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Class 1

Temporal logic

1.1 Propositional tense logic

The foundations of propositional tense logic are associated with the work of
Arthur N. Prior (Prior 1957, 1967, 1968). In this class we will develop a sim-
plified system, in order to get a general idea of how an existing logic can be
extended to interpret propositions at various times.

We start with a simple propositional logic. I will only give the definitions
of the semantics, and let the syntax follow implicitly.

Definition 1.1 A model M for propositional logic consists of a valuation func-
tion [-]m which assigns to each proposition letter a truth value (0 or 1). Com-
plex expressions are interpreted as follows: if ¢ and { are formulas, then

[(=d)Im = Tiff [¢]m =0.

[(d AWp)]m = Tiff [p]m =T and [b]m = 1.
[(6 V)M =Tiff [pm =T or []m =1T.
[(¢ — b)]m = Tiff [p]m =O0or [b]m =1T.
[( & V)]m = Tiff [b]m = [b]m-

This simple logic is extended to allow propositions to have different truth val-
ues at different times (cf. Gamut 1991: 32-40).

Definition 1.2 A model M for propositional tense logic consists of:

a. a non-empty set I of temporal instants, ordered by a precedence rela-
tion < which is a strict total order (transitive, irreflexive, asymmetric).

b. a valuation function [-]m which assigns to each proposition letter p and
instant iin I a truth value [p]m. i (0 or 1).

Complex expressions are interpreted as follows: if ¢ and \ are formulas, then
[(=¢)m,i = Tiff [d]m,i = 0.
[(dAPY)]m,i =Tiff [d]m,i =T and [P]m = 1.
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(b VP)]m,i =Tiff [p]mi =Tor [W]mi=1.

[(d =) ]mi=Tiff [p]m,=0o0r [b]m,i =1

[(d = W)mi =Tiff [d]m,i = [Wm,i-

[P(d)Im.i = 1iff for some instant i’ in I such thati’ < 1, [¢]m.i = 1.
[F(d)Im,i = 1iff for some instant i’ in I such thati < i/, [p]m i = 1.
[H($)]m i = 1iff for each instant i’ in I such that i’ < i, [¢]m i = 1.
[G(d)]m,i = 1iff for each instant i’ in I such thati < i/, [¢p]m.ir = 1.

Note: Parentheses will be omitted when no ambiguity may arise. Unary oper-
ators are interpreted prior to binary operators.

We say that a formula ¢ is true in a model M ([¢]m = 1) if for all 1 in I,
[d]m i = 1; a formula is called a theorem if it is true in any model.

Exercise 1.1 Prove the following theorems.
i. p - GP¢
ii. P — GPo
iii. PPp — P
iv. P & —~H—¢
Exercise 1.2 What condition on < would make the following into a theorem?

v. P — PPo

1.2 An additional operator: “now”

The operators P, F, H and G shift the interpretation to the past and to the
future. How about an operator for the present? This may seem redundant;
however, Kamp (1971: 229) observes that the term now in in English can affect
the meaning of a sentence.

(1) Ilearned last week that there would be an earthquake.
(2) Ilearned last week that there would now be an earthquake.

What now does is shift the time of interpretation back to the utterance time,
regardless of any temporal operators that it’s embedded under. The same is
true of the English present tense (Kamp 1971: 231).

(3) A child was born that would become ruler of the world.

(4) A child was born that will become ruler of the world.
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(This time-shifting property of the present tense does not hold for all lan-
guages: Sharvit 2003 observes a correlation between the obligatory reference
of present tense to utterance time and the availability of a non-shifted reading
of embedded past tense.)

We want to define a tense operator N, which will act as the adverbial now
or the present tense. However, its semantics cannot be defined in the above
system, because formulas are interpreted with respect to a temporal index cor-
responding to the event time, and the valuation function cannot keep track of
the utterance time. We therefore redefine the valuation function so that each
formula gets a meaning relative to two indices — event time and utterance time.

Definition 1.3 A model M for propositional tense logic with now consists of:

a. a non-empty strict total order (I, <) of temporal instants.

b. a valuation function [-]m which assigns to each proposition letter p and
pair of instants i, in I a truth value [p]m i,; (0 or 1).

Complex expressions are interpreted as follows: if ¢ and { are formulas, then
[(=d)Im s = Tiff [d]m,i; =0
[(dAP)m,i; = Tiff [d]m,i; =Tand [Y]m,ij =T1.
[(dVP)m,iy =Tiff [d]m,i; =Tor [W]m,i; =1
[(d = Y)m,ij =Tiff [¢]m,i; =0o0r [blm,iy =1
[(d = B)m,iy =Tiff [P]m,i; = [WIm,ij-
[P(d)Im,i; = 11iff for some instant i’ in I such thati’ <1, [¢]m,i5 =1
[F(d)Im,i; = 1iff for some instant i’ in I such thati < i/, [¢]m,ir; = 1.
[H(d)]m i; = 1iff for each instant i’ in I such thati’ <1, [¢]m,ir,; = 1.
[G(d)]m,i,; = 1iff for each instant i’ in I such thati < i/, [¢]m,ir; = 1.
[IN(®)Im,5 = Tiff [d]m,,5 =1

In order to capture the intuition that the default interpretation of a formula
(without any temporal operators) is in the present, we give the following def-
inition of truth: a formula ¢ is true in a model M at an instant 1if [d]m i = 1;
a formula ¢ is true in a model M ([¢]m = 1) ifforalliin L, [¢]m,i:i = 1; a
formula is called a theorem if it is true in any model.

Exercise 1.3 Show that the theorems from exercise 1.1 are still valid.
vi. & = GP¢

vii. P — GP

viii. PP$ — P

ix. Py & —H-¢
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Exercise 1.4 Prove the following theorems.
x. & No
xi. N¢ < FN¢

Exercise 1.5 Show that the following are not theorems (i.e. there are models in which
they are false).

xii. P — PN
xiii. PN¢ — P

Using the above semantics, we can give a very rough expression of sentence (4)
using the following formula.

P(a child is born A NF(he is ruler of the world))

But is the temporal operator N really necessary? The above formula is equiva-
lent to the following one, without N.

P(a child is born) A F(he is ruler of the world)

Kamp (1971) shows that in general, any formula in a propositional logic which
uses the operator N has an equivalent formula without N, making the oper-
ator in a sense redundant. However, this is not the case for predicate logic:
a predicate logic with the operator N has formulas for which there exists no
equivalent formula without N.

Exercise 1.6 Kamp (1971: 232) gives the following predicate logic formula as the
meaning representation for sentence (4).

P(3x)(x is born A NF(x is ruler of the world))

Is this an example of a formula that lacks an equivalent without N?

To answer this question, first extend the tensed predicate logic of definition 1.4
below by giving a two-index valuation function and adding the operator N. In the
extended logic, compare Kamp’s formula above to the following formula.

(Ix)(P(x is born) A F(x is ruler of the world))

Ave the two formulas equivalent?

1.3 Tensed predicate logic

We can take a predicate logic and add times to it the same way we did with a
propositional logic.

Definition 1.4 A model M for tensed predicate logic consists of:
a. anon-empty set E of individuals and a non-empty strict total order (I, <)
of temporal instants.

The notation D will designate the set of truth values {0, 1}, D, will des-
ignate the set of individuals E, and for any two types o and T, D ) will
designate the set of functions from D4 to D-.
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b. a valuation function [-]am which assigns to each constant ¢ of any type o
and instant i in I a denotation [¢]m i in Dg.

c. a set of assignment functions, such that each assignment function g as-
signs to each variable v of any type o a denotation [v]4 in D.

The notation g} will be used to designate the assignment function which
assigns the object u to the variable x, and is otherwise identical to g.

Complex expressions are interpreted as follows:
if ¢ is a constant, then [c¢]m,g.i = [c]m 1
if v is a variable, then [V]m g1 = [V]g

if a is an expression of type (o, T) and b is an expression of type o, then

[[a(b)]]M,g,i = [[a]]M,g,i([[b]]M,g,i)
if x is a variable of type o and ¢ is an expression of type t, then

[(3x)b]m,q,i = 1iff for some object uwin D, [d]m, gx,i = 1.
[(¥x)d]m,q,i = 1iff for each object uwin Dy, [d]m gz i = 1.

if x is a variable of type o and a is an expression of type T, then

[(Ax)a]m,g,; is the function h in D (4 1) such that for each object
uin Dg, h(u) = [a]m,gx 1 = 1.

if ¢ and 1 are expressions of type t, then

[[(_‘d))]]l\/l,g,i = 1iff [[(b]]M,g,i =0.

(P AP)m,g,i = Tiff [d]m,g,i =T and [W]m,g,i = 1.

