarification and the negotiation which result eventually in all S’s pertinent informa-
tion being conveyed to T. We could also model cases where the descriptive content is
“misunderstood”—for example where the wrong reading for an ambiguous generic

sentence like (12) is conveyed.

8 Conclusion

We have shown that generic statements make reference to a “context”, and that
this context plays an important role in their interpretation. The context defines
the intended “scope” of the generic—which can be thought of as the collection of
individuals which the generic statement is “about”.

We described a channel-theoretic model of generics which endows constraints with
a context—this context being the channel supporting the constraint. This enables
us to model the information content of a generic statement in a way which captures
in a precise way the observed reference to context. We can thus give an adequate
semantics for a number of generic sentences that have posed problems for previous
accounts. In fact, we believe that these problematic examples provide empirical
support for channel theory’s particular structural account of regularities.

We showed, too, how the channel-theoretic analysis provides the basis of a frame-
work for reasoning both with generics (i.e., about the default properties of individ-

25Healey and Vogel actually consider multi-agent communication but for simplicity we restrict
ourselves to two participants.
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Generics and Frequency Adverbs as Probability Judgments*

Ariel Cohen
Carnegie Mellon University

Abstract

This paper argues that several seemingly unrelated properties of generics and
frequency adverbs have a single underlying cause. Generics and frequency ad-
verbs are unbounded, they cannot be applied to temporary generalizations, and
they require a regular distribution of events along the time axis. A generic may
be false even if the vast majority of individuals in its domain satisfy the predi-
cated property, whereas a freqeuncy statement using e.g. usually would be true.
Truth judgments of generics vary considerably across speakers, whereas truth
judgments of frequency statements are much more uniform. These phenomena
can all be accounted for if we assume that generics and frequency adverbs ex-
press probability judgments, and if, in turn, we interpret probability judgments
to be statements of relative frequency in the limit.

1 Five Puzzles

Generics and frequency statements occur frequently in natural language. Much
of our knowledge about the world is expressed using such sentences—one needs
only to glance at an encyclopedia to encounter myriads of examples. Yet it is far
from clear what such sentences mean, i.e. what a given sentence entails, what
it presupposes, and what it is that makes it true or false.

With a view towards a solution to this general conundrum, we will con-
sider five more specific puzzles in this paper. We will argue that these puzzles
can be solved if we assume that generics and frequency statements express prob-
ability judgments, and if these probability judgments, in turn, are interpreted
as relative frequencies in the limit.

1.1 Unboundedness

Declerk (1986) has noted that generics are unbounded, and the same seems to
hold of frequency staements as well. According to Declerk, “a sentence refers
to a bounded number of events. .. if that sentence somehow involves reference
to something that acts as a boundary for the number of events” (p. 172).
Thus, (1.a) is acceptable, because it is about an unbounded set of events,
whereas (1.b) is ruled out, because it sets an explicit limit on the size of its
domain, namely 365:
(1) a. John always/@ walks to school.

b. *On 365 occasions John always/@ walks to school.

The “something” which serves as a boundary may be an explicit limit,
as in (1.b), but need not be; sentences which refer to specific times or places, or
which hold of relatively short durations, are bounded too. For example, (2.a)
(Henriette de Swart, personal communication) is fine, whereas (2.b) is not:!

(2) a. This year, John always/@ walks to school.

*. I would like to thank Bob Carpenter, Greg Carlson, Clark Glymour, Chris Manning,
Carolyn Penstein-Rosé, Henriette de Swart and the audience at the Amsterdam Colloquium
for helpful comments and suggestions.

1. Cf. Comrie’s (1976) claim that a habitual reading results if a sentence refers to a situation
holding through an extended period of time.
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b. *This morning, John always/@ walks to school.

Gener
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e reurf ed in the Same way. Thus, for example, (3.a) (from Carlson 19770
y Celves a generic interpretation, (3.b) is not generic, and 3.¢)i :
grammatical: .

(3) a. Texans are often/@ tall.
b.  Three Texans are tall.
¢. *Three Texans are often tall.
i\;\/;ul;ees:;cr}:c £3(.;))a)and (3.¢) entail that the size of the domain of the quantifier
i +&) expresses no such limit, and is thus unbounded.
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1.2  Temporary Generalizations
Generics and frequency statements do not hold of generalizations which are
perceived to be temporary. Suppose it so happened that all Supreme Court
judges had a prime Social Security number; this would not suffice for (7) to be
true:

(7)  Supreme Court judges always/usually/@ have a prime Social Security

number.

It seems that the truth of (7) requires that Supreme Court judges have a prime
Social Security number not just at present, but that this property can reason-
ably be expected to hold in the future with some regularity, say because a law
were enacted which posed restrictions on the Social Security number of judges.

This property of generics has been observed by many researchers. It is
usually claimed that the problem with sentences such as (7) is not that they
express a temporary generalization, but rather an accidental one. Generics, it
is proposed, have a modal character; they only express properties which are, in
some sense, “necessary,” “normative,” “essential,” or “inherent.”?

What precisely is meant by these terms has yet to be made precise;
but even if such a formulation were possible, it seems that modal approaches
miss the mark. The following sentences are true, although they do not seem to
express necessary (essential, inherent, etc.) properties:

(8) a. A cheetah outruns any other animal.

b. Spices are affordable. :

c. Gold cubes are smaller than 10 cubic meters.

d. Dogs annoy Sam.

Perhaps running fast is an inherent property of cheetahs, but certainly not the
property of running faster than any other animal, since some other animal might
have been faster. Affordability is not a necessary property of spices—in fact,
throughout much of history, spices were extremely expensive; yet (8.b) is true
nonetheless. Similarly, we would be hard-pressed to claim that gold cubes are
inherently smaller than 10 cubic meters, or that annoying Sam is an essential
property of dogs.

Even if a modal approach were appropriate for generics, this would still
leave frequency statements unaccounted for. Advocates of the modal view of
generics either ignore the latter, or treat them as lacking a modal character. But
this leaves unexplained the unacceptability of frequency adverbs in sentences

such as (7) above.

1.3 Regular Distribution in Time

Stump (1981) has noticed that a frequency statement implies a regular distribu-
tion of events in time. Thus, for example, for (9.a) to be true, it is not sufficient
that there exist some events of John’s jogging in the park:

(9) a. John sometimes jogs in the park.
b. John jogs in the park.

Rather, these events should be distributed in time with some repeated regular-
ity, say once a week, a month or a year. The same seems to hold for generics,

2. For modal approaches see, among others, Lawler (1973); Dahl (1975); Burton-Roberts
(1977); Heim (1982); Schubert and Pelletier (1989).
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exists as some sort of abstract, Platonic classification of entities into normal
and abnormal ones, but if that is the case, how do people obtain knowledge of

this classification when they make their truth judgments?
In fact, the prospects for finding a definition of normality which would
it all cases seem rather dim. Consider the following sentences (from Krifka et

al. 1995):
(12) a Two and two equals four.

b. A lion hasa mane.
c. Six apples cost one dollar.
d. A turtleis long-lived.

e. A pheasant lays speckled eggs-
Krifka et al. point out that with regard to (12.a), the most normal worlds are
matics hold (arguably all worlds); with regard

those where the laws of mathe
rties hold; and with regard to (12.¢),

to (12.b)’those where stereotypical prope
only one world is considered normal—the real world. For some cases it is hard
n of normality. For example, it might

to come up with any reasonable definitio
1ds are those where

be suggested that for (12.d) and (12.), the most normal wor
orld where all turtles reach old age Or

the laws of biology hold; however, a W
where all pheasants lay eggs (hence no males, and no one to fertilize the eggs)

would be a highly abnormal one, biologically speaking. Krifka et al. suggest
ase is accommodated by the

that the definition of normality in every given C
hearer, but no account of such accommodation is proposed.

- Whether or not the normality view can account for generi
applied to the case of frequency adverbs. The latter do not quantify over normal
individuals, otherwise (13) would be false, since, by hypothesis, all normal birds

do fly:

(13) Birds are sometimes incapable of flying.
A completely different theory, then, would have to be developed in order to
explain frequency adverbs, yet & unifying account of the two phenomena would
be highly desirable, given the many similarities between them, some of which

are discussed in this paper-

cs, it cannot be

1.5 Uncertain and Conflicting Truth Judgments
as being unproblem-

Generic sentences such as Birds fly are often presented

atically true. Tt is rarely noted that truth judgments of such sentences ar€ of-
and vary considerably among individuals. When, in an informal
asked to judge the truth of (14.2), some agreed that it
was frue, some were uncertain, and said things like, “Well, it’s sort of true, but

then there is the penguin,” and others claimed it was outright false. Tn contrast,
there was almost unanimous agreement when a judging 2 frequency statement;

virtually all informants agreed that (14.b) was true-.
(14) a. Birds fly
b. Birds usually fly.

The fifth puzzle, then, is why tT
ments differ in {his manner.

ten uncertain,
study, informants were

uth judgments of generics and frequency state-
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2 Probability

termi i i
Iners, in that they denote binary relations between properties.®

form of (15.a), then, would be (15.b): B

(15) a. Birds always fly.
b. always(bird, fly)
It' seerms plausible that for (15.2) t
bird flies needs to be 1. Similarly,
0, sometimes would require it to be

0 be true, the probability that an arbitrary
never would require this probability to be
non-zero, and often would require it to be

assumption will be revised below).

We can now propose the followin

froquency DA PLAID) g truth conditions for generics and

B). is the conditional probability of 4 given
Definition 1 iti
Z.ﬁre nition 1 (Truth conditions, first attempt) 4 sentence Q(Y, ¢) is true
Plel)=1  fQ=al
Ploly)=0 ifQ = nevv‘f:i’s
P(@[Y)>0  if Q = sometimes
P(pl¥) >0  if Q = often
PlY) <1  if Q = seldom
P(gly) > 05 ifQ= usually
P(914) > 05 i Q = gen
2.2

Interpretations of Probability
As it stands, definition 1 does not
80, we need to specify the meaning
say, for example, that the probabili

The meaning of probability
least the time of Laplace (see L. J.

goal here to provide a general soluti

really give us truth conditions. For it

of the term P(A|B). What does it me:r)l (:c(j
ty that a fair coin comes up “heads” is 0.57
has been the topic of much debate sj at
Cohen 1989 for an overview). It is

6. This is, i impli i
is, in fact, a simplification. We will return to this issue in section 4.1
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Logical Relation. The idea underlying logical relation theories is that P(A|B)
is the ratio of possible worlds in which both A and B hold to those where
B holds. The probability that a coin comes up “heads,” then, is the ratio of
worlds in which it comes up “heads” to worlds in which it is tossed. Of course, in
order to make sense of the idea of ratios of possible worlds, one needs to define
some measure function on worlds, and a variety of such functions have been
proposed in the literature. Schubert and Pelletier (1989) apply this framework
to the problem of generics, and they assume (but do not specify) a measure
function which favors worlds close to the real world in terms of the “inherent”
or “essential” nature of things.

Ratio of Sets. A different approach is proposed by Aquist et al. (1980) in
their account of frequency adverbs. They suggest that if A and B are sets of
individuals,” the probability P(A|B) is the ratio of the cardinality of AN B to
the cardinality of B. Hence the probability of a fair coin to come up “heads”
would be 0.5 just in case in half of all observed tosses, the coin came up “heads.”

Relative Frequency. A somewhat similar view is that probability judgments do
not express simple ratios of finite sets, but statements of relative frequency in
the limit, i.e. the mathematical limit of the ratio as the number of Bs approaches
infinity.

The underlying idea is simple. If we want to know how likely smokers
are to get lung cancer, we count the number of cancer patients among smokers,
and divide by the total number of smokers in our sample. We do this for large
samples, over long periods of time. The larger the sample and the longer the
duration of the study, the closer the ratio will get to the desired probability. In
the limit, as time goes by, and the sample size approaches infinity, the ratio will
be the probability. Of course, we cannot actually examine an infinite number
of smokers; but we can extrapolate from a finite sequence of examinations to
what the limit might be. The longer the actual sequence is, the more confidence
we should have in the correctness of the extrapolation.

2.3 Characterizations of Probability Judgments

The question is, of course, which, if any, of the interpretations above should
we choose? L. J. Cohen 1989 argues that different interpretations of probability
are appropriate for different types of probability judgments. He characterizes
probability judgments using four parameters, and points out that different in-
terpretations are appropriate for different settings of these parameters. We will
follow his proposal and examine the behavior of generics and frequency state-
ments with respect to the four parameters.

2.3.1 Necessity vs. Contingency

The first parameter indicates whether a probability judgment expresses a neces-
sary or contingent statement. In general, generics and frequency statements are
true or false contingently; they may be true in the real world, yet false in other
worlds, and vice versa. It just happens to be the case that, in the real world,

7. Or tuples of individuals.
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time index, but not with respect to possible worlds.? Suppose that the weather
report is John’s favorite newspaper column. Then (17) would have the same
truth conditions as (16), although there are any number of worlds where John
never so much as glances at the daily weather forecast:

(17) A computer usually/@ computes John's favorite newspaper column.
We should make it clear what we are not saying here. We are definitely not
claiming that the property of being the daily weather report, or of being
John’s favorite newspaper column, has the same extension in all possible worlds;
clearly, in different worlds, there may be different weather conditions, and John
may have different preferences. What we are claiming is that the truth condi-
tion of a generic sentence do not depend on the extensions of the properties
it relates in any other world but the real one, though the truth conditions do
depend on the extensions of the properties at different times.

To give another example, suppose that John is fears all bats, but no other
animal. The set of bats is equivalent to the set of animals John fears, though
the intensions of the respective terms differ; there are any number of possible
worlds where John feels nothing but love towards bats. However, it seems that
we can substitute the term animals which John fears for bats without changing
truth conditions:

(18) a. Bats usually/@ fly.

b. Animals which John fears usually/@ fly.

Similarly, there is no logical necessity for the whale to be the largest
animal on earth, or for the quetzal to be Guatemala’s national bird; yet (19.a)
and (19.b) have the same truth conditions as (20.a) and (20.b), respectively:

(19) a. The whale suckles its young.
b. The quetzal has a magnificent, golden-green tail.
(20) a. The largest animal on earth suckles its young.

b. Guatemala’s national bird has a magnificent, golden-green tail.

Qenerics and frequency statements, then, are parametric on time, but
not on possible worlds; if two properties have the same extension throughout
time, they can be freely exchanged in a generic sentence salva veritate. An ac-
count of probability is needed, then, where different descriptions of the same
timeless property can be substituted for each other without changing the prob-

ability.

Ratio theories are clearly unsuitable, since sets are purely extensional en-
tities. Logical relation theories are not appropriate either, since they would pre-
dict that generics and frequency statements are parametric on possible worlds—
one term can be substituted for another only if the two are logically equivalent.

Relative frequency theories, on the other hand, satisfy the requirement
exactly. The relevant frequency of As among Bs is not the one that happens to
hold at present, but at the “end of time,” i.e. in the limit of an infinite number
of observations. On the other hand, possible worlds play no role in the relative
frequency interpretation of probability; what matters is the frequency of As
among Bs in the real world, regardless of what may happen in other worlds.

