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Asstract. Making a linguistic theory is like specifying a programming language: one
typically devises a type system to delineate the acceptable utterances and a denotational
semantics to explain their operational behavior. Via this connection, programming and
natural language research can inform each other; in particular, computationaffeids e

are intimately related to referential opacity in natural languages. To illustrate this link,

| use continuations and composable contexts, concepts from the study offsicls &
programming languages, to analyze quantification, a natural language phenomenon.

1. INTRODUCTION

1.1. The goals of natural language semanticsThis paper is about computational lin-
guistics, in the sense of applying insights from computer science to linguistics. Linguistics
strives to scientifically explain empirical observations of natural language. Semantics, in
particular, is concerned with phenomena such as the following. In (1) below, some sen-
tences to the lefintan their counterparts to the right, but others do not.

Q) Every student passedt Every diligent student passed.
No student passed. + No diligent student passed.
A student passed. ¥ A diligent student passed.

Most students passed¢ Most diligent students passed.

20 oW

The sentence in (2) is isvBiGuous between at least two readings. On one reading, the
speaker must decline to run any spot that fails to substaratigtelaims, whatever these
claims may be. On another reading, there exist certain claims (anti-war ones, say) such that
the speaker must decline to run any spot that fails to substattiegeparticular claims.

(2) We must decline to run any spot that fails to substantiate certain claims.

Finally, among the four sentences in (3), only (3a)dseptaBLe. That is, only it can be
used in idealized conversation. The unacceptability of the rest is notated with asterisks.

Thanks to Stuart Shieber, Chris Barker, Barbara Grosz, Pauline Jacobson, Aravind Joshi, Fernando Pereira,
Avi Pfeffer, Chris Potts, Norman Ramsey, Dylan Thurston, Yoad Winter, and the audiences at the Harvard Al
Research Group, the Boston University Church Research Group, the 8th New England Programming Languages
and Systems Symposium, the University of Vermont, and the University of Pennsylvania. This work is supported
by the United States National Science Foundation under Grant IRI-9712068.

1This sentence is part of a statement made by the cable television company Comcast after it rejected an
anti-war commercial hours before it was scheduled to air over its CNN channel on January 28, 2003.
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2 CHUNG-CHIEH SHAN

) a. No student liked any course.
b. *Every student liked any course.
c. *A student liked any course.
d. *Most students liked any course.

Presumably, the linguistic entailments and non-entailments in (1) have to do with cor-
responding logical facts: if every student passed, then every diligent student passed. (It
is important to distinguish between linguistic and logical entailment. The example sen-
tences in (1) can just as well be in Mandarin Chinese instead of English: presumably, the
sentenceEEZEER A& T entails the sentence: & F ThAVZ 4 #F K #& T because, if
every student passed, then every diligent student passed.) Thus the typical linguistic theory
specifies a semantics for natural languageroysLaring declarative sentences into logical
statements with truth conditions. The linguistic entailment in (1a) holds, goes the theory,
because the meanings—truth conditions—of the two sentences are such that any model
that verifies the former also verifies the latter. Much work in natural language semantics
aims in this way, as depicted in Figure 1 on the facing page, to explain the horizontal by
positing the vertical. Often the target of the translation posited is some combination of
the A-calculus and predicate logic. This approach is reminiscent of programming language
research where an ill-understood language (perhaps one with a complicating feature like
exceptions) is studied by translation into a simpler language (without exceptions) that is
better understood.

1.2. Side dfects in programming and natural languages.Making a linguistic theory is
like specifying a programming language: one typically devises a type system to delineate
the acceptable utterances and a denotational semantics to explain their operational behav-
ior. In this paper, | will argue by example that programming languages can inform linguis-
tic theory. In particular, the treatment @frerenTiAL opPaciTY in programming language
semantics can inform that in linguistics. | now explain the concept of referential opacity
for both programming and natural languages, and why | think the analogy is useful.
Roughly speaking, referential opacity means that equals cannot be substituted for equals
(Quine 1960). To take a famous example, even though the English phrases

4) a. the morning star
b. the evening star
both refer to Venus, the larger sentences

(5) a. Bob thinks Alice saw the morning star.
b. Bob thinks Alice saw the evening star.

are not equivalent: because Bob may not know much astronomy, the sentences do not entail
each other. Analogously, in the programming language C, even though the expressions

(6) a. 2

b. x=2
both give the result 2, the larger expressions
©) a. 2,x+1

b. x=2,x+1

may well give diterent results, for example if the variabletarts d¢f with the value 1.

In the vast majority of today's programming languages, situations like (7) abound,
where equals cannot be substituted for equals. For some expressions, puah aand
goto commands, it is not even obvious what values there are to speak of, not to mention
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LINGUISTIC SIDE EFFECTS 3

Every student passed F Every diligent student passed

i l

VX. STUDENT(X) = PASSED(X) F VX. (STUDENT(X) A DILIGENT(X)) = PASSED(X)

i |

(some truth condition on modéls- (some other truth condition on modgls

Ficure 1. The translatiofdenotation approach to natural language semantics

compare for equality. These instances of referential opacity, cabatbutational side
effects are exemplified in (8) below by expressions in a pidgin programming language.
(Underlined are the language constructs that trigger computationalfBidése)

(8) a. (read +10) with 2

‘Read the input and add it to 10, given the input 2.’ (Input)
b. print 2; 10

‘Print the number 2, then produce the number 10.’ (Output)
c. x:=2,10

‘Store 2 in the variable&, then produce the number 10 (State)
d. 2+ random(10, 20)

‘Add 2 to either 10 or 20, randomly chosen.’ (Nondeterminism)
e. try(2+ throw) catch3

‘Add 2 to an error. Fall back to 3 in case of error.’ (Exceptions)
f. label: 2+ goto label

‘Add 2 to the result of starting over again. (Control)

In natural languages, referential opacity has been observed in a variety of settings, such
as those in (9) below. By analogy to computer science, | term tivegpd@stic side gects

They range from cases like (9a), where equals cannot be substituted for equals, to cases
like (9d), where it is unclear what values there are to speak of and compare for equality.
(Underlined are the constructions that trigger linguistic sifiects.)