(P V)m,g,i =Tiff [d]m,g,i =T or [W]m g0 =1

(= W)Im,g,i = Tiff []m,g,i =0o0r [W]m g1 =1T.

[(d = P)m,gi=Tiff [d]m,g,i = [W]Mm,g,i-

[P(d)]m,g,i = 1iff for some i’ in I'such thati’ <1i, [d]m,g,ir = 1.
[F(d)Im,g,i = 1iff for some i’ in I such thati < i/, [d]m g,ir = 1.
[H($)Im, g1 = 1iff for each i’ in I such thati’ <1, [¢]m g1 = 1.
[G(d)]m,g,1 = 1iff for each i’ in I such thati < i/, [¢p]m g1 = 1.

[
[
[

A formula ¢ is true in a model M at an instant i ([¢]m 1 = 1) if for all assignment
functions g, [¢p]m,q,i = 1; a formula ¢ is true in a model M ([d]m = 1) if for all
iinI, [¢]m.i = 1; a formula is called a theorem if it is true in any model.

Exercise 1.7 Which of the following formulas are theorems?
xiv. PIxdp < IxPo
xv. GIxd « IxGo

xvi. F¥xd < VxFo

xvii. HYxd <« VxH$

Exercise 1.8 Of the above formulas that are not theorems: how can they be weakened
to make a theorem?

Exercise 1.9 Are the theorems above intuitive? Do we want them to be theorems?
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1.4 Explicit representation of times

The formulas from exercise 1.7 show us that that the operators P and F are
similar to existential quantifiers, while H and G are similar to universal quan-
tifiers. We can modify our language so that it expresses these operators explic-
itly, rather than evaluating expressions at various instants implicitly. To do this
we need to add to our language constants and variables of temporal types.

Definition 1.5 A model M for tensed predicate logic with explicit representa-
tion of time consists of:

a. anon-empty set E of individuals and a non-empty strict total order (I, <)
of temporal instants.

The notation D will designate the set of truth values {0, 1}, D will desig-
nate the set of individuals E, D; will designate the set of instants I, and for
any two types o and 7, D, ) will designate the set of functions from D
to D..

b. a valuation function [-]am which assigns to each constant ¢ of any type o
a denotation [c]m in Dg.

c. a set of assignment functions, such that each assignment function g as-
signs to each variable v of any type o a denotation [v]g in Ds.

The notation g} will be used to designate the assignment function which
assigns the object u to the variable x, and is otherwise identical to g.

Complex expressions are interpreted as follows:
if ¢ is a constant, then [c]m,g = [c]m
if vis a variable, then [v]m, g = [V]g
if a is an expression of type (o, T) and b is an expression of type o, then
[a(®)]m,q = [alm,q([b]m,q)
if x is a variable of type o and ¢ is an expression of type t, then

[(3x)b]m,g = 1 iff for some object win Dy, [P]m, gx = 1.
[(¥x)d]m,q = 1 iff for each object win Dy, [d]m, gx = 1.

if x is a variable of type o and a is an expression of type T, then

[(Ax)a]m,g is the function hin D4 ) such that for each object uin D,
h(u) = [a]m,gx =1

if ¢ and \ are expressions of type t, then

[(=d)Im,q = Titf [@]m,g = 0.

[(dAV)m,g = T1iff [d]m,g = Tand [P]m,q = 1.
[(dV)m,g =Tiff [lm,g =Tor [Pm g =1.
[(d = ¥)m,g =Tiff [d]m,q =0o0r [b]m,g = 1.
[(& = P)Im,g =Tt [@]m,g = [W]m,g-

A formula ¢ is true in a model M ([¢]m = 1) if for all assignment functions g,
[¢lm,q = 1; a formula is called a theorem if it is true in any model.
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Defining tense operators in the language. We first define the logical con-
stant prec, which is a function of type iit.

prec maps two intervals i and i’ to 1 (true) just in case i < i’.

For clarity, we write prec(i)(i’) as i prec i’.

In our language, propositions are not expressions of type t, but rather of
type it — functions from instants to truth values. We define our tense operators
as modifiers of propositions, that is expressions of type (it)it.

P = AJALIV[i’ preciAJ(1)]
F = AJAL3i/[i prec i’ AJ(i)]
H = AJALVA/[i/ prec i A J(1)]
G = AJALVA'[i prec i’ AJ(i)]

A proposition Ai.J(i) of type it can be considered true in a model M at an instant j
if [AMLJ(D)]mG) =1



Class 2

Tense and time adverbs

2.1 Tenses as operators: problems

Tense operators shift the evaluation time of statements. This causes problems
when two distinct expressions in a sentence seem to place a statement in the
same time, for instance past tense and the adverb yesterday in the following
sentence (Dowty 1982: 23).

(1) John left yesterday.

In order to see the problem I will use a logical language much simpler than
Dowty’s — a propositional logic with explicit representation of times.

Definition 2.1 A model M for propositional tense logic with explicit represen-
tation of times consists of:

a. anon-empty strict total order (I, <) of temporal instants.

b. a valuation function [-Jam which assigns to each constant ¢ of any type o
a denotation [c[am in Dg.

c. a set of assignment functions, such that each assignment function g as-
signs to each variable v of any type ¢ a denotation [v]4 in D.

Complex expressions are interpreted as follows:
if ¢ is a constant, then [c]m, g = [c[m
if vis a variable, then [v]m, g = [V]g
if a is an expression of type (o, T) and b is an expression of type o, then
[a(®)]m,q = [alm,g([b]m,q)
if x is a variable of type o and ¢ is an expression of type t, then

[(3x)b]m,q = 1 iff for some object win Dy, [p]m,gx = 1.
[(vx)b]m,q = 1iff for each object win Dy, [dp]m,gx = 1.

if x is a variable of type o and a is an expression of type T, then

8
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[(Ax)a]m,g is the function hin D4 ) such that for each object uin D,
h(u) = [a]m,gx =1

if ¢ and 1\ are expressions of type t, then
[(=d)Im,g = Tiff [d]m,g = 0.
[(b AW)m,q =Tiff [¢]m,g = Tand [Y]m,g = 1.
[(dVW)lm,g = Tiff [@]m,g =T or [b]m,g = 1.
[(d = W)m,q = Tiff [d]m,q =0or [b]m,g = 1.
[(d = W)m,g = Tiff [b]m,g = [W]m,q-

The following constants of type iit will have the same denotation in every
model (relative to the temporal domain in the model).

prec maps two intervals i and i’ to 1 (true) just in case i < i’.

prev-day maps two intervals i and i’ to 1 (true) just in case i is on the
day that immediately precedes i’ (this presupposes a division of the
temporal domain into days).

For clarity, we write the expressions prec(i’)(i) and prev-day(i’)(i) as i prec i’
and i prev-day i’ respectively.
We now define temporal operators that use these constants; P is supposed
to be the correlate of past tense, and Y — the correlate of the adverb yesterday.
P =AJAL3V [ prec iAT(i)]
Y = AJALIV[ prev-day i A J(i')]

Exercise 2.1 Assume that john-leave is a constant of type it, true of all the instants
in which John leaves. What do the following expressions denote?

i. PY(john-leave)

ii. YP(john-leave)
Is either expression a suitable representation of the sentence John left yesterday?
A related problem occurs with the following sentence (Partee 1973: 602).

(2) Ididn’t turn off the stove.

Exercise 2.2 Assume that I-turn-off-the-stove is a constant of type it, true of all
the instants in which I turn off the stove. Let N be a high-type version of the negation
operator: A\JM.—]J(1). What do the following expressions denote?

iii. 7MP(I-turn-off-the-stove)
iv. POi(I-turn-off-the-stove)

Is either expression a suitable representation of the sentence | didn’t turn off the stove?
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2.2 Tenses as predicates

Dowty (1982) offers a semantics in which tense and time adverbs are not oper-
ators that shift the time, but rather predicates that impose conditions on times.
Tenses and certain adverbs make reference to the utterance time, so the eval-
uation function also needs to keep track of the utterance time. We revise our
logical language in definition 2.1 by replacing clause b with the following:

b. a valuation function [-Jam which assigns to each constant ¢ of any type o
and instant j in I a denotation [c[m ; in Dg.

We also replace each occurrence of [-]m ... in the definition with [-]m,... ;.
We add a special indexical constant of type i, whose meaning is always the
utterance time (this is not Dowty’s constant t*!).

[ulm,; =]
This constant is used in defining P and Y.
P = AJAidi precu AJ(i)
Y = AJAii prev-day u A J(i)
Exercise 2.3 What do the expressions from the previous exercises denote now?
v. PY(john-leave)
vi. YP(john-leave)
vii. 9P (I-turn-off-the-stove)
viii. POi(I-turn-off-the-stove)

Do they differ in meaning? Ave they suitable representations of the sentences they’re
intended to stand for?