9. For the distinction between the two types of intensionality, depending on the index in-
volved, cf. Landman (1989).
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relative frequency and move it as close t0 the limit (i.e- the probability) as we

wish.
The second major difficulty with relative frequency theories is encoun-

tered in the case of infinite reference classes. Imagine, for example, an infinite

tosses. The probability that a coin lands “heads” is claimed

sequence of coin
to be the limit of the ratio of “heads” outcomes to the total number of coin

ses approaches infinity. However, not all sequences

tosses, as the number of tos
e not to

are guaranteed to have limits; it is quite possible for a given sequenc

converge at all.
An even more serious objection is that there may be more than one

limit, depending on the order of elements in the sequence. SUpPpose, for example,
choosing the first nine

that we construct an infinite sequence of coin tosses by
«tails” outcomes, then the first “heads” outcome, then the following nine “tails”
outcomes, etc. Then the relative frequency of “heads” outcomes will be 0.1,
rather than 0.5; yet the probability that a fair coin comes up “heads” is surely
0.5, regardless of the way in which the coin tosses are sampled.

Taken from the perspective of a general theory of probability, these

ems. Every problem, however, is also an opportunity;

are, indeed, weighty probl
and from the point of view of a linguistic theory of generics and frequency

these difficulties are actually advantages. If we assume that the

statements,
probability judgments expressed by these constructions are relative frequencies

in the limit, we would predict that generics and frequency statements should be
interpreted in such a way that the problems discussed above do not occur—they
will simply be legislated out. In other words, We could use the shortcomings of
the relative frequency view to predict constraints on the class of acceptable

generics and frequency statements.

3.2 The Unboundedness Constraint

Since finite reference classes pose a problem for the relative

us simply get rid of them, and treat the reference class as if it were infinite. That

is to say, we will regard the reference class as if it were possible to examine more

and more of its members at will, without ever “running out” of individuals. The
reference class need not actually be infinite; but it must be consistent to treat-as
if it were. This assumption would be consistent unless the sentence entails some
limit on the size of the reference class. In other words, the reference class can
be treated as infinite only if the sentence is unbounded, otherwise the sentence

would be unacceptable. This is, of course, precisely the phenomenon described

in section 1.1 above, i.e. that generics and frequency statements are unbounded.
lution to our first

The unboundedness constraint, then, suggests a SO
puzzle. It also accounts for the second puzzle, namely the one concerning tem-
ions. As we have noted in section 1.2 above, even if all current

porary generalizat
Supreme Court judges happened to have a prime Social Security number, (21)

would not be true:
(21) Supreme Court judges always/usually /@ have a prime Social Security

number.
Because of the unboundedness constraint, (21) cannot be interpreted to be

about the bounded domain of current Supreme Court judges, but rather about

frequency View, let
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3.3 The Homogeneity Constraint
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11. See Salmon (1977) for an overview.
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cannot be any arbitrary partition; it needs to “make sense,” given the way we

view the world. The domain of a generic or a frequency adverb, then, needs to

be homogeneous with respect to the predicated property and a set of salient

partitions.

Salmon’s definition requires that for every w € Q, P(¢|¢) A w) be the
same, but this requirement seems unnecessarily strong. We would require only
that for every w € Q, P(¢|¢p A w) satisfy the condition as determined by the
frequency adverb (e.g. equal to 1 for always, greater than 0.5 for generics, etc.),
but not necessarily that the actual value of the probability be the same for
every w € Q0. We can now revise definition 1 as follows:

Definition 3 (Truth conditions, revised version) A sentence Q(v,¢) is
true iff for every Q, a salient partition of ¥, and for every w € Q,

Py Aw)=1 if Q = always

P(plp Aw)=0 if Q= never

P(¢p|lp Aw) >0  if Q = sometimes

Pl Aw) >0 if Q = often

P@lp Aw) <1 if Q =seldom

P(p|lYp Aw) > 0.5 if Q = usually

P(plp Aw) > 0.5 if Q =gen

3.4 Some Salient Partitions
It is usually fairly clear whether a partition is salient or not. For example, Jorge
Luis Borges’s famous taxonomy,'? in which animals are divided into such groups
as those that belong to the Emperor and stray dogs, is clearly not salient; in
fact, its sole purpose is to demonstrate a classification which humans would find
extremely unnatural.
Nevertheless, judgments on whether a partition is considered salient in
a given context may vary considerably across cultures, languages and individu-
als. A speaker of Dyirbal, for example, may consider a partition which groups
together women, dogs, crickets, water and fire to be quite natural (Dixon 1982);
a speaker of English may find such a partition very bizarre.
We will not attempt here to present an exhaustive list of salient par-
titions, nor will we attempt to identify the conditions under under which a
particular partition is salient. Plausibly, these conditions have to do with the
nature of the properties related by the predicate, as well as the linguistic and
extralinguistic context. Some illustrative examples, however, are in order.

3.4.1 Time
A partition which seems salient for almost all speakers in many cases is that of

time, i.e. a partition of the domain into temporal intervals. For example, (9.a),
repeated here as (22), expresses quantification over events:

(22) John sometimes/@ jogs in the park.
If (22) is required to be homogeneous, given the time partition, it would mean

that the probability of John’s jogging in the park is greater than 0 (or greater
12. From “The Analytical Language of John Wilkins,” in Other Inquisitions (University of
Texas Press, 1964). Of course, Borges’s taxonomy is not really a partition, since some categories
overlap.
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(25) a. People in southeast Asia speak Chinese.
Al b.  People have black hair.
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are regions (and peoples) where Chinese speakers are inpea e there
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3.4.3 Age
Sentences (10.d) and (10.¢), repeated here as (26.a) and (26.b), respectively.

can be accounted for if age is considered a salient partition:
(26) a. People are over three years old. .

perhaps, their
repeated here as (25.a)

the minority. As a
ous with respect to

b. Crocodiles die before they attain an age of two weeks.

. The majority of people are clearly over three years old, and the majority of

crocodiles do, indeed, perish in their infancy; yet (26.a) and (26.b) are not
true. If we partition people according to their ages, there will be subsets of
people such that the probability for their members to be over three year old is
zero. Hence the domain of the generic quantifier is not homogenéous, and sen-
tence (26.a) is not true. Similarly, the domain of crocodiles is not homogeneous
with respect to the property of dying before the age of two weeks. If we parti-
tion crocodiles according to their ages, there will be subsets of crocodiles all of
whose members are older than two weeks; hence the homogeneity constraint is
violated and (26.b) is not true.

3.4.4 Gender
Gender is often a salient partition too. Thus, although the majority of primary
school teachers are female, (10.f), repeated here as (27), is not true:

(27)  Primary school teachers are female.
The reason seems to be that, if we partition the set of teachers according to
their genders, there will obviously be a set, the probability of whose members
to be female is zero—the set of male teachers. Therefore, the set of teachers is
not homogeneous with respect to the property of being female.

The same kind of partition would account for (10.g), repeated here

as (28):

(28) Bees are sexually sterile.
Although the vast majority of bees are, indeed, sterile, there is a subset of bees
which is not, if bees are partitioned according to their genders—the drones.
Since their probability to be sexually sterile is rather low, the homogeneity
constraint is not satisfied.

3.4.5 Subject Matter

The majority of books are probably printed in paperback rather than in hard-
cover, yet (10.h), repeated here as (29), is false:

(29) Books are paperbacks.

We suggest that in this case, the relevant salient partition involves dividing
books according to their subject matter. Detective stories, for example, are
much more likely to be published as paperbacks, whereas reference books are
more likely to be printed in hardcover. The domain of books, then, is not ho-
mogeneous with respect to the property of being a paperback; any browser
in a bookstore will see shelves where the majority of books are paperbacks,
and shelves where the majority are hardcover. Consequently, the homogeneity
constraint is not satisfied, and (29) is not true.

3.4.6 Abstract Domains
Sentence (10.1), repeated here as (30), is an interesting example:

(30) Prime numbers are odd.
Although the vast majority of prime numbers, indeed, infinitely many of them
except for 2, are odd, (30) is false. This seems to be the case in general for
generics involving mathematical statements—they do not allow any exceptions.
The explanation for this fact, we claim, is that in mathematical domains, every
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3.4.7 Frequency Adverbs vs. Generics
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Recall that frequency adverbs only require their domains to be homoge-
neous with respect to the time partition. Since, given this partition, the domain
of birds is, indeed, homogeneous with respect to the property of flying (the ma-
jority of birds at any given time, since they first evolved and, as far as can
be determined, until they become extinct, do fly), Birds usually fly is unprob-
lematically true. Since judgments of the truth of frequency statements do not
depend on the saliency of any partition other than time, these truth judgments
are more certain, and enjoy wider agreement among individuals, than truth

judgments of generics.

4 Extensions to the Theory

There are several ways in which the theory presented here can be extended.
Limitations of space permit us to do little more than point out the problems
and sketch the solutions; the reader is referred to A. Cohen (forthcoming) for

the details.

4.1 Probabilities over Arbitrary Open Formulas
In the discussion so far, we have presented the logical form of generics and
frequency statements as Q(v, ¢), where 1) and ¢ are properties. This represen-
tation, however, would face difficulties in accounting for sentences such as (32),
which seems to quantify over more than one variable:
(32) Women live longer than men. .
Sentence (32) is not simply about women or about men, but rather about pairs
of men and women. For this and other reasons, a more adequate representation
seems to be that of a tri-partite structure, following Heim (1982). This raises
a problem, however: Heim views quantifiers as relating open formulas, rather
than properties—we need, therefore, a way to define probabilities over arbitrary
open formulas. While the traditional probability calculus does not let us do this,
there are formalisms (Halpern 1990; Bacchus 1990) which make it possible, and
which, in fact, can be incorporated quite naturally into the theory presented

here.

4.2 Domain Restriction

A generic or a frequency adverb does not always quantify over all the individuals
in its domain:

(33) Mammals usually/@ bear live young.

Sentence (33) does not mean that any arbitrary mammal is likely to bear live
young; only fertile, adult females are likely to do so. In other words, only mam-
mals which procreate in some fashion are relevant for the truth or falsity of (33).
The theory presented here should be integrated with an account, such as the
one proposed in A. Cohen (1994), of how to obtain (34.b), rather than (34.a),

as the truth conditions of (33):
(34) a. P(live-young|lmammal) > 0.5
b. P(live-young|mammal A procreate) > 0.5

4.3 Distinction Readings
The following well known sentences provide a problem for the account of gener-
ics presented here (and other theories of generics as well):
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(35) a. The Frenchman eats horsemeat.
b.  Dutchmen are good sailors.
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properties or normality relations. Instead, we have argued for a unified generics
and frequency statements as expressions of relative frequency in the limit, and
proposed that this provides explanations for five puzzling phenomena:

1. The domain of generics and frequency adverbs is unbounded because
for limits to be meaningful, it must be consistent to regard the reference
class as infinite.

2. Generics and frequency adverbs do not hold of temporary generaliza-
tions, because the reference class may not be bounded in time either.

3. Generics and frequency adverbs require regular distribution of events
along the time axis because time is a salient partition, and the domain
of these quantifiers needs to be homogeneous with respect to it.

4. Generic sentences may fail to be true even if the majority of instances
support the predicated property, because for a generic sentence to be
true, it is also necessary that the domain of the quantifier be homoge-
neous with respect to all salient partitions.

5. People vary considerably in their judgments of the truth or falsity of
generics, because judgments of saliency of partitions vary across indi-
viduals.
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Quantifiers, Contexts, and Anaphora
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Abstract

In this article we study the interpretation of nominal anaphora by means of gen-
eralized quantifier theory. One way of viewing first-order DRT and DPL is that
they interpret singular anaphora outside the scope of their antecedent by extending
the antecedent’s scope. Moving to the general case, we therefore want to know how
general these scope principles are. We shall argue that they can be sustained for all
singular anaphora, but that they may fail for plural anaphoric noun phrases. Some
recent dynamic semantics of quantifiers are reviewed in this light. Our own proposal
stands in the E-type tradition. It treats the relevant anaphora as generalized quan-
tifiers which are conteztually restricted by material inherited from their antecedent.
Indeed, all E-type anaphora are interpreted by one and the same mechanism. To
make this precise, we present a labelled, many dimensional categorial system, which
generates the meaning of a wide class of discourses in a compositional way.

1 Introduction

DRT’s logic for singular anaphora (Heim 1982, Kamp 1981) can be seen as exploiting
the equivalence of (1a) and (1b).
(1) a. A man walks in the park. He whistles.

b. A man walks in the park and whistles.
Due to this equivalence, (1a) can be transformed into (2) without loss of meaning.
(2) 3Fz[Mz A Wz A Wha]
As is well-known, (2) is obtained as follows. The antecedent sentence of (1a) induces
the DRS (3a), where z is a discourse referent restricted by the conditions in the body.
(3) a. z[Mz AWz

b. z[Mz A Wz A Whaz]
Next the anaphor sentence ‘Whz’ is merged with this DRS to give (3b). Finally, (3b)
is interpreted as (2) by means of the discourse operator 3. This strategy complies
with Geach’s view that pronouns are bound variables. Since the meaning of the
antecedent sentence on its own is 3z[Mz A Wz], the process can also be viewed as
extending the scope of 3z to include the anaphor sentence. That this is so, is seen
even more clearly in DPL’s compositional reconstruction of DRT (Groenendijk and
Stokhof 1991). A crucial feature of DPL is that the formalization (4a) of (1la) is
equivalent to (4b), which has its standard meaning.
(4) a. 3z(Mz AWz) A Whe

b. 3z(Mz A Wz A Whz)
A related principle of scope extension corresponds to the synonomy of (5a) and
(5b).
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5 .
(5) s. ga man walks in the park, he whistles
. DPL. v;ry man who walks in the park whis.tles
. , and mut. mut. in DRT, th :
s (60) (o] o equivalént. ese sentences can be obtained from each oth,
(6) a. 3z(Mz A Wz) > Whz 1
b. Vz(Mz A Wz — Whz)

However, the i
: generality of sco i
s o, pe extension as principle of
o gy proz:l Oeuz;gsej, l;)}); Evans (1977, 1980). In his polf:mi:s \:?tipgor e
was that pairs lik ith an antecedent are bound variabl i i o e helg
o p : s like (7a) and (7b) are unequivalent s His main cheervatl B

Z.. 8u}te a few men drove a Jaguar. They whistled

. Quite a few men drove a Jaguar and whistlecle .

The difference b
etween (7a) and (7b
iy nd (7b) cannot be explained if ‘they’ i i
o7, due ik thenrln 1e:}rlle ;}tlzn‘;iard sense. For then both sentenc;yv::uga) e
il : rove a Jaguar whistled. Instead implics (Th b
_ . particular, (7b) d i o Uy Jmies (1
o : oes not 1m ) .
E) b:elfan: that each man who drove a Jaguarpvlv};ﬁz}tlle da naphor sentence of (7=
vations o |
e o as;l:hhas these m-ake us face a number of questions. H
itk : or resolution embodied in the first-order ve. ione ]
gl where fuli;fl;‘r:z of 1t?he(s)e logics which treat quantiﬁersrsstlaozl}f ct)ftl})lRT i
eral? hould isti e
way between the noun ph e : :
' guish in i
e i phrases which do and those which do not allowatllzgncxpled
The results in i i -
gt bt foficl;loix 2 imply that scope extension can be sustai
Snrehesgh 1p 1.1ral anaphora. This is shown in detail in y a'med Ny
e :S 3,52(1?1 rflz)ason of why it is non-trivial to incori)e: tlotng -
pieal reaso . rate dynami
prog?sals Bl and DPL. Section 4 also reviews someyof I;ig
ince we prefer to treat :
il ; anaphora outside the scope of thei i
R ,anap };33:: ::egldea a;f scope extension all togetherellin;isrtlzzcc;edent e
ki ener ized quantifiers which ar ' G
o 1\;; aflz:;c;(; ér(im their antecedent. This approac}‘: ;:\l;slexm; R
! o
e e eé mltx;irlolxg ;fd I\(Iie;le 1991 using the context seIt): ofo\l;;e(s)f E‘(,:alllj
make this precise, secti e .
. , section 5 presents a | i et
e ; s a labelled, many dimensi i P
generates the meaning of a wide class o’f disczursese ril:l(;n:clﬁrflateg'(t)'nal g
positional way.