9) a. Bobthinks Alice saw the morning star. (Intensionality)
b. A man walks in the parkde whistles. (Variable binding)
c. Every woman whistles. (Quantification)
d. Which star did Alice see? (Interrogatives)
e. Aliceonly sawVEenus. (Focus)
f. Theking of France whistles. (Presuppositions)

To study linguistic side ffects, | propose to draw an analogy between them and compu-
tational side #ects, and investigate how linguists and computer scientists can take advan-
tage of each other’s theoretical frameworks and empirical hypotheses. To start with, just as
computer scientists want to express all computational digets in a uniform framework

and mix and match them at will, linguists want to investigate common properties shared
by all linguistic side &ects and study how they interact with each other. Furthermore,
just as computer scientists want to relate operational notions sushiasrion orber and
PARAMETER PASSING mechanism to denotational models suchiasaps andcoNTINUATIONS,
linguists want to relate the dynamics of information in language processing—for example
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Natural language Programming language
A-calculus
Denotations

Ficure 2. How programming language research can inform linguistic theory

how pronouns are generated by speakers and understood by hearers—to the static defini-
tion of a language as a generative device—for example what pronouns denote. If, instead
of predicate logic in Figure 1 on the page before, we use a programming language with
side dfects as the middle tier of the translation, then referential opacity in natural lan-
guage becomes easier to characterize and reason about. This claim of mine is depicted in
Figure 2.

In this paper, | am mostly concerned wighanTirication, a particular linguistic side
effect caused by words likeveryand mostin (1). | show an analysis of quantification
in terms of composaBLE conTEXTs that improves upon existing algorithms for quantifier
scoping in terms of theoretical elegance and empirical coverage. However, as stated in the
previous paragraph, a theory of linguistic sidieets should uniformly handle all instances
of referential opacity in natural languages as special cases of a general framework. Indeed,
continuations and composable contexts can be used to characterize not just quantification
(Barker 2002) but also variable binding and interrogatives (Shan and Barker 2003).

To complete the present introduction and make our understanding of Figure 2 more con-
crete, | take a brief look at variable binding in English. Empirical data such as those in (10)
suggest that we think of pronouns likeeas “load instructions” that retrieve referents pre-
viously “stored” by antecedents likestudent

(10) a. Astudent passed. She was diligemh student was diligent.
b. A professor praised a student. She was diligent. (Ambiguous)
c. She was diligent. A student passed. (Odd out of context)

Accordingly, we might posit translation rules that map (11a) to (11b).

(11) a. Alice passed. She was diligent.
b. passep(store (aLice)) A piLigent(load ())

Herestore andload are “side &ect” constructs in the target language whose meanings
then need to be clarified. It is not essential that this “storage” feature be present in the
target language, since it can be regarded as mere syntactic sugar fiocal®ilus, just
as thed-calculus in turn is regarded by many linguists as syntactic sugar for set-theoretic
denotations. Nevertheless, computational intuition can make for a linguistic theory that is
easier to construct, understand, and maintain. Whether it also makes for a theory that is
empirically adequate is a scientific question that | find attractive to pursue.

The rest of this paper is organized as follows.§®) | specify a simple grammatical
formalism. In§3, | describe the linguistic phenomenon of quantification and show a straw
man analysis that deals with some cases but not others. | then introduce a programming
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LINGUISTIC SIDE EFFECTS 5

language with composable contexts and use it to improve the straw man analysis. In par-
ticular, quantification in non-subject position will be treated4h and inverse scope will
be treated ir§5. In §6, | place this example in a broader context and conclude.

2. A SIMPLE GRAMMATICAL FORMALISM

In this section, | specify a simple grammatical formalism for use in the rest of the paper.
It is a notational variant of categorial grammar (as introduced in, for instance, Carpenter
1997, chapter 4).

The verblike usually requires an object to its right and a subject to its left.

(12) a. Alice liked CS187.
b. *Alice liked.
c. *Alice liked Bob CS187.

Intuitively, the verblike takes two arguments, and the sentences (12b—c) are unacceptable
due to type mismatch. We can model this formally by assigning types to the denotations
of Alice, CS187 andliked, which we take to be atomic expressions.

(13) [Alice] = ALICE : THING
(14) [CS187 = cs187 : THING
(15) [liked] = LIKED : THING — THING — BOOL

Heretning is the type of individual objects, anoL is the type of truth values or propo-
sitions. Following standard practice in linguistics, weilstp take its object as the first
THING argument and its subject as the secontic argument. For example, in (12a), the
first argument taukep is cs187, and the second argumentaisce.