2.3 Instants and intervals

Partee (1973: 602-603) observes that sentence (2) I didn’t turn off the stove makes
reference to “a definite interval whose identity is generally clear from extralin-
guistic context”. A key term here is interval. Expression viii in exercise 2.3
P91(I-turn-off-the-stove) denotes the set of past times i such that I didn’t turn
off the stove at i. How can this set be connected to Partee’s “definite interval”?

One possibility is to decide that the interval is the set of instants; this would
amount to the following definition of truth: an expression ] of type it is true
relative to a contextually determined interval J’ if for all instants iin J/, J(i) = 1.

Alternatively, we can decide that the basic units for evaluation of proposi-
tions are intervals. In this case the domain I is no longer a strictly ordered set
of instants, but rather a set of temporal intervals with both a precedence rela-
tion < (which may be only a partial order) and a subinterval relation C. Such
a domain can be defined on a base of instants, or intervals may be considered
primitive. Interval semantics raises many questions, for instance:
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e What are the precedence relations between partly overlapping intervals?
Fully overlapping intervals?

e What is the relation between truth at an interval and truth at a subinterval
or superinterval?

e What does it mean to be false at an interval? How does this carry over to
truth and falsity at a subinterval or superinterval?

These are all complicated questions, which we will not develop in this course.
See Landman (1991: chapter 5) for references and the discussion of a particular
proposal. For the discussion of temporal quantification in classes 4 and 5 it will
be convenient to assume that some minimal interval structure is present, but
we will not need to go into the full details (and complications!).

2.4 Before and after

We will now add constructs to the language in order to express the meanings
of the prepositions before and after. We want to define the meanings of the
symbols B and A to give translations like the following.

(3) John left before Sue arrived.
B(sue-arrive)(john-leave)
The temporal clause before Sue arrived is a constituent that functions as an ad-
verbial, like yesterday or on Tuesday. On the way to determining the meaning

of B, we look at the desired meaning of the expression B(sue-arrive), which
functions as a one-place temporal predicate.

B(sue-arrive) = AJAi.“before-sue-arrive” (i) A J(i)

We now replace the pseudo-predicate “before-sue-arrive” by noting that it is
true of an interval 1 if i precedes some interval at which the predicate sue-arrive
holds (this is just an approximation and is open to debate, see discussion fur-
ther down).

B(sue-arrive) = AJAi.3i/[sue-arrive(i’) Aipreci’] AJ(1)

Finally, we extract the meaning of B by abstracting over the temporal property
sue-arrive from the previous definition. The result is a relational predicate,
which maps two temporal properties to a third one. An analogous definition
can be given for A (“after”).

B = AJ/AJM.3V[J/(1') Aipreci’] AT()
A =AAJALTV[/()) A preci] AT(i)

As with the relation prec, we will sometimes write ] B J’ instead of the more
cumbersome B(]’)(]).

Exercise 2.4 Presumably, the translation of John left before Sue arrived would also in-
clude tenses, as in the following examples.

ix. P(john-leave) B P(sue-arrive)
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x. P(john-leave B P(sue-arrive))

Is there a difference between the above meanings? Is either of them the desired repre-
sentation?

Exercise 2.5 Give a predicate meaning to F “future” along the lines of our meaning
for P. Is there a difference between the two expressions below?

xi. P(john-leave) B F(sue-arrive)
xii. P(john-leave B F(sue-arrive))

Is either of the above an adequate representation of a sentence in English? Which
sentence?

Anscombe (1964) observed some curious differences between the behavior of
before and after, which raise doubts about the correctness of the semantics we
gave to B above. Here are some of the differences (not all of them are due to
Anscombe).

Before is transitive, after is not. If Kennedy was assassinated before Johnson
was president, and Johnson was president before King was assassinated,
then Kennedy was assassinated before King was assassinated; but if Rea-
gan was shot after he was president, and Reagan was president after the
Challenger blew up, it does not follow that Reagan was shot after the
Challenger blew up.

Before licenses Negative Polarity Items, after does not. It is possible to say in
English John left before Sue ever arrived, but not *Sue arrived after John ever

left.

Before does not entail its complement, after does. The sentence Beethoven died
before he wrote ten symphonies can be true while Beethoven wrote ten sym-
phonies is false; similar examples can not be given with after.

One way of accounting for the differences (at least some of them) is to say that
while “¢ after " should be true if ¢ takes place after some occurrence of 1,
the converse “¢ before {” should be true if ¢ takes place before all occurrences

of .
Exercise 2.6 Modify the definition of B above to capture this new intuition.

For a detailed, guided exercise on the asymmetries between before and after,
with particular emphasis on the Negative Polarity Item issue, see Landman
(1991: 140-145). For an analysis of before and after as converses, see Beaver and
Condoravdi (to appear).
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Generalized quantifiers

For this class we assume a logical language with lambda abstraction (at least
second-order, that is with variables of type et), but with only one domain of
individuals and consequently no temporal types, variables, constants etc.; we
also ignore all tenses in the English examples.

3.1 Syntactic motivation

We want to find a systematic relation between natural language sentences with
quantifiers and the logical formulas that represent their meanings, for example
the following English sentences and their translations into first-order logic.

(1) Every boy walks: Vx[boy(x) — walk(x)]
(2) Some boy walks: Ix[boy(x) A walk(x)]

The relation should be compositional: it should respect the constituent structure
of natural language, and assign a meaning representation to each constituent.

(3) [ [Every boy]yp walks]g
(4) [ [Some boy]yp walks]g

The words boy and walks translate as the constants boy and walk of type et,
respectively. Since we know the meanings of these constituents as well as the
desired meanings of sentences (1) and (2), we conclude that the meaning of the
noun phrases every boy and some boy are functions that bring us from the former
to the latter.

(5) Every boy: AQ.¥x[boy(x) — Q(x]]
(6) Some boy: AQ.3x[boy(x) A Q(x)]

These NP denotations are functions of type (et)t, mapping properties of enti-
ties to truth values (they’re properties of properties); they are called generalized
quantifiers.

Going one step further, we can extract the meanings of every and some as
functions that take us from properties to generalized quantifiers.

13



14 ESSLLI 2004: Temporality and Quantification

(7) Every: APAQ.Vx[P(x) — Q(x)]
(8) Some: APAQ.Fx[P(x) A Q(x)]

These are functions of type (et)(et)t and are called determiners.

Many determiners and generalized quantifiers cannot be expressed as a
lambda-abstract of a property variable over a first-order predicate logic for-
mula. For example, there is no way to express the proposition “most boys
walk” in first-order logic. The semantics can still be specified. For instance, the
generalized quantifier most boys is a function which maps a property to true if
it is a property that is true of most boys, and the determiner most maps any two
properties P and Q to true if the property Q is true of most of the individuals
of which P is true. A language with generalized quantifiers does not need to
have property variables at all, nor predicate logic quantifiers like 3 and V; see
Barwise and Cooper (1981) for such a language.

Set notation. Instead of functions from objects to truth values we can talk
about their characterizing sets. Thus, boy — the function which maps all the
boys to 1 and all the non-boys to 0 — is the characteristic function of the set of
boys. It is sometimes convenient to talk about denotations as sets, other times
as functions. We can use the same symbols (like boy) in set notation; usually
no confusion will arise as to whether we intend it as a function or a set.

Generalized quantifiers are the characteristic functions of sets of sets: the
function denoted by every boy is true of a property Q if Q is true of all the boys;
so it is true of a set Q if Q includes the set of boys. Every boy is thus the set of
sets which are supersets of the set of boys.

(9) Everyboy: {Q | boy C Q}

Exercise 3.1 Which set does the generalized quantifier some boy stand for? How about
no boys, few boys, most boys, at least five boys?

Exercise 3.2 What would determiners represent as sets? Which sets do every, some,
no, few, most, and at least five stand for?

3.2 Conservativity

We say that a generalized quantifier “lives on” a set A if it denotes the same
function when the domain is restricted to the set A.

Definition 3.1 In a model with a domain E, a generalized quantifier T (a set of
subsets of E) lives on a set A C E if and only if for any set X C E,

XeTifandonlyif XNA €T

A generalized quantifier can live on many sets. Trivially, every generalized
quantifier lives on the entire domain. In a model where all men are people, the
generalized quantifier denoted by every man will live on the set of men, and
also on the set of people, but not necessarily on the set of women.
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Exercise 3.3 Prove the following statements.

i. If a generalized quantifier T lives on a set A, then it also lives on all sets B
such that A C B C E.

ii. If a generalized quantifier T lives on two sets A and B, then it also lives
on ANB.