2 Anaphora and scope extension

The proper setti ;
i ng for studying s .
provided we first 1 g scope extension is generalized i
way is to view ana:ioi?wn how anaphoric links influence me:nh?uan:ﬁer thef)ry,
the anaphoric element ilsC;:l g::tn Ph'rasesAaS contextually restricted qgu.antif?;) nve’rll‘l}fnt

.. erminer . TS. en
anaphoric link between D? and A; in (Séiexfltleunspemﬁeld for the moment, while the
(8) a DiAB ... AC ans (8b).

b. DAB ... AANBC

This treatment
seems far removed fi
but we indi ed from the dynamic :
shall indicate how the theories fit within this f::;n antlclf CHESLSE DR
ework.

B

i

-

9) a DiAB & AC
b. DABNC

(10) a. DAB= AC
b. DANBC

D' is the dual of D'. The reason for using A in (10a) is that the unary quantifiers

in DRT and DPL leave some room in formalizing the principles of scope extension.

Recall that DPL defines P = Q as ~(P& —Q). This means that the equivalence of

(10a-10b) amounts to the same thing as the equivalence of (11a-11b).

(11) a. DiAB & AC

b. DANBC
Accordingly, we should study two related but quite different ways of scope extension:
Roberts’ telescoping in (9) vs. what might be called ‘absorption’ in (11).

The question concerning (92-9b) and (10a—10b) is one of inverse logic:
D are the equivalences (A) or [A] valid??
(Ay D'AB & A,C & DABNC
(A] (D'AB= A.C) & DANBC
D in (A) and [A] is called the antecedent determiner and A the
miner. The full paper studies (A) and [A] separately. For now we

they collapse in case of intersective D.

for which

anaphoric deter-
just observe that

Definition 1 A determiner D is intersective iff for all A, B JA',B' 3
ANB=4A'N B' = (DAB < DA'B')
for an intersective D: DABNC & DA N BC, whence the collapse.

Notice that
of (A), but the examples in section 2.1 will first

Section 2.2 has a formal treatment
give us a feel for what we might expect.

2.1 Some examples
The most familiar pattern of Evans’ inference uses a pronoun for the anaphoric
element; cf. the equivalence in (1).

(1) All men walked in the park. They whistled.

& All men walked in the park and whistled.
quantifier res

‘they’ is interpreted as & universal
(1) is an instance of (all). For conservative D one

Here, tricted to the context set
‘men walking in the park’. So,
direction of (all) is always valid.

(@) DAB ANBCC
- DABNC

But as we shall see, in al
is invalid.

most all other cases the converse is false. For instance, (3)

3) Some men walked in the park and whistled.
# Some men walked in the park. They whistled.
ich is the case iff D in (A) is

The first sentence of the conclusion is implied, wh
ly the second sentence which states

monNt. But clearly the premisse does not imp
that all men walking in the park whistle.

In view of (4)
and (6), we want t
o know for whi
which D and A (ga_gb) and ( /
2Cf. Van Benthem (1984) who asked similar questions for syllogistic patterns of reasoning.
D is both conservative and co-conservative iff

10a-10b) are i
equivalent:
¥
3 Alternative definitions are: D is intersective iff
D is conservative and symmetric. (D is co-conservative iff for all A, B: DAB & DAN BB. And
D is symmetric iff for all A, B: DAB & DBA) Keenan (1987) identifies intersective determiners

with the indefinites.
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0 .
. fewnze; 32:5:2;&836 V{ired as contextually restricted quantifiers, there a;
without ’ o
i ut pronouns. Cf. Van Deemter 1991. Take (4)(1\1;2(3
) il
(4) » Five men bought whiskey. Five got drunk.
< Five men bought whiskey and got drunk.

As wi
0 ise j;;f;?fy(gm?d-’ the ;mtecedent determiner in (A) must be MONT. And ind
ve’ is read as the monotone increasing ¢ | Indecy
: ing ‘at least five’ ; <
read as the non-monotonic ‘exactly five’. The use of the monotonee’dt:clt m‘@hd p
reasmg ‘at

most five’ would result in inva) y as well. Moreove S va. 0. h
lidit;
T, (5) is invalid on eac 0pt]0n

(5) F%ve men bought whiskey. Some got drunk.
¢ Five men bought whiskey and got drunk.

Th
e above examples suggest that as soon as the antecedent D and the anaph
phoric

A are on 341 h . 1S 1
O MONT? deter
e and the sa.x(ne) o miner a valid equ1valence results That th S 18

(6) Most men went to the party. Most whistled.
¢ Most men went to the party and whistled.

Alth i \i4 \'% e direc-
k OUgh (the tOp discourse follows from the sentence at bottom, the convers di
tion fails (consider four men of which three walk and two WhlStle) Iherefore Wi
. , We

need to look for special MONT d i
t .
shortly. 1 determiners, and we shall give the relevant properties

2.2 The validity of (A)

Chz iizeongg 11:;) Théra.ctenze the logical determiners which validate (A) for a certai
o lin.k de ative to. A these are the determiners for which it is all one whet}?m
g A eeXt :::p;mtrlc'allil t(;) A (the lefthand side of (A)), or whether they haj;

: ed to include the descripti i :
R e the descriptive material of the anaphor sentence
(A) DAB & AANBC,iff DABNC.

Asit h . . .
butlit i:zi?frils', ué :hlS characterization the choice of A cannot be fully arbitra:
cient to require that A is restricti i i o
o . i ctive. This notion corre:
he three inferences which make up (A) for the special case whereszmilsdsDto o

(7)  (a) DABNC (b)) DABNC (c) DABDANBC
. DAB DANBC DABNC
iﬂeDle;w;I t)h;Tlm’I?};)rt of £7c)1for the full paper. Property (7a) is familiar: D has it
. e most relevant property for t izati : i
(7b). A determiner D has (7b) iff it ispresi,ri((:)trivise characterization we are after
(8) DABBCC
DANCB

%Q%I;tgm;\? f_rorn right to left we have: DAB N C; (res) DAN BB NC;,
oan Suc}.l asot;l;e that rest.rictiveness is weaker than intersectivity and ,LMON’ %’C:ll:r?l
e anaphoric use of ‘some’ and ‘all’ will therefore be covered' by our

4In the discussi
T Gt e e Bt Pt i o g it v
. quires the second five to i : i
Hans Kamp th . ve to introduce a new quintet i
the presentp is variant w0‘j‘1d be acceptable after some reflection Herm':n H eci 'ACCOrdmg It
e thversmn which raised no linguistic objections . endriks suggested
ecal t o s . Siepleg N
changes andap:”:ztertx.nmer is logical 1.ﬂ' it is conservative (CONs), and invariant und itab
& Van Eij ations of the domain (EXT and 1soMm). Cf. Westerstahl 1 er suitable
an Eijck 1996 for an introduction. : a 989, or Van der Does

6
Van Benthem (1984) A
N proposed this i .
relations. Cf. also Lapierre 1996, principle as part of confirmation in his study of conditional
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result. An example of a restrictive quantifier which is neither intersective nor {MON
is “most’; witness the validity of (9):
(9)  Most logic books are yellow and expensive
Most yellow logic books are expensive
We now prove theorem 4, which states that logical A have (A) iff the only deter-
miners which validate (A) are those obtained from A by restricting the cardinality
of its first argument.
Lemma 1 Let A be restrictive. For each D with
DA#0: AA =DA
ProOF. Let D have (A). Then D C A, as is shown by the following implications:
DAB,; (cons) DAAN B; (A) AANAB; AAB. Conversely, let A be such that
DA # 0, and assume AAB. Choose an X with DAX. Since D has (A) it is MONT,
whence DAX U B. Since A is restrictive: AAN (XU B)B. Now (A) implies:
DA(XUB)NB;ie, DAB. m]
The proof of this lemma already
validate (A).
Corollary 2 If D has (A) then D is MoNtT and D C A

For logical determiners the restriction in lemma 1 to DA
means of the following concept.

(A) we have for all A such that

gives some information on the kind of D which

[m]
# § can be removed by

Definition 2 For a class of cardinals © the determiner D is defined by:"

DPAB & |A| € © & DAB
In case © = {K} we write D" for D°®.
Lemma 3 Let A be logical and restrictive. If a logical determiner D has (A), then
D = A® for some class of cardinals ©.
ProOF. Let D have (A), and define:
©:={r:JADA# 0 & |Al = %)}
To show D € A®, assume DAB. Then, |A| € ©, and by corollary 2: A®AB.

Conversely, to show A® C D assume A®AB. Then |A| € © and AAB. By
definition of ©, there is an A’ with |A'] = |A| and DA’ # 0. Lemma 1 gives:

(##) Forall B": DA'B' & AA'B".
Since |A| = |A'], there is 2 bijection g : A — A'. Clearly:
|JANANB| = |4’ ng(An B)| and |ANB| = |A'ng(ANn B)|

We have the following equivalences: AAB; (logicality) AA'g(ANB); (#) DA'g(AN
m}

B); (logicality) DAB.
Since (almost?) all important in

makes plain that for most antece
preserve meaning. Lemma 3 also enab

have (A).
Theorem 4 A is logical and (A),
some class of cardinals 0.

ProoF. First assume that A is logical and (A). We have already observed that
the A with (A) are restrictive, and it is clear that A® is logical if A is. So with a

stances of A are logical and restrictive, lemma 3
dent determiners in (A) scope extension does not
les a characterization of the logical A which

iff for all logical D: D has (A) iff D = A® for

-
7Those who feel uncomfortable with cardinals and classes may assume the domains E to be finite,
and ‘set’ for ‘class’.

and may read ‘natural number’ for ‘cardinal’
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view to lem i i
yiew to X thx(r:a:sx ?:a tﬁe only thing whllch remains to prove the equivale
ave (A). But this property of A is preserved vy, O Jogical
A®AB & AANBC i
& |Al€© & AAB & AANBC
& |Ale® & AABNC
& A®PABNC

Conversely, if the logical determiners with (A)

o e 2 oo A are precisely the A® for some @

The next secti W
ctions apply theorem 4 to show its impact for current discourse lo,
Y se logics.

In section 3 it is us
ed to study the semanti i
ics g i
to study plural definites and numerals o singular prenons, and in sectiony

3 Singular anaphora and their antecedents

Singular anaph
phora are perhaps the most i
Pl puzzling of all, since thei i
treatid a; (}:10;};: }:laclg of occurrence. Nevertheless, we sh’all argue tlljartn:}z:nmg o hl
S z;oiaolfzzas q;zzntlﬁers in a principled way. Besides, this sec:iyozan' b
' e determiners which sati inci oy
() ful de ' satisfy the principle of sco i
for sin gmay [l))l;?onailzz(s:e(;ectuzn 3.1), and (ii) a universal to single out thepdee:()a(rtlel'mmn
’ . ent to a singular i ot
which ma A . 8l pronoun (section 3.2). Secti i
1 Ee e (:)rvlv }11:1}3:1 1nterpretat1;>1n of singular pronouns in terms,) of c(if;;:: f3-3t'ls .
emerges is that it does not mak i i
Bl hat it make much difference for t i
Conte)gctuali z::z:p.ho.ra whetber it is given by means of scope extensionr oh? i
striction. Mainly plural anaphora distinguish the two i tems of

3.1 Singular anaphora

Let us first make a few i
observations to show that i i
' ' if we int i
;spc[:lontr:;:t&ilﬂly r:istrlcted existential quantifiers they behaewj(l: f;ﬁlzﬁlgu@f }l))rl;mouns
. is end recall that the sin, i e
. . gular version of ‘s > hi

D : ome
Rsmg]\;lar 11.1terpretat10n. They are given in (10), where so: aﬁ i num’berless o,

ussellian singular description the’. ’ et is equivalent o 2
(10) someAB & ANB#0

some*AB & ANB#0&|Al=1

Slmllaxly on a Russellian view the semantics of ‘a t .
& ¢
f ‘a’i i
y is either some or some?®. Since
some has (SOIIle) we know from theorem 4 that some® has (some) as well. More
wi ore-

over, some® has (some®). Th
. . . . us we se i i i
existentials gives what is required. © that interpreting singular pronouns 2

(11) A man walks in the park. He whistles.

A man walks in the park and whistles

To be i i
To be gl;egloste}; the equnsfalence (11) holds iff ‘a’ and ‘he’ are both inte: d
L GohF
; as some?®; or ‘a’ is interpreted as the description some® e:rrl)se‘t}? 4 o
e’ as

the existential som is i i
e. It is invalid if ‘a’ i i i
e et id if ‘a’ is an existential and ‘the’ a singular definite

Since some is inter: i
sective the remarks i i
o, . in section 2 make plai i
00. So, donkey-like sentences can be handled along these lIi)nlena,t;1 - lli };as o
well:.

(12) If a man walks in the park, he whistles.

Every man who walks in the park, whistles.

81t would be i i
interesting to compare this vi i

B p: is view on singular descriptions wi i i
Sh—— anzal}(: (%990, chapter 5 & 6) shows that donkeyg, sa.gsev;llta}:ltt;hi ::Illl e
e aene descriptip;n(;.rlicesente.nces,1 can be handled by interpreting singular i?, ta rooms and

' N 4 > -type pronouns
28 pumbers ; i.e., univera quantifiers with a non- i

he cases were a universal reading is required, but it ;;nﬂlsnf};f :itcgrtg uTent.'Thls werke
exts as in 11.
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1t is worth to notice that the difference in quantiﬁcational force of the singulars—

existential in (11), universal in (12)—is closely related to the polarity of the an-
tecedent and the anaphor. By default we have that an occurrence of a singular
pronoun is existential (weak) if its polarity and that of its antecedent ‘a’ are the
same (both positive or both negative); it is universal (strong) otherwise. This
generalizes Kanazawa’s obervation concerning monotonic determiners to arbitrary
constructions, and can be formalized by means of a monotonicity calculus. Cf. Van
Benthem 1986, Sanchez 1991, Kanazawa 1994 However, in case of other antecedents
than ‘a’ it seems that singular pronouns favour a weak reading.

DRT and DPL The existential semantics for singular pronouns appears far re-
moved from compositional versions of DRT, but it is not. A denotation for singular
pronouns which is essentially the same as that in DPL can be phrased in terms of
choice functions. Before we give this denotation, let us quickly recall the treatment
of pronouns in DPL.

In DPL the pronoun ‘he’ in (la) is a variable which is captured dynamically by

the preceding existential quantifier.

(1a) A man walks in the park. He whistles.

The basic idea is that the existential associated with the indefinite ‘a’ introduces

an object d stored under  to give assignment ag.

3 M w Wh
(1a%) aZral Sag % ag = ag

Next, the atomic sentences within the scope of the quantifier test one after the other
whether d is a man and a walker. If so, d is picked up by the pronoun ‘he’. When

d is a whistler as well, (1a) is true.
A slightly different but logically equivalent approach would hold that ‘he’ chooses

an object from the set of walking men. For the case at hand, this can be made precise
as follows.”
Definition 3 A function g : p(A) — Alsa choice function for A iff for all non-
empty X C A: g(X) € X. In terms of a choice function f the determiner (f) is
defined by:

(fleAB & A# 0N fg(A) € B
for all A, B C E. The dual [f] of (f) is defined by: [f]leAB & ~(f)sAB.
Using (f) the anaphoric link in (12a) can be interpreted as (12b).
(12) a. DiAB & AC

b. 3f :DAB & (f)AnBC
We should therefore ask for the D which satisfy (cf).