As (12a) shows, there are two ways in which smaller expressions are combined to form
larger ones. A function can take its argument either to its right (combilikeg with
CS187 or to its left (combiningAlice with liked CS187. We denote these two cases with
two infix operators: #” for forward combination andv” for backward combination. (The
tick marks can be thought of as depicting the direction in which a function “leans on top
of” an argument.)

(16) frx=1(x):8 wheref :a -8, X:

a7 xvf=1f(X):8 wheref :a— 8, X:a

We can now derive the sentence (12a)—that is, prove it to havestype The derivation
can be written as a tree (18) or a term (19).

(18)

Alice
liked CS187

(19) [Alice] « ([liked] » [CS187) = Likep(cs187)(ALICE) : BOOL

By convention, the infix operatorsand\ associate to the right, so parentheses such as
those in[Alice] \ (Jliked] » [CS187) above could have been elided and will be below.

Unfortunately, the system set up so far derives not only the acceptable sentence (12a)
but also the unacceptable sentence (20), with the same meaning.

(20) *Alice CS187 liked.
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The reason the system derives (20) is that the direction of function application is uncon-
strained: in the derivation beloliked takes its first (object) argument to the left, which is
usually disallowed in English.

(21)

Alice
CS187 liked

(22) [Alice] \ [CS187 \ [liked] = LikeD(cs187)(ALICE) : BOOL

To rule out this derivation of (20) in our type system, we split the function type constructor
“—"into two type constructors" and “=”", one for each direction of application. Using
these new type constructors, we change the denotatidikeaf to specify that its first

argument is to its right and its second argument is to its left.
(23) [liked] = LIKED : THING = THING — BOOL

We also revise the combination rules (16) and (17) to requiterent function type con-
structors.

(24) frx=1(x):B wheref i a5, X: a
(25) xyvf=1(x):B8 wheref i@ >, X: @

The system now rejects (20) while continuing to accept (12a), as desired.

3. QUANTIFICATION
The linguistic phenomenon of quantification is illustrated by the following sentences.

(26) a. Every student liked CS187.
b. Some student liked every course.
c. Alice consulted Bob before most meetings.

As with the previously encountered English sentences, the natural language semanticist
wants to translate these sentences into logical formulas that account for entailment and
other properties. More precisely, the problem is to posit translation rules that map these
sentences thus. For instance, we would like to map (26a) to a formula that looks like

(27) ¥ X. STUDENT(X) = LIKED(Cc$187)(X) : BOOL.

To this end, what should the subjemtery studentienote? Unlike withAlice, there is
nothing of typerning that the quantificational noun phraseery studentan denote and

still allow the desired translation (27) to be generated. At the same time, we would like to
retain the denotation that we previously computed for the verb plikeseCS187namely
LikeED(cs187) in (19). Taking these considerations into account, one way to translate (26a)
to (31) is for the determineaveryto denote

(28)  [eveny = Ar.As.¥x.r(x) = S(X) : (THING — BOOL) = (THING — BOOL) — BOOL.

Here therestricToR I' and thescope s are A-bound variables intended to receive, respec-
tively, the denotations of the nowstudent(of type tHing — Boor) and the verb phrase
liked CS187of typerning — BooL). In a non-quantificational sentence like (12a), the verb
phrase takes the subject as its argument; by contrast, in the quantificational sentence (26a),
the subject takes the verb phrase as its argument.

Extended with the lexical entry (28) fewery and assuming thatudentdenotes

(29) [studen} = STUDENT : THING — BOOL,
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LINGUISTIC SIDE EFFECTS 7

the grammar now derives the sentence (26a).

(30) /\

P _ P
every student liked CS187
(31) ([eveny] 7 [student) - [liked] » [CS187 = (27)

The existential determinesomecan be analyzed similarly. Specifically, Eimedenote
(32) [somd = Ar. As. AX. r(X) A S(X) : (THING — BOOL) = (THING — BOOL) — BOOL

to derivesome student liked CS187

(33) /\

P N
some student liked CS187
(34) ([somd / [student)  [liked]  [CS187 = Ax. sTupent(X) A LIKED(cs187)(X) : BOOL

Let me summarize the basic idea behind this analysis. We treat determinezgdike
andsomeas functions of two arguments: the restrictor and the scope of a quantifier, both
functions fromruinG to Boor. Such higher-order functions are a popular analysis of natural
language determiners, and have been known to semanticists since Montague (1974) as
GENERALIZED QUANTIFIERS. However, the simplistic account presented above only handles
guantificational noun phrases in subject position, as in (26a) but not (26b) or (26c). For
example, in (26b), neither forward nor backward combination can apply to join the verb
liked, of typeTning = THING — BooL, t0 its objectevery coursgof type (v — BooL) =
sooL. Yet, empirically speaking, the sentence (26b) is not only acceptable but in fact
ambiguous between two available readings. This problem has prompted a great variety of
supplementary proposals in the linguistics literature (Barwise and Cooper 1981; Hendriks
1993; May 1985; inter alia). In the next section, | will present a particular solution using
composABLE cONTEXTS that is closely related to Barker’s (2002) continuations analysis.

4. COMPOSABLE CONTEXTS

In this section, | introduce composable contexts in programming languages and use
them to analyze quantification in natural languages. | begin with a simple programming
language of numerical expressions.