A determiner is called conservative if it maps each set A to a generalized quan-
tifier that lives on A.

Definition 3.2 In a model with a domain E, a determiner D (a relation between
subsets of E) is conservative if and only if for any sets A,B C E,

D(A)(B) if and only if D(A)(A N B)

It appears that all natural language determiners are conservative. A classic
example of something that looks like a determiner but is not conservative is
only. If only is a determiner, then only boys should be a generalized quantifier —
the set of all properties that are only true of boys, that is the set of subsets
of boy: {X | X C boy}. But this generalized quantifier doesn’t live on the set
boy: restricting our domain to the set of boys may change the denotation of the
generalized quantifier. For instance, it may be that in a certain model both boys
and girls talk; the set of talkers is not a subset of the set of boys: talk Z boy,
but the set of boy talkers is: talk N boy C boy. Our conclusion is that only
is not a determiner. This is supported by additional linguistic evidence, for
instance only can modify various constituents that determiners can’t, such as
verb phrases (John only eats cheese) and preposition phrases (Sue eats only with a
fork).

Keenan and Stavi (1986) show that the set of conservative determiners can
be defined using a small generator set of basic determiners and the boolean
operations of complement, meet and join.

3.3 Conjunction and type shifting

Generalized conjunction. The logical connector ‘and” A is a truth function of
type ttt, mapping a pair of truth values to a third truth value. The natural lan-
guage conjunction and can conjoin various constituents of different types, such
as noun phrases (every boy and some girl smiled), transitive verbs (John kissed and
hugged Mike), verb phrases (John kissed Bill and hugged Mike), sentences (John
laughs and Bill cries), determiners (at least three and at most five boys laughed) and
more. Gazdar (1980) offers a scheme for reducing such constituent coordina-
tion to propositional conjunction.

Definition 3.3 The generalized conjunction operation M is defined as follows.
If a and b are expressions of type t, then aMb =a Ab.

If a and b are expressions of type o, with T a conjoinable type (basically
one “ending in t”), and x is a variable of type o, then arb = Ax.a(x)rb(x).
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Type shifting. Generalized quantifiers are functions of type (et)t, whose ar-
guments are properties of individuals such as verb phrases. Transitive verbs
like kiss are relations of type eet: AyAx.kiss(x,y). This type cannot combine
with an object generalized quantifier; we therefore offer a rule of type-shifting
which allows the transitive verb to accommodate an object of a higher type.

Definition 3.4 A relation R of type eet applies to a generalized quantifier of
type (et)t by raising to type ((et)t)et:

R — ATAx. 7T (Ay.R(x,y))

Exercise 3.4 What is the translation of the verb phrase kisses every boy according to
the above rule?

Exercise 3.5 Steedman (2003) gives a grammar in which transitive verbs remain in
their original type, but the type of object generalized quantifiers shifts in order to ac-
commodate transitive verb arquments. Write a type-shifting rule that has this effect.

Type ambiguity. (This is a simplified version of the argument in Partee and
Rooth 1983; I will note major departures.) Transitive verbs are ambiguous be-
tween a low type and a type-raised version. This has consequences for conjunc-
tion, since conjunction at a low type leads to different results than conjunction
at a high type. Assume the following translations: the transitive verbs catch
and eat translate as the constants catch, eat of type eet, and the noun phrase a
fish translates as the generalized quantifier AQ.3yl[fish(y) A Q(y)] of type (et)t.
We want to conjoin the verbs and apply the conjunct to the object, as in the
sentence John caught and ate a fish.

Conjunction can be performed at a high or low type. Let’s demonstrate first
conjunction at the high type. We start with the type-shifted translations of the
transitive verbs.

catch: ATAx.T(Ay.catch(x,y)) eat: ATAx.T(Ay.eat(x,y))

These translations are conjoined according to the definition of generalized con-
junction 3.3.

catch and eat: ATAx.T(Ay.catch(x,y)) MATAx.T(Ay.eat(x, y))
=  ATAx.T(Ay.catch(x,y)) N Ax.T(Ay.eat(x,y))
= ATAx.T(Ay.catch(x,y)) A T(Ay.eat(x,y))

And the conjoined verb phrase applies to the object.
catch and eat a fish: Ax.3ylfish(y) A catch(x, y)] A Jylfish(y) A eat(x,y)]

The result: the sentence John caught and ate a fish will be true if there is a fish that
he caught and a fish that he ate. This is not the natural reading of the sentence.

Next, we try conjunction at the low type. We conjoin the unshifted transla-
tions of the transitive verbs.

catch and eat: catch Meat = Ay.catch(y) Meat(y) = AyAx.catch(x,y) A eat(x,y)

It is the conjoined meaning that is subject to the type shifting rule of defini-
tion 3.4 (Partee and Rooth only allow type shifting as a lexical rule, and use
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quantifying-in in order to combine an unshifted transitive verb with a gener-
alized quantifier object; I use type shifting here in order to avoid introducing a
rule of quantifying-in).

catch and eat: ATAx.T(Ay.catch(x,y) A eat(x,y))
The conjoined shifted verb applies to the object.
catch and eat a fish: Ax.3ylfish(y) A catch(x,y) A eat(x,y)]

The result: the sentence John caught and ate a fish will be true if there is one fish
that he both caught and ate. This is the natural reading of the sentence. Our
conclusion: conjunction of transitive verbs happens at the lower type.

However, Partee and Rooth observe that other conjoined transitive verbs
show an exact opposite preference: the natural reading of John wants and needs
two secretaries is that he wants two and needs two, but not necessarily the same
two — not even any specific two secretaries. We can capture this by saying that
the verbs want and need are not relations between individuals, but as their basic
meanings are relations between an individual and a higher-order object, say a
generalized quantifier. (In Partee and Rooth’s treatment, such verbs take an
even higher-order object, namely the intension of a generalized quantifier; this
is because John may want or need a secretary and not want or need a lawyer,
even if all the secretaries happen to be lawyers and vice versa. Here I want to
avoid introducing intensionality, and having an extensional generalized quan-
tifier object is enough to force conjunction to the higher type.)

want: ATAx.want(x, T) need: ATAx.need(x, T)

want and need: ATAx.want(x, T) M ATAx.need(x, T)
= ATAx.want(x,T) M Ax.need(x, T)
= ATAx.want(x, T) A need(x, T)

Finally, coordination of a high-type transitive verb with a low-type verb also
needs to be performed at the high type, since conjunction in definition 3.3 is
only defined for expressions of the same type. This gives the correct prediction,
that in a sentence like John needed and bought a new coat, it is not necessarily
one coat that he both needed and bought. Conclusion: transitive verbs are
coordinated at the lowest possible type, and are raised when needed.



Class 4

Quantificational temporal
modifiers

The theory of quantificational temporal modifiers is based on the proposals in
Pratt and Francez (1997, 2001), as developed further by von Stechow (2002),
Francez and Steedman (to appear), Artstein (2004) and Artstein and Francez
(2003). These works use somewhat different formalisms to account for simi-
lar facts, and here I will use the formalism of Artstein (2004). Actually, classes
4 and 5 follow Artstein (2004) rather closely — so closely, that most of the an-
swers to the exercises can be found in the paper! Though you may be able to
come up with better answers...©

We will use a two-sorted translation language with lambda abstraction,
which represents times explicitly: e is the type of individuals and i of time in-
tervals. Verbs and temporal nouns have temporal arguments: the basic mean-
ing of an intransitive verb like cry is a relation between individuals and time
intervals AxAi.cry(x)(i) (type eit), and a noun like meeting in a temporal con-
text is a property of time intervals Ai.meeting(i) (type it) — those time intervals
during which a meeting takes place.

The translation also explicitly represents temporal context. A distinguished
free variable T stands for the overall temporal context of evaluation (its meaning
is determined by an assignment function).

Temporal modification means subordinating the temporal context of a par-
ticular linguistic expression to that of another expression, through the binding
of the free temporal context variable of the temporally subordinate expression.
For a detailed discussion of why temporal modifiers should operate on the
context of linguistic expressions see Pratt and Francez (2001: 200-206). Here's
the crux of the argument. Modifying the event time, as in section 2.2 above (see
also Dowty 1979; Stump 1985), works fine with non-quantificational temporal
modifiers, as in the following example from Stump (1985: 103).

(1) Yesterday John saw Mary in the morning, after bill arrived.

The temporal modifiers can apply in turn to a temporal property formed by
abstracting over the event time of the verb; this results in a series of conjoined
temporal predicates that do not stand in a scope relation to one another.

But when temporal modifiers are quantificational, they do stand in scope

18
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relations: in the following example, the modifier during most conferences takes
scope above after each meeting.