(cf) 3f:DAB & (fYANBC, iff DABNC.
But since 3f : (HAB i ANB # 0, for all A, B, it is the same to ask for the D
with (some). We therefore know from theorem 4:

Corollary 5 The logical determiners D which have (cf) are

precisely those with D
— some® for some class of cardinals ©. m}

The result shows that as soon as pronouns are treated by means of choice functions
DRT’s and DPL’s mechanism of extending the scope of some only carries over to the
indicated subparts of this quantifier. To know whether or not this is too restrictive,

9We gloss over the fact that the choice function should be dependent on the variable. Cf. Van
der Does 1994. Another important issue is that the restricting domains may be dependent on each

other. Cf. Van den Berg 1991, 1996, and section 5, among other places. The idea to use choice

functions to interpret singular pronouns is found at many different places: Urs Egli, Meyer-Viol

1992, Chierchia 1992, Gawron, Nerbonne, Peters 1991show, Von Heusinger & Peregrin, Van Eijck
1993. Also: Muskens 1989.
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we have to determine the class of possible antecedents of singular pronomina. Thyig
is done in section 3.2. Here it is shown that the only other possible antecedents
are the analogous subparts of one. Hence, corollary 5 does not prohibit intuitivgly
acceptable linkings, for such antecedents can be defined in terms of some in the
familiar way. Consider for instance (13).

(13) a. Just one man drove a Jaguar. He whistled.
b. Just one man drove a Jaguar and whistled.

As for (7), the difference between (13a) and (13b) cannot be explained if ‘he’ in
(13a) is bound by ‘just one’ in the standard sense. However, this observation does
not suffice to show that a bound variable analysis of (13a) is impossible. One could
read the antecedent sentence as stating: Jz.‘c is the unique man driving a Jaguar’.
This first-order definition of ‘just one’ splices the quantifier into an existential and
a uniquely satisfied predicate. And scope extension would still hold for the first.
Cf. Groenendijk, Stokhof, Veltman 1995. However, in case of quantifiers like ‘quite
a few’ and ‘most’ this resort to first-order definitions is impossible. Cf. Barwise and
Cooper 1981.

3.2 Antecedents for singular anaphora

Corollary 5 states that the interpretation of singular pronouns by means of scope
extension should be limited to certain subparts of ‘some’. So, adopting scope ex-
tension as the main principle of pronoun resolution one would like to know whether
this gives us all the cases we want. To this end we have to determine which noun
phrases may figure as antecedent to singular anaphora (hence: s-antecedent). We
shall give an answer to this question by proposing constraints on their denotations.
They imply that the only logical determiners which may be antecedent to a singular
anaphor are those of form:‘some®’, ‘a’; ‘just one’; ‘the’, ‘one of the’, ¢ one...out of
—’. These can all be interpreted as some® or one®.

A strong intuition concerning singular antecedents is that their denotation intro-
duces a possible referent for the anaphor. The singular dynamicity constraint SDYN
corresponds to this intuition. Given CONS, which is assumed throughout, the fol-
lowing two formulations are equivalent:

sDYN1 DgAB = 3b€ B:DgA{b}
SDYN2 DpAB = 3be AN B: DgA{b}

We propose the following ‘universal’.
Constraint 1 All s-antecedents satisfy SDYN.

In fact, the constraint can be taken locally relative to given E, A, B or globally
relative to all E, A, B (global variant). This makes a difference for determiners
such as ‘every’ and ‘at most one’ which for particular E, A, B may respectively be
equivalent to the SDYN ‘the®’ and ‘just one’, although they are clearly not SDYN on
all E, A, B. In such situations the local variant would allow:

(14) Every/at most one man cried. He was unhappy.
But (14) is ruled out on the global variant. It has as an immediate consequence
that no non-empty SDYN determiner is MONJ. For if D is globally SDYN then it is
positive in the sense that: Dy AB always implies A # 0 # B. And of course each
non-empty MONJ D has D Af for some A. This corresponds to our judgement that
there can be no link between the antecedents and ‘he’ in (15).
(15) No/at most one man walked his dog. *He is lazy.
From now on we work with the global version of SDYN.

What about logical s-antecedents with a different monotonicity behaviour?
Proposition 6 answers the MONT case. For simplicity we now assume FIN: the
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domains considered are finite. Let X be a set of natural numbers, and define as
before: DX AB ©ge |A] € X & DAB.

Proposition 6 The only MONT s-antecedents are those of form someX with X a
set of natural numbers.

PRroOF. It is clear that someX sDYN, and MONT. So, take a logical D with these

properties. Since D is logical, we may view it as a relation d between numbers

according to the equivalence:

DAB & d|A - B||An B|
Notice that D is a relation among sets and d the corresponding relation among
numbers. Restricting our attention to finite domains, the properties of D become
regularities in the number tree:

0 00

1 10 01

2 20 11 02
3

30 21 12 03

SDYN corresponds to: dnm => m > 1 & d(n + m - 1)1. E.g, if d03 then also
d21. And according to MONt all positions to the right of a + for d are +Ya,s well:
dnm = Vk(m<k<n+m=dn+m-— k, k). Similarly for MON{ and +’s to the
left. Using these regularities we see first that not: dm0 for all m, due to SDYN.

Second, for each line m + 1 at which d has a ‘4+’ SDYN gives dml. For example:

= only if: -
R T = + [

In combination with MONT this implies for that m and all n > 1: dmn.

Now, let X = {n :dhasa ‘4’ at row n}. From the previous remarks it is clear

i a
that the resulting pattern is that of some”X.

In principle, this simple result already gives many poss.ible fmtecedents for singfllar
antecedents. But presumably not all of them are realized in natural language: X
should not be too complex to describe. E.g., some¥, w the set of nfitural numb_ers,
is the meaning of some, a, at least one (which are equivalent.accordmg to qgantxﬁﬁr
theory). Also, (at least) one ;Jlf thsi1 n dfen(;;es: some”, which for n = 1 gives the
i thess. And so forth, and so turther...
mealf’llfgsogtion 6 is in perfect harmony with corollary 5, whi}((:h said‘that scope
extension for singular pronouns is just possible for the some~. So, if there are
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a;zy problematif: SDYN antecedents they should be non-
oh such detern.nners can be quite chaotic. But as the
shown, they will always subsume ‘exactly oneX’ for som

monotonic. The behavioyy
previous proof hag alread
e set X of natura] numbersy

Corollary 7 For each logi
gical SDYN D: exactly oneX Cc D
C D, X some set of
nume-

bers.

PROOF. Just observe that D is D{": d has a ‘+’ at row n}

previous proof. iR s » thi

Intersectivity corresponds
Vk : dkm. For instance:

Weak intersectivity is the same regularity relativized to X:
dnm = Vk(k+me X = dkm)

Let P be a set of natural n;
umb
have the following characterization.ers’ o define WA Faer l40 fle s we
Proposition 8 The only non-empty
SDYN D are those of form {1}u p)X
0¢ P, (i) Jk>1:k¢gp.

PROOF. Let D be of form ({1}UP)X. That D is spyw s j i
itsh:;si)t Ccl(:;:a;gs tt};; r_elevant parts of the 1-diagonal (i.e., ﬁr;r?rg)id;;t;ffrlng };)fa(l::
oo non_empgness is _weakly {fltersective. The non-monotonicity of D now follc;ws
Mony, Ant i G e,a((:g ;I‘l;ilfn_‘_)'l Izor by (i) D has no points m0 so that it is not
With [ 51 e peach VA at which D has a ‘+’ lacks at least one point dki
Y :So?:e-rzel}}ll, let ‘D,have the properties named. Define P := {k : 3 dik}, and
. lArj‘B' Easpaa-s Zt row n}. It is clear that D C (P)X, so assume (P))éAB
intersactvin n B[, | € X. So 31.dl|ANB| and |[A-B|+|AnB| ¢ X. By weak.
asectivi );as ()— dHA_ﬂ B['7 and hence DAB. It remains to show that 1 € P
o (. B 1D and (ii). Smc.e D is non-empty, 1 € p follows from spyn a.;
e ¢ monoton}i’; can;l(ot con.t.aly all m-diagonals with m 2> 1, for then it wc; 1d
some~”. So (ii) is true as well. uD

which do not figure as s-
For instance, one or five has

lo_?ical, non-monotonic, weakly intersective
with X # 0, P sets of numbers such that (15

There are of course many determiners ({1} U PyX
an.tecedents; the converse of constraint 1 is false
this form, and (16) is marked. -

(16) One or five boys sold records. *He was rich.

of t i i
inteil:ezf-cvo-:ds are alsko weakly intersective but disallowed in existe:
1VIty nor weak intersectivit 1
- Y properly explains the distr
ote, by the way, that both forms of intersectivity imply conse!

< Txtial sentences. Thus, neither
ibution of indefinite noun phrases
rvativity. '

192

In fact it seems that the cases were P = () are the only non-monotonic s-antecedents,
besides the MONT someX that comes from P = {n :n > 1}. In short:

Constraint 2 For each X, only the strongest and the weakest ({1} U P)X with
0 € P figure as s-antecedents.

Here, strength is measured by C: ({1})X C ({1} U P)* C someX. It is attractive
that the constraint couples logical strength to simplicity of linguistic expression.

Still, it is descriptive rather than explanatory.
In section 4 we consider distributive plural anaphora and their antecedents. But

first we digress a bit further on the determiners obtained from choice functions.!!

3.3 Digression: determiners from choice functions

Fix a domain E and let CFg be the set of choice functions fg for E with f(0) € E
arbitrary. In lifting f of type et.e to a determiner (f) of type et.ett the following
requirements are reasonable:

1. (f) should be stronger than some;
2. (f) should be as logical as possible.
The lifting given in definition 3 behaves well in these respects:

(fleAB & fp(A) e B& A#D
We need A # 0, for otherwise (f) is neither part of some, nor cons. In particular,
without this requirement we have (f)0{f(0)}, but not some@{f (@)} and not (f)00.
On the other hand, (f) does have these properties. In fact, it is not difficult to see
that: :

1. someg = UfecFE<f>?

2. For an arbitrary f of type et.e: f € CFg iff (f) is cONns!
As to the latter, if f ¢ CFg there exist a non-empty X with f(X) & X. So we can
use the previous observation with X instead of @ to see that (f) is not CONs.

To establish logicality of (f), this determiner should be a functor which is in-
variant under growth of suitable domains. Such functors could be derived from
choice functors, which assign a choice function fg to each domain E. These func-
tors should have EXT in the following sense: fg(X) = fg/(X), for 0 # X C E,E'.
Then, for a choice functor f:

f has EXT iff (f) has EXT in the corresponding sense.

For let (f) have EXT and @ # X C E,E'. Then (f)gX{fe(X)} and by EXT for
() (DeX{fs(X)}. So: fa(X) € {f5(X)}, and far(X) = f(X).

This is as near as we can get to logicality, since in general (f) will not be closed
under permutations. E.g., let f{1,2} = 1 and f{2,3} = 2, then the bijection 7
which maps 1 onto 3 gives: (f){1,2}{1} and not (f)7{1,2}n{1}. Indeed, [f] and
(f) can only be logical on singleton domains (for a permutation 7 with m(a) = b:
a= f({a}) = f(n{a}) = b).

Along similar lines we see that the denotations for indefinites that arise from
choice functions do not comply with Keenan’s thesis that the indefinites in type
et.ett are exactly the intersective determiners. For an f with f{1,2} = 1 and
f{2,3} = 3 has: (f){1,2}{2,3} and not (f){3,2}{2,1}. However, in the course
of the present discussion we have already seen other assumptions that counter this
claim. For instance, the quantificational E-type approach to singular pronouns in
section 3.1 holds that the definite singular pronouns denote the intersective some,
against the thesis of Keenan (and that of Barwise and Cooper 1981 concerning

definites).

11 This section is inspired by discussions with Yoad Winter on his work concerning indefinites and
choice functions. Cf. his contribution to the proceedings.
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« . . £ o
Properties of type et.ett elements. As it happens a natural cluste(
b

f) in ter
S it b
delimits the set of determiners of this form. Call D: nof Properties

1. positive if DXY implies X # ) £y

2. almost reflerive iff DXX, for X # ¢

3. continuous iff DXU,Y; & Jiel:Dxy,

4. functional iff- DX{a} and DX{b} imply a = b
Proposition 9 A dgtermz'ner D in type et.ett is positive
uous and functional iff there s a choice function f such that D = (f
PROOF. 1t is clear that (f) is positi .

Ppositive, almost reflexi i i
Conversely, note that D is continuous and functionaflvz;xlc; I11ft lffcl)lrm;s: ré)d functional,
*) DXY<:>3!a€Y:DX{a,} .
‘qr g
(‘3" means: exactly one.) Hence an almost reflexive D allows us to define the cho;
choice

function f by: f(X) is the uni
: nique a € X with D i
elsewhere. Now we have the following equivalencesX{a} R bitrary

e ()XY
° f(X)EYandX?f@

DX{f(X)}, f(X) €Y, and X # 0
e DXY

°

From t
deﬁztigg :;? })o;:;g‘rln, tt}l:e tshe‘cc‘;nd step uses X # @, almost reflexivity, (*) and th
» Whtle the third step uses continuit hence: : :
to top the first step uses positivity, (*), and the de);in(itiorfe(;f I\;ONT). from bottom
- [m]

Since the proof does no
t depend on th i
. e ¢ e domain E we also have the analogous result
With a view to the

Viey purported scopelessness of the indefinite ‘a’ as i
b}'/t }(1 f), the lifting proposed has a familiar hitch. The el o
wl . . . . :
Scopelr;ssp:::itt hto conﬁ:ntctlons and disjunctions in its second argument. But it j
: respect to complementation and i i . y
s nd quantificational verb
OI;: ;Z Lﬁ(riezltpposed f‘ather than stated to be non-empty. (In case ofr thzhrss est'?inly

80 require that they be positive.) For the same reason gen:r;;lz;t'ers

ion

to someA by means of wid, i
. € scope existential i i i
fail. However, changing the lifting to: uantiication over Jmay sometimes

(f)eAB & fo(4) € B

provided that 4 # ¢ to i
gether with the use of a i ic gi
partial logic
results above, and does make (f) scopeless. Cf. Fodor and gaggl“égz it the

erpreted
noun phrase (f) A is scopeless

4 Plural anaphora and some of their antecedents
4.1 Definite anaphora

ii 1sO f\a::rlll—}(r;own, definite noun phrases such as ‘they’, ‘the man’, ‘those four records’

- nterpreted by means of an anaphoric link. There is an ongoing f:lj;)ra;
finite DA is treated as an open
reted as a principal filter of form
- The context set X is sometimes
h definite D is JMON. Therefore,

each such D has (D), since this holds for each {Mmon determiner. Let us hav
. ea

brief look at some examples.

194

i

There are numberless, singular, and plural forms of the quantifier all:

(13) allAB & ACB

all’AB & ACB&|4]=1

all’PAB & ACB&|4|>1
The semantics of ‘the’ is all® (singular) or all?, (plural), and that of ‘all’ and ‘they’
is all (numberless) or all? (plural). Each of these versions satisfy (all). In fact we
have for all @: all® has (all®), even though these determiners need not be [MON.
This accords with our intuitions. For instance, (14) is valid if ‘the’ and ‘they’ are
both numberless, both plural, or ‘the’ plural and ‘they’ numberless:

(14) The books are boring. They are dusty.
The books are boring and dusty.

In case ‘the’ is numberless and ‘they’ plural (14) is invalid. For conservative an-
tecedent D the direction from top to bottom is always valid, but for (14) the converse
fails (the bottom sentence need not imply that at least two boring books are dusty).
Theorem 4 implies the following characterization for the numberless case.
Proposition 10 Call a determiner D mazimal iff for all E: Dg C allg. The only
determiners with (all) are the mazimal MONT ones.