(evaluates to)
(35) 2+1 = 3
(36) 2x5+1 = 11
Suppose we are interested in exceptions as a programming language feature. We may

model exceptions in our toy language by introducing a new opeaator , which when
evaluated causes the program to immediately terminate with a supplied value, as in

(37) 2 = abort(5) +1 = 5.

To disambiguate expressions with more than amet , we stipulate that evaluation pro-
ceeds from left to right. For instance,

(38) abort(5) + abort(8) = 5 (rather than 8)
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Theabort operator allows exceptions to be thrown in a rudimentary fashion. To model
the catching of exceptions, we introduce another operatar, notated by square brack-
ets[] , which limits the extent to whichbort can apply. For example,

(39) [2 « abort(5)] + 1 — 6 (=5+1),

because theffect ofabort cannot reach beyond the reset. (The entire expression is always
implicitly bracketed, in other words implicitly enclosed in a top-level reset.)

One way to study computational sidexts such as exceptions, introduced by Danvy
and Filinski (1990; Filinski 1996), is with reset and another operator califid . The
shift  operator is similar t@bort in that they both remove the current context of com-
putation (up to the closest enclosing reset),dhift makes this context available to the
program as a function. This behavior is best explained with examples. In the following
expression, the variabfeis bound to the function that multiplies every number by 10.

(40) 10 « (shift f: 1+1(2)) — 21 (=1+10-2).

To be more specific, the above expression evaluates to 21 via the following sequence of
reductions. (The reduced subexpression at each step is underlined.)

(41) [10 = (shift f: 1 +f(2))]
~ [1+ 1(2)] wheref =lambdav: 10 =v
~ [1+[10 =[2]]
~ [1+] 10 2]
~[1+ 20 ~[1+20] ~[21] ~21

The reset brackefd delimit not just how fambort can reach but also how fahift can
reach. For example,

(42) 10 = [3 + (shift f: f(0) + f(1))] = 70 =10-(3+0+3+1))
via the following reduction sequence.

(43) [10 = [3+( shiftf: f(O) +f(1))]]
~ [10 = [ f(0) + f(1)]] wheref =lambdav: 3+v
~ [10 =[[3+ [0]] +f(1)]]
~ [10 = [[ 3+0] +f(1)]]
~ [10 = [[3] + f(1)]]
~ [10 «[3+ f(1)]]
~[10 «[3+[3+ [1]] ~[10 =[3+[ 3+1]]] ~[10 =[3+ [4]]]
~ [10 *[u]] ~ [10 *[Z]]_ '\»[10—*7] «»@]_'\»70

Danvy and Filinski not only specify amperationalsemantics foshift and reset (illus-
trated by the reduction sequences above), but also use continuations to speleaota
tional semantics for the two operators. The fact that both kinds of semantics are available
and they are consistent with each other is important to linguistics, because the meanings of
natural language expressions (according to the field of formal semantics) need to be related
to how humans process them (according to the field of psycholinguistics). In this paper,
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though, 1 will not be concerned with denotatichRather, | will focus on how composable
contexts establish an analogy between computational and linguisticfiedése

On one hand, computational sidéezts such as exceptions, state, and ifquiput can
be expressed in terms dfift  and reset (Filinski 1996). For example, tii®rt operator
can be treated as syntactic sugardift f , where the captured contexis never used.

(44) abort( € =shiftf. e

The celebratedall/cc  (call with current continuation) operator can also be expressed in
terms ofshift

(45) calllcc( € = shift f: f( g(lambda x: shift g: f(x)))

On the other hand, as Barker (2002) notes, quantificational phrases in natural language
can be thought of as expressions that manipulate their context. In a sentence such as
Alice liked CS18712a), the context o£S187is the function mapping each thingo the
proposition that Alice likedk. Compared to the proper no@8187 what is special about
a quantificational expression likevery courses that it captures its surrounding context
when used.

(46)  Alice liked [every course].

Thus, loosely speaking, the meaning of the sentence (46) no longer has the overall shape
LIKED(. . .)(ALICE) once the occurrence elery coursés considered, much as the the mean-

ing of the program (40) no longer has the overall shpe. .. once theshift expression

is evaluated. As promised in Figure 2, then, let us stditt  and reset to the target lan-
guage of our translation from English. We can then trangaésy coursas

47) [every coursp= shift s ¥X. course(x) = S(X) : THING.

This novel denotation for the natural language expressiany courseinspired byshift
and reset from programming language research, is closely related to Barker’s (2002) con-
tinuations analysis.

To see the new denotation (47) in action, let us derive the sentence (46). Note that
the type ofevery coursés simply tainG, the same a€S187 so the derivation of (46) is
structurally analogous to (18-19).