(2) John saw Mary after each meeting during most conferences

In order to allow scoped relations, each modifier has to apply to a distinct tem-
poral variable, but the verb (or any other temporal predicate) only has one
event time. Temporal modifiers must therefore operate on something other
than the event time of the expression they modify, and this is the context. Since
each modifier introduces its own context, the number of modifiers is in princi-
ple unlimited and leads to the phenomenon of “cascading” (Pratt and Francez
2001, see also section 4.4 below).

4.1 Basic sentence meanings

Natural language predicates are indexed to time intervals. An intransitive verb
like cry denotes a relation between individuals and time intervals (type eit); the
denotation we get for a sentence like Bill cried is a property of time intervals —
the set of times at which Bill cried (I ignore tense for the purpose of this class,
but see exercise 4.1 below).

(B) cry: AxAi.cry(x)(i)
(4) Bill cried: A.cry(bill)(i)

The sentence Bill cried is true if a time that satisfies (4) exists within the gen-
eral time frame in which the sentence is evaluated. We express these truth
conditions by altering the representation in (4), subjecting it to two operations
that apply in succession: contextualization (5a) introduces the temporal context
variable T which stands for the context of evaluation, and existential closure (6a)
closes off the event time variable by turning the lambda operator into an exis-
tential quantifier (the latter is akin to the existential closure of an event argu-
ment in event semantics).

(5) a. Contextualization operation (type (it)it): AIAMi.1 CTAI(Q)
b. Bill cried: Ai.i CTA cry(bill)(i)

(6) a. Existential closure operation (type (it)t): AL.3i[I(i)]
b. Bill cried: Fi[i CTA cry(bill)(1)]

The final representation (6b) is the translation of the sentence Bill cried; it is
true with respect to a model M and an evaluation context 7 if there exists an
interval i included in 7 such that Bill cried at i in M.

The inclusion relation between the event time and context is similar to the
relation proposed by Kamp and Reyle (1993) between an eventuality and the
discourse referent which plays the role of its “location time”. Temporal inclu-
sion of an event time in its context is considered by von Stechow (2002: sec-
tions 10-11) to be the meaning of perfective aspect. In order to avoid the com-
plications raised by aspectual class, I will always choose examples with pred-
icates for which inclusion is the appropriate relation. Contextualization must
precede existential closure because it has to apply at a point where the time
variable of the predicate is accessible.
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4.2 Temporal generalized quantifiers

Temporal modifiers like the PP after each meeting are temporal generalized quan-
tifiers of type (it)t. I take common nouns like meeting to denote predicates
of times rather than predicates of events when placed in a temporal context,
e.g. as the complement of a temporal preposition; the temporal noun meeting is
a predicate of type it.

(7) meeting: AMi.meeting(1)

A predicate like meeting is itself evaluated with respect to the overall temporal
context, so the temporal context variable 1 is introduced by the contextualiza-
tion operation.

(8) meeting: Al.i C 1/ meeting(i)

The determiner each in a temporal NP like each meeting is similar to the familiar
nominal determiner each, except that it denotes a relation between predicates
of times rather than predicates of individuals — it is of type (it)(it)t rather than
type (et)(et)t. Each combines with the contextualized translation of the noun
meeting in the obvious way.

(9) each: AIAJVA[I(1) — J(1)]
(10) each meeting: AJ.Vi[(i C T/ meeting(i)) — J(i)]

Since the common noun meeting was taken to be a predicate of times, it should
come as no surprise that the expression each meeting, when placed in a tem-
poral context, denotes a temporal generalized quantifier, that is a predicate of
predicates of times.

The temporal preposition after translates as a function of type ((it)t)(it)t,
mapping temporal generalized quantifiers to temporal generalized quantifiers;
this higher-order function is defined using the primitive temporal function
AiMj.after; (j) from interval pairs to intervals (type iii).

(11) after;(j) is the interval spanning from the end of j to the end of 1, if j C 1;
undefined otherwise.

The proposition that an interval j’ follows j (within a context i) can be ex-
pressed by the formula j’ C after; (j).

As for the higher-order translation of the preposition after, we note that
the temporal generalized quantifier each meeting (10) maps any temporal pred-
icate ] to the statement that J holds of each interval which is a meeting; the ex-
pression after each meeting should map a temporal predicate ] to the statement
that ] holds after each interval which is a meeting. Therefore the preposition
after should denote a function which takes a temporal generalized quantifier of
the form AJ.¢$ and “injects” the temporal function after into the complement(s)

of Jin ¢.
(12) after: AT (WUt AT T (Ai.](after;(1)))

The preposition after uses the overall temporal context of evaluation 1 as the
context argument of the temporal primitive after; this will be used in the ac-
count of temporal cascades in section 4.4.
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The temporal PP after each meeting gets its meaning by straightforward ap-
plication of the preposition after (12) to the temporal generalized quantifier each
meeting (10). The result is a temporal generalized quantifier.

(13) after each meeting: AJ.Vi[(i CT/A meeting(i)) — J(aftery(i))]

The PP after each meeting modifies the sentence Bill cried (I assume for the mo-
ment that the PP attaches as an adjunct to the entire main clause, this will be
revised in section 4.3). The temporal generalized quantifier (13) needs to ap-
ply to a temporal property; we form such a property by abstracting over the
free temporal context variable 1 in the existentially closed meaning of the main
clause (6b). This has the effect of subordinating the temporal context of the
main clause to that of the temporal modifier.

(14) Bill cried after each meeting:
AJVi[(1 CT A meeting(i)) — J(aftery(1))[(AT.I'[L" CTA cry(bill)(i')])
= Vi[(i CT A meeting(i)) — Fi'[i’ C after;y(i) A cry(bill)(i)]]

We can view abstraction over a free temporal context variable as part of the
rule of temporal modification, or as an independent operation that necessar-
ily precedes it; an independent application of an abstraction operation will be
needed for the computation of aggregate readings in section 5.4. In (23) below
we will revise the abstraction rule to allow it to apply to types other than t.

Exercise 4.1 How can tense be added to the system? Notice that sentence i can be
uttered felicitously while the meeting is still going on, and that sentence ii can be
uttered felicitously even though today is not in the past.

i. Bill cried before the meeting.
ii. Bill cried today.

In light of this, should tense apply above or below the temporal modifier? Should it
modify the context or the event time?

Exercise 4.2 In sentence iii below, quoted by von Stechow (2002: 759) from Ogihara
(1994), the domain of quantification is restricted to the past.

iii. John called every Monday.

How can tense enforce this kind of restriction?

Exercise 4.3 Temporal primitives like after are functions of type iii; this goes against
a basic intuition, that after makes reference to a relation between times (recall that
the primitive prec from section 2.1 was a relation of type iit). Can we replace our
primitive after with prec? What changes would we have to make? What would be the
benefits or disadvantages?

Exercise 4.4 Sentence (14) comes out true if Bill cries once, within the overall context
after the last meeting. How can we get correct this undesirable behavior? Is there a
way to refine the meaning of after so that it forces the interleaving of cryings between
the meetings? (Kamp and Reyle 1993: 628 say that this is very difficult!)
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Exercise 4.5 Assume the obvious definitions for the temporal primitive during and
the preposition during.

iv. during; (j) is the interval j itself, if j C 1; undefined otherwise.
v. The preposition during translates as AT O] T (ML ( during,(i))).

It turns out, that the preposition during is almost redundant: applying the meaning
in v. to a temporal generalized quantifier results in the original temporal generalized
quantifier! Show how this follows from the assumptions that (a) temporal determiners
only apply to contextualized NPs, and (b) natural language determiners are conserva-
tive.

4.3 The scope of temporal generalized quantifiers

Temporal generalized quantifiers can interact scopally with a quantificational
argument of the verb. The following sentence displays a classical scope ambi-

guity.

Exactly three executives
(15) { Few executives cried during each meeting.
Some executive

The two scoped readings are independent of one another:

A wide scope reading of exactly three executives states that exactly three execu-
tives are such that they cried during each meeting (though at some or all
of the meetings there may have been additional executives who cried).

A narrow scope reading of exactly three executives states that at each meeting,
the number of executives who cried was exactly three (but not necessarily
the same executives cried at all meetings).

In order to account for the scoped readings we need to resolve some type mis-
matches that arise in the course of semantic derivation, as well as generalize
the temporal abstraction rule to apply to types other than t.

Scope ambiguities are usually dealt with using a scope mechanism, such as
Quantifying-in (Montague 1973), Quantifier Storage (Cooper 1983) and Quan-
tifier Raising (May 1985). The details depend on the theory of the syntax-
semantics interface. In order to avoid the need to introduce a scope mecha-
nism, I'll just read off the two readings from two imaginary surface structures.