Notice that the maximal MON? determiners are precisely those of form all®. Natural
language examples of maximal MONt determiners would be: the four, the five or

more, ...And (15) is indeed valid.
(15) The four statutes were expensive. They sold quickly.

The four statutes were expensive and sold quickly.
This would also be true on the plural form of ‘they’, for another consequence of
theorem 4 is:
Proposition 11 The only logical D with (all®) are those with D = all® for some
o' ceo.

Next we consider numerals, as main examples of quantifiers in discourse logic.

4.2 Numerals

An important category for discourse logics are the indefinite or weak noun phrases
which often figure as antecedents for plural anaphora. Numerals are prime examples
of indefinites. As in the case of definites there is an ongoing debate concerning
their semantic status. In DRT they are modeled as open expressions. They are
essentially different from quantificational noun phrases. Discourse operators bind
them depending on the place at which they occur. In quantifier theory indefinite

noun phrases are mostly identified with intersectives.

Call a determiner INT? iff it is intersective and MONT. It is not hard to see that
each INTt A has (A). Well-known examples of INT1 determiners are ‘a’, ‘some’, ‘at
least n’, ‘infinitely many’, besides conjunctions and disjunctions of such determiners.
For example, (16) is valid, iff ‘five’ means: at least five.

(16) Five women went to a bar. Five had a beer.
Five women went to a bar and had a beer.

Theorem 4 shows that the only other antecedent determiners with this property are
the parts of ‘five’ with the size of their first argument restricted. In English some of
these determiners are realized in partitive constructions like ‘five of the ten’ (5'0)
or ‘“five of the ten or more’ (5{*19<%}) a5 in (17).

(17)  Five of the ten or more women went to a bar. Five had a beer.

Five of the ten or more women went to a bar and had a beer. 195



Scope extension for

plural anaphora i b i
nichiae (10 Phora is best studied by prototyp;
' YPIcal discey,
I'Ses

(18)  Four women went to a bar. They had a beer
Four women went tq a bar and had a beer :

t{lsv( }8) \;alid? The answer varjes with our view
al, referenti i i
g rential, or quantificational, Cf. Van d
It is cl is invalid i
B a:?r (til;.)t (18)115 invalid if ‘four’ is the quantifier four: it jg
‘four b ) wou_d hold on a referential treatment F e =3
our books appeared’ is: A e ie Semanticey
[
(19) all“BﬂCA@BﬂCQA &|BnC|=4

with C some context, set. S referent € O als 1s close to the]r d
Thl fe ntial a
us f numeral Jectivy
use, WhEIe they also put a caxdulal restru:tlon on th

PN € noun; e.g., (17a) is true iff
(17) a. Four books appeared.
y b IX[X|=4AX CBAX C 4
et, there i ial di 7
15 a crucial difference: ( 17b) would make the equivalence in (18) invalj
more general stance. Logically speaking :nl;agg

J
1er1[[11[er D could be trea ed ir an adjectival way (whethex or not t]llS 1S (leS e
n‘ab]

)' i
( )
empir lcally Ihe recipe in 18 1s baSIC to the above pr OpOSaJ Cf. also Verkuy

88) Badjl(D)AB < 3IX CADAXAX C B]
an Benthem (1986) observes that adj, (D) i
e : adj; (D) is always mon ; : adj
D :i Sc;)t‘ljsr;az‘,lge le(md MON?T.  Now, adjl(ju};t n) l aI(Iiljd(zZ(tj:.l:dji(D) -
The semmatn ack to tl'qe quantificational use which invalildates (?Z) =
nation of the p ulmerals in seconfi-order DRT can best be seen as ; i
terpreting e (go)agd the quantificational yse, In DRT (17b) ¢ i .
Y means of the discourse o erator 3 ot from
(20) X[[X[:4AX§B/\XCA] ’ -

_One could think of X a5 a discourse referent cf.

;)r; IE IIIZ))‘;aifat;/:s a;il;::f ac:r;a;r_l stages in the ccgnst:::tic;; zx;ugg}é,rgittngzigrsoun

0 o o e P P 1o e

(21) X[IX|=4AXCprx gB/\XCS]-

Therefore, (18) should be valid, since ( 19_3,) is of ¢

(19) o IX[X|=4aX CDAXCpAy cs ’
b. 3X[1X1=4/\XgDAX§BnSJ =

A .
22problem for this approach is that does not explain why (22)
(22) JJust four books appeared and sold like hot cakes
. u:t four books appeared. They sold like hot cakes

curren i j

m }zzril}(lJerlsﬁoftDRT ‘qust four’ is either a quantifier or it is m lik

Such o o perfe;:lnyise 13 does not allow anaphoric links outsideoir:s 1s ope.

ch 2 In order in the conclysi d be

:(cil!ezztltvil. But then we come accross the idz;,silton el )

J1\at least n) = at least n. T} .
: . € anaphoric link is j
c?f altering the meaning of the premisse tﬁ' Or:;cl o Ik
like hot cakes. e

A proposal which ci
circumvents these problems s i
analogue of the solution given for the dynamics of ;Su::l o(jg’)l I(tlés) * secondorder
n s

on numerals, which could b ;
er Does 1992, 1994 for the i:sig;ec-
at

urse equivalent to (20).

is invalid.
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(20) adj,(D)AB & 3X[DAX A X = AN B]
This gives adj,(D) = D iff D is conservative, and hence includes almost all natural
language determiners. Following the same route as before we now arrive at the
interpreted DRS in (23a).
(23) a 3IX[|X|=4AX=BNAAXCS]

b |[ANB|=4AANBCS
Notice that (23a) is equivalent to the E-type approach in (23b), which invalidates
(22). It clearly shows that it is not the quantifier itself whose scope is extended
but rather that of the logically superflous second-order discourse operator. Indeed,
a DRT-like formalization of these anaphora is possible, and can be summarized in
the slogan: plural anaphora are bound to be E-type. The following section has a

categorial system for E-type anaphora.

5 E-type anaphora and Categorial Semantics
The sentences with pronominal noun phrases which were problematic for Montago-
vian grammars before the eighties mostly have the property that any ‘standard’
formalization leaves the anaphora and their antecedent noun phrase independent
of each other. This counters the intuition that the interpretation of such E-type
anaphora should somehow be affected by the meaning of its antecedent. As we
have seen, all E-type anaphora can be treated as contextually restricted generalized
quantifiers. Once more, (24) can be rendered as (25) with interpretation (26).

(24) Just' two men walk in the park. They; whistle.

(25) two'MW A all; Wh

(26) twoMW AallM NW Wh

Notice that the E-type approach is independent of noun phrase meaning. Basically
the same mechanism can be used for all noun phrases which are antecedent to
anaphora outside their scope. To make this precise, we shall present a labelled,
many dimensional categorial system which generates the meaning of a wide class of

discourses in a compositional way.

5.1 The proof system
Since deductions use a lot of space this short article concentrates on the general
form of the lexical items and the rules. We conclude with some worked examples.

5.1.1 Lexical items
The basic items in our natural deduction system are vectors of form:

n:T:a:i:f:m
Cf. Oehrle 1988, 1995. Here, 7 is a lambda-term of type a, ¢ is an index taken from
an infinite set I, n and m denote functions from indices to lambda-terms with n
figuring as input and m as output, and S is the type of input term n(z). In general

lexical specifications are of form:

(27) n:7:a:TYPE(n(?)): nfi:= 7]

where n[t := 7] is n with ¢ set to 7. For the fragment considered here, the only
exceptions to this scheme are the lexical entries for determiners (type ((et)((et)t)),
or et.ett). For simplicity, let us assume that all determiners are sensitive to context
and contribute to it. Such determiners come with an extra argument for a context
set: if D is of type et.ett, then its context dependent form in type et(et.ett) is given
by the lift: ACAXAY.DC N XY. Cf. Westerstahl 1984.'2 Further, their output

12Since not all quantifiers in type ((et)t) can be relativized in this way, context sensitive quantifiers
are restricted to those of form D(T) with D a determiner and T the domain of discoursgq7



should be a partially specified context set, so that nfi := ACAX\Y.C NXny
Notice that this term asks for the same number and the same kind of ar ;

5.1.2 General rules

The main difference between the present many-dimensional deduction system anq
the familiar one for simple types, is that some rule schemes concern the interactiop
between the elements of a vector. For instance, a determiner should be able to
‘pop’ a context set from the input dimension. Also, the context set contributed by
a determiner may be specified by a complex term, and we should be able to ‘push’
such terms into the output dimension. The following three rules take care of thig.

n:t:ia:i:(af):m
n:n(@)(1):B:i: (af) imfi = n(i)m(:)]
n:t:(af):i:a:m
n:t(n(@):B:ia:mfi= m(i)n(i)]
n:iT:ia:i:TYPE(n()) :m
niTianj i TYPE(n(F)) : mfj = 7]

Application requires that the output of one premiss is equal to the input of the
other (cf. conjunction as composition in DPL, Groenendijk and Stokhof 1991)
n:T:i(eB) i TYPE((G)) tm miocad : TYPE(m(7)) : k
n:t(o):B:1: TYPE(n()) : ki := m(3)k(7)]
The output of the lexical items ensure that the output applications in the above

rules are possible. The rule of abstraction is the most subtle of all, since we should
also abstract over some of the terms in the output:

[—-::z::a:i:—f—]

n:r:ﬂ:i:TDYPE(n(i)):m
n:Az.T: (afl) i TYPE(n()) : A(m)

The use of ‘—’ indicates that these items in the vector may differ per assumption
occurrence. An index i depends on variable if 4 occurs in a vector along a path in
derivation D which has z as an open assumption. In terms of this notion, A(m) is
defined by: m(s) := Az.m(3) if i depends on z in D, m(i) is unchanged otherwise.

5.2 An example

Given the above proof system, fairly standard deductions generate the meaning
of sentences with E-type anaphora. For example, the phrase Just one' man who
walks two? dogs has as a type ett meaning one(who(two(D)(Wz)))(M ), where
who denotes the type et. (et.et) term AYAX Az[Xz AYz]. Figure 1 has a deduction
which leaves the types of the terms implicit (the changes to in- and output in this
deduction are given below).

Since each subexpression comes with an input/output pair, these items tend to
proliferate. But in each case the functions from indices to term only alter at the
indicated index. We now show that the phrase in Figure 1 has output 15(z) =
11(z) = /\Y(who(two(D)(Wz)))(M) NY), and 15(5) = A\e.D N Wz be giving the
relevant deductions for the output states in Figure 2 and 3. (We are looking for
a more perspicious and economical representation, but hope that the notation is
sufficiently clear.)

Figure 4 shows that using the input rules 15(j) can be applied to give calls
them; the type et meaning: Az.all(D N Wz)(Cz). So, Just one' man who walks
two’ dogs calls them; means one(z\z.Mz/\two(D)(Wz))(/\x.all(DﬂW:c) (Cz)), and
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O:one:j:1

FIGURE 1 derivation of: Just one’ man who walks two' dogs

3:two:1:4 4:D:3:5 6:W:i:7 7:x:1:8

3:two(D):7:6 6:Wz:i:9

3:two(D)(Wz) :1:10
3: Az.two(D)(We) :i: 11
2:who:j:3 3: Az.two(D)(Wz) : 7 : 12
1:M:j5:2 2 : who(Az.two(D)(Wz)) : 7 : 13
1: who(Az.two(D)(Wz))(M) :j: 14

i

0 : one(who(Az.two(D)(Wz))(M)) : 5 : 15

FIGURE 2 output for: walks two * dogs

4(1) = AXY.XNY 5(G):=D 70):=W 8(i):=z"
6(i) :=AY.DNY 9(i) :== Wz
0@ :=DnWs__
11(3) := Az.DN Wz

FIGURE 3 output for: just one’ man who walks two dogs
3(j) := who 12(j) := Az.two(D)(W<z)
2j) =M - 13(j) := who(Az.D N Wz)
1(7) =AY AXY NnX 14(j) := who(Az.D N Wz)(M)
15(j) := AX.who(Az.two(D)(Wz))(M) N X

FIGURE 4 derivation of: calls them;

15:2:i:16™ . .
15:15(i)(x) :4:17 17:pro:i:18 19.0C:4.20 20.:1:“21
15 : pro(15(3)(z)) : ¢ : 19 19:Cz:4:22

15 : pro(15(¢)(z))(Cz) : i : 23 m
15 : Az.pro(15(:)(z))(Cx) : 3 : 24
15 : Az.pro(15(¢)(z))(Cz) : j : 25

has output 25(i) = Az.Mz A two(D)(Wz) A all(DﬂWx)‘(C:v), and 25(7) 55 AzDr}

Wz N Cz. Similarly for other choices of determiner. Noplce that out'pli 25( ]d) is 1(;,
e dent two’ on just one'. Accordingly,

t; t, which captures a dependency of ante.ce 1

‘3’:’ Z:ee correctly forced to interpret the continuation They; bark. by means of the

polyadic iteration pro;pro); B, meaning: some(25(i))(Az.all(25(5)(z))(B)).
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Aspect and quantification: an iterative approach*

Markus Egg

Abstract

This paper presents an approach to the aspectual influence of
DP arguments in order to unify two diverging traditions of aspectual
semantics, which seem to contradict each other in the aspectual clas-
sification of verbs like to eat: [Krifka 1992] or [Verkuyl 1995] assign no
aspectual class to these verbs in isolation. Instead, the aspect of whole
verbal projections of these verbs is calculated. The influence of DP
arguments (semantically, generalized quantifiers) is considered in this
calculation. But linguists like [Vendler 1967] and [Dowty 1979] classify
verbs like to eat without taking into account the influence of different
kinds of DP arguments. These two traditions are reconciled in terms of
the proposed approach. It is based on an elaborate notion of iteration
that involves pragmatic reasoning in a well-defined way. The coverage
of aspectual theories can be extended in this approach to expressions
whose classification was problematic till now, e.g., expressions like to
see twenty zebras or verbal projections with the quantifier all the.

1 Introduction

Verbal projections that contain generalized quantifiers (and larger con-
stituents that contain such verbal projections) are still a rather trouble-
some issue for aspectual semantics. Intuitions on the aspectual classifi-
cation of such constituents differ. Consequently, the aspectual theories
that model these intuitions classify verbs like to eat in seemingly con-
flicting ways: If one regards the verb in isolation or only, like in (1),
in combination with singular object DPs, as in the aspectual classifi-
cations of [Vendler 1967] and [Dowty 1979], to eat involves a change of
state, viz., the disappearance of food caused by a consumer:

(1) to eat a tasty hamburger

As changes of state belong to the extension of bounded verbal
expressions! only, to eat emerges as bounded in these classifications.

* Thanks to Michael Herweg, Tibor Kiss, the participants of the 10th Amster-
dam Colloquium, and the participants of the conference ‘Facts and events in the
semantics of natural language’ in Trient, where I presented parts of this material,
for their valuable comments and suggestions. The research presented in this paper
was partially supported by the German Ministry for Education and Research and
(BMBF) under grant no. 01IV101V. The sole responsibility for the content of this
report remains with the author.

1. No bounded expression applies to proper parts of elements of its extension. For-
mally, boundedness can be defined as the second-order property BD:
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be called ‘sentence radicals’; in the following they will be characterized
in the examples by a verb without inflection (e.g., Max sing-).

The semantics of predicates will be described in the tradition of
[Davidson 1967). That is, the argument frame of each verb contains an
additional argument that represents the state of affairs, situation or
eventuality (I will use these expressions interchangeably in this paper)
involved in the denotation of the verb. Sentence radicals, then, turn out
to be sets of eventualities semantically.