(48)
Alice
liked every course

As with our toy programming language, we perform term reductions in applicative order
(call-by-value and left-to-right). The crucial reduction is that of thét -expression

zBriefIy, for readers familiar with continuations, the denotation semantics is as follows.
[2] = Ac.c(2),
fer + e2] = Ac. [er] (ax. [e2] (dy. c(x +y))).
[shiftf: €] = Ac. [e] {f — axc.c (cX)}(ax. X),
[[e] = Ac.c([e] (1% X))

3The diferences between the analysis presented here and Barker’s continuations analysis go beyond the use
of shift and reset notation in this paper. For instance, Barker uses choice functions to deal with restrictors of
quantifiers (such asoursein every coursg whereas | do not.
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(from the fourth line to the fifth), as one might expect.
(49) [[Alice] « [liked]  [every coursp
= [(Axf. TX)(ALicE)((Af X. fX)(LiKED)(Shift S VX. cOURSE(X) = S(X)))]
~> [(Af. f(aLice))((Af x. fX)(Likep)(shift s V¥X. course(X) = S(X)))]
~> [(Af. f(aLice))((Ax. Likep(X))(shift s VX course(X) = (X)))]
~> [VX. course(X) = S(X)] wheres = Av. (Af. f(aLice))((AX. LIKED(X))V)

~> [¥X. coursg(X) = [(Af. f(aLicE))((AX. LIKED(X))(X))]]
~> [V course(X) = [(Af. f(aLicE))(Likep(X))]]

~> [VX. coUrsE(X) = [LIKED(X)(ALICE)

~> [V X. coursi(X) = LIKED(X)(ALICE)]

~> ¥X. cOURSE(X) = LIKED(X)(ALICE) : BOOL

Like the straw man analysis i§3, the denotation in (47) generalizes to determiners
other thanevery we can abstract away from the noaaursein every courseand deal
with some studerdanalogously.

(50) [every] = ar.shift s VX.[r(X)] = S(X) : (THING — BOOL) = THING
(51) [somd = ar.shift s A [r(X)] A S(X) : (THING — BOOL) = THING

In these denotations, | wrapped the restric{a) inside reset brackets. This technical detail
is needed in case the restrictor itself invokes quantification, aveny representative of
some companyvhere the restrictor igepresentative of some compéahy

40ur grammar needs to be further extended before we can analyze a sentefioetikeepresentative of
some company lefEirst, we need lexical entries for two nouns and a verb.
[representatie= REPRESENTATIVE : THING — BOOL,
[company = company : THING — BOOL,

[left] = Lerr : THING — BOOL.
Second, and less trivially, we need the following denotation for the preposition
[of] = axpy: p(y) A or(X(x))(y) : (* — THING) = (THING — BOOL) — THING — BOOL.

The asterisk: here denotes both the unit type and its unique element. In the derivation below, we use the unit
type to implement thunks (Hatéliand Danvy 1997; Ingerman 1961) in order to get around—that is, delay the
side dfects triggered by—call-by-value evaluation. We also add an important new way to build expressions
from subexpressions: the denotation of any subexpression, ssoma@scompanyan be turned into a thunk by
surrounding it withas.

[(Tevery]  [representatives [of] 7 (A4x. [somd 7 [company)) « [left]]
= [(Axf. FX)((Afx fX)(Ar.shift  s1: Vxi. [r(x0)] = s1(x1))
((Axf. f X)(REPRESENTATIVE)

((Afx. ) (Axpy. ply) A oF(X(*))(Y))
(A (AFx FX)(Ar.shift 50 Txp. [r(%2)] A 52(X2))(company)))))(LEFT) |

~ [(AxF. FX)((Ax (Ar.shift  si: Vxa. [r(x1)] = s1(X1))X)
(Ay. REPRESENTATIVE(Y) A oF((Ax. (AfX. fX)
(ar.shift sp: Ixp.[r(x2)] A Sp(Xp))(comPaNY)) () (¥)))(LEFT)]

~> [(Axf. fx)(shift  s1: VXq. [(Ay. REPRESENTATIVE(Y) A OF((A*. (AfX. fX)
(Ar.shift s 3xp. [r(x2)] A Sp(x2))(company)) (D) (V) (X1)] = S1(X1))(LEFT)]
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Moreover, unlike the straw man analysis, the present analysis works uniformly for quan-
tificational expressions in subject, object, and other positions, such as in (26a—c). Intu-
itively, this is because thghift operator captures the context of an expression no matter
how deeply it is embedded within the sentence. In sum, by drawing an analogy from com-
putational side £ects to linguistic ones, we have arrived at an analysis of quantification
with greater empirical coverage.

5. HIGHER-ORDER CONTEXTS

Of course, natural language phenomena are never as simple as a couple of programming
language operators. Quantification is no exception, so to speak. For example, consider a
sentence like (26b) (repeated below), which contains multiple quantificational phrases.

(26b) Some student liked every course.

Like the sentence (2) from the introduction, this sentence is ambiguous between two read-
ings. In thesurrace scope reading (52) sometakes scope oveavery In the INvERSE SCOPE
reading (53)everytakes scope ovesome

(52) 3s. sTubeNT(X) A YC. coursg(C) = LIKED(C)(S)
(53) ¥C. coursg(C) = S. sTuDENT(X) A LIKED(C)(S)

Because we specified that evaluation takes place from left to right, our grammar predicts
the surface scope reading but not the inverse scope reading. This prediction can be seen in
the beginning of the (unique) derivation for (26b):

(54) [([somd / [studenf) « [liked] » [every] s [coursé]

= [(Axf. fx)((Afx. fx)(ar.shift s AX[r(X)] A S(X))(sTUDENT))

((Afx. Fx)(uxep)((Afx. fx)(ar.shift s ¥X. [r(X)] = S(X))(coursE)))]
~ [(Axf. EX)((Ax. (Ar.shift s A [r(X)] A S(X))X)(STUDENT))

((Afx. fx)(ukep)((Afx. fx)(ar.shift s ¥X. [r(X)] = S(X))(coursE)))]
~ [(Axf. fX)((Ar.shift s X [r(X)] A S(X))(STUDENT))

((Afx. fx)(ukep)((Afx. fx)(ar.shift s ¥X. [r(X)] = S(X))(coursE)))]
~> [(Axf. £X)(shift s 33X [sTubenT(X)] A S(X))

((Afx Fx)(ukep)((Afx. FX)(Ar.shift s VX.[r(X)] = S(X))(coursE)))]
~> [3x. [sTupeENT(X)] A S(X)] wheres = Av. (Axf. fx)(v)

((Afx. Fx)(uxep)((Afx. fx)(ar.shift s ¥X. [r(X)] = S(X))(coursE)))]

~> 3X. STUDENT(X) A VY. cOURSE(Y) = LIKED(Y)(X).