(16) a. [[Some executive cried] during each meeting].

b. Some executive [[cried] during each meeting].

Wide scope temporal generalized quantifiers (16a). The meaning of the un-
modified clause, some executive cried, is the result of applying the subject as well
as contextualization and existential closure to the verb cry.

(3) cry: AxAi.cry(x)(i)

In section 4.1 we saw how contextualization and existential closure apply to the
entire sentence; contextualization and existential closure can also apply to the
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verb directly (this can be motivated syntactically by using a mechanism that
gives the subject scope above these operations, for instance Quantifying-in,
Quantifier Storage or Quantifier Raising). In the sentence some executive cried,
the relative scope of the subject and existential closure doesn’t matter because
they both contribute existential quantifiers. However, it is instructive to show
how contextualization and existential closure apply to the verb, because this
will be needed in for the narrow-scope temporal generalized quantifiers.

The contextualization operation (5a) is a function of type (it)it, and is thus
of the wrong type to combine with the verb via functional application; it can
however combine via functional composition.

(17) Functional composition: T o gP? =4 ArP.f(g(r))
[p, o, T are variables over types]

(18) cry: AIAMA CTAI(L) o AxAl.ery(x)(i)
= M AIMA SEAT()](AxAL.ery(x) (1)](x))
= MxAil CTA ery(x)(i)

The existentially closed meaning of the verb cry is likewise arrived at through
functional composition of the existential closure operation (6a) with the con-
textualized meaning of the verb.

(19) cry: ALFi[I(i)] o AxALi CT A ery(x)(i)
= M ALFI) N ([AxALL CSTA ery(x) (1)](x))
= M3 CTA ery(x)(1)]

The subject some executive is a familiar (nominal) generalized quantifier; it ap-
plies to the VP meaning to give the meaning of the sentence some executive cried,
with a free temporal context variable.

(20) some executive: AP.3x[exec(x) A P(x)]

(21) some executive cried:
AP.Ix[exec(x) A P(x)](Ax.Fi[i CTA cry(x)(i)])
= Ix[exec(x) A Fi[i CTA cry(x)(i)]]

Finally, the temporal PP applies. Recall the result of exercise 4.5, which es-
tablished that the meaning of during each meeting is identical to that of each
meeting (10). This is a temporal generalized quantifier, and it applies to the
X-abstract over the meaning of some executive cried.

(22) some executive cried during each meeting:
AJVil(i CTA meeting(i)) — J(i)]
(At Ix[exec(x) A FH'[I" CTAery(x)(i")]])
= Vi[(i CT A meeting(i)) — Ix[exec(x) A FH'[i" T i A cry(x)(i")]]]

The resulting meaning is that for each meeting there is an executive who cried
during that meeting. Executives may vary with meetings, which is precisely
the reading we want.

Narrow scope temporal generalized quantifiers (16b). The temporal PP has
to apply to the verb before the subject does. As in the previous cases of tempo-
ral modification, the temporal generalized quantifier meaning of the modifier
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has to combine with an abstract over the temporal context variable of the ex-
istentially closed meaning of the verb (19). Since the latter is of a type higher
than t, simple prefixation of AT to the verb meaning will not work. Rather, the
lambda abstract over the temporal context variable is added to the verb mean-
ing as the last lambda operator.

(23) A temporal modifier denoting a temporal generalized quantifier 7 of
type (it)t combines with a constituent with a denotation As;...Asn.¢
of type o7 ... ont for some n > 0 via functional application or composi-
tion (whichever is appropriate) of 7 to the meaning As; ...AspAl.¢ (the
string of lambdas may be empty).

When the modified constituent is of type t, the rule results in prefixation of AT
as we have seen so far. When the rule is applied to a predicate of type et,
the abstractor AT skips over the initial Ax; this can be thought of as functional
composition of the abstraction operation itself (thanks to Fred Landman for
this observation).

The meaning of the VP cried during each meeting is derived through func-
tional composition of the temporal generalized quantifier with the lambda ab-
stract over the temporal context variable of the verb meaning (24); the VP then
combines with the subject meaning (20) to give the meaning of the complete
sentence (25).

(24) cried during each meeting:
ALVi[(i CTAmeeting(i)) — J(i)] o ATV [V CTA ery(x)(i/)]
= Ax.[A].Vi[(i CT A meeting(i)) — J(i)]]
(AXATF'[L ST A ery(x)(1)]1(x))
= Mx.Vi[(i CT A meeting(i)) — F'[i’ CTiA cry(x)(i')]]

(25) some executive cried during each meeting:
AP.3x[exec(x) A P(x)]
(Ax.Vi[(i ST A meeting(i)) — F'[i’ CiAcry(x)([i)]])
= Ix[exec(x) AVi[(i CT A meeting(i)) — Fi'[i’ CTiAcry(x)(i")]]]

This derivation entails the existence of one particular executive who cried at
each meeting, which is the desired narrow-scope reading of the temporal gen-
eralized quantifier.

4.4 Temporal cascades

A temporally modified sentence can be modified again, resulting in what Pratt
and Francez (2001) call temporal cascades. Take for example the sentence Bill
cried after each meeting on Tuesday, where Tuesday is taken to refer to a particu-
lar day (e.g. Tuesday, August 17, 2004): the sentence is true if the sentence Bill
cried after each meeting is true when evaluated on Tuesday. The word Tuesday
will be translated as the constant tues of type it (a property of time intervals).
Constituents like every Tuesday or few Tuesdays show that the function tues is
true of all intervals which are Tuesdays, but when translating bare Tuesday the
function is true of only one particular interval which is determined from con-
text; how it gets chosen is a complicated matter which will not concern us here
(for discussion see Kamp and Reyle 1993: 614ff).
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Like other temporal predicates, Tuesday is interpreted in context (26); an
implicit existential determiner meaning (27) turns the contextualized temporal
property into a temporal generalized quantifier (28).

(26) Tuesday: Ai.i C{Atues(i)
(27) Implicit existential determiner: AIAJ.Fi[I(i) A J(i)]
(28) Tuesday: AJ.Fi[i CTAtues(i) A J(i)]

The preposition on, like its counterpart during, does not change the meaning of
its complement (exercise 4.5), and the resulting temporal generalized quantifier
combines with the Xi-abstract over the meaning of the sentence Bill cried after
each meeting (14).

(29) on Tuesday: AJ.3i[i CTAtues(i) A J(i)]

(30) Bill cried after each meeting on Tuesday:
A3 CT A tues(i) AJ(1)]
(AMVL'[(1” CT A meeting(i’)) — FL"[1” C aftery(i’) A cry(bill)(i”)]])
=Ji[i CTAtues(i) A
Vi'[(1" € iAmeeting(i’)) — JL"[i” C after;(i’) A cry(bill)(i”)]]]

This is the correct meaning of the sentence — there is some interval which is
Tuesday, and each meeting during this interval was followed by an interval in
which Bill cried.

4.5 Temporal modification of nouns

The sentence Bill cried after each meeting on a Tuesday has a reading which is true
if there were several Tuesday meetings and Bill cried after each of them; the
crying intervals themselves do not have to be on Tuesdays. This reading arises
when the PP on a Tuesday modifies the noun meeting rather than the verb cried
(Pratt and Francez 2001; Francez and Steedman to appear).

(31) Bill cried after [each [meeting on a Tuesday]]

We start with the modified common noun in (31). A AT operator is added to the
contextualized meaning of the noun meeting (8) according to the rule (23), and
this composes with the temporal generalized quantifier on a Tuesday, yielding
the representation in (32).

(32) meeting on a Tuesday:
AJFiL C T A tues(i) AJ(1)] o M/ATA" C 1A meeting(i’)
=AM".3i[i CTAtues(i) A1’ C i A meeting(i’)]

The temporal property (32) is true of an interval if it is both a meeting and on
a Tuesday. The temporal determiner each applies to the above representation
creating a temporal generalized quantifier (33); this is modified by the preposi-
tion after, and the resulting temporal generalized quantifier (34) applies to the
sentence Bill cried (35).

(33) each meeting on a Tuesday:
AJ VUi CT A tues(i) A1 C 1A meeting(i’)] — J(1')]
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(34) after each meeting on a Tuesday:
AJ VUi CT A tues(i) A1 C i Ameeting(i')] — J(aftery(i'))]

(35) Bill cried after each meeting on a Tuesday:
Vi'[3i[i CTAtues(i) A1 C i A meeting(i')] —
'L C aftery(i) A cry(bill) (i”)]]

The final translation is indeed the desired reading: each interval which is a
meeting on a Tuesday is followed by an interval of Bill crying. The contex-
tual parameter of after is the temporal context variable T which stands for the
overall context, so the crying intervals are not necessarily on any Tuesday.