At this point invariably and inevitably one question arises: What
is the ontological status of eventualities? Discussing this problem would
far exceed the range of this paper (but see [Béuerle 1987, [Galton 1984],
[Herweg 1990], [Krifka 1992], and others for discussion). As the ap-
proach proposed in this paper does not depend on this ontological
choice, I have opted for a very simple approach and have represented
eventualities as times. This is not to be taken as a claim about the ac-
tual ontological status of eventualities. It is possible to adapt the pro-
posed approach to ontologically richer theories on eventualities. For-

mally, times are distinguished from other individuals by means of a
sorted logic, in which the variables t, t', t", ... are restricted to times.

3 The semantics of iteration

The proposed approach accounts for the aspectual influence of gener-
alized quantifiers in terms of iteration. In this section, 1 will spell out
the theory of iteration on which the treatment of aspectual influence of

DPs is built.

3.1 The analysis

As there are no pure directly visible iterative operators in English, T will
approach the subject of iteration by discussing frequency adverbials like
three times. As these adverbials are semantically more complex but still
very close to the iteration operator, it is possible to investigate their

semantic properties and then generalize the findings in this domain to

derive the semantics of the iteration operator.
The decomposition I advocate for times, which forms the basis of

frequency adverbials like n times (where n € IN) is surprisingly simple:
(2) An AP X3 (E=Ut A card(t) =n A V' (" € = P("))

Expressions of the type 1 times map predicates on times P onto
sets of times t such that t is the underlap of a set of times t' with the
cardinality n, each of whose members belongs t0 the extension of P.
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I will rule out this unwanted ‘continous’ interpretation of un-
bounded predicates modified by frequency adverbials in terms of Grice-
an maxims rather than treating this phenomenon semantically by in-
cluding an additional operator in the semantics of iterative adverbs.*

The conversation maxim that is at the core of the explanation has
been derived in [Krifka 1992] from maxims out of [Grice 1975]. I have
dubbed it the ‘maxim of informativeness’:

(8) Out of two true, equally informative expressions, choose the less
complex one

(8) entails that the usability of the semantic denotation of an ex-
pression may be narrowed down pragmatically: If elements of this ex-
tension could also be expressed by means of a less complex expression,
it is infelicitous to refer to these elements by the more complex expres-
sion, although the elements still belong to the denotation of the more
complex expression. Hence, the use of a more complex expression (as-
suming cooperativity on the part of the speaker) entails that it is more
informative than less complex expressions.

Applied to the problematic case (6), the maxim of informative-
ness entails that predicates that include a frequency adverb are used
only if they bear more information than the same predicate without
the frequency adverb. In other words, it would be infelicituous to use a
predicate that includes a frequency adverb in order to denote an even-
tuality that could also be referred to by the same predicate without
the frequency adverb. Nevertheless, the more complex and the simpler
predicate may have overlapping denotations.

This reasoning explains the strong intuition that (6) cannot be
used to refer to underlaps of triples of adjacent or overlapping times.
Although the semantics of (6) comprises underlaps of such triples, the
maxim of informativeness rules out the ‘continuous’ interpretation of
(6), that is, the use of this predicate for underlaps of these triples: Such
underlaps could be referred to by a simpler expression, viz., Amélie

be in Oxford. Hence, it is possible to keep the representation (2) for
frequency adverbs in spite of examples like (6) and let pragmatics do
the work of excluding the ‘continuous’ interpretation of sentences like

4. Note that this step was not motivated by the lack of a suitable operator. A
variant of the ‘S-phase’ of [Herweg 1990, 103] could be employed here:

(i) VPVt (S —phase(t) « P() AVt tCt' — -P(t")))

In prose: The phase operator maps predicates on times P on the predicate of being
maximal with respect to P. Hence, if ¢ is a phase of P, no t’ t is a proper part of
belongs to the extension of P, too. This operator would at a first glance be useful
for cases (5) and (6), as it bounds unbounded predicates by maximizing them while
it is an identity mapping for bounded predicates (bounded predicates are their own
phase-predicates).
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plex A professor be in the SCR; hence, in this case, (10) does not fall
hether the involved

prey to the maxim of informativeness no matter w
three subeventualities are disjointed, adjacent or even overlap.

These two examples show that the barring of ‘continuous’ read-
ings is just one strategy of complying to the maxim of informativeness.
Hence, it would not just be superfluous to include a maximalization
operator into the semantics of frequency adverbials, introducing such
an operator would give the wrong results in a number of cases: This
inclusion would predict wrongly that the n eventualities involved in
predicates that include the frequency adverbial n times must be nei-
ther adjacent nor overlapping, which has been shown to be too strong

a restriction.

3.3 Iteration and convexity
This section finishes with a few words on (non-)convexity of iterative

eventualities. 1 will argue that even iterative expressions like (11) in-

volve convex rather than discontinuous eventualities because of the way
dverbials like for two hours.

they interact with durative &
(11) Amélie go- to the letter-box five times

1 the observation that durative adverbials
do not count gaps within situations. Consider e.g. @ situation in which

Max was in the office from eight to twelve and from two to five. It is

possible to refer to this situation by (12) but not by (13):

The argument hinges 0

(12) Max be- in the office for seven hours

(13) Max be- in the office for nine hours

Hence, durative adverbials may serve as & kind of litmus test for

the convexity of situations. If one applies a durative adverbial to an
iterative predicate, the denoted iterative situation is convex if the du-
rative adverbial measures the whole span from the beginning of the
first subeventuality involved in the interative eventuality t0 the last of
these subeventualities. Should the adverbial measure only the sum of
the durations of these subeventualities, iterative predicates stand for

non-convex eventualities.
Imagine 2 situation which lasts three hours and in which Amélie

goes to the letter-box every five minutes. Each going lasts one minute.
Then, the sum of the durations of the goings is 36 minutes. The fact
that (14) but not (15) is adequate as @ description of this situation,
although durative adverbials would not count gaps within a situation,
shows that iterative predicates denote convex eventualities.

(14) Amélie go- to the letter-box (repeatedly) for three hours
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1 5
(15) Amélie go- to the letter-box (repeatedly) for 36 minutes

This concludes the discussion of

; f iale T
times. Now that their ———— tequency adverbials like three

has been established, the step to the

(16) YP Vt (ITERs(P,t) « 3y E=Ut Aver ey P(t")))

' According to (16),
times P and a time # if

set of eventualities that belong to
(the predicate modified by such ad-
fectively). I'have shown that there is
ics that allows a very simple decom-
d of the general iteration operator.

the extension of the same predicate
verbs or the iteration operator, resp
considerable interplay with pra7gmat
Position of frequency adverbials an

4 Generalized quantifiers

i . as tri
Iterative readings iggers for

4.1 Informal description

bresentation of the operator I TERy

The proposed approach for !
eralized quantifiers on the aspec
two basic assumptions:

the description of the influence of gen-
tual class of their predicate hinges on

e there is a partition of the main individual I;® that is involved in
the semantics of the aspectually relevant DP

e argument positions in verbs that allow this aspectual influence are
determined in the lexicon

The proposed approach will be introduced on the example (17).
(17) Max eat- five apples

For the purpose of exposition, I will start the introduction with
verbal decompositions in the style of [Dowty 1979] and derive the de-
composition as advocated in my approach from them. This derivation
is not meant to model a process in language, it merely serves to relate
two linguistic representations.

For our example to eat, the Dowty-style decomposition would be
something like (18):

(18) Ay Az At make — vanish’(z, y)(¢)

Of course, (18) is only shorthand for an elaborate decomposition
in terms of operators like CAUSE and BECOME [Dowty 1979, 91ff,,
141]. As formulae that use open variables for eventualities tend to be
quite unreadable as soon as such operators come into play, I will use
‘decomposition skeletons’ like (18) in the following. In addition, as it
is not the purpose of this paper to spell out exactly what it means to
eat something, I gloss over the details and represent to eat as ‘to make
vanish’.

The next step in our expository derivation consists in filling in the
argument positions in the process of syntactic/semantic construction.
Here the difference between aspectually relevant and aspectually not
relevant positions is that the former is filled by an individual variable.
After all positions but the highest have been filled in, A-abstraction over
this individual variable takes place. The result is a property P, viz., a
relation between a time and an individual. For our example (17), P
relates entities eaten by Max and the corresponding eventualities of
eating:

(19) Ay At make — vanish’(m, y)(t)

So far, there are two separate semantic representations, one for
the meaning of the DP that fills in the aspectually relevant argument
position, and one for the property P. These representations are then
connected in terms of an iteration: The meaning of the sentence radical
(17) can be glossed as an iteration of the predicate ‘P applies to an

6. The main individual is defined as the one that is predicated over by the NP se-
mantics and whose variable is bound by the application of the determiner semantics
to the NP semantics.
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element of the partition of I;’ (with I; being the main individual intro-
duced by the aspectually relevant DP’s semantics). Thus, (17) denoteg
an iteration of the predicate ‘Max makes an element of the five-apple
partition vanish’.
Additional restrictions apply:
e every member of the partition undergoes P exactly once during
the iteration
e iterations are the minimal eventualities that contain all involved
sub-eventualities
This makes the (un-)boundedness of the sentence radical semantics
dependent on the (un-)boundedness of the semantics of the aspectually
relevant DP. Note that the second restriction follows from the definition
of iteration in (16). This machinery is part of the lexical entry of verbs
like to eat. No such iteration is assumed for the lexical representation
of verbs like to see.
Formally, all of the above is put into an operator ‘ITERy’. Thus,
to eat gets a decomposition like the following:

(20) Ay Az At ITERN(Az At' make — vanish'(z, 2)(t'), y)(t)

In words: (20) maps two individuals y and z and one time ¢ on the
three-place relation ITERy. The first argument of this relation is the
property P as defined earlier, in our case, the property of being made
vanish by the second of the above individuals (z, which corresponds to
the main individual contributed by the subject DP). The first individual
y appears as the second argument of IT E Ry, which amounts to being
singled out as an aspectually relevant argument. In (20), the semantic
argument position which is picked as the one with aspectual influence
is the one that is linked to the object DP. This second argument y of
ITERy, which corresponds to the main individual contributed by the
object DP, is the one with the partition as described above. Finally, the
third argument of ITERy is the time t. ITERy involves the iteration
operator I'TERg in a well-defined way, which will be spelt out in detail
in the definition of ITERy in the next subsection.

This operator IT ERy has been devised to solve the seeming con-
tradiction between two trends in aspectual semantics as sketched in
the introduction: The iteration itself models the dependency of the as-
pect on the aspectually relevant DP: It is not bounded itself, but can
be bounded by additional restrictions (i.e., by the boundedness of the
semantics of the aspectually relevant DP, see the next subsection for
details). On the other hand, the intuitions on the aspectual class of
verbs in isolation emerge in the iterated predicate. E.g., the iterated
predicate P in the above semantic description of (17) is bounded and
denotes changes of state. Thus, the proposed approach comprises the
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(21) Vz vX (X € P)((m)/\e—» Z}F}\J(ﬁ);\m Cem A o
Vo (1 € XTo
N tion of z if x is the fusion of X and the

d do not overlap mutually: 1
d as the element that is part of al

That is to say, X 18 a parti
elements of X are not empty an
The empty element 0 is define

elements:

(22) Vz (0c x) |

and fusion are defined as existence of
), respectively:
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Overlap
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(zCz A 2 Cy))

Y oy « Iz
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(%);Y*;Eﬂ'*mgﬂ)
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P(zUYy))

AN X
VY (X e P(z) A Y € P(y)
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cY — zCVY)

With the help of these definitions,
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(27) VP Yz V¢ (ITERy(P,2)(t)

W (YeEP@) AWy (yeY — T (v )
ITERs(At" 3y (y eyYy/\e p(y)(tu?)!?(g))gt AN P(y)(t))) A

Lly once dullng t al]d 1’: be ()llgs o e
eXtenSlon Of an lteI a(l()l] ()1 t]le pledlcme 1 h()ldS f()r an elenlent ()f ihe

¢ of ts subject position, hence, a sentence rad-
of TR el out Is given the following decomposition in terms
. ) € main argument intoduced by the subject DP

mantics being the second argument of ITERy: - -

(28) At 3 (water’(z) A

ITERN(\z M change — location’(z)(¢/), z)(¢))

Applying definition (27) to (28) yields the decomposition (29):

(29) V)l\t (Ha: (water’(z) A Jy (Y e P(z)A
nyY—%E!t’(t’Et/\chan i
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TERs(\" Jy (ye Y A change — Iocation’(y)(t”)))zg))
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ectual i i
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(with two non-overlapping
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e due to the cumulativit
tand ¢’ add up to a ne
of water.

° af:cording to (25), the new water ob

viz., the union X U X’ of th
objects involved in ¢ and t
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ho(lzglsr ?gn bpaér}fllflomdch/anges its place’ is in itself cumulative and
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, under this predicat
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element of the new partition X |JX’ undergoes P exactly once

during ¢ U ¢'.

For the sentence radical 50 litres of water leak- out, the decompo-
sition looks similar. Following [Krifka 1992], expressions like litre are
interpreted as measure functions that map individuals on the cardinal
that is their volume in litres.

(30) At 3z (water’(z) A litre'(z) =50 A Y (Y € P(z)A

Vy(yeY — 3 (¢ Ct A change — location’(y)(t))) A

ITERs(M" Jy (y €Y A change — location’(y)(t")))(¢)))

Intuitively, 50 litres of water leak- out is a bounded predicate be-
cause the semantics of the subject DP is bounded. This intuition is
borne out by its semantic representation (30).

Proof: Assume to the contrary two times t and ¢ with ¢ C ¢ in

the domain of (30). Then, every member of a partition Y of a fifty-litre
water object 2’ changes its location exactly once during #'. Similarly,
every member of a partition Y of a fifty-litre water object = changes its
location exactly once during ¢t. Ast’ C ¢, there are parts of t not in ¢/, i.e.,
the complement ¢\ #'.2 During ¢\ ¢, however, the iteration ‘an element of
a partition changes its place’ must hold, too (due to the assumption that
t is in the extension of (30) and the divisivity of iterative predicates).
But objects that change their location during ¢ \ ¢’ cannot belong to
Y’, the fifty-litre water partition whose elements change their location
during #', otherwise the condition that every element of the involved
partition changes its location exactly once during ¢t would be violated.
Hence, the partition Y whose elements change their position exactly
once during ¢ has to comprise additional objects (in addition to Y”).
Following (26), the fusion of this partition is an object z that has z’
(the water object with the partition Y, all of whose elements change
their location during ') as a proper part. Due to the boundedness of the
semantics of fifty litres of water, however, this object x does not belong
to the extension of fifty litres of water. This contradicts the assumption
that ¢ belongs to the extension of (30), hence, (30) is bounded.

As the discussion of (29) and (30) has shown, ITERy as part of
certain verb decompositions captures the observation that these verb
allow the (un-)boundedness of an aspectually relevant argument (for
to leak out, the subject) to carry over to the semantics of the whole
predicate.

In sum, in this section I have introduced the operator ITE Ry
that models aspectual influence of generalized quantifiers as verbal ar-
guments. The operator singles out the aspectually relevant argument

8. Formally, the complement can be defined as follows:
1) VzVy (zCy — Vz(z=y\z < —zoxz A zUz=y))
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sitions that include J TERy depends on the (un«)boundednesesczrfnf};
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. :ectuflzcﬂy relevan.t DP argument, hence, this operator is an adequat
ans of representing aspectual influence of DP arguments e

5 Solutions for aspectual puzzles

0 . .

beneiliznl()ias;s Iof 1E}}lns approach the coverage of aspectual theory can
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ul’lb U.Ild d. alld pIedlCateS Wlth t}le q
[0} € uant ljieI a].l the, tlla.t .ha‘/e not

(31) Max see- twenty zebras

of a \;?rb like to see may exert aspectual influence.