~> [¥X1. [(Ay. REPRESENTATIVE(Y) A OF((A*. (A X. fX)

(Ar.shift  sp: Ixp.[r(X2)] A Sp(X2))(company)) (<)) (W) ()] = s1(x1)]
wheres; = Av. (Axf. fX)(V)(LeFT)

~> [VX1. [REPRESENTATIVE(X1) A OF(shift  Sp: Axp. [company(X2)] A S2(%2))(X1)] = s1(x1)]
~> [¥x1. [I%2. [company(X2)] A S2(%2)] = s1(xa)] wheresy = Av. REPRESENTATIVE(X1) A OF(V)(X1)

~> ¥X1. (IX2. cOMPANY(X2) A REPRESENTATIVE(X1) A OF(X2)(X1)) = LEFT(X1) : BOOL

Draft of September 27, 2003



12 CHUNG-CHIEH SHAN

Theshift  for some studeris evaluated before thahift  for every courseso the former
dictates the shape of the final result at the outermost level. Regardless of what evaluation
order we specify, as long as our rules for semantic translation remain deterministic, they
will only generate one reading for the sentence. In other words, our theory has failed to
predict the ambiguity that is empirically observed in the sentence (26b).

To better account for the data, we need to introduce some sort of nondeterminism into
our theory. There are two natural ways to proceed. First, we can allow arbitrary evaluation
order, not just left-to-right. This change would render our term calculus nonconfluent,
a result unwelcome for most programming language researchers but welcome for us in
light of the ambiguous natural language sentence (26b). This route has been pursued with
some success by Barker (2002) and de Groote (2001). However, for empirical reasons
outside the scope of this paper (Shan and Barker 2003), | want to maintain the hypothesis
that evaluation in natural language always proceeds from left to right. A second way to
introduce nondeterminism into our semantic theory is to maintain that hypothesis but allow
HIGHER-ORDER CONTEXTS (Barker 2000; Danvy and Filinski 1990).

In our toy programming language wishift and reset, theffect ofshift  is restricted
to the closest enclosing reset. Higher-order contexts relax this restriction by placing a
subscript on eachkhift and reset operator. Thdfect of annth-ordershift  operator,
writtenshift , is restricted to the closest enclosimth-order reset operator, writt¢h
such tham > n. Thus the subscripts can be thought of as indicating the “strength” of each
shift  and reset. For example,

(55)  1+[shit 1f2 1 = 3, 1+[shit 12 , = 3,
1+[shit ,£2 1 = 2 1+[shit ,£2 , = 3.

Just as they give a denotational semantics for first-order composable contexts using first-
order continuations, Danvy and Filinski (1990) give a denotational semantics for higher-
order composable contexts using higher-order continuations. We can take advantage of
that work in our quantificational denotations (50-51) by allowing them to manipulate the
context at any order, say timth order.

(56) [every] = Ar.shift s ¥YX[r(X)]n = S(X) : (THING — BOOL) = THING

(57) [somg] = Ar.shift s AX [r(X)]n A S(X) : (THING — BOOL) —> THING

In other words, we posit that each occurrencewéryandsomebe ambiguous as to the
ordern of its shift ~ and reset.

The ambiguity of (26b) is now predicted as follows. Supposedbate studerdperates
on themth-order context andvery cours@perates on theth-order context.

(58) Some, student liked everycourse.

If m > n, the surface scope reading (52) resultsml& n, the inverse scope reading (53)
results. The same treatment applies to more complicated cases of quantification in English
and Mandarin Chinese (Shan 2003). For example, we predict correctly that the following
sentence, with three quantifiers, is five-way (not six-way) ambiguous.

(59) Every representative of some company saw most samples.

There exist in the computational linguistics literature algorithms for computing the possible
quantifier scopings of a given sentence (Hobbs and Shieber 1987; followed by Lewin 1990;
Moran 1988). Higher-order composable contexts provide a denotational understanding of
these algorithms that accords with our theoretical intuitions and empirical observations.
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TasLe 1. Functors implicated in computational and linguistic siffeets
(see also (8) and (9) on page 3)

6. Beyonp QUANTIFICATION

As | stated in§1.2, modeling quantification in natural language with composable con-
texts is part of a larger project, that of relating computational sfidets to linguistic ones.
Three themes are crucial to this projeatirormiTy, INTERACTION, andevaLuaTioN. | briefly
consider each in turn.