Exercise 4.6 What happens when the common noun meeting is modified by the PPs on
each Tuesday and on no Tuesday? Do the results correspond to the intuitive meanings?

Exercise 4.7 What happens if temporal modifiers adjoin to full NPs instead of to com-
mon nouns?

vi. Bill cried after [[a meeting] on each Tuesday]

Does this correspond to an intuitive reading of the sentence? Can this replace another
syntactic structure?

4.6 Summary

The basic theory of temporal modification involves the following operations.
Contextualization (5a) applies to all temporal nouns, and all verbs.

Existential closure (6a) applies at the top of the clause to all temporally mod-
ified clauses (as well as other clauses that are not temporal modifiers). It
always applies to contextualized properties.

An implicit temporal determiner (27) applies to temporal common nouns that
lack an explicit determiner. It always applies to contextualized proper-
ties.

Temporal modification (23) involves abstraction over the temporal context vari-
able of the temporally modified constituent.

Quantificational arguments and temporal modifiers (nominal and temporal
generalized quantifiers) may take scope over the existential closure operation;
this has the effect of applying existential closure at a lower level, close to the
verb. However, a universal or negative generalized quantifier may not inter-
vene between a contextualized temporal property and its determiner (exer-
cise 4.6).



Class 5

Temporal clauses

A temporal clause may have a quantificational subject.
(1) A secretary cried after each executive resigned.

Under one reading of the sentence (possibly the most salient one), the sentence
is true if each resignation is followed by the crying of a possibly different secre-
tary. The subject of the temporal clause takes scope above the subject of the ma-
trix clause, in what appears to be a violation of a locality constraint: quantifiers
do not normally take scope outside of adjunct clauses (cf. Huang 1982). This
is one of a family of readings which I will call dependent-time readings, where
the times at which the matrix clause is evaluated depend on quantifiers within
the temporal clause. I will show that dependent-time readings do not violate
the adjunct island constraint; they arise from local scope relations within the
adjunct clause, where the quantificational argument takes scope above the im-
plicit temporal determiner.

5.1 Basic clause meanings

Temporal clauses like after Sue arrived denote temporal generalized quantifiers.
Their meanings are derived in a similar way to temporal PPs, through applica-
tion of the contextualization operation followed by a determiner meaning. The
raw meaning of a clause like Sue arrived is a property of times (2), to which a
temporal context variable is added by the contextualization operation (3).

(2) Sue arrived: Al.arrive(sue)(i)
(3) Sue arrived: Al.i C1TA arrive(sue)(i)

However, unlike a matrix clause whose temporal argument is existentially
closed at this stage, a temporal clause needs to have a determiner applied to it
in order to turn it into a temporal generalized quantifier. There is no overt de-
terminer, so an implicit existential determiner meaning (4) is applied, followed
by the preposition after.

(4) Implicit existential determiner: AIAJ.3i[I(i) A J(i)]
(5) Sue arrived: AJ.3i[i CT A arrive(sue)(i) A J(i)]

27
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(6) after Sue arrived: AJ.3i[i C T A arrive(sue)(i) A J(aftery(i))]

Exercise 5.1 Why not assume that the determiner meaning is part of the semantics of
the preposition after?

The temporal generalized quantifier (6) combines with the meaning of the ma-
trix clause and yields the correct results.

(7) Bill cried after Sue arrived:
AJ. 3L C T A arrive(sue) (i) A J(aftery (1)) (MIV' A" CTA ery(bill)(i')])
= 3i[i CTAarrive(sue)(i) A [’ C aftery(i) A cry(bill)(i')]]

Sentence (7) is true if there exists an interval (within the overall frame) in which
Sue arrived, followed by an interval at which Bill cried.

We note that the temporal clause in (7) takes semantic scope over the en-
tire sentence; shortly we’ll use this to explain how a nominal quantifier in a
temporal clause can take scope above a quantifier in the matrix clause.

5.2 Single-time readings

The single-time reading of (1) entails that all the executives resigned at the
same time. This reading obtains when contextualization and the implicit tem-
poral determiner apply to the entire temporal clause, above its subject. Before
contextualization, the quantificational subject each executive has to apply to the
verb resigned. This results in a type mismatch, because the verb (8) is of type eit
while the subject (9) expects an argument of type et.

(8) resigned: AxAi.resign(x)(i)
(9) each executive: AP.Vx[exec(x) — P(x)]

The type mismatch can be resolved through type shifting, in an analogous way
to the shifting of a transitive verb in order to accommodate a generalized quan-
tifier object (definition 3.4).

Exercise 5.2 Formulate a type-shifting rule that has the desired effect.

After type-shifting, the combination of the subject and the verb results in the
following temporal property as the raw sentence meaning.

(10) each executive resigned: Ai.Vx[exec(x) — resign(x)(i)]

Contextualization and a determiner meaning turn the above meaning into a
temporal generalized quantifier (11), and are followed by the application of
the preposition after.

(11) each executive resigned:
M]3 CTA Vx[exec(x) — resign(x)(i)] AJ(1)]

(12) after each executive resigned:
AJFi CTA Vx[exec(x) — resign(x)(i)] A J(aftery(i))]

Finally, the temporal clause modifies the matrix clause, whose meaning is de-
rived by applying the generalized quantifier a secretary to the contextualized
and existentially closed meaning of cry.
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(13) asecretary cried: Ix[secretary(x) A Ji[i CTA cry(x)(i)]]

(14) a secretary cried after each executive resigned:
A3 CTA Vx[exec(x) — resign( x) (V)] A J(aftery(1))]
(At Jylsecretary(y) A [ CTAcry(y)(i)]])
= Ji[i CTA Vx[exec(x) — re51gn( x) ()] A
Jy(secretary(y) A Fi'[i’ C afters(i) A cry(y)(i)]]]

The result is indeed a single-time reading — there is a time interval at which all
the executives resigned, and a secretary cried after that.

5.3 Dependent-time readings

If the implicit existential determiner applies to the verb of (1) before the subject
does (for instance by using a scope mechanism on the subject, cf. section 4.3),
we get a reading where resignation times vary with the resigning executives.
Contextualization and a determiner meaning first apply to the the raw verb.

(15) resigned: AxAJ.3i[i C T Aresign(x)(1) AJ(1)]

The quantificational subject applies combines via type-shifting (exercise 5.2);
the resulting temporal generalized quantifier is modified by the preposition
after.

(16) each executive resigned:
AJ.V¥x[exec(x) — Fi[i C T Aresign(x)(i) AJ(1)]]

(17) after each executive resigned:
AJ.¥x[exec(x) — Fi[i C T Aresign(x)(i) A J(aftery(i))]]

At this point we can already see how the quantificational relations will end up.
The universal quantifier contributed by the subject NP outscopes the temporal
existential determiner; since the temporal property variable | lies within the
scope of the temporal existential determiner, it also lies within the scope of the
subject. The variable ] will get replaced with the meaning of the matrix clause,
so the matrix clause itself will fall under the scope of the subject of the temporal
clause.

The temporal clause can take scope over the entire main clause. In this
case the temporal generalized quantifier (17) applies to the matrix clause mean-
ing (13).

(18) a secretary cried after each executive resigned:
AJ.¥x[exec(x) — Fi[i CTAresign(x)(1) A J(aftery(1))]]
(AT.Jy[secretary(y) A FH'[i" CTAcry(y)([i')])
= Vx[exec(x) — Fi[i CTAresign(x)(i) A
Jy(secretary(y) A JFi'[i’ C afters(i) A cry(y)(i/)]1]]

We get a representation of the desired meaning — each executive resigned, and
following that resignation a secretary cried; the secretaries may vary with the
executives. The end result is that the subject of the temporal adjunct clause
has scope over the subject of the main clause, but this is achieved through
local operations: within the temporal clause, the subject takes scope over the
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temporal determiner; additionally, the entire temporal clause takes scope over
the matrix subject. Thus, the representation (18) is not in violation of locality
constraints.

The temporal clause may also modify the matrix predicate rather than the
whole matrix clause. In this case the matrix subject takes scope above the tem-
poral clause.

(19) a secretary cried after each executive resigned:
= Jyl[secretary(y) A Vx[exec(x) —
Ji[i CTAresign(x)(1) AJi[i" C aftery(i) A ery(y) (i)

This reading entails that there was one secretary who cried, but for each exec-
utive this secretary cried at a different time, namely after the executive’s resig-
nation. Readings (18) and (19) are both dependent-time readings, because the
times at which the matrix predicate is evaluated depend on the subject of the
temporal clause.