. o;n}agy, this is represented in terms of an adequate operator. I

m i :
aspectz - inﬁRN to o;:cur not only in lexical entries for verbs that allow

uence of one of their DP arguments (asi
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) ) » LO
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ole tamily of operators that model optional aspectual influence

of DP arguments. E i
' - £..8., optional aspectual influen j i
(31) is represented with this member of the family'Ce o e object

(32) AP Azy Azy At ITERN(Az M\ P(zy,2)(t'), 1) (2)
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second argument of ITERy (i.e, the aspectually relevant argument is
x1.
Applying this operator to the decomposition of to see yields the
semantic representation of a (possibly contextually triggered) reading
of to see in which the object argument is aspectually relevant:
(33) Az1 Azo Mt ITERN(Az A se€(z2, 2)(t'), z1)(t)

Following the above explanation of ITERy, the object position
‘xy’ is singled out as the one that exerts aspectual influence. In prose:
(33) relates two objects z2 and z1, and a time if and only if during the
time parts of x5 are seen in succession by x; and these parts add up to
Zoy.
Then, (31) emerges as (34). NU maps properties of individuals on
measure functions that map individuals on their number. The property
determines the criterion for counting, so to speak, e.g., for living things,
‘every single organism would be counted [Krifka 1992]:

(34) At 3z (zebra'(z) A NU(zebra')(z) =

20 A ITERN(Mz At se€'(m, 2)(t'), z)(t)

This decomposition denotes the set of all times ¢ such that during
t Max successively sees groups of zebras, on the condition that these
groups add up to 20 zebras.

The additional decomposition (33) for to see explains the puzzle
of why expressions like (31) are compatible with both durative ad-
verbials and time frame adverbials. If the lexical reading of to see is
assumed (Ay Az At se€(z,y)(t)), no aspectual influence of arguments
takes place, hence, predicates like (31) have an unbounded reading that
is compatible with durative adverbials. On the other hand, if the read-
ing (33) is chosen, the object DP exerts aspectual influence. Then, an
object DP whose semantics is bounded (like twenty zebras) makes the
whole predicate bounded, which in turn is compatible with time frame
adverbials.

As argument positions with different depths of embedding may
exert aspectual influence, a whole family of operators like (32) is nec-
essary. If we assume functional composition®, we need one operator for
each depth of embedding. The general scheme for these operators is
given in (35):

(35) AP Azy ... Azp At ITERN(Az MY P(zn, ..., g, 2)(t'), 1) (t)

Each member of this family of operators maps a n-ary relation P
onto another relation of the same arity. This second relation involves
the operator ITERy, which selects the argument position with the

9. Functional composition combines a pair of expressions of type < «,8 > and
< f3,7 >, respectively, into a new expression of type < o,y >
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highest depth of embedding, viz., z;, as its second argument, i.e., the
one that exerts aspectual influence. The first argument of ITERy is a
property derived from P by filling in all its individual arguments with
the exception of x;, which has the least embedding.

By the way, the optional unbounded reading of the well-known

example (36) of [Dowty 1979] can be explained in terms of an optional
application of the member of (35) where n = 1.

(36) Tourists detect- the quaint little village

In this section I have shown how the proposed approach can ex-
plain why there are predicates that seem to be both bounded and un-
bounded, because they are compatible with both durative adverbials
and time frame adverbials. This phenomenon does not contradict stan-
dard assumptions about the aspectual selection restrictions of these
adverbials, it is put down to optional aspectual influence of DP argu-
ments. Formally, this is represented as an optional application of an
operator (out of a whole family of operators) that makes an argument
position of the involved verb exert aspectual influence. In other words,
the lexicon allows but does not force the (un-)boundedness of an ar-

gument DP to carry over to the whole sentence radical in the case of
verbs like to see.'®

5.2 Aspectual influence of the quantifier all the

Another problem that can be accounted for in terms of the proposed
analysis is the aspectual influence of DPs with the quantifier all the:
These DPs may also cause the bounding of the verbal projection they
appear in (e.g., in (37)).

(37) Max eat- all the apples

I assume Link’s ([Link 1991]) interpretation of DPs like all the
apples in terms of the property of being the smallest sum of all elements

10.The remarkable ease of understanding sentences like (31) in the sense in which
the object exerts aspectual influence begs the question of whether this application of
ITERy has to be interpreted as a (possibly quite conventionalized) reinterpretation
of to see, as I have assumed here. The other option would be to argue that the lexical
entry of to see is underspecified between a reading that allows and one that bars
aspectual influence of the object argument. However, even if my assumption that
the only reading of to see in the lexicon is the one without aspectual influence
of DP arguments turned out to be false, the members of (35) would still be of
relevance. They would have a different status, though: instead of being optionally
applied operators, they would be building blocks of lexical semantics in terms of

whose presence or absence the difference between the readings of many verbs could
be described.
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( The sigma operator without the asterisk is deﬁl,ned a}xj (tt};‘leesslgxrsa
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w i e ssions
s. which often appear in the semantics of these expre
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11.Universal quantifier thered), are attributed to distribu-

(but not in expressions like All the students ga
tivity of the verb.
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6 Conclusion

In this paper, I have presented a representation of the aspectual influ-
ence of generalized quantifiers on the verbal projection they appear in,
which is based on an appropriate notion of iteration. The domain of
the semantics of iteration proper was delimited against the effects of
interacting pragmatic principles. This approach reconciliates and uni-
fies two seemingly diverging trends of aspectual semantics, viz., the
trend to give aspectual classifications for all verbs in isolation (or with
singular count noun DP arguments only) and the trend to refute the
classifiability of certain verbs in isolation because they allow aspectual
influence of certain DP arguments. This reconciliation then forms the
basis for an extension of the coverage of aspectual theory. Without hav-
ing to take recourse to additional machinery, the presented approach
allows an explanation of the problem that some predicates are com-
patible with both durative and time frame adverbials (although these
compatibilities signal conflicting aspectual classification). In addition,
the aspectual influence of DPs with the quantifier all the follows directly
from the presented approach.
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An Undecidability Result for Polymorphic
Lambek Calculus

Martin Emms, C.I.S. Miinchen.

1 Introduction

A precursor to linear logic was introduced in [Lambek 1958], who proposed a single
conclusion sequent calculus which lacked the structural rules of Contraction, Weak-
ening and Permutation. Three connectives are treated, two directed implications
/ (right to left),\ (left to right), and a product, which can be identified with lin-
ear logic’s multiplicative conjunction. This calculus was introduced as a means for
reasoning about sequences of linguistic objects, a domain in which the customary
structural rules indeed are not valid. On grounds of linguistic expressivity, there are
motivations for considering the calculus which results from the addition of second
order quantifiers — the Polymorphic Lambek Calculus (PLC). For example, where
[Pentus 1992] shows that grammars based on the Lambek calculus can recognise
exactly the context-free languages, [Emms 1993a] shows that grammars based on
PLC can recognise a strictly larger class of languages. By now a certain amount
is known about PLC. Besides the above mentioned recognising power result, there
is in [Emms 1993c], [Emms 1994b] discussion of several kinds of linguistic applica-
tions, in [Emms and Leifl 1993] a Cut elimination result, in [Emms 1994a] several
completeness results, and in [Emms 1993b] a decidability result for a subset of all
possible sequents. ’

The theme of this paper is embeddings of neighbouring logics into PLC. We describe
a result! to the effect that PLC can embed the extension of PLC with the structural
rules of Permutation, Contraction and Weakening. This enables us to settle, in the
negative, the open question of the decidability of PLC. We will also show that the

_connectives (/,\,¥) suffice to express a variety of other connectives, amongst which

are the product, ®, the existential quantifier, and the multiplicative unit, 1. We
conclude with some speculations as to the linguistic significance of these results.

2  Preliminaries

Assume a denumerably infinite set of variables. We specify various propositional lan-

guages by L, followed by a series of connectives drawn from the set {®, 1, T,0,/,\,V, 3}.

The calculi of concern will be defined with reference to Figures 1 and 2. Thus we
are concerned with calculi which may include 2nd order quantification, the binary
multiplicatives ®, /,\, the multiplicative neutral 1, and the additive neutrals 0 and
T.

The rules derive intuitionistic sequents from intuitionistic sequents, where an in-
tuitionistic sequent is an antecedent sequence of formulae, followed by ¢ = ’, and
then a single formula. w,z,y range over formulae, U, V, T range over sequences of
formulae. z[y/Z] stands for the substitution of y for Z in z, defined to include a
change of bound variable to avoid accidental capture. The rules (VR) and (3L) are
subject to the side condition that Z is not free below the line, and X is not free in
QZ.z, this latter part allowing QX.z[X/Z] to be an alphabetic variant of QZ.z.

We will use L{¢)1<i<» for the calculus obtained by taking the identity axiom scheme,
together with the rules associated with each of the connectives ¢;, with in the case

1. First reported to the Linear Logic mailing list in April 1995
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Tr =z

Uy, V=uw T=>a:/L T,z =y

U,y/z, T,V = w T=y/z
T=2z UyV=w z,T =y

U,T,z\y,V = w T=z\y
U,:c,y,V@w@L Th=z Th=y
U, 20y, V = w T, T, = z®y
U,zly/Z],V = w T=z
VIV s ik

VZ.x,V = w T =VXz[X/Z]

Uz, V=w
3L, Z! *T = 2lv/X]
U,3X.2(X/Z),V = w T=3Xzx
UV=sw
1L =1
U,1,V=uw
U,0,V = w
T=T
Figure 1: Identity axiom, and rules for /\\®V¥,3,1,0, T
T, T =>w Tz, z,To =>w 7I'(T) =>w
-Weal Contr Perm
T2,y = w Ty, z, T, =w T =>w
Figure 2: Structural Rules
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of VL and 3R, the obvious proviso that formula y substituted for the bound variable
be drawn from the appropriate language: £((c;)1<i<n). A general parameter that
may be varied is whether sequents with an empty antecedent sequence are admitted.
With a subscript €, we indicate a calculus permitting this (clearly the axiom scheme

= 1 is omitted when there is no € subscript). The calculi including the second-order
quantifiers we will refer to as polymorphic. In this notational scheme, L/ \® s the
calculus proposed in [Lambek 1958].

For any of the calculi that may be defined in this way, the derivability of the following
Cut rule can be shown (by an inductive argument on the sizes of the premise proofs
of a Cut?)

U,z,V =>w T ==z
U, T,V =>w

Cut

By adjoining various structural rules to these calculi we obtain versions of familiar

calculi. Let LJ2 be le /@Y + Weak + Contr + Perm. This is a formulation of
2nd order intuitionistic propositional logic. It is also the case that the Cut rule is
derivable in LJ2, as is shown in [W.W.Tait 1966] (using a semantic argument). The
undecidability of LJ2, which will be used below, is shown in [Léb 1976],[Gabbay

1981]. Let IMLL2 be L51 /@Y + Perm. This is a formulation of second-order intu-
itionistic multiplicative linear logic, referred to as IMLL2 in [Lincoln et al. 1995].

‘We will also refer to LE1 SN®Y g N-IMLL?2, and L/-\"®" as LC2.

AT

A simple property of any of the L/:\» or L’V calculi is?:

Lemma 1 (Unknown Elimination)where L is one of the L)\ or TAA

then
there is an X with FV(X) C
FV(U,V,w) such that
LU, X,V =w )
L l—Tl =X f

calculi

LU, T,V = w

LIFU, T,V = w
LT, =X
Proof: for one direction use Cut and Cut Elimination, for other choose X = U\w/V’

(shorthand for u,\...ui\w/v,/ ... /v1)

When we use this to infer the derivability of two premises U, X,V = wand T = X
from U, T,V = w we write:

UT,V =>w

UX,V=aw T=X

3  Polymorphic Reconstruction of Structural Rules

In this section we will be concerned with embeddings of logics with structural rules
into logics without, using polymorphism to reconstruct the lost structural rules. We

2. Lambek’s proof of Cut elimination for L/ @\ by induction on the complexity of the Cut formula,
does not work for the polymorphic calculi. The absence of the contraction rule, however, allows a
similarly simple proof to be given by induction on proof size. See [Emms and Leif§ 1993].

3. This is not the same as Interpolation, since we do not require the material of X to occur in
both T" and (U, V, w).
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begin by recalling the well known f:
act that the absence of struct
compensated for by adding new axiom schemes and Cut. coural s can be

Example where L is LL/@N\oe or L}’/’®’\"“

) ) z = (Y®z)/y,
L+Perm is equivalent to L+Cut + {x = g(ﬁ(y/)a{)y oorr }
?

Example where L is L1/ @\ op Lel’/’®’\""

) . T = /Yy, =
L+Weak is equivalent to L+Cut + {m = 1/1(1)r Ao }

Example where L is L1/®N\ o Lél’/’®’\"“

z = y/(z\z\y),z = (y/z/z)\z,
L+Contr is equivalent to L+Cut+ .
r = zQx, or

?f/i }ilo?e here th.e p’roof in the case of permutation, choosing the first formulation
o ’e }?erm}ltatlo‘n axiom. From right to left it suffices to note that the ‘permuta-
ion’ axiom is derivable in L + Perm. From left to right, it clearly suffices to show

that U,a,V = w impli : X
et plies a,U,V = w, and this we have, given Lemma 1, by the

Uya,V = w

X,aV=aw U=>X

— — = — L
a = (X@a)/X (Xmﬂ&aVﬁw/ﬁL
'e!

a, UV =w

ut

3.1 Embedding Order-1 LP in L'V

In [Emms 1993a], in proving that there are 2nd order Lambek grammars for th
permutation closm‘re of any CF language, it was shown how one can in a c(:;tais
i;nse, tfade an axiom scheme expressing permutation for a polymorphic formula
e begin by essentially reformulating this result as an embedding. With ref ;
to L(/,\), we say a sequent U = w is order 1, if w is atomic and no formula ineéeﬁgz
cornplex arguments. We can simulate the possible applications of the ‘permutation’
axiom, z = y/(y/z), by replacing  with VX.X/(X/z). This leads to the following:

Theorem 1 (Emms,1993) Where U, z is any sequence of formulae from L(/,\)

LP' | U=w
F WY L U s

where * = VX.X/(X/x), LP! = (Lé’\ + Perm)[(order 1)

Proof of Theorem 1 (sketch)
Left to Right

First we note a ‘topicalisation’ property for z* categories:
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WA U,V s w

o WY L UV s w U,z;,V=>w

XV=w Uz=X
—/R
U= X/z L
vx,(X/(X/a:i)),U,V = w

Then we argue:

LP' |- 21, Zn=>W
= Lé’\ - w(x,.- z,) = w for some, because order 1
= LE/’\’V) - m(@,--- ,Tp) = W
o YW gz =W by ‘topicalisation’

The order 1 restriction is used in the first step, allowing one to assume that the

L P! proofs consist of an initial permutation step, followed by purely L\ steps.

PR S R )
= Lﬁ/’\"’)+ (Cut,Perm) |- 1,--3%n =W since Lé/’\"’)+ Perm |-z; = T
= 9% A4 Perm | Z1,.. 1 Tn S W by Cut elimination
= Lé’\+ Perm |- Z1,--,%n =W since the z; are V free

End of Proof

What is noticeable is that the use of permutation in LP! is recovered within Lﬁ/ AY) R
where Lg/ \Y) itself lacks the permutation structural rule. The access to permutation
is encoded by the ()* mapping which replaces = with (the closure of) the result of
applying a permutation axiom scheme (namely = = y/(y/ z)) to it.