6.1. Uniformity. Most of the linguistics literature treats each sidieet as an individual

topic of study, for example as a separate chapter of a semantics textbook or as a separate
rule or set of rules for semantic combination. By contrast, | aim to cover all linguistic side
effects as special cases of a single, general framework. Computer science has developed
several uniform models of siddfects, includinguonaps (Moggi 1991; Wadler 1995; in-

ter alia) andcontivuarions (Danvy and Filinski 1990; Filinski 1996; inter alia). Monads

and continuations are botioncrors, a kind of type-lifting operations on denotations that

is also the standard strategy in linguistics for dealing with sifieces. Table 1 lists the

most commonly used functors and shows potential common uses across natural and pro-
gramming languages. This table makes clear that many functors of interest are shared—a
promising sign.

To illustrate that computer science can help us create a uniform theory of linguistic side
effects, | now sketch how composable contexts might be used to treat not just quantifica-
tion but also the other linguistic siddfects listed in (9) and Table 1. These sketches are
by necessity rough and incomplete; they are intended only to convey the general flavor
desired—and | believe achievable—for a study of linguistic sitiects.

Take iNtensionaLITY. On the prevailing view, even though the morning star and the
evening star are both Venus, the phrabesmorning staandthe evening stado not have
the same denotation. Rath#re morning stadenotes a function from possible worlds to
(possible) things: it maps each possible wakldo the morning star inv. Similarly, the
evening stadenotes map from each possible wosldb the evening star iw. Introducing
functions from possible worlds in this way allows semanticists to account for the referential
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opacity demonstrated in (5) on page 2. We can incorporate the basic idea in our grammar
by postulating the following denotations.

(60) [the morning stdr= shift  f: Aw. f(the morning star imv)(w) : THING,
(61) [the evening stdr= shift f: Aw. f(the evening star im)(w) : THING.

Denotations for so-calleckaque verbs likethink can then be engineered to account for the
empirical facts on (5).

TakevariaBre BiNDING. Back in§1.2, | suggested that pronouns can be viewed as “load
instructions”, and antecedents as “store instructions”. To store an antecedent for subse-
guent reference, we can use the following function frammvg to tainG. It returns the
samerHING as it is passed, but incurs a sidéeet when evaluated.

(62) store = Ax.shift  f: f(X)(X) : THING — THING

To load a previously stored object, we can use the following code, which must be evaluated
after a store instruction.

(63) load =shift f: f ! THING

Under left-to-right evaluation, these denotations account for the empirical observations
in (10) on page 4.

TakenterroGaTivEs. A popular denotational treatment of questions—both direct ones
like Who left?and indirect ones as iAlice knows who left-is to take an interrogative
clause to denote the function that maps “questioned objects” to overall propositions (Krifka
2001; inter alia). For examplgho leftshould denote the function mapping each person
to the propositionerr(x). We can addvh-phrases to our grammar as follows.

(64) [who] = shift  f: Ax. anmmare(X) A f(X) : THING
(65) [whaf] = shift ~ f: Ax. —anmarte(x) A f(X) : THING

Just as with intensionality, variable binding, quantification, and interrogatives, simple
analyses forocus andrpresupposiTions can be implemented usirghift and reset. The
encodings are straightforward but call for product types (for focus) and sum types (for
presuppositions); | omit them here. fBce it to say that, because the type-lifting operations
encountered by linguists are often the same ones used by computer scientists (as Table 1
shows), Filinski’s (1996) general method for encoding monaffeces using composable
contexts immediate applies to guide us in specifying denotations like those above.

6.2. Interaction. Linguistic research regularly involves multiple phenomena occurring
together. For example, studies on questions often consider interrogative determiners, like
which, alongside quantificational ones, liewery Just as a treatment of computational
side dfects should let them be combined, a uniform theory of linguistic digets should
account for interactions among them. The same tools and techniques may be applicable
in both arenas. For example, higher-order continuations have been used to combine both
computational sideféects (Danvy and Filinski 1990; Filinski 1996) and linguistic ones
(Barker 2000; Shan 2002; Shan and Barker 2003).

As a matter of engineering practice, programming language designers aim for features
to interact with each other as coherent, self-contained modules. Given several program-
ming language features and a semantics for each, they want to incorporate all of them into
a single programming language. In particular, they want to mix and match computational
side dfects at will, but such an ideal has yet to be achieved. | speculate thatiibalties

Draft of September 27, 2003



LINGUISTIC SIDE EFFECTS 15

computer scientists encounter in combining siffeas correspond to restrictions linguists
observe on how sideffects interact.

6.3. Evaluation. The concepts OfvALUATION ORDER aNdPARAMETER PASSING are crucial to
programming languages. Roughly speaking, evaluation order speglimsto evaluate
each program expression, and parameter passing detemvtiiegexpressions to evaluate.
Evaluation order is closely related to sid&ets: in a programming language without any
side dfect, neither evaluation order nor choice of parameter-passing mechanism makes any
observable dference.

| hypothesize that evaluation order and parameter passing can help account for a variety
of generalizations in linguistics. In particulagossover andsuperioriTy phenomena are
unified by a notion of left-to-right evaluation (Shan and Barker 2003). More speculatively,
the distinction between call-by-value and call-by-name parameter passing (Plotkin 1975)
may underliepe RE VErSUSE DICTO READINGS as Well aSLoPPY VErSUSSTRICT IDENTITY.

6.4. Summary. Uniformity, interaction, and evaluation have fruitfully guided program-
ming language research, and | plan to transfer them to linguistics. | aim to develop a the-
ory of linguistic side &ects whose uniformity (between interrogatives and quantification,
say) simplifies our linguistic theories, points to new generalizations on the ways linguistic
side dfects interact with each other, and relates denotational (“static”) views of language
to operational (“dynamic”) ones.