Exercise 5.3 German speakers have told me that dependent-time readings are not pos-
sible in German. How can we parameterize our theory to rule out such readings in
German?

Exercise 5.4 When the temporal clause contains a negative generalized quantifier,
single-time readings are easy and dependent-time readings are difficult (Some speakers
find the dependent-time reading easier when the negative determiner contrasts with
another determiner).

i. Bill cried after no executive resigned.

(a) Single time: Fi[i C TA —3x[exec(x) A resign(x)(i)] A
'L C aftery(i) A cry(bill)(i)]]
(b) Dependent time: —Ix[exec(x) A Fi[i CTAresign(x)(i) A
H'[i" C aftery(i) A ery(bill)(i")]]]

ii. As opposed to Mary, who cried after every executive resigned, Bill cried
after no executive resigned.

What can be the source of the difficulty? Consider the following facts. (a) There is no
general problem with temporal dependency on negative quantifiers.

iii. Bill cried after no resignation.

(b) When a negative adverbial is preposed, an auxiliary is added to the main clause
(“negative inversion”). Without negative inversion, a preposed temporal clause with a
negative quantifier only has a single-time reading; with negative inversion, the single-
time reading disappears and the dependent-time reading is difficult.

iv. After no resignation did Bill cry.
v. After no executive resigned, Bill cried. (meaning: (ia))
vi.?After no executive resigned did Bill cry. (meaning (ib) difficult)

Exercise 5.5 What would happen if a negative generalized quantifiers intervened be-
tween the contextualization operation and the implicit temporal determiner? Compare
this to your findings in exercise 4.6.
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5.4 Temporally modified temporal clauses

Our semantics is unable to handle temporal clauses which have temporal mod-
ifiers within them, such as the following sentences.

(20) Bill resigned after John disappeared every Friday.
(21) Bill did his homework before daddy came home every evening.

The semantics can interpret these sentences as cascades, where every Friday
is a modifier of resigned, and every evening is a modifier of did his homework.
While these are possible readings, it is more natural to interpret every Friday as
a modifier of disappeared and every evening as a modifier of came home. But our
semantics stipulates that temporally modified clauses are existentially closed
(section 4.6), and this does not leave a way to subsequently turn the temporal
clause into a temporal generalized quantifier. We therefore need to extend our
grammar.

Sentences (20) and (21) show that two extensions of the grammar are needed.
The most natural reading of (20) is that Bill resigned after a certain period, in
which John disappeared every Friday; such a reading can be captured by sub-
ordinating the context of the main clause to the context of the temporal clause,
which constitutes this period. This is what I call an aggregate reading.

The natural reading of (21) is not an aggregate reading; the sentence is true
if Bill’s dad came home every evening and Bill did his homework every day
before his dad’s arrival. The homework does not necessarily have to be done
in the evening, so this is not a cascaded reading; rather, it is a special kind of
dependent-time reading, where the dependency is not on a nominal quantifier
but rather on a temporal quantifier inside the temporal clause. Such a reading
can be captured by allowing the temporal modifier every Friday to apply to a
temporal generalized quantifier rather than to an existentially closed sentence.
I call this a temporally dependent reading.

Aggregate readings

Sentence (20), repeated below, is true if Bill resigned after a certain period, in
which John disappeared every Friday.

(20) Bill resigned after John disappeared every Friday.

We want to subordinate the temporal context of the main clause to the con-
text of the temporal clause. We start with the familiar clause-type meaning for
the temporal clause, derived by applying the temporal generalized quantifier
every Friday (22) to the contextualized and existentially closed meaning of the
sentence John disappeared (23).

(22) every Friday: AJVi[(i C T A friday(i)) — J(i))]
(23) John disappeared: 3i'[i"” C T A disappear(john)(i’)]

(24) John disappeared every Friday:
Vi[(i ST A friday(i)) — 3i/[i’ C i A disappear(john)(i’)]]
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The next step is an “aggregating” operation of abstraction over the temporal
context variable of the temporal clause. This gives a temporal property — the
set of intervals which can serve as a context for the temporal clause.

(25) John disappeared every Friday:
MVi[(1 CTAfriday(i)) — Ji'[i’ C 1 A disappear(john)(i')]]

This property is contextualized and an existential determiner is applied (26),
followed by the preposition after (27). The resulting temporal generalized quan-
tifier modifies the main clause (28).

(26) John disappeared every Friday:
AJ3ii CTAVA[(i CiAfriday(i')) —
H"[i” C i’ A disappear(john)(i”)]]
AJ()]

(27) after John disappeared every Friday:
AT CTAV[(1" CiAfriday(i')) —
H"[L” C i’ A disappear(john)(i”)]]
N J(aftery(i))]

(28) Bill resigned after John disappeared every Friday:
Jii CTAVA[(i” CiAfriday(i’)) —
H"[i” C i’ A disappear(john)(i”)]]
AF" C aftery(i) A resign(bill)(1”)]]

The representation of the sentence has the desired truth conditions: there exists
an interval which serves as a context in which John disappeared every Friday,
and after this interval, Bill resigned.

Temporally dependent readings

Sentence (21), repeated below, is true if Bill's dad came home every evening
and Bill did his homework every day before his dad’s arrival, though the
homework does not necessarily have to be done in the evening.

(21) Bill did his homework before daddy came home every evening.

Neither the aggregate reading nor the cascaded reading have the desired in-
terpretation: the aggregate reading (29) says that Bill did his homework once,
before a period in which daddy came home every evening; the cascaded read-
ing (30) entails that Bill did his homework every evening (notice the parame-
ter i on the temporal function before). For simplicity, I assume the VPs did his
homework and came home translate as predicate constants (type eit), and that the
word daddy is a proper name (type e).

(29) Aggregate: 3i[i CTAVI[(i’ C i A evening(i’)) —
H"[L” C i’ A come-home(dad)(i')]]
A" C beforey(i) A do-hw(bill)(i")]]

(30) Cascaded: Yi[(i C T/ evening(i)) —
F'[A" C 1A come-home(dad)(i’) A\
F[i” C before;(i’) A\ do-hw(bill)(i”)]]]
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While (29) and (30) are both valid readings of the sentence, the most salient
reading is the one described at the beginning of this passage, where the tem-
poral generalized quantifier every evening is inside the temporal clause and the
evaluation times of the matrix predicate depend on it. The obvious way to de-
rive this temporally dependent reading is to allow temporal generalized quan-
tifiers to modify other temporal generalized quantifiers.

The raw meaning of the sentence daddy came home (31) does not get exis-
tentially closed after contextualization, but rather a temporal determiner is ap-
plied, making the sentence into a temporal generalized quantifier (32).

(31) daddy came home: Ai’.come-home(dad)(i’)
(32) daddy came home: AJ.3i'[i" C1TA come-home(dad)(i’) A J(i')]

This temporal generalized quantifier is modified by the temporal generalized
quantifier every evening through the rule (23) from class 4: the free temporal
context variable in (32) is bound by the operator A7, and the temporal general-
ized quantifier every evening combines with it through functional composition.

(33) daddy came home every evening;:
ALYi[(i CTAevening(i)) — J(i)] o
AJXLI [ €T A come-home(dad) (i) AJ(1')]
= AJ.Vi[(i CT A evening(i)) —
'’ € 1A come-home(dad)(i’) AJ(i")]]

The result is a temporal generalized quantifier, as expected, which can combine
with before (34) and modify the matrix clause (35).

(34) before daddy came home every evening:
AJVil(i CT A evening(i)) —
F/[i’ € i/ come-home(dad)(i’) A J(before(i’))]]

(35) Bill did his homework before daddy came home every evening:
Yi[(i CT A evening(i)) —
F'[i’ CiA come-home(dad)(i’) A
J[i” C beforey(i’) A do-hw(bill)(i”)]]]

This is indeed the desired temporally dependent reading of the sentence: every
evening daddy came home, and before that — not necessarily in the evening —
Bill did his homework.

Exercise 5.6 Temporally dependent readings are only available with a subclass of tem-
porally modified temporal clauses. Here are some relevant data. Dependent readings
are much more readily available with nominal generalized quantifiers than with tem-
poral generalized quantifiers.

vii. John got angry after each executive cried.
viii. John got angry after Bill cried during each meeting.

Dependent readings are also more readily available with the preposition at than with
during.

ix. (a) John showered before he testified during each hearing.
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(b) John showered before he testified at each hearing.

X. (a) The lawyer prepared differently before he testified at each hearing.
(b) Thelawyer prepared differently before he testified during each hear-
ing.
xi. (a) After John gave me a check at each meeting, he canceled it.

(b) After John gave me a check during each meeting, he canceled it.

How can these observations combine to a coherent restriction of temporally dependent
readings?
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