This is a first instance of the use of polymorphism to recover a structural rule. Given
the fact that each structural rule matches up with an axiom scheme, there is reason
to think that there may be other ways to embed structurally more relaxed logics
into the polymorphic calculus.

In [Lincoln et al. 1995] there is a proof of such an embedding. The target logic is
IMLL2 (= Lel’/’®’V 4+ Perm), and the source is L2 (= L}’/’®’V + Contr + Weak
+ Perm), and polymorphism is used to recover the lost Contr and Weak rules.
In the next section, we carry this strategy one step further, embedding LJ2 not
into IMLL2, which has Permutation, but N-IMLL2 (= Lel‘/ ’@’\’V), which has no
Permutation.

This will then leave us with a picture of how, to date, polymorphism allows embed-
dings of structurally richer into structurally weaker logics, as follows:
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e (L/'\+ Perm)[order 1 ~ LAY

... thereby LY\ can recognise the Perm closore of any
CF language

° LE/ ’\’V)+ Perm + Contr + Weak ~» LE/ ’\’V)+ Perm
... thereby (LE/ V)4 Perm) undecidable
° Lg/ ,\,V)+ Perm + Contr + Weak ~» Lg/ AV)

... thereby Lé/ ’\’V)undecidable

3.2 Embedding LJ2 in N-IMLL2

In [Lincoln et al. 1995] there is a proof of an embedding of LJ2 into the structurally
stricter IMLL2. They note that certain quantified formulae seem to describe the
action of the Contraction and Weakening rules, namely

C = VX.(X®X)/X ) cf axioms for ‘contrac-
W = VX.1/X asW [ tion’, and ‘weakening’
C and W license single steps of Contraction and Weakening in the sense,
LF U yaa V=aw LF U, V=w
= Ll UZC e V=aw = Ll U W V=aw
U,a,a,V =>w U,V sw
___—®L —_—
U, a®a,V =w a=>a/ U,,V =w a =a
U,(a®a)/a, a, V = w _ U,1/a,a,V =w
U, ¥X.X®X/X, a0,V = w U,VX1/X,a,V = w
_é—-—/ W—/

Expressed as it is by a formula of a linear calculus, IMLL2, such a license to apply a
structural rule is gone as soon as it has been used — in contrast to formulae marked
with linear logic’s exponentials, for which the repeated application of structural rules
is licensed. However, the surprising fact pointed out in [Lincoln et al. 1995] is:

that when C,C,C,W is prefixed to a sequence T, one

has license to apply Contraction and Weakening to T
indefinitely often.

Illustration for Contraction case:

(1) c,c,c,w,U,a,a,V =z

QL
C,C,C,W,U,a®a,V =z a =a
VL,/L
c,C,c,w,U,C,a,V =z
Perm

c,ccc,wl,a,V =z C==C C=C
®L,®L,&5b— ®R
(CRC)®(C®C),W,U,a,V =z C,C=> C®C‘7’L L

c,C,C,W,U,a,V = z ’

This is the key to their embedding:
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Theorem 2 (Lincoln et al., 1995) Where U,z is any sequence of formulae from
L(1,/8V),
Lel‘/’®’v + Contr + Weak + Perm |- U=w
iff LI/ ®Y 4 Perm L C,CCWU=w

We will prove an embedding of LI2 in N-IMLL2, the version without with Rer—
mutation. In addition to C and W we need the following formula for encoding
permutation:

P = VXVY.(X®Y)/X/Y }cf axiom for ‘permutation’

Then we observe P licenses left-ward shift, in the sense that where L-is any of the
Ll’/’&\’v’“‘ calculi:

L U V=>w UaV=w
= Ll PaUV=aw —
X,a,V=>w
R —
X®aV=>w U=>X/L
X®a)/X, U,V 2w a=a

/L

(7@&)/7/(1, a, U,V = ui/L
VXVY.(X®Y)/X/Y,a, U,V =w
P

Clearly, where T' is a sequence of formulae of length n, any permutation, m(T), can

be generated from 7' by applying n leftward shifts:

AWV .
Lemma 2 where P = VX.YY.(X ®Y)/X/Y, L any of the LY@ calculi, the
following is a derivable rule of L

TiyernyTn = W
P,...,P,m(z1,..,Tn) = W
——

n times

A useful lemma concerning the structural rule encoding formulae, C, W and P is
the following:

Lemma 3 where L is any of the Li’/ @\ caleuli, weakening in L is admissible
for ¢ € {C,W, P}.

Proof: by the following derivation schemes:

UV =>w
:> : ]
U,V =u ®L,1L,1L 1L
U,191,V =w :>1/L U,,V =sw :>1/L

U,1e1)/1,V = w U1l/1V =sw VL

U VX1/X,V = w
U VX.X®X/X,V =w /
c w
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(ll) I"C['2 |_ f(M7 i7 m, 71)
(111) ‘C‘C2 Ih f(M,i,m,n)

Typically the various states are encoded by particular atoms, and the counter-
contents, m and n, by corresponding length products of two distinguished atoms.
(i) implies (ii) is proven by induction on the lengths of accepting computations by
M. Tt is relatively clear how to write formulae which effectively execute one step of
the machine (‘i : m := m + 1; goto 7' & (cj ® a)/c;). However, at the base of the
induction one needs to discard such formulae (weakening), and for the rest of the
proof to duplicate them (contraction). In Kanovich’s first proof of the undecidability
of EMALL, the program-codes get a preceding ! to achieve this (eg. /((c; ® a)/ ci))-

The other proofs all variously use polymorphic formulae to recapture forms of the
structural rules, and in this respect are similar to the LJ2 embedding proofs. For
example, in the simplest proof, that for MALL2, program-codes are combined with 1
by & (and thus admit Weakening), and two copies of a contraction formula VX. X ®
X/(X&1) are added as a prefix (giving Contraction on program-codes). It may be
that these undecidability proofs can be recast as embeddings of particular logics
with limitted forms of the structural rules.

The implication from (ii) to (iii) is trivial. The implication from (iii) to (i) is in each
case obtained by defining a particular phase-semantic model from the accepting

configurations of the machine, and using the soundness of ££2 wrt. phase-semantics
[Girard 1995].

Linguistic significance of the embeddings/encodings

Besides establishing various undecidability results, the general moral emerging from
the various embeddings of LJ2 and encodings of Minsky machines, is that certain
procedural notions can be rather directly represented by particular polymorphic
premises. This is an interesting development when one returns to looking at the
second order calculi as ingredients in a linguistic description, for it shows we may
declaratively capture various phenomena which have a procedural description.

For example, the notion of ‘being an z if repeated access to Contraction and Per-
mutation is allowed’ is encoded by /CCCP. The notion of ‘being an z if at most
two permutations are allowed’ is encoded by z/PP. Or if we wish to classify as D
anything containing exactly one a, b, ¢ and d, and with a < ¢, then this may be
encoded by D/M, where M is the ‘machine’:

(D/a®c)®@ (VXVY (X QY/X®b® V) VXVWY(XRY/X®d® Y))
Embeddings into still weaker logics ?

We mentioned above that no embeddings of LJ2 into a logic weaker than N-IMLL2
has been proved. An obvious candidate would be the non-associative version of N-
IMLL2. As with the other structural rules considered in this paper, an associativity
structural rule can also be supplanted by axiomatic forms: A1 1 28(YQz) = (z®Y)®
zand Ay : (2@Y)®2z = z® (y®z), suggesting an embedding whereby in the prefix
is included A} = VXVYVZ(((X@Y)@Z)/(X@(Y®Z))) and AY =VXVYVZ((X®
(Y®2))/(X®Y)® Z)). However, we face a problem analogous to that when we
first generalised the result of [Lincoln et al. 1995] to discard permutation: there
we could at best obtain Dost-prefix permutation, whereas the proof in [Lincoln
et al. 1995] uses prefix-internal permutations. In the present case, we might at best
hope to obtain post-prefix associativity, yet the current proof uses prefix-internal
associativity. In the previous case, we could get around the problem by using the
Contraction formulae to generate copies of the prefix — something not requiring
Permutation — and the inherent weakenability of the structural formulae to discard
any surplus. In the current case, this strategy will not work, as the use of the
Contraction formulae to generate copies of the prefix does presuppose associativity:
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C®(C®C)leads to (C ® C) ® (C ® C), which only via'. associativi.ty leads to
C®(C®(C®C)), containing a copy of the starii configuration. It remains an oper}
question whether there is an embedding of LJ2 into the non-associative version o
N-IMLL2.

Embeddings between more closely neighbouring logics 7

The embedding described in [Lincoln et al. 1995] is from a logic With (Contr,Weak,.Perm)
to one with just Perm, and the embedding described here is fr.om a logic with
(Contr,Weak,Perm) to one with no structural rules. In the following picture these
embeddings are represented by unbroken arrows.

We conjecture that other embeddings in which Contr. is dropped are p.ossible, as well
as embeddings where Contr is preserved. These conjectured embeddings are replre-
sented by dashed arrows. However, it is not clear that we may carry out analog
"embeddings between logics which already both lack Contraction: t‘he dotted arrows
in the above diagram. We used the contraction block of forrnul'fxe7 in order to gener-
ate duplicates of W and P. Thereby, not only iterated Weakening and Permutation
get licensed, but also iterated Contraction itself. It is not clear how t(? define an em-
bedding by which Contraction is licensed only on the formulae encoding Weakening
and Permutation. .
One thought is that perhaps the embedding of LP! into N-IMLL2 can be generahsed.
Here we do have an embedding between two logics which Poth lack Contraction.
However, in this case, the restriction to order-1 sequent of LP meiant that' repef}tz'it.)hi
access to permutation did not have to be simulated, but rathfer JusF a single lnltxia
permutation. Still it might seem that if all sub-formula-e which might play a ro.(i
as a premise have the earlier defined ()* mapping applied to therr'l, then this Wll
suffice to embed LP. Examples such as the following show that this strategy fails.
With permutation we have the following derivation:

a/by /by, by, by = e
a/ba /by, ba, by = a/R,/R
c=>c afby/bi = a/bi/by L
¢/(a/b1/bg), a/by /by = e
a/ba /by, c/(afb1/bs) = c




If we replace the permutation steps by left-ward shifts, the formula a/bs/b; must be
twice left-ward shifted. Correspondingly, we do not get N-IMLL2 derivability under
the earlier defined: (a/bz/b1)*, (¢/(a/b1/b2))* = c. Nor will we get N-IMLL2 deriv-
ability of (a/bz/b1)*, (¢/(a/b} /b3))* = c. Rather we need: ((a/bz/b1)*)*, ¢/ (a/b%/b%)
= c¢. It remains to be explored, however, whether variations on this strategy could
yield further embeddings between logics which both lack contraction. A further line
of investigation is a comparison with the work of [Kurtonina and Moortgat 1994],
[Kurtonina and Moortgat 1995], who also consider embeddings between (implica-
tional) logics with differing associated structural rules. Most particularly they also
consider embeddings from weaker into stronger logics. This direction of embedding
has not be considered at all in the 2nd order case.

How to react to this undecidability result

We consider now what the reaction to our undecidability result for L€1 ! ,®,\,v’ and
LE/ ’\’v)should be. The strongest possible reaction would be to conclude that these
calculi should now be ruled out as playing a part in the linguist’s toolkit for de-
scribing languages. In response to this, one should note that there are some notable
precedents for not responding to an undecidability result in this way. [Lincoln et al.
1992] prove purely propositional linear logic (i.e quantifier-free) to be undecidable.
[Schieber 1986] and [Johnson 1988], each with respect to their own notion of feature-
structure based grammars, prove that the universal recognition problem is unde-
cidable: there can be no algorithm which, given a feature-structure based grammar
and a string, decides whether the string belongs to the language generated by the
grammar. In neither of these cases has this undecidability stifled interest in the
systems. It is also germane to note examples of decidable but provably intractable
systems which are in wide spread use, such as the type-checking algorithm for the
polymorphic functional programming language ML [Mairson 1990].

In these cases, the continuing interest in the systems involved reflects a switch of
emphasis from the general situation to some restriction of it. Such a move seems the
apt reaction to the undecidability for the 2nd order Lambek calculus, with an inves-
tigation of decidable fragments moving onto the agenda. [Emms 1993b] contains a
preliminary investigation of this, in which a subset of all possible sequents is consid-
ered which have the property that, however a proof is unfolded, a set of subproblems
is generated having the form of (i) in the Unknown Elimination lemma above. This
forms the basis of a decision procedure for such sequents. Sequents involving the
polymorphic categories that have been proposed to have linguistic applications (eg.
VX.X/(a\X) (quantification), VX.X\X/X (coordination), VXVY.c/(X\a)/(X/b)
(extraction)) have this nature, and their derivability can be decided. It is interest-
ing to note that of all the polymorphic formulae involved in the above embeddings,
all but the formula expressing Contraction have this nature as well. Clearly the ques-
tion of decidable fragments is one requiring further attention. The decidability of
one oft-mooted candidate, namely a fragment allowing only outermost quantifiers,
remains an open question.
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The following sequent is derivable in L/°®\¥Y_ but not in L/>\"Y, where a,b,c, d are
distinct atoms.

a/d/c, VX.X/(X\b)/X, ¢, d, d\c\b = a
‘We must first show that the sequent will only have a proof if we can find an X that
make the leaves of the following proof derivable:
X,d\c\b=b
a/dfe, X = a d\c\b=X\b cd= _X/L/L
a/d/c,X[(X/b)/X,c,d,d\c\b = a -
a/d/e,YX.X/(X/b)/X,c,d,d\c\b = a

One can quite quickly eliminate other possible proofs shapes by applying the fol-
lowing observations (whose proofs are here omitted). 1) Let the spine of a prod-
uct free category be recursively defined spine(z/y) = (/, spine(x)), spine(y\z) =
(\, spine(z)), spine(VX.x) = (V, spine(x)), with spine(z) = () otherwise. One can
easily show that when a series, (, of inferences belonging to { Slash L, Slash R,
VL, VR }, separates a pair of inference steps # and $ belonging to { Slash L, VL },
associated with two consecutive connectives on the spine of a category, then there
is an alternative proof, ordering ¢ before # and $, and with # and $ consecutive.
2) Slash (and V) Right inferences can be ordered before all others without loss of
generality. 3) Quantifier-free sequents must satisfy count-invariance [van Benthem
1986].

The derivability of the sequent thus reduces to the problem of finding an X making
the following derivable:

1. a/d/c, X =a

2. X, d\c\b_ =b

3.¢,d = X
Clearly, in the case of L/*®\¥, ¢ ® d is such a value for X. We will show that there
is no product-free value. ‘

It is clear that no atomic X can be a solution. It also clear that the principal
connective of X cannot be ‘/’, for this will not solve 1., and cannot be ‘\’, as this
will not solve 2. This leaves just the possibility that X is quantified. So assume
X has the form VY] ...VY,.y, where y is either atomic or has a slash as principal
connective. In case y is atomic, it is clear X is not a solution for 3. So suppose y
has a slash as principal connective. Clearly the proofs of 1 and 2 must end with a
succession of n (VL) inferences, transforming VY; ...VY,.y to y; in the proof of 1,
and to y2 in the proof of 2. The two proofs will therefore contain the premises:

1:a/d/c,y1 = a

2"t yo, d\c\b = b
In order to solve 1/, y; must have a principal left slash, and in order to solve 2/,
y2 must have a principal right slash, but both y; and y, must also have the same
principal slash as y.

In this way we have eliminated all possibilities for X. O
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