REFERENCES

Barker, Chris. 2000. Notes on higher-order continuations. Manuscript, University of Cali-
fornia, San Diego.

. 2001. Continuations: In-situ quantification without storage or type-shifting. In

SALT XI: Semantics and linguistic theppd. Rachel Hastings, Brendan Jackson, and

Zsofia Zvolensky. Ithaca: Cornell University Press.

.2002. Continuations and the nature of quantificatidatural Language Semantics
10(3):211-242.

Barwise, Jon, and Robin Cooper. 1981. Generalized quantifiers and natural language.
Linguistics and Philosoph#:159-219.

Carpenter, Bob. 1997ype-logical semanticsCambridge: MIT Press.

Danvy, Olivier, and Andrzej Filinski. 1990. Abstracting control. Pnoceedings of the
1990 ACM conference on Lisp and functional programmiri—160. New York: ACM
Press.

Filinski, Andrzej. 1996. Controllingféects. Ph.D. thesis, School of Computer Science,
Carnegie Mellon University. Also as Tech. Rep. CMU-CS-96-119.

de Groote, Philippe. 2001. Type raising, continuations, and classical logic. In van Rooy
and Stokhof (2001), 97-101.

Hamblin, C. L. 1973. Questions in Montague EngliBbundations of Languagb0:41-53.

Hatcliff, John, and Olivier Danvy. 1997. Thunks and fhealculus.Journal of Functional
Programming7(3):303-319.

Hendriks, Herman. 1993. Studied flexibility: Categories and types in syntax and seman-
tics. Ph.D. thesis, Institute for Logic, Language and Computation, Universiteit van
Amsterdam.

Hobbs, Jerry R., and Stuart M. Shieber. 1987. An algorithm for generating quantifier
scopings.Computational Linguisticd3(1-2):47-63.

Draft of September 27, 2003



16 CHUNG-CHIEH SHAN

Ingerman, Peter Zilahy. 1961. Thunks: A way of compiling procedure statements with
some comments on procedure declaratid@@smmunications of the ACK{(1):55-58.

Jacobson, Pauline. 1999. Towards a variable-free semaniioguistics and Philosophy
22(2):117-184.

Krifka, Manfred. 2001. For a structured meaning account of questions and answers. In
Audiatur vox sapientiae: A festschrift for Arnim von Steched. Caroline Ery and
Wolfgang Sternefeld, 287—319. Berlin: Akademie Verlag.

Lewin, lan. 1990. A quantifier scoping algorithm without a free variable constraint. In
COLING '90: Proceedings of the 13th international conference on computational lin-
guistics vol. 3, 190-194.

May, Robert. 1985Logical form: Its structure and derivatiorCambridge: MIT Press.

Moggi, Eugenio. 1991. Notions of computation and mondd&rmation and Computa-
tion 93(1):55-92.

Montague, Richard. 1974. The proper treatment of quantification in ordinary English. In
Formal philosophy: Selected papers of Richard Montagee Richmond Thomason,
247-270. New Haven: Yale University Press.

Moran, Douglas B. 1988. Quantifier scoping in the SRI core language enginroin
ceedings of the 26th annual meeting of the Association for Computational Linguistics
33-40. Somerset, NJ: Association for Computational Linguistics.

Plotkin, Gordon D. 1975. Call-by-name, call-by-value and ihealculus. Theoretical
Computer Sciencg(2):125-159.

Quine, Willard Van Orman. 1960/ord and objectCambridge: MIT Press.

Rooth, Mats Edward. 1985. Association with focus. Ph.D. thesis, Department of Linguis-
tics, University of Massachusetts.

van Rooy, Robert, and Martin Stokhof, eds. 20B@oceedings of the 13th Amsterdam Col-
loquium Institute for Logic, Language and Computation, Universiteit van Amsterdam.

Shan, Chung-chieh. 2001a. Monads for natural language semantkRsckeedings of the
ESSLLI-2001 student sessj@ul. Kristina Striegnitz, 285—-298. Helsinki: 13th European
Summer School in Logic, Language and Information.

. 2001b. A variable-free dynamic semantics. In van Rooy and Stokhof (2001),

204-2009.

. 2002. A continuation semantics of interrogatives that accounts for Baker's am-

biguity. In SALT XlI: Semantics and linguistic thepwd. Brendan Jackson, 246—-265.

Ithaca: Cornell University Press.

. 2003. Quantifier strengths predict scopal possibilities of Mandarin Chinkse
indefinites. Draft manuscript, Harvard Universitytp://iwww.eecs.harvard.edu/
“ccshan/mandarin/

Shan, Chung-chieh, and Chris Barker. 2003. Explaining crossover and superiority as left-
to-right evaluation. Draft manuscript, Harvard University and University of California,
San Diegohttp://semanticsarchive.net/Archive/TBjZDQ3Z/

Spivey, J. Michael. 1990. A functional theory of exceptlor&nence of Computer Pro-
grammingl4(1):25-42.

Wadler, Philip. 1995. Monads for functional programming.Aldvanced functional pro-
gramming: Firstinternational spring school on advanced functional programming tech-
niques ed. Johan Jeuring and Erik Meijer, 24-52. Lecture Notes in Computer Science
925, Berlin: Springer-Verlag.

Draft of September 27, 2003



